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Abstract: To investigate the chemical effect on the muon
capture process through a muon transfer reaction from a
muonic hydrogen atom, the formation rate of muonic car-
bon atoms is measured for benzene and cyclohexane
molecules in liquid samples. The muon transfer rate to
carbon atoms of the benzene molecule is higher than that
to the carbon atoms of the cyclohexane molecule. Such a
deviation has never been observed among those molecules
for gas samples. This may be because the transfers occur
from the excited states of muonic hydrogen atoms in the
liquid system, whereas in the gas system, all the transfers
occur from the 1s (ground) state of muon hydrogen atoms.
The muonic hydrogen atoms in the excited states have a
larger radius than those in the 1s state and are therefore
considered to be affected by the steric hindrance of the
molecular structure. This indicates that the excited states
of muonic hydrogen atoms contribute significantly to the
chemical effects on the muon transfer reaction.

Keywords: chemical effect; muonic atom; muonic X-ray;
pionic atom; transfer reaction.

1 Introduction

Muons are elementary particles belonging to lepton; their
mass is 207 times that of electrons and they have a lifetime
of 2.2 ps. Because muons have the same negative charge as
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electrons, they can form atomic orbitals around the
nucleus, such as electrons (muonic orbitals). When a muon
penetrates and stops in matter, it is captured in the
Coulomb field of an atomic nucleus and one of the elec-
trons is replaced by a muon, forming a muonic orbital.
Such atomic systems are known as muonic atoms. The
captured muon exists at a highly excited level and is
immediately de-excited to the muonic 1s (ground) state
while emitting Auger electrons or characteristic X-rays
(muonic X-rays). Because the mass of a muon is 207 times
that of an electron, the radius of a muonic orbital is
approximately 1/200 that of an electronic orbital, and the
energy of a muonic X-ray is approximately 200 times that of
an electronic X-ray. Recently, the application of muonic
X-rays to elemental analysis has been actively studied
owing to their high-energy characteristics [1-12].

When a muon is captured by a hydrogen atom, the only
electron in the hydrogen atom is replaced by a muon,
forming a muonic hydrogen atom comprising a muon and a
nucleus (proton). Because muonic hydrogen atoms have
no electrons, the size of a muonic hydrogen atom is
approximately 1/200th that of a hydrogen atom. Therefore,
the nuclear charge of a muonic hydrogen atom is strongly
shielded by the muon, and hence a muonic hydrogen atom
behaves as a small and electrically neutral particle [13].
Consequently, a muonic hydrogen atom can diffuse
through matter without being repelled by the electron
cloud and can approach the nucleus of another atom. As a
muonic hydrogen atom approaches the nucleus of another
Z > 2 atom, the muon moves from the muonic hydrogen
atom to the deeper muonic orbital of the Z > 2 atom to form a
new muonic atom of Z > 2. This process is known as a muon
transfer reaction [14].

Several studies have investigated the formation pro-
cess of muonic atoms, and the muon capture probability
for each atom in a material has been measured. These
studies indicated that the muon capture probability is
affected by the chemical environment, such as the molec-
ular structure [15-23]. This known as the chemical effect
[22]. For example, the muon capture ratios of boron
and nitrogen atoms differ between boron nitride with a
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graphite-type structure and that with a diamond-type
structure [23]. Similar studies have been performed with
pionic atoms [24]. Pionic atoms are an atomic system
similar to muonic atoms, in which one negative pion exists
in the atomic system. Because the mass of negative pions is
similar to that of muons, the formation processes of pionic
and muonic atoms are considered very similar [25, 26].

Chemical effects on the formation of pionic and
muonic atoms in materials containing hydrogen atoms
have been studied. Horvath et al. [27] measured the number
of pions captured by hydrogen atoms but not transferred to
other atoms by irradiating H,0 and NH; with pions at
different temperature conditions; they discovered that the
number of pions increased with temperature in the liquid
state and reached a maximum in the supercritical state.
Furthermore, they performed detailed experiments using
partially deuterated methanol and concluded that the pion
capture rate on a hydrogen atom changed with the change
in the electron density around the hydrogen atom owing to
the change in the strength of the hydrogen bond with
temperature [28]. Shinohara et al. [29] reported that the
pion capture probability of hydrogen atoms of hydrocar-
bon molecules varied with the molecular structure.
Furthermore, they reported that the pionic X-ray intensity
pattern of the Balmer series varied with the molecular
structure of hydrocarbon molecules [30]. For condensed
systems, they reported the chemical effect on the pion
transfer reaction in mixtures of carbon tetrachloride and
benzene or cyclohexane [31]. They reported that the pion
transfer rate to the carbon atoms of benzene was approxi-
mately twice the rate to the carbon atoms of cyclohexane
and concluded that this was due to differences in the steric
hindrance around the carbon atoms in benzene and
cyclohexane molecules.

The muon transfer reaction in mixtures of hydrogen
gas and noble gases at various pressures has been studied,
and the pressure dependence of the muonic X-ray intensity
pattern has been reported [32]. However, it is unclear
whether such a pressure dependence is due to chemical
effects on the muon transfer reaction or to differences in the
muon de-excitation process following the muon transfer
reaction by the sample pressure. Moreover, the muon
transfer reaction in a mixture of hydrogen gas and carbon
monoxide or carbon dioxide has been investigated, and no
clear difference was observed between the two samples
[33]. In a previous study, we conducted an experiment on
muonic atom formation in gas mixtures comprising
hydrogen, neon, and gaseous benzene or gaseous cyclo-
hexane to investigate the chemical effect on the muon
transfer reaction in the gas system [34]. Consequently, a
chemical effect on the muon transfer to benzene or
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cyclohexane in the gaseous system was not observed,
unlike pionic transfer in a condensed system. Hence, in
contrast to the pion transfer process, no clear chemical
effect on the muon transfer reaction has been reported.

Although a systematic understanding of the chemical
effect in the direct capture process is improving, the
chemical effect in the transfer process are rarely reported.
In particular, muon transfer reactions are more difficult to
observe than pion transfer reactions because it is difficult
to experimentally determine the number of muons
captured by hydrogen atoms. In this study, the chemical
effect on the muon transfer reaction was investigated in an
experimental system, in which the chemical effect on the
pion transfer reaction was observed, i.e., in the liquid
mixtures of carbon tetrachloride and benzene or cyclo-
hexane. The number of muons captured by hydrogen
atoms cannot be obtained because muonic hydrogen does
not emit high-energy decay gamma rays, unlike the pion
case. Therefore, we performed precise experiments based
on different mixing ratios of liquids and analyzed the
chemical effect on the muon transfer reaction using model
equations.

2 Experimental

The experiment was performed at the Muon Science Innovative Muon
Beam Channel (MuSIC) of the Research Center for Nuclear Physics
(RCNP), Osaka University. Muon beam irradiation experiments were
conducted at the M1 beamline of MuSIC from June 17 to June 18, 2017,
and from October 8 to October 9, 2018. A muon beam provided at the
MuSIC was generated by a 392 MeV proton bombardment on the car-
bon target from the ring cyclotron of the RCNP. The momentum of the
muon beam used was 50 MeV/c. The experimental setup comprised
two plastic scintillators, a degrader, a sample liquid holder, and two
high-purity germanium semiconductor (HPGe) detectors. A schematic
diagram of the experimental setup is shown in Figure 1. The sample
liquid holder was made of aluminum and rectangular in shape, with
an inner volume of approximately 25 mL and having 0.3-mm-thick
windows. The sample in the holder was placed at the beam center and
irradiated with a muon beam, and the muonic X-rays emitted as
muons stopped in the sample to form muonic atoms were measured
using the HPGe detectors. Two plastic scintillators were placed
upstream of the sample to detect the timing of the muon incidence. An
aluminum plate with a thickness of 0.2 mm was installed as a degrader
to decelerate the incident muons, and their momentum was adjusted
to stop the muons at the middle of the sample. The detection efficiency
of each HPGe detector was determined using Monte Carlo simulation
code EGS5 [35], based on data measured using a standard radiation
source. The self-absorption effect of each sample on the detection
efficiency was considered in the simulation. The samples used in the
experiments are listed in Table 1. The reagents used for the samples
were benzene (Sigma-Aldrich, for HPLC, 99.9% purity), cyclohexane
(Sigma—-Aldrich, for HPLC, 299.9% purity), and carbon tetrachloride
(Wako, Super Special Grade, 99.8% purity). The spectrum for
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Figure 1: Schematic diagram of experimental setup.

background evaluation was obtained using distilled water. The mixed
samples were prepared by mixing while measuring their weights to
achieve a predetermined molar ratio. The irradiation times for each
sample are listed in Table 1.

3 Results

Representative spectra for the C¢Hg + CCl, (70%) sample
and H,0 sample are shown in Figures 2 and 3. The terms pz
(n-n’) and eZ (n-n’) denote muonic and electronic X-rays
resulting from the transition from the principal quantum
number n to n’ at the Zth atom, respectively. Muonic X-rays
of carbon and chlorine were clearly observed in each

Table 1: List of samples used in the experiments. Compositions are
shown in molar percentages. Duration of muon irradiation for each
sample is shown as well.

Sample name Composition Irradiation
time
CeHg + CCl, (15%) CeHeg (85.0%) + CCl, 9 h 04 min
sample (15.0%)
CeHe + CCl, (30%) CeHe (70.0%) + CC, 2 h 45 min
sample (30.0%)
CeHe + CCl, (70%) CeHe (30.0%) + CCL, 2h 11 min
sample (70.0%)
CeHyo + CCl, (15%) CeH15 (85.0%) + CCl, 7 h 51 min
sample (15.0%)
CeHia + CCl, (30%) CeH» (70.0%) + CCl, 3 h 01 min
sample (30.0%)
CeHiz + CCL, (70%) CeH1» (30.0%) + CCl, 2 h 08 min
sample (70.0%)
CCl, sample CCl, (100%) 1 h 30 min
H,0 sample Distilled water (100%) 2h 17 min
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Figure 2: X-ray spectrum for C¢Hg + CCl, (70%) sample. (a) Low-
energy region; (b) high-energy region.

sample. The muonic X-rays of aluminum were from the
sample liquid holder, whereas the X-rays of tin were from
the tin plate used for shielding the HPGe detectors. In the
H,0 sample for the background evaluation, which did not
contain carbon, pAl (4-2) X-rays were observed at the same
energy as HC (3-1), although their intensity was low.
Therefore, the ratio of pAl (3-2) and pAl (4-2) intensities in
the H,0 sample was used to estimate the intensity of pAl (4-
2) in the other samples, and the pC (3-1) intensities were
corrected. No other interfering peaks were observed in the
muonic X-ray energy range of carbon and chlorine. For
each sample, the muonic X-ray intensities of carbon and
chlorine were analyzed to obtain the sum of the Lyman
series muonic X-rays. Subsequently, the ratio of the Lyman
series intensity of carbon to that of chlorine in each sample
was determined. The results are shown in Table 2.

4 Discussion
4.1 Muon capture ratio

Because all muons captured by an atom are finally de-
excited to the 1s orbital, the total muonic X-ray intensity of



322 —— M. Inagaki et al.: Muon transfer reaction in benzene and cyclohexane

(a) 4000

HO (2-1)

350 F 032

3000 | HO (7-1)

2500
2000 ¢ eSn (3-1)
1042 PABD
1000 [\ || YHO(B2) | BAI(-2)
HO (6-2)

500 \ l/ l
. UbJ\AL ]

0 50

Counts

1500 |

100
Energy / keV

150

200

(b) 500
450
400 +
350 r

) 300

5250 |

o

O 200 | e-e
150 L PAI(2-1)  annihilation

100 | l

50 I A

0

200 300 400 500 600 700
Energy / keV

800 900 1000

Figure 3: X-ray spectrum for H,0 sample (background evaluation).
(a) Low-energy region; (b) high-energy region.

Table 2: Intensity ratio of total Lyman series muonic X-ray of carbon
to that of chlorine in each sample. Intensity fraction of total Lyman
series muonic X-ray of carbon to sum of that of carbon and chlorine
in each sampleis also shown. These ratios and fractions correspond
to muon capture ratios and muon capture fractions, respectively.

pC Lyman pC Lyman

pCl Lyman pC Lyman+uCl Lyman
CgHg + CCl, (15%) sample 4.86 +0.14 0.829 + 0.004
CeHe + CCl, (30%) sample 2.00 + 0.08 0.667 + 0.009
CeHg + CCl, (70%) sample 0.432 +£0.014 0.302 + 0.007
CeH1o + CCl, (15%) sample 5.42 +0.16 0.844 + 0.004
CeH1z + CCl, (30%) sample 2.27 +£0.09 0.694 + 0.008
CgH1z + CCl, (70%) sample 0.455 + 0.015 0.313 + 0.007
CCl, sample 0.073 + 0.004 0.068 + 0.003

the Lyman series, i.e., the series leading to the 1s orbital, is
proportional to the number of captured muons to each
element. Therefore, the ratio of muonic X-ray intensities of
the Lyman series of carbon to those of chlorine corresponds
to the ratio of the number of muons captured by carbon
atoms to that captured by chlorine atoms. The muon
capture ratios of carbon atoms to chlorine atoms decreases
with the concentration of carbon tetrachloride. In addition,
the ratios for the cyclohexane samples are larger than those
for the benzene samples with the same concentration of
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carbon tetrachloride. This indicates that the capture
probability is larger for the carbon atoms of cyclohexane
than that for the carbon atoms of benzene. However,
because this is the result of the sum of the direct muon
capture and the capture by muon transfer, further analysis
is required to obtain information regarding the muon
transfer rate.

4.2 Analysis of muon transfer rate using
model equations

To determine the muon transfer rate from the capture ratio
with different molecular compositions, the following
model was constructed. Considering a two-step process in
which the muon is first captured by the molecule and
subsequently captured by each atom within the molecule,
the capture probabilities for the carbon and chlorine atoms
(W¢ and W, respectively) are expressed as follows:

Wc=WE+W§XﬁCXCICd g

Wer = W + Wy ﬁ ?
€~ Kue (KIHS(C});CI;)CCMC < (1=K

+KHc(1IfCél)€ chuC>< (ka0

Wa = kot 1I—<Cg)i Koo < “

o Kue1-0 Ky, )

™ Kuc(1-C) + Ke,C

where Kyc: capture probability of hydrocarbon molecule;
Kca,: capture probability of carbon tetrachloride molecule;
C: number of carbon tetrachloride molecules/total number
of molecules (= fraction of carbon tetrachloride); Ky: cap-
ture probability of hydrogen atoms when muon is captured
by hydrocarbon molecules; Kq: capture probability of
chlorine atom when muon is captured by carbon tetra-
chloride molecule; Az: transfer rate to Z atom; Cz: number
of Z atoms per 1 cm’.

The first terms of the W and W, equations are the
contributions from the direct muon capture, whereas the
second terms are the contributions from the muon transfer.
W, W, and Wy, are the direct muon capture probabilities

for each atom. The first term of the W equation is the
contribution of hydrocarbon molecules, whereas the sec-
ond term is the contribution of carbon tetrachloride
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molecules. The capture probability for chlorine atoms
when the muon is captured by a carbon tetrachloride
molecule (K¢;) was determined from the muon capture ratio
of carbon atoms to chlorine atoms in the CCl, sample. The
ratio of capture probabilities of hydrocarbon and carbon
tetrachloride molecules (Kyc/Kcq,) as well as the capture
probability of hydrogen atoms when the muon was
captured by hydrocarbon molecules (Ky) could not be ob-
tained from this experiment; hence, the values obtained
from the pion experimental result with the same system
and a large mesomolecular (LMM) model were used
[29, 36]. This is based on the assumption that the initial
capture process for muons and pions are identical. In the
LMM model, Ky is expressed as follows [29]:

3 v(1+o0)
(N+V)(1-0)Ze

Ky (6)
Here, Nis the sum of the valence electrons for the C—C bond
and the core electrons other than the 1s electrons in the
molecule; v is the sum of the valence electrons associated
with the C—H bond in the molecule; Z. is the sum of the
valence electrons and core electrons other than the 1s
electrons in one carbon atom of the molecule; ¢ is the
ionicity parameter, which is zero in C-H covalent bonds. In
benzene molecules, N =18, v =12, Zo = 4, and ¢ = 0; in
cyclohexane molecules, N=18,v =24, Z.s=4,and 0 = 0
[29]. Hence, the calculated Ky for each molecule is as
shown in Table 3.

Using the model equation, Kxc/Kcci,, Ku, and K¢ were
fixed to the values shown in Table 3, and W¢/(Wc + W¢y)
versus C was fitted to the experimental values shown in
Table 2 (the muon capture fractions), with Ac/Aq as a free
parameter for both the C¢Hg + CCl4 and CgHy, + CCly sys-
tems. The fitted curves are shown in Figure 4. Because Ac is
the relative value to A¢ in the model equation, the muon
transfer rate to the carbon atom is expressed as Ac/Aci. The
fitting results show that the muon transfer rate to the car-
bon atoms of benzene, Ac (Cs¢He)/Aq, was 0.51 + 0.14,
whereas that to the carbon atoms of cyclohexane, Ac
(C¢Hp2)/ Ay, was 0.36 + 0.05; and their ratio, Ac (CgHg)/Ac
(C¢H12), was 1.4 + 0.4. In other words, the optimum value of
¢ for benzene was larger than that for cyclohexane, and

Table 3: Parameters used for analysis.

C6H6 C6H12 Note
Kuc/Kcc, 0.873+£0.012 1.149 +0.016 From pion experimental
results [36]
Ky 12/120 24/144 LMM model [29]
Ke 0.932 +0.003 This study
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Figure 4: Fitted curves of the muon capture fractions of carbon
atoms versus carbon tetrachloride fraction in each sample. Function
of Wc/(W¢ + W¢) versus C was fitted to experimental values of muon
capture fractions, with Ac/Ac as a free parameter. The curves for
cases where A¢/A¢ is 0.1 or 1 are also shown. (a) For benzene
samples; (b) for cyclohexane samples.

Ac (C¢Hg)/Ac (CoHy) was larger than 1 with an accuracy of
one sigma.

4.3 Muon and pion transfer rate in liquid and
gas systems

The muon transfer rates in the liquid system obtained in
this study were compared with those in the gas system and
liquid system obtained in previous studies. The results are
summarized in Table 4.

For the pion transfer in the liquid system, the transfer
rate to the carbon atoms of the benzene molecule was
approximately twice higher than that to the carbon atoms
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Table 4: Summary of chemical effect on transfer rate in liquid and
gas systems.

Pion transferin Muon transferin  Muon transfer in
the liquid system the liquid system the gas system

Ac (CeHe)/ 1.4+ 0.4

Ac (CeHi2)

2.0 £ 0.4 [31] 1.0 +£ 0.1 [34]

of the cyclohexane molecule [31]. For the muon transfer in
the liquid system, the transfer rate to the carbon atoms of
the benzene molecule was approximately 1.4 times higher
than that to the carbon atoms of the cyclohexane molecule.
However, in the muon transfer in the gas system, almost no
difference was observed in the transfer rate [34]. In other
words, chemical effects were observed in the liquid system
but not in the gas system.

These results are attributable to the difference in the
proportion of excited states of pionic or muonic hydrogen
atoms at the time of transfer. The estimated order of
magnitude of the muon transfer rates in the liquid and gas
systems are shown in Table 5. The transfer rate to carbon
atoms was obtained by converting the literature value
of the transfer rate for the H, + CH, system of
(9.5 + 0.5) x 10'° 57! [37] while considering the density of
carbon atoms for each experiment. The literature value was
normalized to 4.25 x 102 cm >, which is the atomic density
of liquid hydrogen.

In the gas system, the muon transfer rate was on the
order of 10° s, and the average time required to complete
the transfer was on the order of 10~ s. All muonic hydrogen
atoms were de-excited to the 1s or 2s state within 10~ s, and
the majority of muonic hydrogen atoms were in the 1s state
at 107 s [38]. Therefore, muon transfers occurred in the gas
system after the muon reached the 1s state in the muonic
hydrogen atoms. Meanwhile, in the liquid system, the
muon transfer rate was on the order of 10° s, and the
average time required to complete the transfer was on the

Table 5: Muon transfer rates in liquid and gas systems.

Liquid system
experiment

Gas system
experiment

Density of carbon atoms 2.7x102%2cm>  2.9x10Y cm™

Muon transfer rate of carbon 6x100s? 6x10°s!
atoms

Average time for transfer 2x10M"s 2x10°s
completion

Percentage of excited ~70% 0%

muonic hydrogen (n > 3)
when transfer occurs [38]
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order of 10" s. At 107" s after formation, approximately
70% of muonic hydrogen atoms were in states with prin-
cipal quantum numbers n = 3 [38]. Therefore, in the liquid
system, muon transfers occurred mainly from the excited
states of muonic hydrogen atoms with principal quantum
numbers n = 3. In the case of pion transfers in liquid sys-
tems, pion transfers occurred only from the excited states
of the pionic hydrogen atoms because the lifetime of the
pionic hydrogen atoms in the 1s state is extremely short
(<107" s) [29].

In the liquid system, the difference in the pion transfer
rate to the carbon atoms is believed to be due to the dif-
ference in the steric hindrance around the carbon atoms in
benzene and cyclohexane molecules [31]. In other words,
the hydrogen atoms in the molecules hindered the pionic
atoms from approaching the carbon atoms. The steric
hindrance to the muonic or pionic hydrogen atom
approaching the carbon atom was larger around the
cyclohexane molecule than around the benzene molecule
because the number of hydrogen atoms bound to each
carbon atom in the cyclohexane molecule was two,
whereas it was one in the benzene molecule. The radius of
the muonic or pionic hydrogen atoms in the excited states
was larger than that in the 1s state. For example, the radius
of the muonic or pionic hydrogen atom with a principal
quantum number n = 3 was nine times larger than that in
the 1s state. Therefore, the higher the proportion of the
excited states, the more affected they were by steric
hindrance. Consequently, the molecular difference in the
transfer rate to carbon atoms was the largest for the pion
transfer in the liquid system, in which the transfer occurred
only from the excited states. The difference was the
smallest for the muon transfer in the gas system, in which
no transfer occurred from the excited states. The difference
for the muon transfer in the liquid system, in which the
transfer from the excited states was approximately 70%,
was smaller than that for the pion transfer in the liquid
system and larger than that for the muon transfer in the gas
system.

5 Conclusion

In this study, to investigate the chemical effect on the muon
transfer reaction, muon irradiation experiments were per-
formed with benzene and cyclohexane molecules, which
have been observed to impose chemical effects on pion
transfer.

In the liquid system, the muon transfer rate to the
carbon atoms of the benzene molecule was 1.4 + 0.4 times
higher than that to the carbon atoms of the cyclohexane
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molecule. This was speculated to be due to the difference in
the steric hindrance caused by the molecules, as in the case
of pion transfer. The benzene molecule had only one
hydrogen atom attached to each carbon atom, whereas the
cyclohexane molecule had two hydrogen atoms attached
to each carbon atom. Therefore, the cyclohexane mole-
cules posed more obstacles that prevented muonic
hydrogen atoms from approaching the carbon atoms
compared with the benzene molecules. Therefore, the
muon transfer rate to the carbon atoms of the cyclohexane
molecules was lower than that to the carbon atoms of the
benzene molecules.

In the gas system, almost no difference was observed
in the muon transfer rates to the carbon atoms of benzene
and cyclohexane molecules [34]. This might be because the
transfers occurred from the excited states of the muonic
hydrogen atoms in the liquid system, whereas in the gas
system, all the transfers occurred from the 1s state of the
muon hydrogen atoms. The muonic hydrogen atoms in the
1s state had a smaller radius than that in the excited states
and were therefore considered to be less susceptible to
steric hindrance by the molecules.

In the liquid system, all the pion transfers occurred
from the excited pionic hydrogen atoms, whereas only
approximately 70% of the muon transfers occurred from
the excited muonic hydrogen atoms. Meanwhile, in the gas
system, no muon transfers occurred from the excited
muonic hydrogen atoms. The chemical effect on the
transfer reaction was significant in the order of pion
transfers in the liquid system, muon transfers in the liquid
system, and muon transfers in the gas system. In other
words, the larger the proportion of excited states in the
muonic or pionic hydrogen atoms when it transfers muons
or pions, the more significant is the effect from the steric
hindrance of the molecules, and the larger is the difference
in the transfer rates. This indicates that the excited states of
the muonic and pionic hydrogen atoms contribute signif-
icantly to the chemical effects on the transfer reaction.
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