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Abstract

An atom is composed of a positively charged nucleus and negatively charged
electrons. Since atoms are formed by electromagnetic interaction between the nucleus
and electrons, even if one or both of them are changed to other particles having a positive
and/or a negative charge, an atomic system can also be formed. Such an atomic system
are called exotic atoms. Muonic and pionic atoms are well studied exotic atoms, which
are atomic systems in which one electron is replaced with a muon or pion. As an
interesting phenomenon, it is known that the chemical environment of muon or pion
capturing atom affects the formation process of the muonic and pionic atoms. It is called
chemical effect. Many studies have been done on chemical effects, and found valence
electrons strongly influence on muon capture process. Most of studies deal with processes
by which a muon or pion is captured directly by atoms. On the other hand, there are
another muonic and pionic atoms formation process, which is called transfer processes.
In transfer processes, a muon or pion firstly trapped by a hydrogen atom and form a
muonic or pionic hydrogen atom. Due to the strong nuclear charge shielding effect by a
negatively charged particle, muonic and pionic hydrogen atoms can diffuse freely like a
neutron, and can move a muon or pion to other heavier atom. There are many unclear
points about the chemical effect by transfer process.

The aim of this work is to clarify the chemical effect on muon transfer process,
especially on muon transfer rate. For that purpose, the muon transfer processes in benzene
and cyclohexane have been investigated whose chemical effects in the pion transfer
process are observed in the previous study.

Experiments were carried out for two kinds of systems, gas and liquid. In the gas
experiment, gas mixtures containing benzene or cyclohexane below atmospheric pressure
were prepared as muon irradiation samples. In this experiment, the muon transfer rate
becomes slow and it can be determined by observing intensities of the muonic X-ray
originating only from the muon transfer process. In the liquid experiment, liquid mixtures
of benzene or cyclohexane and carbon tetrachloride with various mixing ratios were
prepared as the samples, which are the same system in which the chemical effect was
previously observed on the pion transfer process. In this experiment, the muon transfer
rates were determined using the model equation.

As a result, in the gas system, there was no difference in muon transfer rates between
benzene and cyclohexane sample, on the other hand, the muon transfer rate to benzene
was approximately 1.2 times the muon transfer rate to cyclohexane in the liquid system.

It is known that the pion transfer rate to cyclohexane is approximately twice the pion



transfer rate to benzene in the liquid system. These differences can be explained by
assuming that muonic and pionic hydrogen atoms in the excited state are more susceptible
to molecular steric hindrance than those in the ground state. Muon transfers in the gas
system occurred only from the ground state muonic hydrogen atoms. In the liquid system,
muon transfer occurred from both ground and excited state muonic hydrogen atoms, and
pion transfers occur only from excited state pionic hydrogen atoms. This indicates that
excited state muonic and pionic hydrogen atoms play an important role in the chemical

effects on the transfer processes in the hydrocarbon molecules.
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1. General Introduction
1.1. Exotic Atoms

An atom is composed of a positively charged nucleus and a negatively charged
electron. These are attracting each other by electromagnetic interaction and the electrons
form atomic orbital around the nucleus. Even if one or both of the nuclei and electrons
are replaced by particles having positive and/or negative charges, an atomic system can
also be formed. Such atomic system is called exotic atom. As such atomic system
consisting of non-nuclei and non-electrons, positronium composed of a positron and an
electron, and muonium consisting of a positive muon and an electron are widely used in
the research field of condensed matter physics.

Negatively charged particles can form a binding state with a nucleus in place of an
electron and form an exotic atom. An atomic system composed of a nucleus, electrons
and a negative muon is called muonic atom. Similar to a muonic atom, an atom consisting
of a nucleus, electrons and a negative pion is called pionic atom. Table 1-1 shows the
comparison of electrons, muons and pions, which compose muonic and pionic atoms.
These exotic atoms can be formed simply by stopping muons or pions in a material. As a
result, these are one of the well-studied exotic atoms. Since the 1950's, these have been
used for research on the distribution of protons in nucleus and research on nucleon-
nucleon interactions.'”> Recently, muonic hydrogen atoms were used for precise
determination of the size of protons.* In addition, muonic atoms are applied to non-
destructive elemental analysis by using high energy muonic X-rays emitted after muonic

atom formation.>”’



Table 1-1 Comparison of electrons, muons and pions.

Electron Negative muon Negative pion
Charge -1 -1 -1
Mass 0.511 MeV/c? 106 MeV/c? 140 MeV/c?
=me ~207 me ~ 274 me
Lifetime stable 2.2 us 26 ns
Related coulomb interaction coulomb interaction coulomb interaction
interactions weak interaction weak interaction weak interaction

strong interaction

The radius of atomic orbital and binding energy of the negative particles (muon or

pion) with a certain principal quantum number n can be represented as follows using the

Bohr model.
n’m,
rn = aH
Zmy,
2
E = Z mmI
n nzme H

Here, Z is the atomic number, m. is the mass of an electron, mp, is the mass of a negative
particle, ay is the Bohr radius, and Iy is the first ionization energy of a hydrogen atom. In
the case of the muonic atom, the mass of the muon is 207 times that of the electron, so
the radius of the atomic muon orbital is approximately 1/200 of the electron and the
binding energies are approximately 200 times that of the electron. Therefore, the energies
of the characteristic X-rays that are emitted by the muon radiative transition between
atomic muon levels are approximately 200 times those of the electron. For example, it
becomes 75 keV with muon transition from 2p orbital to 1s orbital (K, X-ray) of carbon
atom. Such high energy X-rays has less influence of absorption by air and the material
itself, hence it can be easily measured with a germanium semiconductor detector even if
the source of X-rays exists deeply inside of the material. Therefore as mentioned above,
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muonic X-rays can be utilized as a probe of non-destructive elemental analysis.

1.2. Atomic Capture Process of muon and pion
1.2.1. Direct Capture Process

The formation process of the muonic atom has still not been investigated completely,
but from previous studies, the muon capture phenomena occur in the following process.
When a free muon enters into a substance, it loses its kinetic energy due to scattering
process with electrons in the substance. After slowing down, the muon is trapped by the
Coulomb field of a nucleus, and the muon forms atomic muon orbital with a large
principal quantum number. This process is called direct capture process. Since pion is a
particle with similar mass to muon and strong interaction is not involved in the initial
processes of the direct capture process, these processes of muon and pion are very similar

to each other.

1.2.2. Transfer Process

When a muon is captured by a hydrogen atom, the only electron of the hydrogen atom
is released, and an atomic system consisting only of the muon and the nucleus is formed.
Due to the large mass of the muon, the muon exists very close to the atomic nucleus, and
the muonic hydrogen atoms are very small atomic system. As a results, the charge of the
nucleus is strongly shielded by the muon and muonic hydrogen atoms can be regarded as
an electrically neutral particle with a size of 1/200 of the hydrogen atoms. Thus muonic
hydrogen atoms behave like a neutron. Therefore, muonic hydrogen atoms can free from
chemical bonds and move freely in the materials. When the muonic hydrogen atoms
approach to nucleus of other atoms, the muon can be trapped deeper atomic muon orbital
of other atom. As a results, the muon transfer to an atomic orbital with a larger binding
energy of other atoms. This process is called muon transfer process.® The transfer process
can be classified into two types, ‘internal transfer’ and ‘external transfer’. In the former

process, muon is transferred intramolecularly to a neighboring atom to which a hydrogen
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atom is bound without breaking chemical bond. In the latter process, muon is transferred
to atoms of other molecules by breaking chemical bonds. In this thesis, "transfer" refers
to ‘external transfer’ unless otherwise noted.

In the case of pion, the pion transfer process also occurs. However, there are little bit
of difference in the pion transfer process. The pion transfer does not occur from the pionic
ground (1s) state of pionic hydrogen atoms because they disappear immediately with an

extremely short lifetime of less than 107'° s by causing the reaction below:

4 __){ n+y (40%)
pTm n+m0 (60%)

0 - 2y
This is in contrast to the lifetime of the ground state muonic hydrogen atoms being
2x107® s. By observing two 70 MeV gamma rays due to the collapse of n°, neutral pion,
it is possible to obtain information about the number of pion-capture by hydrogen

atoms. Such information cannot be obtained in the case of a muon.



| diffuse ’

external transfer

another molecule

Fig. 1-1 Scheme of internal and external transfer processes in hydrocarbon molecules.
“C” and “H” indicate carbon atom and hydrogen atom. Solid lines around atoms are

molecular muon orbital (large mesomolecular orbital) and atomic muon orbital.

1.3. Cascade Process of Muon and Pion

The captured muon initially exists highly excited muon level, that is, has large
principal quantum number (n) and large angular momentum quantum number (/). The
muon immediately de-excites to muonic ground (1s) state. When the principal quantum
number is large and the existence probability of the orbital electron is large around muon,
the transition energy is given to the electron and the electron is released having energy

corresponding to the difference between the transition energy and the binding energy of
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electron. This process is called the Auger process, and the emitted electrons are called
Auger electrons. When the principal quantum number becomes smaller and the
surrounding electron density becomes low, photon emission transition becomes dominant.
The characteristic X-rays emitted by muon transition are called muonic X-rays. The
transition with X-ray emission is made according to the selection rule of angular
momentum quantum number A/ ==1. The sequential muon de-excitation process is called
muon cascade process. The muon eventually reaches to muonic 1s orbital and keeps this
state until the muon decays into an electron and two neutrinos by the individual lifetime,
or is absorbed by the nucleus. The lifetime of this state varies depending on the element.
For example, 2.2 ps for muonic hydrogen atoms, 2.0 ps for muonic carbon, 1.5 ps for
muonic neon and 0.56 ps for muonic chlorine.’

Even in the case of pion, the pion de-excitation process is similar to muon cascade
process, however there are difference in interaction between the pion and the nucleus.
Due to the strong interaction between them, the pion is usually absorbed by the nucleus
before it de-excites to 1s orbital.

In the direct capture process, the muon is captured at a high energy level with large
principal quantum number. Because the muon can have large angular momentum
quantum number at high energy level, the contribution of transitions with small An such
as 3d—2p—1s become large at low energy level. On the other hand, in the transfer
process, the muon once captured on the hydrogen atom and cascading down in the
hydrogen atom, and then the muon transfer occurs. As a result, the muon is transferred to
a low energy level with small principal quantum number. Since the muon cannot have
large angular momentum quantum number at low energy level, the contribution of large

An transition such as 3p—1s and 4p— Is increases.
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Fig. 1-2 Schematic view of the muon de-excitation path.

1.4. Previous Studies Related to This Work
1.4.1. Chemical Effect on Direct Capture Process

According to Fermi and Teller, when negative particle such as a muon or a pion is
captured by an atom with an atomic number Z, the particle eventually locates far inward
of the electron orbital, therefore the capture phenomenon is independent of the electronic
state and depends only on nuclear charge Z. This is Fermi-Teller's Z-law.!® According to
the Z-law, the particle capture ratio per atom A(Z/Z ") of a ZxZ'n type molecule can be
expressed by the following formula.

(Z ) _mW(Zz) Z
Z') T kwz) 7
Here, W(Z) is the capture rate to the Z atom. In many cases, the capture rate of the
negative particles are not proportional to the atomic number, and most of experimental

capture ratios are not expained by the Z-law as shown in Fig. 1-3.!!
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Fig. 1-3 The comparison between experimental muon capture ratios and the Z-law

(taken from reference no. 11).

It is also known that the capture ratios A(Z/O) of the oxide molecules show smaller
values than the Z-law prediction and it exhibits a periodicity such that it takes a minimum
value with an alkali metal.!? These facts indicate that the capture of muons and pions
depends not only on the nuclear charge but also on the chemical environment of the muon
capturing atom. Such phenomena are known as chemical effects. The muon capture ratios
are different between substances composed of the same elements, it is the direct evidence
that a chemical effect exists in muon and pion capture process.'*!4

Many stuidies have been done so far to predict the capture ratios. Petrukhin and

Suvorov revised the Z-law as follows.!?



1
A(Z) Z3—1
| =T
27 g3

Since the cross-sectional area of an atom is almost proportional to Z'3, this equation

means that the capture of the particle depends on the cross-sectional area of the atom.

Daniel adopted the shielding effect of the electronic cloud and revised it as follows.!'®

1
A(Z) Z3In(0.577)
)=
27 730572

In some case, these expressions reproduce the experimental values better than the Z-law,

but the periodicity by atomic number cannot be reproduced. Daniel revised it by

considering the size of the electronic cloud as follows.!”

2 (5) _ Z%ln(0.57z) “R(Z")
27 75Im(0.572) - R(Z)
Where R(Z) is the radius of the Z atom. In this formula, the periodicity of the experiment
values can be reproduced to some extent. However, the muon and pion capture processes

are still not completely understood, and capture ratios cannot be predicted only from the

molecular formula.

1.4.2. Chemical Effect on Transfer Process
For the transfer process, many pion capturing experiments are conducted in the gas
phase system. In the gas mixture system of Hz + Z, Petrukhin and Suvorov expressed the

capture rate Wy to hydrogen atoms as follows. !

1 1

Wy =
B 145,01+ A,C,

Here, Sy is the stopping power ratio of a Z atom to a hydrogen atom, Az is a parameter
corresponding to the rate constant for the pion transfer from pionic hydrogen atoms to Z
atoms, and Cz is atomic ratio of gas mixture (nz / ny). This equation indicates the
probability of pion nuclear capture by hydrogen atoms, that is, the probability that a pion

is captured by hydrogen atoms and not transferred to Z atoms. The parameters of Sy and

9



Az were determined as follows from systematic studies of gas mixtures at a pressure of
40 atm.'’
1
Sy =(71x£01)(Z3-1)

1

Az = SyC}

Here, Z is the atomic number of Z atom. This model can explain pion capture ratio in
hydrogen atom for various mixture gas system. However, in this formula, contributions
of chemical effects are not included. Contrary to direct capture process, the studies on
chemical effects on the transfer process are very limited.

The difference in pion capture ratios by the sample temperature was reported for HoO
and NH3. Horvath et al. performed pion irradiation experiment for H>O and NH3 samples
with various temperature condition. They found the number of pions captured by
hydrogen atoms and not transferred to other atoms in the supercritical state was larger
than that in the solid state, and the number increased with the temperature rise in the liquid
state.'® This results suggest that the rate of pion transfer from pionic hydrogen atoms to
oxygen or nitrogen atoms become lower with temperature rise. They also conducted the
pion transfer experiments using selectively partial deuterated methanol. Because the 7°
particle production reactions in pionic deuterium atoms are strongly suppressed, the
hydrogen atom which capture the pion in the molecule can be distingished. As a result,
they found that the number of capture changed with temperature change only in the case
of the hydrogen atom of a hydroxy group.!® This is because the hydrogen bond strength
changes with temperature and the pion capture ratio to the hydrogen atom has changed
due to the change in the electron density around the hydrogen atom.

Shinohara ef al. measured the pion transfer rates in the two component mixture liquid
systems with benzene or cyclohexane and carbon tetrachloride.?’ From the experiments
with variaus mixing ratio, they found that the transfer rate to carbon atoms of benzene is
approximately twice the rate to carbon atoms of cyclohexane. They conclude that the

steric hindrance affected the pion transfer rate to carbon atoms. Because two hydrogen
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atoms bonded to the carbon atom of cyclohexane while one hydrogen atoms bonded to
the carbon atom of benzene, the exisitence of hydrogen atoms binding with carbon atom

may prevent pionic hydrogen atoms from approaching carbon atoms.

1.5. Aim of This Work

As mentioned above, the chemical effect have been known in muon and pion capture
processes. Although the details of the chemical effect have still not been fully investigated,
there are many studies on the chemical effect in muon and pion capture processes, and
especially, the direct capture processes are undergoing systematic understanding. On the
other hand, in the transfer process there are few observations on chemical effects. The
chemical effects have been known in pion transfer process, on the othe hand, there are no
report in muon transfer procese due to difficulty in experimental measureing of muon
capture phenomena in hydrogen atoms.

The muon and pion capture processes are influenced by the chemical environment.
Using these property, the chemical environment of muon and pion capturing atoms can
be investigated by observing muon and pion capture phenomena. The chemical effect on
the transfer process can be a probe for the properties of hydrogen atom itself and its
containing molecules. In fact, the strength of hydrogen bonding was sucessfully
investigated by the pion transfer process. If the influence of molecular structure on the
transfer process is systematically clarified, the chemical effect on the transfer process can
be a tool to explore the structure of the molecule. Additionally, in applying elemental
analysis using muonic X-ray to organic matter, it is indispensable to understand the
chemical effect on the transfer process in order to know the capture rate to each element
through the transfer process.

The aim of this work is to clarify the chemical effect on the muon transfer process,
especially the effect of molecular structure on muon transfer rate. In this work, I forcused
on the transfer proceses in benzene and cyclohexane molecules whose chemical effects

on the pion transfer process have been observed in the previous study. Because there is
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no information obtained from the gamma rays due to the collapse of the n° unlike pion
transfer process, the new method for investigation of muon transfer phenomena was
applied in this work. For this purpose, the following two experiments were conducted.

The first experiment was conducted by using benzene and cyclohexane in a low
density gaseous condition to investigate the chemical effect on the muon transfer process
in a low density condition. In this experiment, the muon transfer rate was investigated by
observing the muonic X-rays derived only from the muon transfer process that can be
observed even after 1 us from muon injection due to the slow muon transfer rate. In this
condition, the muon transfer occurs after muon cascading and reaching muonic Is state
in muonic hydrogen atoms. Such an experiment using a pion is impossible, because of
the extremely short lifetime of pionic hydrogen atoms in the ground state.

The second experiment was carried out by using the mixtures of benzene or
cyclohexane and carbon tetrachloride to examine the chemical effect on the muon transfer
process in a high dense liquid condition. The experimental system is the same as the
previous study where the chemical effect on the pion transfer process was observed. In
high density liquid sample, since muon transfer rate is very high, it is difficult to
distinguish muonic X-rays originating from the muon transfer and the direct capture
processes. As a result, unlike low density sample, it is a difficult to obtain the muon
transfer rate from muonic X-ray intensity directly. Therefore, in this work, precise
experiments were carried out while changing the mixing ratio of liquids, and the muon

transfer rate were analyzed by using a model.
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2. Experimental
2.1. Experiment of Gas System
2.1.1. Outline

The aim of this experiment is to investigate the chemical effect on the muon transfer
process in low density condition by using benzene and cyclohexane in gaseous state. In
this experiment, to determine muon transfer rate, muonic X-rays originating only from
muon transfer were measured. Because muon tranfer rate is is low at low density sample,
the muonic X-ray signal originated from muon transfer and muon direct capture processes
can be distinguished each other easily from time structure. The sample of benzene or
cyclohexane and neon gases mixed into hydrogen gas (96.8%) were prepared for muon
irradiation. In this condition, most of the muons are firstly captured by hydrogen atoms
and then transfers to benzene, cyclohexane and neon atoms. Since the number of muon
captures due to the muon transfer is proportional to the muon transfer rate, by comparing
the X-ray intensity ratio of carbon and neon between samples, the muon transfer rate to
carbon atoms of benzene and cyclohexane can be compared based on the transfer rate to
neon. In this experiemnt, the sample gas is very small density, low momentum muon
beam is essential. In addition, such a low momentum muon beam can not be identified by
trigger counters due to strong contribution of muon stop in the counters. In this way,

pulsed muon beam is suitable for this experiment.

2.1.2. Accelerator Facility, JJPARC MUSE

The muon irradiation experiment was conducted at the accelerator facility J-PARC
(Japan Proton Accelerator Research Complex) in Tokai-mura, Naka-gun, Ibaraki
Prefecture. The whole arrangement of J-PARC is shown in Fig. 2-1. In J-PARC, protons
accelerated to 400 MeV at LINAC are introduced to synchrotron and further accelerated
to 3 GeV. Most of the protons are transported to MLF (Materials and Life Science
Experimental Facility) and remainings are sent to 50 GeV synchrotron. The 3 GeV

protons transported to the MLF are impinged to the graphite made pion production target,
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and produced pions. The protons passed through the target are sent to the neutron
production target constructed in the down stream of pion production target. In the pion
production target, various secondary particles including electrons, neutrons, pions and so
on are generated by a nuclear reaction. The pions are collected by the magnet system and
guided to the superconducting solenoid. In the solenoid magnet, the pions are converted
to the muons by the pion decay reaction as shown below.
T S u vy,

The generated muons are transported to the D1 or D2 experimental area using dipole and
quadrupole magnet system and selected their momentum. Electrons having the same
momentum were removed by electric and magnetic fields of Wien filter. The whole
facility of muon generation and transportation is called MUSE (Muon Science
Establishment), and the beamline used for the experiment is called D-Line. The
arrangement of the pion generation target (muon target) and D-Line are shown in Fig. 2-2.

The time structure of produced muon beam becomes the same as that of the proton.
Since a synchrotron is used to accelerate protons, the MUSE provides a pulsed muon
beam that supply a large number of muons at once. The operation cycle of MUSE is 25
Hz with double bunched stracture. A schematic diagram of the time structure of the beam

is shown in Fig. 2-3.
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Fig. 2-2 Layout of the MUSE D-Line in the MLF (taken from reference no. 22). uSR

spectrometer was installed instead of DQ16-17-18 at the time of the experiment.
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Fig. 2-3 Schematic diagram of time structure of pulsed muon beam.

2.1.3. Experimental Setup

The experiment setup was installed in the D1 experimental area. It consists of gas
chamber, liquid benzene / cyclohexane containers, pressure gauge, gas handling line and
germanium semiconductor detector. The gas chamber is made of aluminum and has a
cylindrical shape with an inner diameter of 140 mm, a length of 300 mm, and an inner
volume of approximately 4.6 L. There are four windows in the chamber. One is in the
axial direction and is a polyimide film window with a diameter of 45 mm and a thickness
of 50 um. From here the sample was irradiated with muon beam. The remaining three are
in the radial direction and are made of aluminum with a diameter of 60 mm and a
thickness of 100 um. X-rays are measured from here. A gas piping made of stainless steel
is connected to the downstream side of the beam. Schematic views of the setup and the
gas handling line are shown in Fig. 2-4 and Fig. 2-5, picture of the setup is shown in Fig.
2-6, and details of pressure gauge and germanium semiconductor detector are shown in

Table 2-1 and Table 2-2.
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Fig. 2-4 Schematic view of the experimental setup.
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Fig. 2-5 Schematic view of the gas handling line.
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Fig. 2-6 Picture of the experimental setup viewed from the beam downstream. The

sample gas chamber was located on center of the picture. The device surrounding the
chamber is uSR spectrometer that was not used in the experiment. Two germanium
detectors were located on left and right side of the picture. The other germanium

detector was located on the upside of the chamber, but not reflected in the picture.

Table 2-1 Specification of the pressure sensor.

Manufacturer VALCOM

Model VHG-A6-100kPa(abs)T-4

Type Diaphragm type absolute pressure sensor
Pressure port material SUS316L

Diaphragm material NW6022

Pressure range 0-100 kPa abs.

Output 4-20 mA

Power-supply voltage DC24V
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Table 2-2 Specification of the germanium detectors.

Detector name LEPS Loax Ge-K
Manufacturer CANBERRA ORTEC ORTEC
Model GLO515R Loax 36300 GLP-16195
/15-P-S /10-P-S
Germanium diameter 25.2 mm 35.9 mm 16.0 mm
crystal thickness 15.0 mm 14.0 mm 10.0 mm
Cryostat material Beryllium Beryllium Beryllium
window thickness 0.15 mm 0.5 mm 0.127 mm

2.1.4. Measurement System

For obtaining the spectrum by the germanium semiconductor detector, a circuit as
shown in Fig. 2-7 was used. The signal output from the germanium semiconductor
detector is branched into two and sent to an amplifier with high energy precision
(spectroscopy amplifier) and an amplifier with good time response (timing amplifier). In
addition, a gate signal having a width of a fixed time is generated from the arrival signal
of the muon pulse supplied from the accelerator (beam signal) and is supplied to the
discriminator. The discriminator passes only signals over a certain intensity within a
certain time from the beam signal among the signals from the timing amplifier. This signal
is sent to TDC (Time-to-Digital Converter), converts the time difference from the beam
signal into a numerical value, and obtains the time spectrum (time versus count
histogram). Further, a gate signal is generated from this signal and supplied to ADC
(Analog-to-Digital Converter). The ADC operates only while the gate signal is supplied ,
converts the amplitude of the signal sent from the spectroscopy amplifier to a numerical
value, and obtains an energy spectrum (energy versus count histogram). By doing this, it
is possible to record only the signal synchronized with the muon pulse and reduce the
noise. Also, time information and energy information were recorded at the same time, and
these were recorded as list data associated one-to-one. By using the list data, it is possible
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Fig. 2-7 Scheme of the electronic circuit for taking the data of measurements.

2.1.5. Sample Preparation

Preparation of a mixed gas of CsHs (0.2 kPa) + Ne (3.0 kPa) + H (96.8 kPa) as a

sample was carried out in the following procedure.

1)
2)

3)

4)

S)

6)

7)

8)

Liquid benzene was placed in a container and connected to a gas handling line.
Valves E, F and I in Fig. 2-5 were closed, all the other valves were opened, and the
whole was evacuated.

The entire container containing benzene was immersed in liquid nitrogen, and
benzene was solidified.

Valve E was opened and evacuated the container.

Valve E was closed and benzene returned to normal temperature.

Repeat steps 3 to 5 several times to remove air dissolved in benzene.

Valve E was closed and benzene was returned to room temperature, and all valves
were closed to stop evacuation.

Open valves A and E, slightly open valve B while watching the pressure gauge,
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slowly put benzene to the desired pressure (0.2 kPa), and close valve B.

9) Valves A and E were closed, valve D was opened and the line was evacuated, and
valve D was closed.

10) Operate the Ne cylinder regulator, set the appropriate secondary pressure, open the
valves A and G, open the valve B slightly while watching the pressure gauge, put Ne
in the target pressure (3.0 kPa), and valve B was closed.

11) Valves A and G were closed, valve D was opened and the line was evacuated, and
valve D was closed.

12) Operate the H> cylinder regulator, set the appropriate secondary pressure, open the
valves A and H, open the valve B slightly while watching the pressure gauge, put H>
in the target pressure (total pressure 100.0 kPa), and the valves A, B and H were

closed.

The other samples were also prepared by the similer operation. In principle, benzene and
cyclohexane can be used as a gas up to approximatelly 10 kPa, which is the vapor pressure
at room temperature. Benzene and cyclohexane can not be treated strictly as an ideal gas,

but since the pressure used is an extremely low pressure, it was treated as an ideal gas.

2.1.6. Measurement
In the J-PARC MLF MUSE D2 experiment area, muon beam irradiation experiment
was conducted from April 24 to April 26, 2014. The momentum of muon beam used was

19 MeV/c. The measured samples and measurement times are shown in Table 2-3.
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Table 2-3 Samples and irradiation times.

Sample name Composition Irradiation
time
Benzene sample CesHs (0.2 kPa)+Ne (3.0 kPa)+H; (96.8 kPa) 9.5h

Cyclohexane sample CgHi2 (0.2 kPa)+Ne (3.0 kPa)+H> (96.8 kPa) 9.1 h
Blank sample Ne (3.0 kPa)+H» (97.0 kPa) 3.7h

2.2. Experiment of Liquid System
2.2.1. Outline

The aim of this experiment is to investigate the chemical effect on the muon transfer
process in high density materials by using the liquid state benzene and cyclohexane. The
liquid mixtures of benzene or cyclohexane and carbon tetrachloride in which a chemical
effect on the pion transfer process was observed in the previous study were used as a
sample. In this experiment, it is impossible to extract muonic X-rays originating only
from muon transfer, because the muon transfer rate is very fast unlike the gas system.
Therefore, experiments are carried out while changing the mixing ratio, and the muon

transfer rate was analyzed using the model.

2.2.2. Accelerator Facility, RCNP MuSIC

Experiments were conducted at muon facility MuSIC, RCNP (Research Center for
Nuclear Physics), Osaka University. The layout of the entire RCNP is shown in Fig. 2-8.

Protons accelerated to 140 MeV with AVF cyclotron are introduced to the ring
cyclotron and further accelerated to 400 MeV. The protons are transferred to graphite
made pion production target. In RCNP-MuSIC, all proton beams are consumed by thick
pion production target unlike other muon facilities including J-PARC MUSE. The pion
generated by the pion production target is captured by a superconducting solenoid
installed to surround the target and guided to the beam line. The muon generated by the

decay of the pion is guided to the beam exit after separation of the momentum by the
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electromagnet and separation of electrons by the Wien filter. The beam line used in the
experiment is called M1 beam line. The arrangement of the pion production target and
the M1 beam line is shown in Fig. 2-9.

Since the cyclotron is used for the acceleration of protons, the supplied muon beam is

a DC beam in which muons are delivered one by one.

Fig. 2-8 Configuration of RCNP (taken from reference no. 23).
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Fig. 2-9 Layout of the MuSIC M1 beam line in the RCNP (taken from reference no. 24).

2.2.3. Experimental Setup

The experimental setup consists of plastic scintillators, a degrader, a sample liquid
holder, and germanium semiconductor detectors. The sample liquid holder has a
rectangular parallelepiped shape, made of aluminum, having an inner volume of
approximatelly 25 mL and a window thickness of 0.3 mm. The frame and the window
were bonded by welding. Two plastic scintillators were installed upstream of the sample
and the incidence of the muon was detected. Photomultipliers were used to detect light
from the scintillators. In addition, an aluminum plate with a thickness of 0.2 mm was

installed as a degrader, and the incident muon was decelerated, and adjusted so that the
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muon stopped at the center of the sample. The muon stopping ranges were calculated
using the software package SRIM, which is based on a Monte Carlo simulation method.?®
Schematic views of experimental setup and sample liquid holder are shown in Fig. 2-10
and Fig. 2-11, and pictures of experiment setup and sample liquid holder are shown in
Fig. 2-12 and Fig. 2-13. Details of the photomultiplier, plastic scintillator and germanium

semiconductor detectors are shown in Table 2-4, Table 2-5 and Table 2-6.

Plastic scintillator
(30x30x!10.5 mm3)

Plastic scintillator

(30x30x12.0 mm3) \

Ge detectors

M
Muon beam

Degrader
(Al plate 0.2 mm)

Sample
liquid holder

Fig. 2-10 Schematic view of the experimental setup.
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Fig. 2-11 Schematic view of the sample liquid holder. Injection ports of 1.5 mm in

diameter are on the upper side of the frame. Dimensions are shown in millimeters.
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Fig. 2-12 Picture of the experimental setup viewed from the beam downstream. The
blocks that were stacked in the center are paraffin blocks for neutron shielding. Inside of
them, lead blocks for gamma ray shielding were stacked. The liquid sample holder and

photomultipliers were located between the blocks on the center of the picture.

Fig. 2-13 Picture of the sample liquid holder used in the experiment.
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Table 2-4 Specification of the photomultiplier.

Manufacturer Hamamatsu Photonics
Assembly model H7195

PMT model R329-02
Photocathode area size 46 mm in diameter
Wavelength 300 nm — 650 nm
Gain 3.0 x 10° (typ.)

Dark current 10 nA (typ.)

Rise time 2.7 ns (typ.)

Transit time 40 ns (typ.)

Transit time spread 1.1 ns (typ.)

Table 2-5 Specification of the plastic scintillator.

Supplier OHYO KOKEN KOGYO
Model NE102A

Polymer base Polyvinyl toluene
Density 1.032 g/cm®

Light output 65% Anthracene
Wavelength of maximum emission 423 nm

Decay time 2.4 ns
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Table 2-6 Specification of the germanium detectors.

Detector name Ge-T Ge-B
Manufacturer CANBERRA CANBERRA
Model BE2020 BE3830
Germanium diameter 51.5 mm 69.5 mm

Crystal thickness 20.8 mm 30.0 mm
Cryostat material Carbon composite Carbon composite
window thickness 0.6 mm 0.6 mm

2.2.4. Measurement System

For the detection of the muon incident by the plastic scintillator, a circuit as shown in
Fig. 2-14 was used. Coincidence was taken with upstream and downstream scintillators,
and it was judged that a muon was incident when it detect at the same time. For obtaining
the spectrum by the germanium semiconductor detector, a circuit as shown in Fig. 2-15
was used. The signal output from the germanium semiconductor detector is branched into
two and sent to an amplifier with high energy precision (spectroscopy amplifier) and an
amplifier with good time response (timing amplifier). Timing amplifier signals are
discriminated by the discriminator below a certain intensity, the timing is adjusted by a
gate delay generator, and sent to TAC / SCA. The TAC / SCA converts the time difference
between this signal and the signal from the scintillator into signal amplitude and sends it
to the ADC. From here, the time spectrum is obtained. Also, a gate signal is generated
from this signal and sent to the linear gate. The linear gate sends a signal sent from the
spectroscopy amplifier to the ADC only while the gate signal is being supplied. From
here, the energy spectrum is obtained. By doing like this, it is possible to record only the
signal synchronized with the incidence of the muon and reduce the noise. Also, record the
time information and energy information at the same time, it is recorded as a list data

associated one-to-one.
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Fig. 2-15 Scheme of the electronic circuit for germanium detectors.

2.2.5. Sample Preparation

The prepared samples are shown in Table 2-7. The mixed sample was mixed while

weighing with an electronic balance and adjusted so that the molar ratio was a

predetermined mixing ratio. Distilled water was used for background measurement.

Mixed weights are shown in Table 2-8. The reagents used are shown in Table 2-9.



Table 2-7 List of samples.

Sample name

Composition

CsHe+CCl4 (70%) sample
CsHe+CCl4 (30%) sample
CeHe+CCl4 (15%) sample
CsH12+CCl4 (70%) sample
CeH12+CCls (30%) sample
CeH12+CCl4 (15%) sample
CCls sample

CeHe sample

CeHi2 sample

H:20 sample

CesHs (30.0%) + CCl4 (70.0%)
CeHs (70.0%) + CCl4 (30.0%)
CeHs (85.0%) + CCly (15.0%)
CsHi2 (30.0%) + CCls (70.0%)
CsHi2 (70.0%) + CCls (30.0%)
CeHi2 (85.0%) + CCls (15.0%)
CCl4 (100%)

CeHs (100%)

CeHi12 (100%)

Distillated water (100%)

Table 2-8 Mixed weight of samples.

Sample name CeéHo/ g CeHiz/ g CCla/g
CsHe+CCls (70%) sample 12.3870 56.9126
CsHe+CCls (30%) sample 29.8990 25.2209
CéHe+CCls (15%) sample 36.7699 12.7739
CsH12+CCl4 (70%) sample 12.5857 53.6715
CeH12+CCl4 (30%) sample 28.1064 22.0233
C6H12+CCls (15%) sample 33.5931 10.8338
Table 2-9 Reagents used for samples.
Supplier Grade Purity
CeHe Sigma-Aldrich for HPLC >99.9%
CeH12 Sigma-Aldrich for HPLC >99.9%
CCly Wako Super Special Grade 99.8%
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2.2.6. Measurement
At the M1 beamline of RCNP-MuSIC, muon beam irradiation experiments were
conducted from June 17 to June 18, 2017. The momentum of muon beam used was 50

MeV/c. The measured samples and measurement times are as shown in Table 2-10.

Table 2-10 Samples and irradiation times.

Sample name Irradiation time
CeHe+CCl4 (70%) sample 1.8 h
CeHe+CCl4 (30%) sample 2.8 h
CeHe+CCls (15%) sample 2.9h
CsH12+CCl4 (70%) sample 1.7h
CeH12+CCl4 (30%) sample 3.0h
CsH12+CCl4 (15%) sample 40h
CCl4 sample 1.5h
CeHe sample 0.6 h
CeHi2 sample 0.6 h
H20 sample 1.3h
2.3. Analysis

2.3.1. Detection Efficiency

Detection efficiency of germanium semiconductor detector was calculated by Monte
Carlo simulation code EGS5,?® based on data measured with standard source. Sample
self-absorption differs depending on the sample, so it was calculated taking into account
self-absorption for each sample. The detection efficiency in gas system experiment is
shown in Fig. 2-16, the detection efficiency in liquid system experiment is shown in Fig.
2-17. The detection efficiency of Ge-K detector in the gas system experiment became
small because the germanium crystal of the detector is small and the distance to the

sample was long due to placement restrictions.
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Fig. 2-16 Efficiency of the germanium detectors in the experiment of gas system. The

values in this figure do not consider self-absorption by samples.
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Fig. 2-17 Efficiency of the germanium detectors in the experiment of liquid system. The

values in this figure do not consider self-absorption by samples.
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2.3.2. Analysis using List Mode Measurement

The data measured with the germanium semiconductor detector was recorded as data
in the form of a list in which the time when X-rays were detected and the energy of X-
rays were related one-to-one. Therefore, it is possible to analyze the energy spectrum of
only data at specific timing. In the gas system experiment, the data were analyzed the
time domain in the vicinity of the muon pulse (prompt) and the time domain delayed from
the muon pulse (delayed). The X-rays in delayed spectrum is derived only from the muon
transfer, and muon transfer can be investigated by analyzing delayed spectrum. The
scheme of this analysis is shown in Fig. 2-18.

In gas system experiment, the first half of the first pulse was fitted with a Gaussian
function and the center +3c was taken as the area of the first prompt. The area of the
second prompt is the area of the first prompt + 600 ns. Between the first and second
prompt, and from the end of the second prompt to 8.8 us later were taken as the area of
delayed. The areas of prompt and delayed are shown in Fig. 2-19 and Fig. 2-20.

In liquid system experiment, prompt and delayed cannot be separated because muon
transfer rate is very high, so the analysis divided into prompt and delayed was not

conducted.
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the gas system experiment (all part).
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3. Results
3.1. Results I: Experiment of Gas System
3.1.1. Spectra and Peak Identification

The X-ray spectra measured by a Loax detector in Benzene sample (CsHg + Ne +
H3), Cyclohexane sample (CsHi2 + Ne + Hz) and Blank sample (Ne + H») are shown in
Fig. 3-1 to Fig. 3-12. pZ (n-n') represents muonic X-ray due to the transition from the
principal quantum number n to n' at the Z atom. For example, pnC (2-1) indicates the K
of muonic X-ray of carbon.

X-rays of carbon Lyman series, neon Lyman and Balmer series derived from samples
were detected. The neon Lyman series except for uNe (2-1) were not detected due to low
intensity of the peaks and low detection efficiency at high energy. The X-ray of aluminum
is derived from the sample gas chamber. The X-rays of carbon, nitrogen and oxgen in
Blank sample, and nitrogen and oxgen in Benzene sample and Cyclohexane sample are
thought to originate from the polyimide window upstream of the sample gas chamber.
These peaks almost disappear in delayed spectra, but they remain slightly. Therefore,
using the X-ray intensity ratio of carbon to oxgen in the Blank sample, the components
derived from polyimide were subtracted from the carbon X-rays of Benzene sample and

Cyclohexane sample (for details, see the next section).
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3.1.2. X-ray Intensity of Each Peak

For the prompt spectrum and the delayed spectrum of each sample, the X-ray
intensities of carbon Lyman series, neon Lyman series, neon Balmer series and oxygen
Lyman series were analyzed. Also, using the intensity ratio of the carbon Lyman series to
the oxygen Lyman series in the Blank sample not containing hydrocarbons, the
components derived from the polyimide contained in the carbon Lyman series of Benzene
sample and Cyclohexane sample were subtracted, and the intensity of the Lyman series

of carbon (uC HC) was determined.

uC Lyman (Blank sample)

U pC Lyman — pO Lyman O Lyman (Blank sample)

The intensity ratio of carbon to oxygen used for the prompt spectrum was determined
from the prompt spectrum of the Blank sample, and that for the delayed spectrum was
determined from the delayed spectrum of the Blank sample.

The analysis results are shown in Table 3-1 to Table 3-6. In the tables, "uNe All"
means the sum of all neon Lyman and Balmer series (neon Lyman series except for
uNe (2-1) were not detected). For the prompt component, many of the components
derived from polyimide occupied the X-ray of carbon, which was 63% for the LEPS
detector and 90% for the Loax detector. As for the Ge-K detector, the components derived
from polyimide were not detected because the distance was far from the chamber. For the
delayed component, the components derived from polyimide in the X-ray of carbon were
6% for the LEPS detector and 11% for the Loax detector. For the Ge-K detector, the
detection efficiency was low and the data amount were poor, and almost no X-ray of neon

in the delayed component was detected.

45



Table 3-1 Muonic X-ray intensities in prompt spectrum of Benzene sample.

Emission rate / min-

1

LEPS Loax Ge-K

puNe (3-2) 1.0 = 0.7 81 £ 0.5 175 = 1.9
uNe (4-2) 22 £ 04 1.6 £ 02 20 + 1.1
puNe (5-2) 1.6 = 04 1.0 + 04 n.d.

sum pNe Balmer 149 + 0.9 10.7 £ 0.7 194 + 22
pAl (3-2) 27 £ 04 1.7 £ 03 53 £ 14
nC (2-1) 234 + 1.3 183 £+ 1.0 102 + 1.5
nC (3-1) 99 + 0.7 80 + 0.5 41 + 1.1
nC (4-1) 76 + 0.6 53 £ 04 n.d.

sum pC Lyman 40.8 = 1.6 3.7 £ 1.2 143 + 1.9
uN (2-1) 35 £ 05 35 + 03 n.d.

noO (2-1) 10.8 + 0.9 84 + 0.6 n.d.

no (3-1) 30 + 0.8 26 £ 04 n.d.

noO 4-1) 26 = 0.6 1.7 £ 0.5 n.d.

sum pO Lyman 164 + 13 126 + 09 —

uNe (2-1) 195 += 1.5 13.0 = 1.0 16.8 + 34
pC HC 132 + 44 39 £ 39 143 = 1.9
nNe All 344 + 18 237 £+ 1.2 36.2 + 4.1
pC HC / uNe Balmer 0.89 + 0.30 036 = 0.36 0.74 + 0.13
nC HC / pNe (2-1) 0.68 + 0.23 030 £+ 0.30 0.85 = 0.21
nC HC / pNe All 0.38 + 0.13 0.16 £+ 0.16 039 + 0.07
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Table 3-2 Muonic X-ray intensities in delayed spectrum of Benzene sample.

Emission rate / min-

LEPS Loax Ge-K
puNe (3-2) 09 =+ 03 24 £ 03 n.d.
uNe (4-2) 1.2 £ 04 1.2 + 0.2 n.d.
puNe (5-2) 1.8 £ 04 09 + 04 n.d.
sum pNe Balmer 39 £ 0.7 45 £ 0.6 —
pAl (3-2) n.d. n.d. n.d.
nC (2-1) 154 + 1.0 126 + 0.7 181 + 2.0
nC (3-1) 13.0 + 09 87 £ 0.6 84 =+ 14
nC (4-1) 9.8 + 0.7 77 £ 0.5 73 £ 1.3
sum pC Lyman 383 £ 1.5 290 £ 1.1 266 + 24
uN (2-1) 14 £ 04 07 £ 03 n.d.
noO (2-1) 27 £ 0.6 1.5 £ 04 n.d.
no (3-1) 22 £ 0.7 1.7 £ 05 n.d.
noO 4-1) 1.7 £ 0.6 19 £ 05 n.d.
sum pO Lyman 6.5 = 1.1 51 £ 0.8 —
uNe (2-1) 34 £ 09 36 £ 0.7 n.d.
nC HC 36.1 + 1.5 260 = 1.2 266 + 24
nNe All 73 £ 1.1 81 = 09 n.d.
pC HC / uNe Balmer 923 + 1.61 574 + 0.75 —
nC HC / pNe (2-1) 1058 + 2.84 723 + 1.53 —
nC HC / pNe All 493 £+ 0.78 320 £ 0.39 —
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Table 3-3 Muonic X-ray intensities in prompt spectrum of Cyclohexane sample.

Emission rate / min-

Loax Ge-K

puNe (3-2) 11.1 0.7 86 £+ 0.5 153 + 19
uNe (4-2) 1.7 0.4 14 £ 02 39 + 1.1
puNe (5-2) 1.2 0.5 1.6 + 04 n.d.

sum pNe Balmer 14.0 1.0 11.6 + 0.7 192 + 22
pAl (3-2) 2.5 0.4 21 = 03 36 =+ 14
nC (2-1) 22.8 1.3 187 + 1.0 89 £+ 1.5
nC (3-1) 10.9 0.8 80 £+ 0.5 47 = 1.2
nC (4-1) 8.1 0.7 57 £ 04 1.2 + 1.0
sum pC Lyman 41.8 1.7 324 £ 1.2 135 £ 19
uN (2-1) 4.2 0.5 28 + 03 n.d.

noO (2-1) 10.6 0.9 86 == 0.6 n.d.

no (3-1) 2.1 0.8 22 £ 04 n.d.

noO 4-1) 2.0 0.6 27 = 05 n.d.

sum pO Lyman 14.6 1.3 135 £ 09 —

uNe (2-1) 21.0 1.6 133 + 1.1 9.7 + 32
nC HC 17.2 4.1 27 = 4.1 135 £ 19
nNe All 33.4 1.8 238 + 1.2 276 += 3.7
pC HC / uNe Balmer 1.23 0.31 023 = 035 0.71 = 0.13
nC HC / pNe (2-1) 0.82 0.21 020 + 031 140 £+ 0.50
nC HC / pNe All 0.49 0.12 0.11 + 0.16 047 <+ 0.09
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Table 3-4 Muonic X-ray intensities in delayed spectrum of Cyclohexane sample.

Emission rate / min-

LEPS Loax Ge-K

puNe (3-2) 14 + 04 1.7 + 03 28 + 1.6
uNe (4-2) 23 + 04 1.5 + 03 n.d.
puNe (5-2) 1.9 + 04 1.5 + 04 n.d.
sum pNe Balmer 57 £ 0.7 47 + 0.6 28 £+ 1.6
pAl (3-2) n.d. n.d. n.d.

nC (2-1) 154 £ 1.0 128 £ 0.7 177 £ 2.0
nC (3-1) 11.5 + 0.8 88 =+ 0.6 99 + 1.5
nC 4-1) 9.1 + 0.7 76 + 0.5 90 + 1.3
sum pC Lyman 360 £ 1.4 292 £+ 1.1 276 + 25
uN (2-1) 04 £ 04 n.d. n.d.

no (2-1) 27 £ 0.6 26 £ 05 n.d.

no (3-1) 28 £ 0.7 05 £ 04 n.d.

no (4-1) 1.3 £ 0.6 22 £ 05 n.d.
sum pO Lyman 6.8 + 1.1 52 £ 0.8 —

pNe (2-1) 3.7 £ 09 3.1 £ 0.7 n.d.

nC HC 338 £ 1.5 26,1 + 1.2 276 + 25
pNe All 89 + 1.1 74 £ 0.9 28 £+ 1.6
pC HC / uNe Balmer 596 + 0.77 551 = 0.70 9.80 = 5.66
nC HC / pNe (2-1) 9.14 =+ 230 855 =+ 2.11 —

nC HC / pNe All 3.61 = 047 335 £ 043 9.80 + 5.66
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Table 3-5 Muonic X-ray intensities in prompt spectrum of Blank sample.

Emission rate / min-

Loax Ge-K

pNe (3-2) 12.1 1.0 85 = 0.7 16.4 + 2.7
uNe (4-2) 1.4 0.6 1.7 + 04 31 + 1.8
puNe (5-2) 1.0 0.7 1.2 = 0.6 n.d.

sum pNe Balmer 14.5 1.3 114 + 1.0 195 + 33
pAl (3-2) 2.2 0.6 1.2 =+ 04 n.d.

nC (2-1) 16.6 1.3 140 = 0.9 30 + 1.9
nC (3-1) 6.7 0.9 6.0 = 0.6 n.d.

nC (4-1) 2.2 0.7 24 = 04 n.d.

sum pC Lyman 25.5 1.7 225 £ 1.2 30 + 1.9
uN (2-1) 3.3 0.7 23 + 04 n.d.

noO (2-1) 10.0 1.2 6.7 + 0.8 n.d.

no (3-1) 3.8 1.2 26 = 0.7 n.d.

noO 4-1) 1.3 0.9 09 + 0.7 n.d.

sum pO Lyman 15.1 1.9 102 £ 1.2

uNe (2-1) 214 2.1 16.1 + 1.6 235 + 5.6
pC Lyman / pO (2-1) 1.69 0.24 221 + 0.29 —
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Table 3-6 Muonic X-ray intensities in delayed spectrum of Blank sample.

Emission rate / min~

1

LEPS Loax Ge-K
pNe (3-2) 24 + 0.6 24 £+ 0.5 n.d.
uNe (4-2) 23 £ 0.6 22 £ 04 n.d.
puNe (5-2) 22 + 0.7 1.6 = 06 n.d.
sum pNe Balmer 69 + 1.1 63 = 09 —
pAl (3-2) 0.8 £ 05 n.d. n.d.
nC (2-1) 1.0 £ 0.6 13 £ 04 n.d.
nC (3-1) 00 + 0.6 1.0 =+ 04 n.d.
nC (4-1) 00 = 0.6 06 £ 04 39 + 1.7
sum pC Lyman 1.0 £ 1.1 29 £ 07 —
uN (2-1) 1.6 + 0.7 n.d. n.d.
noO (2-1) 1.1 £ 09 09 = 07 n.d.
no (3-1) 1.0 + 1.2 1.9 = 0.7 n.d.
noO 4-1) 1.0 £ 09 20 + 0.7 n.d.
sum pO Lyman 3.1 = 1.7 48 + 1.2 —
uNe (2-1) 74 + 1.6 80 + 1.3 1.5 + 48
pC Lyman / pO (2-1) 033 + 0.39 059 = 0.21 —
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3.1.3. X-ray Structure

The value obtained by normalizing the X-ray intensity of each transition of carbon
with the intensity of uC (2-1). The values in the prompt spectrum are shown in Table 3-7
and Table 3-8, and the values in the delayed spectrum are shown in Table 3-9 and Table
3-10. Because there are too many polyimide-derived components in the X-ray of carbon
in the prompt spectra by the LEPS detector and the Loax detector, only the values by the
Ge-K detector are shown. In the delayed spectrum, the components derived from
polyimide in the X-ray of carbon are not large in each detector, but the values by the Ge-
K detector are not shown because the data amount is poor.

In the prompt spectrum, the transitions of puC (3-1) and pC (4-1) in the Cyclohexane
sample became stronger compared to the Benzene sample. As the proportion of muon
transfer increases, the transition with large An increases, this indicate that the muon
transfer to the carbon atom in the Cyclohexane sample occurs more frequently than the
Benzene sample. This is consistent with the fact that the total amount of muon transfer in
the Cyclohexane sample is larger than that in the Benzene sample because the number of
hydrogen atoms of cyclohexane molecules is larger than that of benzene molecules.

In the delayed spectrum, the difference between the samples coincided within the
error range. This is consistent with the fact that all muonic X-rays in the delayed spectrum
are derived only from the muon transfer. In the delayed spectrum, uC (4-1) was strongly
observed, but nC (5-1) was not observed. This indicate that the muonic hydrogen atoms

transfer its muon to n = 4 level of carbon.

Table 3-7 Muonic carbon X-ray structure normalized by pC (2-1) intensity in prompt

spectrum of Benzene sample.

Ge-K

pC (3-1)/ (2-1) 040 + 0.13
nC (@-1)/ 2-1) —
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Table 3-8 Muonic carbon X-ray structure normalized by puC (2-1) intensity in prompt

spectrum of Cyclohexane sample.

Ge-K
pC (3-1)/ (2-1) 053 + 0.16
pC (4-1)/ (2-1) 0.14 + 0.11

Table 3-9 Muonic carbon X-ray structure normalized by pC (2-1) intensity in delayed

spectrum of Benzene sample.

LEPS Loax Average
nC 3-1)/(2-1) 0.84 + 0.08 0.70 + 0.06 0.75 + 0.05
nC 4-1)/(2-1) 0.64 =+ 0.06 0.61 =+ 0.05 0.62 =+ 0.04

Table 3-10 Muonic carbon X-ray structure normalized by pC (2-1) intensity in delayed

spectrum of Cyclohexane sample.

LEPS Loax Average
nC 3-1)/ (2-1) 0.75 += 0.07 0.69 = 0.06 0.71 + 0.05
nC 4-1)/(2-1) 0.59 + 0.06 0.59 + 0.05 0.59 + 0.04

3.1.4. X-ray Intensity Ratio

Ratio of X-ray intensity of carbon derived from hydrocarbons to X-ray intensity of
neon. This is a value that reflects the ratio of the number of muon captures to carbon and
neon. The values in the prompt spectrum are shown in Table 3-11 and Table 3-12, and the
values in the delayed spectrum are shown in Table 3-13 and Table 3-14. In the tables,
"uNe Balmer" means the sum of neon Balmer series, and "uNe Lyman" means the sum
of neon Lyman series (neon Lyman series except for uNe (2-1) were not detected). In the
prompt spectrum by the Loax detector, the component derived from polyimide occupying
the X-ray of carbon is 90% and the error of the corrected value is very large, so only the
values by the LEPS detector and the Ge-K detector are shown. In the delayed spectrum
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by the Ge-K detector, the data amount was poor and almost no neon X-rays were detected,
so only the values by the LEPS detector and the Loax detector are shown.

In the results of prompt spectrum, some values of cyclohexane sample were slightly
higher than that of benzene sample, but almost of the differences between samples are
within the errors.

In the results of delayed spectrum, The values of pC HC / uNe Balmer and uC HC /
uNe All by the LEPS detector show a difference exceeding slightly the error between
samples, but the difference between the samples falls within the error range in the
averaged value with the Loax detector. This is considered to be due to poor data amount
by the LEPS detector. The difference of pC HC / uNe Lyman did not exceed the error

between samples.

Table 3-11 Muonic X-ray intensity ratio of carbon to neon in prompt spectrum of

Benzene sample.

LEPS Ge-K Average
pC HC / pNe Balmer 0.89 + 0.30 074 + 0.13 076 + 0.12
pC HC / pNe Lyman 068 + 023 0.85 =+ 0.21 077 + 0.15
pC HC / pNe All 038 + 0.13 039 = 0.07 039 + 0.06

Table 3-12 Muonic X-ray intensity ratio of carbon to neon in prompt spectrum of

Cyclohexane sample.

LEPS Ge-K Average
pC HC / uNe Balmer 1.23 + 031 0.71 = 0.13 0.78 = 0.12
pC HC / pNe Lyman 0.82 + 0.21 140 + 0.50 090 += 0.19
pC HC / pNe All 049 =+ 0.12 047 + 0.09 048 =+ 0.07
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Table 3-13 Muonic X-ray intensity ratio of carbon to neon in delayed spectrum of

Benzene sample.

LEPS Loax Average
pC HC / pNe Balmer 92 +£ 1.6 57 £ 0.7 64 =+ 0.7
pC HC / puNe Lyman 106 = 2.8 72 £ 15 80 + 13
pC HC / pNe All 49 + 0.8 32 =+ 04 35 £ 04

Table 3-14 Muonic X-ray intensity ratio of carbon to neon in delayed spectrum of

Cyclohexane sample.

LEPS Loax Average
pC HC / pNe Balmer 6.0 = 0.8 55 £ 0.7 57 = 05
pC HC / uNe Lyman 9.1 =+ 23 8.6 + 2.1 88 + 1.6
nC HC / pNe All 36 £ 05 34 £ 04 35 £ 03

3.2. Results II: Experiment of Liquid System
3.2.1. Spectra and Peak ldentification

The spectra of C¢Hi2+CCls (30%) sample, CsHs+CCls (15%) sample, CsH12+CCl4
(15%) sample, CsH12+CCls (15%) sample, C¢Hs sample, CsHi2 sample, CCls sample, and
H>0O sample measured by the Ge-T detector are shown in Fig. 3-13 to Fig. 3-42. uZ (n-n")
represents the muonic X-ray of the Z atom and eZ (n-n') represents the electronic X-ray
of the Z atom.

X-rays of carbon and chlorine derived from samples were measured with high
accuracy in each sample. X-rays of aluminum are derived from a sample liquid holder,
and X-rays of tin are derived from a tin plate used for shielding. X-rays of slightly
observed oxygen and nitrogen are derived from air. In the H>O sample for background
evaluation, X-rays of pAl (4-2) were observed at the same energy as nC (3-1) although
the intensity was small. Therefore, using the intensity ratio of pAl (3-2) and pAl (4-2) in
the H>O sample, the intensity of pC (3-1) in other samples was corrected. In the energy
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range of carbon and chlorine X-rays, no other peaks disturbing them were observed.
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Fig. 3-13 X-ray spectrum of CsHe+CCl4 (70%) sample (0-200 keV).
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Fig. 3-14 X-ray spectrum of C¢Hg+CCls (70%) sample (200-500 keV).
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Fig. 3-15 X-ray spectrum of C¢Hs+CCl4 (70%) sample (500-1000 keV).
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Fig. 3-16 X-ray spectrum of C¢Hi2+CCls (70%) sample (0-200 keV).
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Fig. 3-17 X-ray spectrum of C¢H12+CCls (70%) sample (200-500 keV).
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Fig. 3-18 X-ray spectrum of CsH12+CCls (70%) sample (500-1000 keV).
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Fig. 3-19 X-ray spectrum of C¢Hg+CCls (30%) sample (0200 keV).

500
450 |
400 |
350 |

@ 300 |

5 250

S 200
150
100
50

0

200 250 300 350 400 450 200
Energy ! keV

Fig. 3-20 X-ray spectrum of CsHe+CCl4 (30%) sample (200-500 keV).
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Fig. 3-21 X-ray spectrum of C¢Hs+CCl4 (30%) sample (500-1000 keV).
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Fig. 3-22 X-ray spectrum of C¢Hi12+CCls (30%) sample (0-200 keV).
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Fig. 3-23 X-ray spectrum of C¢H12+CCls (30%) sample (200-500 keV).
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Fig. 3-24 X-ray spectrum of CsH12+CCls (30%) sample (500-1000 keV).
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Fig. 3-25 X-ray spectrum of C¢Hg+CCls (15%) sample (0200 keV).
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Fig. 3-26 X-ray spectrum of C¢Hg+CCls (15%) sample (200-500 keV).
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Fig. 3-27 X-ray spectrum of C¢Hs+CCl4 (15%) sample (500-1000 keV).
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Fig. 3-28 X-ray spectrum of CsHi2+CCls (15%) sample (0-200 keV).
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Fig. 3-29 X-ray spectrum of C¢H12+CCls (15%) sample (200-500 keV).

500
450 +
400 +
350 |
300 + HCI (2-1) uCl (3-1)

250 uCl (4-1)
200 & FE uCl (5-1)
150 t
100 |
50 |

HSn (3-2)

500 600 700 800 900 1000
Energy | keV

Fig. 3-30 X-ray spectrum of CsHi2+CCls (15%) sample (500-1000 keV).
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Fig. 3-31 X-ray spectrum of CCl4 sample (0-200 keV).
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Fig. 3-32 X-ray spectrum of CCls sample (200-500 keV).
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Fig. 3-34 X-ray spectrum of C¢Hs sample (0-200 keV).
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Fig. 3-35 X-ray spectrum of C¢Hg sample (200-500 keV).
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Fig. 3-36 X-ray spectrum of CsHg sample (500-1000 keV).
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Fig. 3-38 X-ray spectrum of C¢Hi2 sample (200-500 keV).
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Fig. 3-39 X-ray spectrum of C¢H2 sample (500-1000 keV).
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Fig. 3-40 X-ray spectrum of H,O sample (0-200 keV).
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Fig. 3-42 X-ray spectrum of H2O sample (500-1000 keV).
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3.2.2. X-ray Intensity of Each Peak

For each sample, the X-ray intensities of the carbon Lyman series, chlorine Lyman
series, aluminum Balmer series were determined. By using the intensity ratio of pAl (3-2)
and pAl (4-2) in the H>O sample not containing carbon atoms, the intensities of pC (3-1)

in other samples were corrected.

uAl (4-2) (H,O0 sample)
nAl (3-2) (H,0 sample)

HC (3= Deorr. = uC (3-1) — pAl (3-2) X

The analysis results are shown in Table 3-15 to Table 3-24.

71



Table 3-15 Muonic X-ray intensities in C¢Hg+CCl4 (70%) sample.

Emission rate / s!

Ge-T Ge-B
nC (2-1) 1852 + 6.2 1486 + 6.7
nC (3-1) 654 + 2.6 556 + 4.1
nC (3-1) corr. 62.6 + 2.6 515 + 42
nC 4-1) 369 + 1.8 293 £ 16.7
nC (5-1) 10.8 £ 1.9 104 + 5.0
sum pC Lyman 2955 + 7.2 239.7 + 19.1
nCl (2-1) 566.0 + 20.2 4602 + 15.0
nCl (3-1) 572 + 49 49.1 + 2.8
nCl (4-1) 243 + 33 195 + 1.9
nCl (5-1) 255 + 3.7 193 + 2.0
nCl (6-1) 222 £ 3.5 169 + 19
nCl (7-1) 133 £ 2.8 87 + 1.6
sum pCl Lyman 7084 + 219 5737 £ 15.7
pAl (3-2) 143 £ 1.3 118 + 14
pAl (4-2) calc. 28 = 0.3 41 = 0.5
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Table 3-16 Muonic X-ray intensities in C¢H2+CClg (70%) sample.

Emission rate / s!

Ge-T Ge-B
nC (2-1) 188.6 + 6.3 150.2 + 6.3
nC (3-1) 679 + 2.7 576 + 5.5
nC (3-1) corr. 64.7 + 2.7 527 + 55
nC 4-1) 39.0 £ 1.8 299 + 43
nC (5-1) 13.6 £ 1.7 247 + 18.9
sum pC Lyman 3059 + 73 2574 + 21.1
nCl (2-1) 5304 £+ 19.1 4273 + 14.1
nCl (3-1) 565 + 4.8 470 + 2.8
nCl (4-1) 248 + 3.6 190 £ 1.8
nCl (5-1) 208 £+ 3.3 186 + 1.9
nCl (6-1) 21.0 £ 3.2 174 + 19
nCl (7-1) 86 =+ 2.8 95 + 1.6
sum pCl Lyman 662.2 + 20.7 5389 =+ 1438
pAl (3-2) 16.8 + 1.3 143 £ 19
pAl (4-2) cale. 33 £ 03 49 += 0.7
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Table 3-17 Muonic X-ray intensities in C¢Hs+CCl4 (30%) sample.

Emission rate / s!

Ge-T Ge-B
nC (2-1) 350.5 + 10.8 2985 + 99
nC (3-1) 1285 + 4.2 109.7 + 4.9
nC (3-1) corr. 123.1 + 43 102.7 = 5.0
nC 4-1) 70.5 + 2.5 574 + 164
nC (5-1) 214 £ 1.5 257 £ 7.5
sum pC Lyman 5654 =+ 120 4843 + 21.2
nCl (2-1) 226.8 + 8.8 1910 + 6.5
nCl (3-1) 282 £+ 2.7 226 £ 1.5
nCl (4-1) 11.9 = 2.1 10.8 + 1.2
nCl (5-1) 105 £ 2.0 88 =+ 1.1
nCl (6-1) 109 + 2.1 69 + 1.0
nCl (7-1) 41 £ 1.8 41 = 1.0
sum pCl Lyman 2924 + 10.0 2442 + 7.0
pAl (3-2) 278 + 14 203 + 1.7
pAl (4-2) cale. 54 £ 03 70 + 0.7
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Table 3-18 Muonic X-ray intensities in C¢H2+CCls (30%) sample.

Emission rate / s!

Ge-T Ge-B
nC (2-1) 3564 =+ 11.0 308.0 = 10.2
nC (3-1) 1370 + 4.4 116.7 + 4.6
pnC (3-1) corr. 132.1 + 45 109.5 + 4.7
nC 4-1) 798 + 2.7 62.5 + 264
nC (5-1) 221 £ 1.3 285 £+ 10.8
sum pC Lyman 590.5 + 122 508.5 £ 30.6
nCl (2-1) 213.1 + 8.2 171.8 + 5.8
nCl (3-1) 244 £ 25 192 + 13
nCl (4-1) 104 + 1.8 99 + 1.1
nCl (5-1) 11.5 =+ 2.0 89 =+ 1.1
nCl (6-1) 98 = 2.0 106 + 1.2
nCl (7-1) 51 £ 1.5 44 £+ 09
sum pCl Lyman 2743 + 93 2249 + 6.4
pAl (3-2) 252 = 1.2 208 + 19
pAl (4-2) calc. 49 £ 0.2 72 £ 0.7
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Table 3-19 Muonic X-ray intensities in C¢Hg+CCl4 (15%) sample.

Emission rate / s!

Ge-T Ge-B

nC (2-1) 4329 =+ 133 3705 + 122
nC (3-1) 159.7 £ 5.1 1373 + 6.9
nC (3-1) corr. 1544 + 52 129.7 + 7.0
nC (4-1) 86.8 + 2.9 732 + 382
nC (5-1) 262 + 1.5 302 + 14.8
sum pC Lyman 7003 + 14.6 603.6 + 433
nCl (2-1) 1174 + 53 98.0 + 3.7
nCl (3-1) 131 + 19 10.8 + 1.1
nCl (4-1) 42 + 14 57 £ 0.9
nCl (5-1) 8.1 + 1.7 39 + 0.8
nCl (6-1) 24 £ 13 40 + 09
nCl (7-1) n.d. n.d.

sum pCl Lyman 1452 + 6.2 1224 + 4.1
nAl (3-2) 273 + 1.3 220 + 2.8
pAl (4-2) calc. 53 + 0.3 76 £ 1.0
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Table 3-20 Muonic X-ray intensities in C¢H2+CCls (15%) sample.

Emission rate / s!

Ge-T Ge-B

nC (2-1) 376.5 + 11.5 331.7 + 10.7
nC (3-1) 1484 + 4.7 130.6 + 5.3
pnC (3-1) corr. 1424 + 438 122.1 £ 5.5
nC 4-1) 832 + 2.7 682 + 9.8
nC (5-1) 239 £+ 1.2 33.1 + 47
sum pC Lyman 626.0 + 12.8 5552 + 16.2
nCl (2-1) 96.8 + 4.2 785 + 2.9
nCl (3-1) 10.8 + 1.6 102 + 09
nCl (4-1) 56 £ 14 52 = 0.8
nCl (5-1) 43 £ 1.2 47 + 0.8
nCl (6-1) 53 £ 1.5 3.6 £ 0.7
nCl (7-1) n.d. n.d.

sum pCl Lyman 1227 + 5.1 1022 + 33
pAl (3-2) 31,0 = 1.3 246 + 4.0
pAl (4-2) cale. 6.0 = 02 85 = 14
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Table 3-21 Muonic X-ray intensities in CCls sample.

Emission rate / s!

Ge-T Ge-B

nC (2-1) 499 + 23 339 + 2.8
nC (3-1) 170 £ 1.3 147 £ 1.7
nC (3-1) corr. 144 + 14 119 £ 1.7
nC 4-1) 98 + 1.2 73 + 0.9
nC (5-1) 3.1 = 1.7 n.d.

sum pC Lyman 773 + 34 53.1 + 34
nCl (2-1) 787.0 + 27.2 6347 + 204
nCl (3-1) 752 £ 59 647 £ 3.5
nCl (4-1) 335 £ 42 2890 + 24
nCl (5-1) 354 £ 42 271 £ 23
nCl (6-1) 262 + 4.0 240 + 22
nCl (7-1) 273 + 5.0 134 + 19
sum pCl Lyman 984.6 + 29.2 79277 £ 21.2
pAl (3-2) 134 + 14 81 £+ 0.7
pAl (4-2) calc. 26 = 03 28 = 0.3
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Table 3-22 Muonic X-ray intensities in CsHs sample.

Emission rate / s!

Ge-T Ge-B
nC (2-1) 4482 + 14.7 2557 + 84
nC (3-1) 173.0 £ 64 1004 + 3.7
nC (3-1) corr. 166.8 + 6.5 942 + 37
pnC (4-1) 935 + 3.9 533 + 2.2
nC (5-1) 27.0 = 24 155 + 14
sum pC Lyman 735.6 + 16.7 418.7 + 9.6
pAl (3-2) 31,6 + 24 18.0 + 1.4
pAl (4-2) calc. 6.1 £ 05 62 £+ 05

Table 3-23 Muonic X-ray intensities in C¢Hi2 sample.

Emission rate / s7!

Ge-T Ge-B
nC (2-1) 420.6 + 14.0 2389 + 7.9
pnC (3-1) 1744 + 6.5 100.1 + 3.7
nC (3-1) corr. 167.0 + 6.7 92.7 + 3.8
pnC (4-1) 98.1 = 42 559 + 24
nC (5-1) 29.1 + 29 165 + 1.6
sum pC Lyman 7149 + 16.2 4039 + 93
pAl (3-2) 38.0 + 2.6 21.7 £ 1.5
pAl (4-2) calc. 74 + 05 75 + 0.6
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Table 3-24 Muonic X-ray intensities in H>O sample.

Emission rate / s!

Ge-T Ge-B
pAl (3-2) 228 + 1.3 137 £ 04
nAl (4-2) 44 + 0.8 47 += 0.1
pAl (4-2) / (3-2) 0.19 + 0.04 034 + 0.01

3.2.3. X-ray Structure

The values obtained by normalizing the X-ray intensities of each transition of carbon
with the intensity of pC (2-1) and the values obtained by normalizing the X-ray intensities
of each transition of chlorine with the intensity of pCl (2-1) are shown in Table 3-25 to
Table 3-33 and summarized in Fig. 3-43 to Fig. 3-46. The spectra measured with the Ge-
B detector are poor in resolution on the low energy side, and problems such as difficulty
in separating adjacent peaks such as uCl (7-3), uC (2-1), nClI (8-3), so the error is large.

When comparing the values of uC (3-1) / (2-1) between samples, the value in the CCly4
sample was lower than the value in the other samples. This is consistent with the fact that
the CCl4 sample does not contain hydrogen atoms and no muon transfer takes place. In
other samples, the value of uC (3-1) / (2-1) tended to increase as the concentration of
carbon tetrachloride was lower, although it was within the error range. This is consistent
with the fact that the lower the concentration of carbon tetrachloride is, the smaller the
muon transfer to the chlorine atom decreases and the muon transfer to the carbon atom
increases. Comparing with the same carbon tetrachloride concentration, although it is
within the error range, the value of pC (3-1) / (2-1) tended to be slightly higher in the
samples of cyclohexane than in the samples of benzene. This is consistent with the fact
that the total amount of muon transfer in the samples of cyclohexane are larger than that
in the samples of benzene because the number of hydrogen atoms of cyclohexane

molecules is larger than that of benzene molecules.

80



Table 3-25 Muonic carbon X-ray structure normalized by pnC (2-1) intensity and muonic

chlorine X-ray structure normalized by pCl (2-1) intensity C¢Hs+CCl4 (70%) sample.

Ge-T Ge-B

uC (3-1)/(2-1) 0338 + 0018 0347 + 0.032
pnC @-1)/(2-1)  0.199 + 0.012 0.197 = 0.113
uC (5-1)/(2-1)  0.058 + 0010 0070 + 0.034

pCl(3-1)/(2-1) 0.101 + 0.009 0.107 = 0.007
pCl @-1)/(2-1)  0.043 + 0.006 0.042 + 0.004
pCl (5-1)/ (2-1)  0.045 + 0.007 0.042 + 0.004
uCl(6-1)/(2-1)  0.039 = 0.006 0.037 + 0.004
uCl(7-1)/(2-1)  0.023 + 0.005 0.019 = 0.004

Table 3-26 Muonic carbon X-ray structure normalized by puC (2-1) intensity and muonic

chlorine X-ray structure normalized by pCl (2-1) intensity C¢Hi2+CCls (70%) sample.

Ge-T Ge-B

uC (3-1)/(2-1) 0343 + 0018 0351 + 0.040
nC 4-1)/(2-1) 0207 = 0.012 0.199 + 0.030
nC (5-1)/(2-1)  0.072 + 0.009 0.164 = 0.126

pCl(3-1)/(2-1) 0.106 + 0.010 0.110 = 0.007
uCl(@-1)/(2-1)  0.047 = 0.007 0.044 + 0.005
pCl(5-1)/(2-1)  0.039 = 0.006 0.044 + 0.005
pCl(6-1)/(2-1)  0.040 = 0.006 0.041 + 0.005
uCl(7-1)/(2-1)  0.016 = 0.005 0.022 + 0.004
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Table 3-27 Muonic carbon X-ray structure normalized by puC (2-1) intensity and muonic

chlorine X-ray structure normalized by pCl (2-1) intensity C¢Hs+CCl4 (30%) sample.

Ge-T Ge-B

uC 3-1)/@2-1) 0351 = 0016 0344 + 0.020
pnC @-1)/(2-1) 0201 + 0.009 0.192 + 0.055
uC (5-1)/2-1)  0.061 = 0.005 0.086 + 0.025

pCl(3-1)/(2-1) 0.124 + 0.013 0.118 = 0.009
pCl @-1)/(2-1)  0.053 + 0.009 0.057 + 0.007
pCl(5-1)/ (2-1)  0.046 + 0.009 0.046 + 0.006
uCl(6-1)/(2-1)  0.048 = 0.010 0.036 + 0.005
uCl (7-1)/ 2-1)  0.018 + 0008 0.022 + 0.005

Table 3-28 Muonic carbon X-ray structure normalized by puC (2-1) intensity and muonic

chlorine X-ray structure normalized by pCl (2-1) intensity C¢Hi2+CCls (30%) sample.

Ge-T Ge-B

uC (3-1)/(2-1) 0371 + 0.017 0356 + 0.019
uC (@-1)/(2-1) 0224 + 0010 0203 + 0.086
uC (5-1)/(2-1)  0.062 = 0.004 0093 + 0.035

pCl(3-1)/(2-1) 0.114 + 0012 0.112 = 0.009
uCl(@-1)/(2-1)  0.049 = 0.009 0.058 + 0.007
pCl(5-1)/(2-1)  0.054 = 0.009 0.052 + 0.006
nCl(6-1)/ (2-1)  0.046 + 0.010 0.061 = 0.007
pCl (7-1)/(2-1)  0.024 + 0.007 0.026 + 0.005
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Table 3-29 Muonic carbon X-ray structure normalized by puC (2-1) intensity and muonic

chlorine X-ray structure normalized by pCl (2-1) intensity C¢Hs+CCls (15%) sample.

Ge-T Ge-B

uC (3-1)/(2-1) 0357 £ 0016 0350 + 0.022
pnC @-1)/(2-1) 0200 + 0.009 0.197 = 0.103
uC (5-1)/(2-1)  0.061 + 0.004 0081 = 0.040

pCl(3-1)/(2-1) 0.111 + 0.017 0.110 = 0.012
pCl @-1)/(2-1)  0.036 + 0.012 0.058 + 0.009
pCl(5-1)/ (2-1)  0.069 + 0.015 0.040 + 0.009
nCl(6-1)/(2-1)  0.021 + 0.011 0.041 = 0.010
nCl (7-1) / 2-1) — _

Table 3-30 Muonic carbon X-ray structure normalized by pC (2-1) intensity and muonic

chlorine X-ray structure normalized by pCl (2-1) intensity C¢Hi2+CCls (15%) sample.

Ge-T Ge-B

uC (3-1)/(2-1) 0378 + 0017 0368 + 0.020
uC @-1)/(2-1) 0221 + 0010 0206 + 0.030
nC (5-1)/(2-1)  0.063 + 0.004 0.100 = 0.014

pCl(3-1)/(2-1) 0.112 + 0.017 0.130 = 0.013
nCl@d-1)/(2-1) 0.057 + 0.014 0.066 = 0.010
pCl(5-1)/ (2-1)  0.044 + 0.012 0.060 + 0.010
pCl(6-1)/(2-1)  0.055 = 0.015 0.046 + 0.009
uCl (7-1) / 2-1) — —
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Table 3-31 Muonic carbon X-ray structure normalized by puC (2-1) intensity and

muonic chlorine X-ray structure normalized by puClI (2-1) intensity CCls sample.

Ge-T Ge-B

uC 3-1)/2-1) 0289 = 0.032 0351 + 0.058
nC @-1)/2-1)  0.197 = 0.026 0214 + 0.032
pnC 5-1)/(2-1)  0.061 + 0.034 —

pCl(3-1)/(2-1)  0.095 + 0.008 0.102 + 0.006
uCld-1)/(@2-1) 0.043 + 0.006 0046 + 0.004
uCl(5-1)/(2-1)  0.045 + 0.006 0.043 + 0.004
uCl(6-1)/ (2-1)  0.033 + 0.005 0.038 + 0.004
uCl (7-1)/ 2-1)  0.035 + 0.006 0.021 + 0.003

Table 3-32 Muonic carbon X-ray structure normalized by pC (2-1) intensity and

muonic chlorine X-ray structure normalized by puClI (2-1) intensity C¢He sample.

Ge-T Ge-B

uC (3-1)/(2-1) 0372 + 0.019 0368 + 0.019
uC @-1)/(2-1) 0209 + 0011 0208 + 0.011
uC (5-1)/(2-1)  0.060 + 0.006 0.060 + 0.006

Table 3-33 Muonic carbon X-ray structure normalized by pC (2-1) intensity and

muonic chlorine X-ray structure normalized by puClI (2-1) intensity CsHi2 sample.

Ge-T Ge-B

nC G3-1)/(2-1) 0397 + 0.021 0388 = 0.020
nC @-1)/(2-1) 0233 + 0.013 0234 = 0.013
uC 5-1)/2-1)  0.069 = 0.007 0.069 + 0.007
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Fig. 3-43 Muonic carbon X-ray structure normalized by puC (2-1) intensity measured by

Ge-T detector.
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Fig. 3-44 Muonic carbon X-ray structure normalized by pnC (2-1) intensity measured by

Ge-B detector.
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Fig. 3-45 Muonic chlorine X-ray structure normalized by uClI (2-1) intensity measured

by Ge-T detector.
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Fig. 3-46 Muonic chlorine X-ray structure normalized by uCl (2-1) intensity measured

by Ge-B detector.
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3.2.4. X-ray Intensity Ratio

The ratios of the X-ray intensity of the carbon Lyman series to the X-ray intensity of
the chlorine Lyman series are shown in Table 3-34. These corresponds the ratio of the
number of muon captures to carbon atoms to the number of muon captures to chlorine
atoms in each sample. When comparing the samples with the same carbon tetrachloride
concentration, the values of the samples of cyclohexane were larger at all concentrations

than the values of the samples of benzene samples.

Table 3-34 Muonic X-ray intensity ratio of carbon to chlorine.

pC Lyman / pCl Lyman
Ge-T Ge-B Average

CeHet+CCl4 (70%)

0417 + 0016 0418 + 0.035 0.417 + 0.015
sample
CsH12+CCl4 (70%)

0.462 + 0.018 0478 + 0.041 0465 = 0.017
sample
CeHe+CCl4 (30%)

1.93 + 0.08 1.98 £+ 0.10 1.95 + 0.062
sample
CeH12+CCl4 (30%)

2.15 £ 0.09 226 + 0.15 2.18 + 0.074
sample
CsHe+CCls (15%)

482 + 0.23 493 + 0.39 485 + 0.197
sample
CeH12+CCls (15%)

5,10 £ 0.24 543 + 0.24 527 £ 0.167
sample
CCl4 sample 0.078 + 0.004 0.067 + 0.005 0.073 = 0.003
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4. Discussion
4.1. Discussion I: Experiment of Gas System
4.1.1. Muon Transfer Rate

Since the X-ray of the delayed spectrum is derived from the muon transfer, the
intensity of the muonic X-ray in the delayed spectrum is proportional to the number of
muon captures due to the muon transfer. And the number of muon captures due to muon
transfer is proportional to the muon transfer rate and mixing ratio. Therefore, the ratio of
the X-ray intensity of carbon to the X-ray intensity of neon corresponds to the ratio of the
muon transfer rate to carbon to the muon transfer rate to neon, except for the contribution
of the mixing ratio. Since the neon mixing ratios and the muon transfer rates to neon in
two samples are the same, the muon transfer rate to carbon can be compared between
samples by the ratio of the X-ray intensity of carbon to the X-ray intensity of neon.

Table 4-1 shows the X-ray intensity ratios in the Benzene sample and Cyclohexane
sample, and the ratio of the value of Benzene sample to the value of Cyclohexane sample.
The values shown in the table are the average values of LEPS and Loax detectors. As
shown in the table, the difference in the X-ray intensity ratios between Benzene sample
and Cyclohexane sample was within the error range regardless of the X-ray series of neon.
That is, the difference in the muon transfer rate between Benzene sample and
Cyclohexane sample was within the error range in the precision of this experiment. It is
concluded that the large difference in the muon transfer rate as seen in the pion transfer

of liquid system was not appeared in the gas system.
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Table 4-1 Muonic X-ray intensity ratio of carbon to neon in delayed spectrum of

Benzene sample and Cyclohexane sample.

Benzene Cyclohexane Benzene

sample sample / Cyclohexane

nC HC / pNe Balmer 64 =+ 0.7 57 =+ 0.5 1.11 +£ 0.16
pC HC / pNe Lyman 8.0 + 1.3 8.8 =+ 1.6 090 = 0.22
pC HC / pNe All 35 + 0.4 35 + 03 102 £ 0.14

4.2. Discussion II: Experiment of Liquid System
4.2.1. Muon Capture Ratio

When the muon is captured by atoms, it finally de-excites to the 1s orbital. Therefore,
the sum of the X-ray intensities of the Lyman series, which is the series leading to the 1s
orbital, is proportional to the number of captured in each element. As a result, the ratio of
the X-ray intensity of the Lyman series of carbon and chlorine corresponds the ratio of
the number of muon captures to carbon atoms and chlorine atoms. The results show that
the values of samples of cyclohexane were larger at all carbon tetrachloride
concentrations than the values of samples of benzene. This indicates that the muon is
more likely to be captured on the carbon atom of cyclohexane than the carbon atom of
benzene. However, since this value is the sum of muon direct capture and capture by
muon transfer, it is necessary to analyze in order to obtain information on the muon

transfer rate.

4.2.2. Analysis of Muon Transfer Rate using the Model
4.2.2.1. Model Overview

To analyze the muon transfer rate from the capture ratio results, the following model
was set up. Considering two steps in which the muon is first captured by the molecule
and then captured by each atom in the molecule, the capture probability to carbon atoms

and chlorine atoms (W¢ and W¢j, respectively) are expressed as follows.
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AcCc

We = We + W) X P,y X + Wy x(1—-P,)

AcCe + AgiCey
’ r AClCCl
Wcl = WCl + WH X Pex XACCC +AClCCl
Kyc(1-0) KcciaC
Wi = X (1—-Ky)+ X (1-K
¢ Kyc(1 = C) + KeeiaC " Kyc(1—C) + KcciaC ( a)
KeciaC
W, = x K
@ Kyc(1 =0 + KequC ™ ¢
Ky,-(1-C
W, He( ) < K,

- Kuc(1 = C) + KeciuC
where

Kic: capture ratio to hydrocarbon molecule,

Kccus: capture ratio to carbon tetrachloride molecule,

C: number of carbon tetrachloride molecules / total number of molecules

(= concentration of carbon tetrachloride),

Ku: capture ratio to hydrogen atoms when captured by hydrocarbon molecules,

Kcr: capture ratio to chlorine atom when captured by carbon tetrachloride

molecule,

Az: transfer rate to Z atom,

Cz: number of Z atoms per 1 cm®,

Pex: probability that external transfer occurs

W'c, W'cr and W'y are direct capture probability to each atom. The first term of W¢ and
Wi is contribution of direct capture, the second term of W¢ and Wc; is contribution of
external transfer, the third term of Wc is contribution of internal transfer. Fig. 4-1 shows
a scheme of the model equation. The term indicated by each number in the figure
represents the probability of each step of muon capture. Wc is the sum of the probabilities

of each step reaching C, and Wc; is the sum of the probabilities of each step reaching Cl.

90



,: External transfer
Internal transfer

C

(@ Kuyc(1-10) }r@) KcciaC }
Kyc (1 —C) + KeepaC) \Kye (1 — C) + K C

L] O R
Ky | |(1—=Ky) k(1—Kc1) K¢

A

(@ AcCe AciCey ©)
Fex X Fex X (1-"P,,)
AcCe + Agi Gy AcCe + A Cgy ex

.

Fig. 4-1 Scheme of the model equation. The term indicated by each number represents

the probability of each step of muon capture.

4.2.2.2. Values Used for Analysis

For the analysis, the values shown in Table 4-2 were used. The capture ratio to
hydrocarbon molecules and carbon tetrachloride molecules, and the capture ratio to
hydrogen atoms when captured by a hydrocarbon molecule cannot be obtained from this
experiment. Therefore, the experimantal values of the pion experiment and the values by
large mesomolecular (LMM) model were used.?’-?® This assumes that the initial process
of capture is equal between muon and pion. The capture ratio to chlorine atoms when
captured by a carbon tetrachloride molecule was obtained from the capture ratio of
chlorine and carbon in the CCl4 sample of this study.

In LMM model, the capture ratio to hydrogen atoms when captured by a hydrocarbon
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molecule is expressed by the following equation.?”-?8

v(l+0)

K= T - 01z,

Here, N is sum of the core electrons relevant to capture process in the molecule, v is sum
of the valence electrons in the molecule, Zerr is sum of the relevant core and valence
electrons of one carbon atom in the molecule, and ¢ is ionicity parameter that is zero in
covalent bonds. In benzene, N=18, v=12 and Z.r=4, and in cyclohexane, N = 18,

v =24 and Zr= 4.27% As a result, Ky becomes the values shown in Table 4-2.

Table 4-2 Parameters used for the analysis.

CsHs CeH12 Note

Kuc / Kccu 0.873+0.012 1.149+0.016  Experimental results

in the pion experiment?’
Kn 12/120 24/ 144 LMM model*"-*
Ka 0.932+0.003 This work

4.2.2.3. Analysis Result

When the value of Pex was fixed at a certain value such as 1.0, 0.9, 0.8, and the values
of Kuc / Kccu, Ki, and K¢ were fixed with the values in Table 4-2, then the model
equation was fitted to the experimental value of W¢ / Wc using Ac as a free parameter.
The experimental Wc / Wcr values used are average value of Ge-T and Ge-B detectors
shown in Table 3-34. In the model equation, Ac is a relative value of Aci because all Ac
are located in the same fraction as Aci, thus Acr was fixed at 100 here. The results of

fittings are shown in Table 4-3.
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Table 4-3 Analyzed muon transfer rate to carbon atoms of benzene and cyclohexane.

The Ac values shown here are relative values to Ac fixed at 100.

Pex Ac (CeHp) Ac (C¢Hr2)
1.00 372 £ 10.7 306 £ 3.9
0.90 31.8 + 9.7 260 + 3.5
0.80 265 + 8.7 214 + 3.1
0.70 214 = 7.7 170 = 2.8
0.60 164 £+ 6.8 127 + 24
0.50 11.6 + 5.8 85 + 2.0
0.40 70 = 49 44 + 1.7
0.30 26 = 4.0 05 £ 1.3
0.20 -1.6 = 3.0 -33 £+ 09
0.10 =59 £ 19 =71 £ 0.5
0.01 -10.8 + 0.3 -11.0 + 0.1

As shown in the table, although within the error range, if the Pex is the same for
cyclohexane and benzene, the optimum value of Ac for the samples of benzene is larger
than that for the samples of cyclohexane regardless of the value of Pex. For example, when
Pex=1, Ac (CsHs) / Ac (CsHi2) = 1.22 + 0.38. In the pion experiment, since the probability
o, that pionic hydrogen atoms are released by cutting off the C—H bond is equal within
the error range between benzene and cyclohexane,?® assuming that Pex is the same for
benzene and cyclohexane even for muon is plausible. Also, since it is unlikely that Ac is
a negative value, it can be seen that Pex is at least approximatelly 0.30 or more.

In addition, when fitting both Ac and Pex as free parameters,

Ac (Ce¢Hs) = 37+34 Pex (C¢Hs) = 1.0£0.5
Ac (CsHi2) =31+12 Pex (CeHi2) = 1.0+£0.2
In this case, since the error of Pex rides on Ac, the error of Ac becomes very large as

compared with the case where Pey is set to a specific value. The values of Pex converges
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to the upper limit of 1 in both systems, and Pex is considered to be a value of 0.8 or more

from the error range of cyclohexane Pex value.

4.3. Discussion lll: Gas System and Liquid System
4.3.1. Transfer Rate in Gas System and Liquid System

The transfer rates in liquid and gas systems are summarized in Table 4-4.

Table 4-4 Summary of the chemical effect on the transfer rate to carbon atoms in the

liquid and the gas system.

Pion transfer = Muon transfer Muon transfer

in the liquid in the liquid in the gas
system?’ system system
Transfer rate to C of CsHs
2.0+£0.4 1.22+0.38 1.02+0.14
/ Transfer rate to C of CcHi12
Probability that the true
value in the upper row is 0.6% 28% 44%

smaller than 1

In the pion transfer in the liquid system, the transfer rate to carbon atoms of benzene
was approximatelly twice the rate to carbon atoms of cyclohexane. In the muon transfer
in the liquid system, although the error was large and within the error range, but the
optimal value of the transfer rate to carbon atoms of benzene was approximatelly 1.2
times that of cyclohexane. In the muon transfer in the gas system, the difference in the
transfer rate was small compared to the liquid system, and there was almost no difference
between the samples.

It is considered that the reason for obtaining such a result is due to the difference in
the proportion of the excited state of pionic or muonic hydrogen atoms which causing

transfer. First, consider the order of the muon transfer rate in liquid and gas systems.
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Estimates of muon transfer rates in the liquid and gas systems are shown in Table 4-5.
The transfer rate to carbon atoms was calculated using the literature value
(9.5£0.5)x10'% 57! of the transfer rate to the carbon atoms of the Ho+CHy system,?’ and
converted into the carbon atom density of the samples in each experiment. The literature

values are normalized to atomic density of liquid hydrogen of 4.25x10%2 cm™.

Table 4-5 Estimates of muon transfer rates in the liquid and gas systems.

The liquid system  The gas system

experiment experiment
Density of carbon atoms 2.70x10%* cm™ 2.87x10'7 cm
Muon transfer rate to carbon atoms 6x10'0 57! 6x10° s7!
Average time for completion of transfer  2x107''s 2x10°%s
Proportion of excited muonic hydrogen  approx. 70% 0%

atoms (n > 3) when transfer occurs®’

In the gas system, the muon transfer rate is on the order of 10° s!, and the average
time required for the transfer to be completed is on the order of 107 s. All muonic
hydrogen atoms de-excited to 1s state or 2s state within 107" s, the majority becomes 1s
state at the stage of 1076 5.3° Therefore, muon transfer in the gas system must be caused
by muonic hydrogen atoms in 1s state. On the other hand, in the liquid system, the muon
transfer rate is on the order of 10'° s™! | and the average time required for the transfer to
be completed is on the order of 10°'' s. At the stage of 107!! s, the state of the principal
quantum number n > 3 is approximatelly 70%.>° Therefore, in the liquid system, the muon
transfer occurs mainly from the muonic hydrogen atoms in the excited state with the
principal quantum number n > 3. Furthermore, in the case of a pion transfer in a liquid
system, since the lifetime of the pionic hydrogen atoms in the Is state is extremely short
(< 10715 5), the pion transfer occurs only from the excited state pionic hydrogen atoms.

In the pion transfer in the liquid system, it is believed that the difference in the pion
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transfer rate to the carbon atoms was caused by the difference in steric hindrance around
the carbon atoms of benzene and cyclohexane molecules.?’ In benzene molecule, one
hydrogen atom is bonded to a carbon atom, whereas in cyclohexane molecule there are
two hydrogen atoms bonded to a carbon atom, so the steric hindrance of cyclohexane
molecules when muonic or pionic hydrogen atoms approach a carbon atom is larger than
that of benzene molecules. Considering the radius of muon hydrogen or pion hydrogen,
for example, it in the principal quantum number n = 3 has a radius of approximatelly 9
times it in the 1s state. Therefore, it is considered that the larger the proportion of the
excited state is, the more susceptible to steric hindrance. As a result, the difference due to
the molecules of the transfer rate to carbon atoms was reduced in the order of the pion
transfer in the liquid system where the transfer occurs only from the excited state, the
muon transfer in the liquid system where the transfer from the excited state is
approximatelly 70%, and the muon transfer in the gas system without the transfer from

the excited state.

4.3.2. Mechanism of Steric Hindrance

The steric hindrance for transfer process by hydrogen atoms is considered to be
occurred by the following mechanism. The muon in the excited state muonic hydrogen
atoms exists at the high energy level. Therefore, if the excited state muonic hydrogen
atoms approach another hydrogen atom, muon transfer to more stable level of another
hydrogen atom can occur. On the other hand, even if the ground state muonic hydrogen
atoms approach another hydrogen atom, muon transfer to another hydrogen atom does
not occur. As a result, only the excited state muonic hydrogen atoms are affected by the
hydrogen atoms.

In addition, when muon transfer to another hydrogen atom occur, muon moves to the
atomic muon orbital of lower energy level than the former orbital. This effectively
corresponds to de-excitation of muonic hydrogen atoms. That is, excited state muonic

hydrogen atoms de-excite by collision with hydrogen atoms. Considering the binding
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energy, excited state muonic hydrogen atoms can transfer muon to higher energy levels
of carbon atoms compared with ground state muonic hydrogen atoms. The atomic muon
orbital of a higher energy level has larger radius compared to a lower energy level.
Therefore, the cross section of the muon transfer from excited state muonic hydrogen
atoms to carbon atom is larger than that from ground state. As a result, if the excited state
muonic hydrogen atoms collide with hydrogen atom bonding to carbon atom, probability
of muon transfer to carbon atoms becomes smaller. This is considered the mechanism of
steric hindrance.

In the case of pion transfer, same mechanism is also possible. Additionally, if excited
state pionic hydrogen atoms de-excite to the ground state by collision with hydrogen
atoms, pion decays immediately due to reaction with hydrogen nucleus, thus pion transfer
to carbon atoms does not occur. This means steric hindrance by hydrogen atoms may

affects strongly to pion transfer process compared to muon transfer process.
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5. Concluding Remarks

In this work, in order to investigate the chemical effect on the muon transfer process,
muon irradiation experiment was carried out with two systems of liquid and gas, using
benzene and cyclohexane whose chemical effects on pion transfer process were observed.

In the liquid system, the error was large and the difference was within the error range,
but the optimum value of the muon transfer rate to the carbon atoms of benzene was
approximatelly 1.2 times the optimum value of the muon transfer rate to the carbon atoms
of cyclohexane. This was due to the difference in steric hindrance by molecules as in the
case of pion transfer in the liquid system. In benzene molecules, there is one hydrogen
atom bonded to the carbon atom, whereas cyclohexane molecules have two hydrogen
atoms bonded to the carbon atom. That is, cyclohexane molecules have many obstacles
which hinder muonic hydrogen atoms approach carbon atoms compared to benzene
molecules. Therefore, the muon transfer rate to carbon atoms of cyclohexane became
smaller than the muon transfer rate to carbon atoms of benzene.

In the gas system, the difference between the optimum values of the muon transfer
rate to the carbon atoms of benzene and cyclohexane was smaller than that of the liquid
system, and there was almost no difference between the samples. This was because all
transfers in the gas system occurred from the ground state muonic hydrogen atoms,
whereas the transfers in the liquid system occurred from the excited state muonic
hydrogen atoms. Threfore, muonic hydrogen atoms in the ground state were less
susceptible to steric hindrance by molecules because they are smaller in radius than the
excited state.

The pion transfers in the liquid system occur only from the pionic hydrogen atoms in
the excited state, and approximatelly 70% of the muon transfers in the liquid system
occurred from the muonic hydrogen atoms in the excited state, and the muon transfers in
the gas system occurred only from the muonic hydrogen atoms in the ground state. The
influence of molecular structure in the transfer process was large in the order of pion

transfer process in liquid system, muon transfer process in liquid system, and muon
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transfer process in gas system. That is, the larger the proportion of the excited state when
muonic or pionic hydrogen atoms undergo transfer, the greater the influence from steric
hindrance of the molecule and the larger the difference in transfer rate due to the
difference in molecules. This indicates that muonic and pionic hydrogen atoms in the
excited state play an important role in the chemical effects on the transfer processes in the

hydrocarbon molecules.
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