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Measurement of production branching ratio after muon nuclear capture reaction
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Background: Muon nuclear capture is a reaction between a muon and a proton inside a nucleus through weak
interactions. This reaction results in the formation of an excited nucleus, which subsequently deexcites by
emitting several particles. Examination of the excited state allows for an investigation of the properties of nuclear
excitation and particle emission in highly excited nuclei.
Purpose: This study investigates muon nuclear capture of 27Al and 28,29,30Si, focusing on determining the
absolute production branching ratio (BR) following muon nuclear capture and subsequent particle emissions. By
measuring the absolute production BR, we can collect valuable information on the excitation energy distribution
of muon nuclear capture.
Methods: Measurements were conducted using the in-beam activation method at two pulsed muon facilities:
RIKEN-RAL beamline, ISIS Neutron and Muon Facility at Rutherford Appleton Laboratory and Materials
and Life Science Experimental Facility at Japan Proton Accelerator Research Complex. Absolute BRs were
determined by measuring the number of muons irradiating the target using a plastic scintillator and the β-delayed
γ rays emitted from the produced nuclei using germanium detectors.
Results: The absolute production branching ratios of muon nuclear capture on 27Al and 28,29,30Si were obtained
with the highest accuracy to date. Predominant neutron emissions, even-odd atomic number dependence of
particle emission probabilities, and influence of the neutron excess were observed. These results were compared
with previous measurements and theoretical models and discussed regarding the excitation energy distribution,
particle emission mechanism, and nuclear properties, such as resonance in the isovector transition.
Conclusion: This study emphasizes the importance of considering nuclear structure effects, even-odd effects of
proton and neutron numbers, neutron excess, nucleon pairing effect, and particle emission mechanisms, in the
context of the muon nuclear capture reaction.

DOI: 10.1103/kycz-qprw

I. INTRODUCTION

A muonic atom is an atomic-bound state comprising a
nucleus and a negative muon. After the muon cascades to its
1s atomic orbit, some of the muons are captured by a proton
through a weak interaction, a process known as muon nuclear
capture. The reaction involving a nucleus with (A, Z ) can be
expressed as μ− + (A, Z ) → (A, Z − 1)∗ + νμ, where A and
Z represent the mass and atomic numbers of the nucleus,

*Contact author: rmizuno@triumf.ca

respectively. The reaction produces an excited (A, Z − 1)
nucleus owing to the large mass of the muon, which is
105.6 MeV/c2. Consequently, these highly excited nuclei can
emit several particles, such as neutrons, charged particles,
and γ rays. Muon nuclear capture is classified as a charge
exchange reaction, similarly to negative pion or electron cap-
ture. However, unlike pion capture, muon nuclear capture does
not involve a strong interaction. Additionally, muon capture
can occur in all nuclei owing to the muon’s significant mass,
whereas electron capture necessitates energy exceeding that
of the reaction threshold. Another distinguishing feature of
muon nuclear capture is its ability to populate a highly excited
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state with minimal angular momentum transfer. The initial
state comprises a static atomic state with a 1s muon (spin 1/2
and zero orbital angular momentum) and a proton within the
nucleus (possessing orbital angular momentum). In addition,
the muon nuclear capture occurs through a weak interaction,
and the highly excited state generated by this process has the
potential to provide less model-dependent insight into giant
resonance, particularly isovector transition. This complements
charge exchange reactions, such as (n, p) reaction. However,
muon nuclear capture and particle emission have no estab-
lished model owing to the lack of experimental data. The
distribution of excitation energy cannot be directly measured
owing to the challenges associated with measuring the energy
of escaped νμ. Consequently, our research focuses on the
muon nuclear capture reaction and subsequent particle emis-
sion, leveraging our current knowledge of nuclear reactions,
advanced measurement techniques, and intense muon beams.

The structure of the excitation function, the excitation
energy distribution, is reflected in particle emissions. Based
on previous measurements of the emitted particle energies,
the typical average excitation energy is approximately 10–
20 MeV, with the energy reaching up to approximately 100
MeV. However, direct measurement of emitted particles is
limited by the particle separation energy and energy deposi-
tion within the target material. To overcome this limitation,
we have measured the production branching ratio (BR) of
the remaining nuclei after particle emission to assess particle
emission probabilities. Production BRs after muon nuclear
capture have only been measured for a limited number of nu-
clei because of experimental limitations. Recently, a method
referred to as the in-beam activation method capable of mea-
suring short-lived nuclei using the activation method has been
developed, and production BRs of muonic palladium isotopes
have been comprehensively measured [1]. To accurately mea-
sure the absolute BR, the number of stopped muons must be
counted. However, quantifying the number of muons within a
beam pulse at a high-intensity muon beam facility presents a
significant challenge. This study conducted step-by-step mea-
surements to assess the absolute number of stopped muons
using a high-intensity muon beam, and the in-beam activation
method was extended to measure the absolute production BR.

27Al and 28,29,30Si were selected as the target because they
were optimal for measuring the production BR and explor-
ing excitated states. 28Si, in particular, was selected owing
to the extensive prior research on muon nuclear capture [2].
However, previous measurements in this atomic mass region
have been somewhat ambiguous and have displayed discrep-
ancies, warranting a reevaluation. Furthermore, the emission
of charged particles, in addition to the neutron emission, is
anticipated in this mass region. Recent studies have focused
on charged-particle emission [3–6]. The production BR of
charged particles is expected to provide insights into the
characteristics of particle emission from highly excited nuclei
and the emission probabilities of light nuclei. These insights
are crucial for understanding the cluster properties within
the nucleus. In this study, both natural abundance (natSi)
and isotopically enriched silicons (28,29,30Si) were measured.
Additionally, 27Al was measured owing to its monoisotopic
nature and proximity in atomic number to silicon isotopes,

making it ideal for investigating the even-odd effect of
atomic number. This mass region facilitates a comprehensive
discussion based on both the shell structure and collective
properties of the nucleus.

The remainder of this paper is organized as follows. The
experimental method and the details of the experiments are
described in Secs. II and III, respectively. The analysis pro-
cedure is presented in Sec. IV and the result of the deduced
BRs for all the targets is summarized in Sec. V. In Sec. VI,
the obtained BRs are discussed by comparing them with pre-
vious results and model calculations and by considering the
systematics with mass and atomic number. Finally, Sec. VII
summarizes and concludes the paper.

II. METHOD

In this study, the production BR (b) is defined as

b ≡ Nprod

Ncap
, (1)

where Nprod represents the number of produced nuclei and
Ncap represents the number of muon nuclear capture reactions.
Nprod was determined using the in-beam activation method,
which is a technique developed to measure short-lifetime iso-
topes with an activation method that utilizes the time structure
of the pulse beam [1]. In the in-beam activation method,
the β-delayed γ rays originating from the produced nuclei
are measured during the interpulse period of a few tens of
milliseconds. This enables the measurement of nuclei with
lifetimes ranging from a few milliseconds to hours using the
activation method. This method was chosen for the present
measurement owing to the short lifetimes of most reaction
products for silicon isotopes. Throughout this study, the same
notation as in Ref. [1] will be used.

Ncap is expressed with the total number of muons irradi-
ating the target (Nmuon), muon nuclear capture probabilities
(Pcap), and the beam stopping rate in the target (εstop), that is,

Ncap = NmuonPcapεstop = �nbeam Pcapεstop, (2)

where nbeam represents the number of muons in one pulse. εstop

was set to be equal to one by adjusting the beam momentum
and target thickness as outlined in Sec. III. Pcap of aluminum
and silicon isotopes were obtained using the following equa-
tion:

Pcap = �capτtotal, (3)

where �cap represents the muon capture rate and τtotal repre-
sents the lifetime of the muonic atom referred from Ref. [7].
Counting the number of muons in each pulse accurately
is generally a challenging task when dealing with a high-
intensity beam. Therefore, to obtain the absolute BR with
high statistics by measuring nbeam, a series of measurements
were performed. At first, the absolute BR measurement for
dominant reaction products was conducted using a countable
low-intensity pulsed muon beam. The beam irradiation num-
ber of a high-intensity pulsed muon beam was then calibrated
using the measured absolute BR and Eqs. (1) and (2). Finally,
the high-statistics BR measurement was conducted using the
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calibrated high-intensity beam, especially for isotopes having
small production BR.

Experiments were performed at two pulsed muon beam
facilities: the absolute BR measurement at the ISIS Neu-
tron and Muon Source at Rutherford Appleton Laboratory
(RIKEN-RAL beamlines) [8,9] and the high-statistics BR
measurement at the Materials and Life Science Experimen-
tal Facility (MLF) at the Japan Proton Accelerator Research
Complex (J-PARC) [10]. The intensity of the muon beam
at RIKEN-RAL beamlines can be reduced to a countable
number and provide less electron contamination. On the other
hand, the high-intensity beam at J-PARC provided high sta-
tistical data and was ideal for comprehensive measurement,
including those involving low-probability branches. Addition-
ally, the high-intensity beam offered a high signal-to-noise
(S/N) ratio because the typical background of the activation
measurement is natural background radiation.

III. EXPERIMENT

Two experiments were conducted at RIKEN-RAL and
J-PARC, which are referred to as the RAL experiment and
the J-PARC experiment, respectively, hereinafter. The RAL
experiment was conducted at Port 4 of RIKEN-RAL at ISIS.
A proton beam of 800 MeV, accelerated in the ISIS RCS
synchrotron, irradiated a graphite target at Target Station 1
(TS1) and produced pions. The ISIS synchrotron output has
a double-pulse structure with a 50-Hz repetition rate, with
four of five pulses directed to TS1. The negative muon beam,
resulting from the decay of the negative pions, was then
transported and delivered to Port 4. The J-PARC experiment
was conducted at the D1 area at MLF, J-PARC. A graphite
pion production target was irradiated with a proton beam
accelerated to 3 GeV by an RCS synchrotron, operating at
an intensity of approximately 730 kW. The negative muon
beam was obtained from the decay of pions to the D1 area.
The muon beam had a double-pulse structure with a 25-Hz
repetition rate.

The schematics of the experimental setups at (a) RAL and
(b) J-PARC are shown in Fig. 1. The concept of the setup was
consistent in both experiments. The number of muons irradi-
ating targets was counted using a plastic scintillator installed
upstream of the target. In the RAL experiment, the plastic
scintillator was set approximately 35 mm away from the end
of the beam collimator, whereas in the J-PARC experiment, it
was placed 30 mm from the end of the beam duct. The plastic
scintillator had a thickness of 0.5 mm, collimated by a 10-mm-
thick acrylic plate with a diameter of 20 mm. Photomultipliers
(PMT) manufactured by Hamamatsu (H11934-100-10 and
H11934-100 in the RAL and J-PARC experiments, respec-
tively) were utilized to read out the signal from the plastic
scintillator. Two PMTs were employed in the RAL experiment
on both sides with an applied voltage of 800 V, whereas in the
J-PARC experiment, one PMT was utilized with a voltage of
720 V to prevent output signal saturation.

The activation of five targets was measured, including alu-
minum and silicon targets with both natural abundance and
isotopically enriched compositions (28,29,30Si). The aluminum
and natural abundance silicon targets were in the form of
metal plates, whereas the enriched targets were in powder and

FIG. 1. Schematic of the experimental setup of (a) RAL experi-
ment at Port 4, ISIS, RAL, and (b) J-PARC experiment at D1 area,
MLF, J-PARC (not to scale). In the J-PARC experiment, the beam
duct was extended by 80 cm, with the detectors set downstream to a
μSR spectrometer.

small piece form, as shown in Fig. 2. The enriched targets
were encapsulated in acrylic target cases. For the background
reference, an empty acrylic case was also irradiated. Details
regarding the form, size, and enrichments of each target are
listed in Table I. The probability of the muon nuclear capture
reaction for each target is also provided in Table I [7]. The tar-
gets were positioned 1 mm away from the plastic scintillator to
ensure that all muons passing through the plastic scintillator
stopped in the target, particularly important for metal plate
targets.

The momentum of the muon beam (p) was 36 MeV/c
(	p/p = 4%) at RAL and 41 MeV/c (	p/p = 3%) at J-
PARC guarantee that all muons stopped at the plate target.
A plastic scintillator with a size of 50 × 50 × 5 mm3 was
positioned behind the targets prior to the measurement and
served as a veto counter to validate that muons did not pass
through the target. The isotopically enriched targets were in
powder form, so some of the irradiated muons may have

FIG. 2. Photographs of isotopically enriched silicon targets. Tar-
get materials were contained in a hole of the acrylic case with a
diameter and thickness of 15 and 2.8 mm, respectively.
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TABLE I. Summary of the composition and shape information of targets. The probability of the muon nuclear capture reaction (Pcap)
is listed in the sixth column [7]. Furthermore, the measurement conditions of each target were summarized. Beam irradiation and decay
measurement times are listed in the first and second columns of each experiment, with the stopping rate εstop summarized for each target.

RAL J-PARC

Target Form Size(mm3) Weight(g) Enrichment Pcap(%) Irradiation Decay εstop Irradiation Decay εstop

27Al Metal plate 50 × 50 × 2 13.6 99+% 60.96(4) 20.0 h 0.3 h 1.0 0.7 h 0.0 h 1.0
natSi Metal plate φ50 × 1.96 9.00 – 66.07(5) 8.3 h 0.4 h 1.0 7.3 h 6.7 h 1.0
28Si Metal powder φ15 × 2.8 0.500 99.93%a 66.41(23) 14.8 h 10.0 h 0.407(14) 4.7 h 0.25 h 0.298(9)
29Si Metal powder φ15 × 2.8 0.500 99.25%b 64.14(16) 5.4 h 3.0 h 0.652(169) 4.7 h 0.25 h 0.260(63)
30Si Small pieces φ15 × 2.8 0.500 99.64%c 61.21(12) 23.7 h 29.2 h 0.349(26) 4.5 h 0.25 h 0.261(19)
Empty Acrylic case – – – – 4.0 h 0.0 h – 1.5 h 0.0 h –

aThe other composition of 28Si is 0.065% of 29Si and 0.005% of 30Si.
bThe other composition of 29Si is 0.20% of 28Si and 0.55% of 30Si.
cThe other composition of 30Si is 0.32% of 28Si and 0.04% of 29Si.

passed through them. Additionally, the radius of the acrylic
target case was smaller than that of the plastic scintillator.
To determine the εstop of the enriched targets, the natural
abundance silicon target was utilized for decomposition anal-
ysis in Sec. IV B. The difference in the momentum setting
between RAL and J-PARC was attributed to the presence of
an additional beam duct in the J-PARC experiment. In the
J-PARC experiment, the beam transport line was extended
by 80 cm with a vacuum duct after the muon beam passed
through the air. The extended beam duct was introduced to
place detectors downstream of a μSR spectrometer in the D1
area. The momentum of the muon beam was degraded with
the Kapton foil at both ends of the extended beam duct.

High-purity p-type coaxial germanium detectors were used
for the decay γ -ray measurement. Details regarding the de-
tector performance and the data acquisition system of the
germanium detectors were summarized in Ref. [11]. In the
RAL experiment, a Canberra GX5019 was placed at 0◦ rel-
ative to the muon beamline and 58 mm away from the
target position. The dynamic range of the measured γ ray
obtained with the germanium detector was set to 0.020–2.6
MeV. The typical count rate of the germanium detector was
approximately 40–60 counts per second (cps) during beam
irradiation and approximately 15 cps without the beam. In the
J-PARC experiment, two Canberra-manufactured germanium
detectors, GX5019 and GC3018, were utilized. They were
positioned at 45◦ to the muon beamline and 55 mm away from
the target. Owing to the higher intensity and larger electron
contamination in J-PARC, the germanium detectors could not
be set at 0◦ to the beamline. The dynamic ranges of the ger-
manium detectors were 0.070–10.4 MeV with GX5019 and
0.015–2.1 MeV with GC3018. During beam irradiation, the
typical count rate for each germanium detector was approxi-
mately 100–200 cps, dropping to 20–30 cps without the beam.
To minimize natural background radiation, the detectors were
shielded by lead blocks in both experiments.

All the signals from the detectors were acquired using
500-MS/s 14-bit waveform digitizers, CAEN V1730B and
V1730SD [12], in both experiments. The firmwares of the
digitizer boards were equipped with digital pulse processing
for pulse height analysis (DPP-PHA) and DPP for charge
integration and pulse shape discriminator, respectively. The

energy and timestamp data from the germanium detectors
were processed using DPP-PHA. Additionally, the waveforms
of all the PMT signals from plastic scintillators were recorded.
A signal from the germanium detectors was acquired and
saved in the self-trigger mode, whereas signals from the plas-
tic scintillator were obtained based on a external trigger. The
50- or 25Hz trigger condition from the synchrotron was used
as the external trigger in the RAL and J-PARC experiments,
respectively, and data were recorded under both beam-on and
beam-off. The timing signal from the Cerenkov counter in-
stalled near the pion production target was also obtained and
served as a precise timing reference for muon beam irradiation
in the RAL experiment. In the J-PARC experiment, the RCS
kicker signal was used as a precise timing reference instead of
a Cherenkov signal.

The measurement conditions for each target are listed in
Table I. β-delayed γ rays were measured both during the
beam irradiation and after the irradiation (decay measure-
ment) because certain γ -ray energy peaks from the long-lived
isotopes produced demonstrate a higher S/N ratio in the off-
beam condition.

IV. ANALYSIS

Figure 3 shows the segment of the γ -ray energy spectra
of each target obtained with a germanium detector at the
RAL experiment. The activation method utilized these en-
ergy spectra to calculate the absolute BRs by inferring the
muon irradiation number from a plastic scintillator signal.
In this section, data evaluation, activation analysis, absolute
production BR analysis using a low-intensity beam, and the
calibration method of the plastic scintillator with a high-
intensity beam are described.

A. Activation analysis and data evaluation

The number of reaction products can be determined
through β-delayed γ -ray spectroscopy, leveraging the well-
established β-decay schemes of the reaction products. The
number of produced nuclei (Nprod) was determined using the
in-beam activation method, and is expressed as follows:

Nprod = Nγ /(εγ εLT)

PdecayIγ
− Ndecay, (4)
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FIG. 3. Part of the γ -ray energy spectra of 27Al, natSi, and
28,29,30Si target obtained with a germanium detector at the RAL
experiment. β-delayed γ -ray energy peaks are denoted with each
symbol, background peaks are denoted with open circles, and peaks
originating from single escapes of other peaks are denoted with filled
circles.

where Nγ represents the number of the detected β-delayed
γ ray, εγ represents the γ -ray detection efficiency of the
detectors, εLT represents the analysis live-time ratio, Pdecay

represents the decay probability during the measurement
period, and Iγ represents the γ -ray intensity per decay
of the subject nuclei. In this study, Nprod is defined as
the direct production number, obtained by subtracting de-

cay components from β-decay of other nuclei and isomeric
decay (Ndecay).

The Nγ values were determined based on the measured
energy peaks of β-delayed γ ray, some of which are in-
dicated by closed symbols in Fig. 3. The identification of
these γ rays was achieved through their energy, with addi-
tional confirmation provided by half-life for some γ rays.
The energy calibration of germanium detectors was conducted
with standard γ -ray sources. To account for any shifts in
energy peaks obtained during the measurement, a correction
for gain drift was applied using typical γ -ray energy peaks
assuming the linear gain drift [11]. Additionally, potential
overlaps with single and double escape peaks from the higher
energy peaks were examined for all the observed peaks. The
background component of each γ -ray energy peak was sub-
tracted, if present. The sources of this background included
environmental background and beam irradiation on materials
other than the target. For example, the creation of background
28Al through the neutron capture reaction, 27Al(n, γ ) 28Al was
attributed to neutron presence in the muon beamlines and the
aluminum components of the germanium detector’s cryostat
case. In the J-PARC experiment, particular attention was paid
to the background contribution from beam irradiation on the
stainless steel beam duct, which contained silicon approxi-
mately 1%. The environmental background level was assessed
through background measurements conducted without beam
irradiation and then normalized based on the measurement
time. Additionally, the background component associated
with beam irradiation was determined through empty target
measurements and normalized based on the muon irradiation
number during each measurement.

The peak detection efficiency of the germanium detec-
tor, εγ , was calibrated using standard γ -ray sources in the
RAL experiment and evaluated through GEANT4 simula-
tion [13–15] for the J-PARC experiment. The uncertainty of
the GEANT4 simulation was comparable with that of the
standard γ -ray sources, approximately 3% [11]. Furthermore,
the impact of self-absorption of emitted γ ray within the target
and target case was estimated using the GEANT4 simulation.
To validate the accuracy of the self-absorption estimation us-
ing GEANT4, the efficiency was compared with and without
a 5.0-mm-thick acrylic plate placed in front of the standard
γ -ray sources.

Owing to the close proximity of the detector to the target,
some x rays and γ rays were detected simultaneously at the
prompt timing of the beam arrival. This resulted in the signals
from the germanium detector becoming saturated for a few
milliseconds after beam irradiation. Therefore, signals within
0.17 ms (RAL experiment) and 2.0 ms (J-PARC experiment)
following beam irradiation were excluded from the analysis,
with the effect being accounted for through the use of a live-
time ratio, εLT, in the analysis process.

Pdecay was calculated using the half-life of the produced
nuclei (T1/2 = ln(2)/λ) and the muon irradiation number as
follows:

Pdecay ≡
∫

λnnucl(t )dt

Nmuon
. (5)
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FIG. 4. Raw signal of the plastic scintillator from PMT in one
pulse obtained at J-PARC. The time distance from the kicker signal
is shown on the horizontal axis. The red line represents the charge
integral gate of the muon irradiation. The gate width was chosen to
be 150 and 200 ns in the RAL and J-PARC experiments, respectively.

Here the numerator represents the total decay number during
the measurement period assuming all the irradiated muon
produced the given nucleus (Pcapεstopb = 1) [1], where nnucl(t )
represents the number of radioactive reaction products at time
t while assuming Pcapεstopb = 1 as well. The half-life of the
produced nuclei and Iγ were obtained from Evaluated and
Compiled Nuclear Structure Data (ENSDF) [16–27].

The Nprod was calculated with Eq. (4) using Nγ with and
without beam irradiation. The subtraction of Ndecay was con-
ducted by solving the Bateman equation [1,28]. The direct
production number of isomeric states was determined inde-
pendently from the ground-state production.

B. Number of muons irradiating the target

The number of muons irradiating the target [Nmuon in
Eq. (2)] was measured by utilizing a plastic scintillator. The
energy deposit of the muons through the plastic scintillator
is proportional to the number of muons irradiating the target.
The raw signal from the PMT in one pulse obtained at J-
PARC is shown in Fig. 4. The smaller signal detected prior
to muon irradiation corresponds to electron contamination in
the beam. The signals from the plastic scintillator underwent
waveform analysis. The charge integral of the signals was
determined by integrating the signal height within the muon
irradiation timing gate indicated by the red line. The charge
integral gate for muon irradiation was carefully selected to
ensure that all muons within the pulse were included while
minimizing electron contamination. In the RAL experiment,
the gate width was set at 150 ns with a 330-ns distance,
whereas in the J-PARC experiment, it was at 200 ns with a
610-ns distance. The spectrum of the charge integral obtained
through waveform analysis is shown in Fig. 5.

The muon beam intensity at RAL was meticulously ad-
justed to ensure precise quantification of the muon irradiation
during the experiment. As shown in Fig. 5(a), the peaks of
the charge integral of the plastic scintillator were clearly dis-
tinguished, indicating the number of muons present in each

FIG. 5. Spectra of the charge integral obtained by utilizing the
plastic scintillator at (a) RAL and (b) J-PARC. The bottom horizontal
axis represents the charge integral with arbitrary units, whereas the
vertical axis represents the count. The upper horizontal axis repre-
sents the absolute muon number in the pulse. The momentum of
the muon beam was 35 MeV/c at RAL and 38 MeV/c at J-PARC,
respectively. The beam intensity was reduced to countable numbers
at RAL.

pulse at RAL. The charge integral of the plastic scintillator
was calibrated to the number of muons by fitting each peak
in the histogram. Utilizing the derived muon count in each
pulse, the absolute production BR was calculated using the
Eqs. (1), (2), and (4).

In this experiment, the enriched silicon targets were in
powder form, as shown in Fig. 2. Some muons were not
fully stopped in the target, εstop �= 1, for these powder tar-
gets. Therefore, the determined BR values are relative and
expressed as follows: brel = εstop b. The absolute BR of each
enriched target can be determined by decomposing utilizing
the result of the natural abundance silicon target as

P
natSi
cap b

natSi
i = � jA

jP j
cap

1

ε
j
stop

bj
i rel, (6)

where i represents produced nuclei, j corresponds to each iso-
tope ( j = 28,29,30Si), and Aj represents the abundance of each
isotope (A

28Si = 0.9223, A
29Si = 0.0467, A

30Si = 0.0310). ε j
stop

were calculated using least square method with Eq. (6) and
production BRs of four produced nuclei, 30Al, 29Al, 28Al, and
27Mg from natSi and 28,29,30Si. Furthermore, for the enriched
targets 28,29,30Si, the impurity of the target listed in Table I was
simultaneously considered in the decomposition process. The
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determined stopping rates of the various targets are listed in
Table I. The discrepancy in the εstop values between the two
experiments may be attributed to variations in the momentum
bite and the focus of the beam spot. Through this analysis, the
absolute BRs of aluminum and silicon isotopes were deter-
mined using measurable muon irradiation at RAL.

As the beam intensity becomes higher, the spectrum of the
charge integral of the plastic scintillator becomes continuous,
as shown in Fig. 5(b). This figure displays the spectrum of the
charge integral obtained with the high-intensity muon beam
containing approximately 400 particles per pulse (ppp) at J-
PARC. The linearity, ranging from the countable muons less
than approximately 10 ppp to high-intensity muon beams, was
not guaranteed owing to the potential quenching effect of the
plastic scintillator by a high-density pulse beam. Therefore,
the calibration of the charge integral to the muon number was
conducted in the J-PARC experiment.

The absolute BR of the muon nuclear capture reaction of
the 27Al target was utilized for this calibration. Assuming
linearity between the charge integral of the PMT signal and
the number of muons passing through the plastic scintillator
within the range of beam fluctuation, the number of muons
can be expressed as nbeam = A × Q, where Q represents the
charge integral of the PMT signals and A represents the cal-
ibration parameter to convert Q to the number of muons.
The calibration parameter A was determined through in-beam
activation measurement of 27Al using Eqs. (1) and (2), and
the absolute BR of the 27Al(μ, νμ) 27Mg reaction, which
was 9.90(33)% as determined in the RAL experiment. No-
tably, the effect of the electron contamination in the muon
charge integral gate at J-PARC was included in the calibration
parameter Q.

After the calibration process was conducted, the absolute
production BR was calculated using the same methodology
as in the RAL experiment. This approach enabled a high
statistical absolute BR measurement with the high-intensity
pulsed muon beam at J-PARC.

C. Uncertainty

The following items were considered as uncertainty: sta-
tistical uncertainty (including uncertainties of the background
component when it was subtracted), uncertainty in Iγ , uncer-
tainty in half-lifes (T1/2), uncertainty in the peak detection
efficiency of the germanium detectors (εγ ), systematic uncer-
tainty in the number of muons irradiating the target (Nmuon),
uncertainty in the stopping rate (εstop), and uncertainty in the
capture probability (Pcap).

The uncertainty in Iγ and half-life value was cited from
the ENSDF database, and the uncertainty in capture rates
was determined based on the uncertainty in the referenced
lifetime of muonic atoms [7]. The uncertainties stemming
from the lifetime and muon capture rate were negligible
compared with other uncertainties. For Iγ , the uncertainties
in the relative intensity of each energy γ rays (	I rel

γ ) and
absolute intensity (	Iabs

γ ) were treated separately, following
the approach outlined in the Ref. [1]. 	I rel

γ and 	Iabs
γ were

sourced from the uncertainty of each γ -ray column and that of
the normalization factor in the ENSDF database, respectively.

These uncertainties were distinctly labeled in Tables II–VI.
The uncertainty of the stopping rate was determined during
the decomposition process.

In the RAL experiment, as the absolute BR value is de-
termined using the yield of γ ray and the measured number
of muons, the uncertainty in the efficiency of the germa-
nium detectors is considered as an absolute uncertainty. The
uncertainty in the number of muon irradiations in the RAL
experiment was negligible owing to the clear separation of
peaks, as shown in Fig. 5(a). The peak detection efficiency
of the germanium detectors had a systematic uncertainty of
3%, originating from the uncertainty in the activities of stan-
dard γ -ray sources. At J-PARC, only the relative values for
each target were measured and normalized using the BR of
27Al(μ−, νμ) 27Mg during the calibration process. The uncer-
tainty in the relative efficiency of the germanium detectors
was deemed negligible; hence, the germanium efficiency un-
certainty was not considered independently. The systematic
uncertainty in the number of muons in the J-PARC exper-
iment was attributed to the calibration uncertainty of the
plastic scintillator, primarily resulting from the uncertainty
in the absolute BR of 27Mg produced from muonic 27Al.
The uncertainty in the BR of 27Mg from 27Al was domi-
nated by the germanium efficiency uncertainty at the RAL
experiment.

V. RESULT

The absolute BR results of produced nuclei following
muon nuclear capture and subsequent particle emissions are
listed in Tables II–VI for 27Al, natSi, and 28,29,30Si, respec-
tively. The tables include information on observed γ rays and
BR derived from each γ ray yield from two experiments,
as well as compiled values. The weighted average values of
BR for each residual nucleus are provided below the results
for each γ ray, accounting for decay components from the
mother nuclei and isomer, and the impurities in enriched
targets. The first parentheses in the uncertainty of weighted
average and compiled value represent the relative uncertainty,
including statistical uncertainty, uncertainties from Iγ (both
relative and absolute), and the half-life of the nuclei. The sec-
ond parentheses account for the uncertainties associated with
the efficiency of the germanium detector, muon capture rate,
and the number of muons detected by the plastic scintillator
while excluding the relative uncertainty. For enriched silicon
targets, the uncertainty in the stopping rate is also included
in the second set of parentheses. The uncertainty in the first
parenthesis corresponds to the relative uncertainty of each
reaction product in the target, transitioning to absolute uncer-
tainty when the uncertainty in the second set of parentheses is
added. Furthermore, the upper limits of BRs of some reaction
products were presented. For undetected nuclei, the upper
limit evaluated with the detection limit was provided. In the
case of two candidates for the origin of detected γ ray, the
upper limit was provided along with uncertainties in the final
column.

The reaction channels were denoted based on the emitted
number of neutrons and protons, hereinafter; for exam-
ple, the production of 27Mg and 23Ne from muon nuclear
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TABLE II. Absolute production BR of each isotope produced from muonic 27Al. Pcap = 60.96(4)% was utilized as the muon capture
probability. The parent nucleus of the decay (nucleus), spin-parity of the decaying state (state), decay mode (decay), half-life (T1/2), γ -ray
energy (Eγ ), γ -ray intensity (Iγ ), BR determined using each γ -ray intensity from the RAL (bRALγ ) and J-PARC (bJ−PARC

γ ) experiments are listed
in the table. The weighted average values of BR of each experiment are listed below the result of each γ -ray peak, with the compiled BR for
each decaying state (b) listed in the last column. The decay properties are obtained from ENSDF [16–27].

Nucleus State Decay T1/2 Eγ (keV) Iγ (%)b bRALγ (%)a bJ−PARC
γ (%)a b (%)a

27Mg 1/2+ β− 9.458(12) min 170.82 0.860(20) – –g

843.76 71.800(20) 9.97(17) –g

1014.52 28.200(20) 9.65(32) –g

	Iabs
γ /Iabs

γ = 0.11% 9.90(15)(30) –g 9.90(15)(30)
23Mg 3/2+ ε 11.3046(45) s 440.5 7.85(11) 3.02(41) 3.42(26)

	Iabs
γ /Iabs

γ = incl. 3.02(41)(11) 3.42(26)(13) <3.31(22)(12)h

26Na 3+ β− 1.07128(25) s 1808.71 99.08(50)d 0.79(7) 0.78(7)
	Iabs

γ /Iabs
γ = 0.03% 0.79(7)(3) 0.78(7)(3) 0.783(50)(28)

25Na 5/2+ β− 59.1(6) s 389.710 12.68(22) 2.52(21) 2.55(8)
585.028 13.00(18) – 2.39(10)
974.742 14.95(22) 2.90(24) 2.49(10)

1611.716 9.48(14) – 2.57(15)
	Iabs

γ /Iabs
γ = 5.4% 2.68(26)(10) 2.50(16)(9) 2.52(16)(9)i

24Na 4+ β− 14.956(3) h 1368.625 99.994(2) 0.67(18) –
	Iabs

γ /Iabs
γ = incl. 0.67(18)(2)c 0.67(18)(2)

1+ IT 20.18(10) ms 472.2023 99.95(5)e 0.937(37) 1.005(27)
	Iabs

γ /Iabs
γ = 0.0% 0.937(37)(34) 1.005(27)(37) 0.980(22)(35)j

25Ne 1/2+ β− 602(8) ms 89.53 95.4(8) <0.074 <0.035
24Ne 0+ β− 3.38(2) min 472.2023 100.0(2) <0.275

874.420 7.9(2) <0.255
23Ne 5/2+ β− 37.25(10) s 440.5 32.9(10) 0.72(10) 0.83(6)

	Iabs
γ /Iabs

γ = incl. 0.72(10)(3) 0.83(7)(3) <0.80(6)(3)h

21Na 3/2+ β− 22.49(4) s 350.725 5.07(13) 1.7(7) –
	Iabs

γ /Iabs
γ = incl. 1.70(66)(6) <1.70(66)(6)k

21F 5/2+ β− 4.158(20) s 350.725 89.6(18)d 0.096(37) –
	Iabs

γ /Iabs
γ = 3.32% 0.096(37)(3) <0.096(37)(3)k

20Na 2+ ε 447.9(23) ms 1633.602 79.3(11) – 0.128(26)
	Iabs

γ /Iabs
γ = incl. 0.128(26)(5) <0.128(26)(5)l

20F 2+ β− 11.163(8) s 1633.602 99.9995(10)f – 0.102(21)
	Iabs

γ /Iabs
γ = incl. 0.102(21)(4) <0.102(21)(4)l

19O 5/2+ β− 26.88(5) s 1356.843 50.4(11) <0.037 <0.073

aThe uncertainties in the bRALγ and bJ−PARC
γ columns in each γ -ray row include the statistical uncertainty from the γ -ray peak count and

uncertainty from I rel
γ . The first set of parentheses in the weighted average row indicates the relative uncertainty, encompassing the statistical

uncertainty, uncertainties from Iγ (relative and absolute), and the lifetime of the nuclei. The second set of parentheses includes the uncertainties
of the efficiency of the germanium detector, muon capture rate, and number of muons counted with the plastic scintillator, excluding the relative
uncertainty. The uncertainties from the lifetime and muon capture rate were negligible compared with other uncertainties.
bIγ uncertainty includes both 	I rel

γ and 	Iabs
γ for the nuclei denoted as 	Iabs

γ /Iabs
γ = incl.

cDecay component from the mother nuclei was subtracted.
d	I rel

γ of these peaks are not provided in the ENSDF database and were estimated from other 	Iγ .
e	I rel

γ is not provided in the ENSDF database. The uncertainty originating from the probability of beta decay from 24mNa (0.05%) was estimated
as 0.05%.
f	I rel

γ of this peak is not provided in the ENSDF database and was estimated from the probability of the beta decay to the ground state.
gBR of 27Mg was utilized as the calibration reference in the analysis of the J-PARC experiment.
hA peak at 440.5 keV originated from 23Mg and 23Ne. The upper limit of these isotopes could not be restricted by the other energy peaks. The
production BR of these isotopes both represent the upper limit.
iThe lower limit of 25Na is 2.46% calculated from the upper limit of 25Ne.
jA peak at 472.2 keV originated from 24mNa and 24Ne. The upper limit of 24Ne is estimated from the statistics during the decay measurement
after stopping the beam irradiation, with the upper limit of the nondetected peak at 874.41 keV. The lower limit of 24mNa is 0.679% calculated
from the upper limit of 24Ne.
kA peak at 350.7 keV could originate from 21Na and 21F. The background component was subtracted since the peak was also observed in the
empty target measurement.
lA peak at 1633.6 keV could originate from 20Na and 20F. The upper limit of these isotopes could not be restricted by the other energy peaks.
The production BR of these isotopes both represent the upper limit.
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TABLE III. Absolute production BR of each isotope produced from muonic natural abundance Si. Pcap = 66.07(5)% was utilized as the
muon capture probability. The same notations as those in Table II were utilized.

Nucleus State Decay T1/2 Eγ (keV) Iγ (%)b bRALγ (%)a bJ−PARC
γ (%)a b (%)a

30Al 3+ β− 3.62(6) s 3498.33 32.6(14)d – 0.396(27)
	Iabs

γ /Iabs
γ = incl. 0.396(28)(15) 0.396(28)(15)

29Al 5/2+ β− 6.56(6) min 1152.57 1.031(27) – 2.80(50)
1273.36 91.3(9)e – 2.56(6)
2028.09 3.514(27) – 2.62(18)
2425.73 5.23(6) – 2.78(15)

	Iabs
γ /Iabs

γ = 0.07% – 2.57(12)(9)c 2.57(12)(9)
28Al 3+ β− 2.245(2) min 1778.987 100(0) 19.69(45) 20.37(22)

	Iabs
γ /Iabs

γ = 0.00% 19.67(45)(59)c 20.33(22)(75)c 20.08(28)(60)
29Mg 3/2+ β− 1.30(12) s – – 0.019(7)i

28Mg 0+ β− 20.915(9) h – – 0.125(27)i

27Mg 1/2+ β− 9.458(12) min 843.76 71.800(20) 2.95(17) 3.01(24)
1014.52 28.200(20) 3.03(37) 2.75(7)

	Iabs
γ /Iabs

γ = 0.11% 2.97(16)(9) 2.89(19)(11) 2.94(13)(9)j

26Na 3+ β− 1.07128(25) s 1808.71 99.08(50)e <0.388
1128.89 5.88(3) <0.287

25Na 5/2+ β− 59.1(6) s 389.710 12.68(22) – 0.207(31)h

585.028 13.00(18) – 0.355(40)
	Iabs

γ /Iabs
γ = 5.4% 0.355(44)(13) 0.355(44)(13)k

24Na 4+ β− 14.956(3) h 1368.625 99.994(2) – – 0.52(10)i

1+ IT 20.18(10) ms 472.2023 99.95(5)f 1.21(10) 1.158(27)
	Iabs

γ /Iabs
γ = 0.00% 1.21(10)(4) 1.158(27)(42) 1.164(32)(35)l

25Ne 1/2+ β− 602(8) ms 89.53 95.4(8) <0.48 <0.074
24Ne 0+ β− 3.38(2) min 472.2023 100.0(2) <0.173
20Na 2+ ε 447.9(23) ms 1633.602 79.3(11) – 0.119(9)

	Iabs
γ /Iabs

γ = incl. 0.119(9)(4) <0.119(9)(4)m

20F 2+ β− 11.163(8) s 1633.602 99.9995(10)g – 0.094(7)
	Iabs

γ /Iabs
γ = incl. 0.094(7)(3) <0.094(7)(3)m

aThe notation of the uncertainties is the same as that in Table II.
bIγ uncertainty includes both 	I rel

γ and 	Iabs
γ for the nuclei denoted as 	Iabs

γ /Iabs
γ = incl.

cThe decay component from the mother nuclei was subtracted.
dAbsolute Iγ was not provided in the ENSDF and was calculated from the intensity of beta decay to each energy level and the probability of
γ -ray transition from each state [29–31]. The uncertainties encompassed absolute uncertainty.
e	I rel

γ of these peaks are not provided in the ENSDF database and were estimated from other 	Iγ .
f	I rel

γ is not provided in the ENSDF database. The uncertainty originating from the probability of beta decay from 24mNa (0.05%) was estimated
as 0.05%.
g	I rel

γ of this peak is not provided in the ENSDF database and was estimated from the probability of the beta decay to the ground state.
hThe BR determined with 389.7 keV was minimal compared with the result of the other peaks obtained at J-PARC. This result was excluded
from the weighted average value.
iThe BRs of these nuclei were calculated from the result of enriched silicon targets.
jThe lower limit of 27Mg is 2.93% calculated from the upper limit of 27Na (0.01%), calculated using the result of 29,30Si.
kThe lower limit of 25Na is 0.280% calculated from the upper limit of 25Ne.
lThe peak at 472.2 keV originated from 24mNa and 24Ne. The upper limit of 24Ne was estimated from the statistics obtained during the decay
measurement after stopping the beam irradiation. The lower limit of 24mNa was 0.998% calculated from the upper limit of 24Ne.
mA peak at 1633.6 keV could originate from 20Na and 20F. The upper limit of these isotopes could not be limited by the other energy peaks.
The production BR of these isotopes both represent the upper limits.

capture of 27Al would be denoted as 0n0p and 2n2p
channels, respectively. Notably, the activation method uti-
lized cannot differentiate between the types of emitted
particles that result in the formation of identical residual
nuclei, such as processes involving the emission of one
neutron and one proton, as well as deuteron emissions
processes.

From muonic 27Al, no particle emission (0n0p, 27Mg),
several neutrons and one proton emission (xn1p, 26,25,24Na)
were detected. The two-neutron two-proton emission (2n2p,
23Ne) channels may be detected as well, although the de-
tected energy peak could potentially originating from the
23Mg (4n0p channel). For 28,29,30Si, neutron emission chan-
nels (30,29,28Al), one proton emission channels (29,28,27Mg),
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TABLE IV. Absolute production BR of each isotope produced from muonic 28Si. Pcap = 66.41(23)% was utilzed. The stopping rates were
0.407(14)% and 0.298(9)% in the RAL and J-PARC experiments, respectively. The same notations as those in Table II were utilized.

Nucleus State Decay T1/2 Eγ (keV) Iγ (%)b bRALγ (%)a bJ−PARC
γ (%)a b (%)a

28Al 3+ β− 2.245(2) min 1778.987 100 18.94(19) 18.93(10)
	Iabs

γ /Iabs
γ = 0.0% 18.92(20)(94)c 18.91(10)(92)c 18.92(10)(91)

27Mg 1/2+ β− 9.458(12) min 843.76 71.800(20) 2.82(6) 2.93(10)
1014.52 28.200(20) 3.06(14) 2.84(9)

	Iabs
γ /Iabs

γ = 0.11% 2.86(6)(14)c 2.88(7)(14)c 2.869(45)(137)
26Na 3+ β− 1.07128(25) s 1808.71 99.08(50)e <0.185

1128.89 5.88(3) <1.17
25Na 5/2+ β− 59.1(6) s 585.028 13.00(18) 0.24(17) –

	Iabs
γ /Iabs

γ = 5.4% 0.24(17)(1)c 0.24(17)(1)h

24Na 4+ β− 14.956(3) h 1368.625 99.994(2) 0.53(10) –
	Iabs

γ /Iabs
γ = incl. 0.53(10)(3)c,d 0.53(10)(3)

1+ IT 20.18(10) ms 472.2023 99.95(5)f 1.182(36) 1.134(48)
	Iabs

γ /Iabs
γ = 0.0% 1.182(36)(59)c 1.134(49)(55)c 1.161(29)(56)i

25Ne 1/2+ β− 602(8) ms 89.53 95.4(8) <0.244 <0.172 <0.080j

24Ne 0+ β− 3.38(2) min 472.2023 100.0(2) <0.563 <0.187ij

874.420 7.9(2) <0.568
20Na 2+ ε 447.9(23) ms 1633.602 79.3(11) 0.144(47) 0.148(32)

	Iabs
γ /Iabs

γ = incl. 0.144(47)(7)c 0.148(32)(7)c <0.147(26)(7)k

20F 2+ β− 11.163(8) s 1633.602 99.9995(10)g 0.114(37) 0.117(24)
	Iabs

γ /Iabs
γ = incl. 0.114(37)(6)c 0.117(24)(6)c <0.116(20)(6)k

aThe notation of the uncertainties is the same as that in Table II. The uncertainty of the stopping rate was included in the uncertainty in the
second parenthesis.
bIγ uncertainty includes both 	I rel

γ and 	Iabs
γ for the nuclei denoted as 	Iabs

γ /Iabs
γ = incl.

cThe impurity of the enriched target (Table I) was taken into account with the decomposition process.
dThe decay component from the mother nuclei was subtracted.
e	I rel

γ of the peak is not provided in the ENSDF database and was estimated from other 	Iγ .
f	I rel

γ is not provided in the ENSDF database. The uncertainty originating from the probability of beta decay from 24mNa (0.05%) was estimated
as 0.05%.
g	I rel

γ of this peak is not provided in the ENSDF database and was estimated from the probability of the beta decay to the ground state.
hThe lower limit of 25Na is 0.163% calculated from the upper limit of 25Ne.
iA peak at 472.2 keV originated from 24mNa and 24Ne. The upper limit of 24Ne was estimated from the statistics during the decay measurement
after stopping the beam irradiation, with the upper limit of the non-detected peak at 874.41 keV. The lower limit of 24mNa is 0.993% calculated
from the upper limit of 24Ne.
jThe upper limit of 24,25Ne was evaluated from the result of natural abundance silicon.
kA peak at 1633.6 keV could originate from 20Na and 20F. The upper limit of these isotopes could not be restricted by the other energy peaks.
The production BR of these isotopes both represent the upper limit.

two protons emission channels (26,25,24Na) were detected.
Reaction channels not listed in the table were not de-
tected, either because they were stable nuclei or below the
detection limit. Notably, the detection limit for in-beam
activation measurement varies depending on the produced
nuclei because the detection limit depends not only on the
production BR but also on the strength of Iγ of the de-
cay γ ray, efficiency of the germanium detector at the
energy, lifetime of the produced nuclei, and measurement
time.

The decay components from the mother nuclei, which de-
cayed into the same unstable nuclei as the produced nuclei
from the muon nuclear capture, were evaluated if the BR
of the mother nuclei was detected. For example, the decay
component from the 28Mg in the measured BR of 28Al was
subtracted in the analysis of silicon targets. In cases where the
BRs of the mother nuclei were not detected, the lower limits of

the daughter nuclei were calculated based on the upper limits
of the mother nuclei and are detailed in footnotes. For the iso-
topically enriched targets, the component originating from the
contamination of the other isotopes present in the target was
calculated and considered during the decomposition process.

Large uncertainty was observed in the BR of 29,30Si owing
to the large uncertainty of εstop, as listed in Table I. Decompo-
sition was conducted using natural abundance silicon, which
had limited statistics for nuclei produced from 29,30Si in a natSi
target owing to the predominance of 28Si in natural abundance
silicon. For example, the values of b30Al and b29Al for natSi
were 0.396(31)% and 2.57(15)%, respectively, corresponding
to relative uncertainties of 8% and 6%, primarily attributed
to the statistical uncertainty. The determination of ε

30Si
stop was

primarily based on the absolute BR of 30Al, as it can only
be produced from the muon nuclear capture of 30Si in natSi.
Therefore, the 8% uncertainty of b30Al of natSi propagated
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TABLE V. Absolute production BR of each isotope produced from muonic 29Si. Pcap = 64.14(16)% was utilized. The stopping rates were
0.652(169)% and 0.260(63)% in the RAL and J-PARC experiments, respectively. The same notations as those in Table II were utilized.

Nucleus State Decay T1/2 Eγ (keV) Iγ (%)b bRALγ (%)a bJ−PARC
γ (%)a b (%)a

29Al 5/2+ β− 6.56(6) min 1152.57 1.031(27) 20.(6) 15.2(24)
2028.09 3.514(27) 13.8(14) 15.7(8)
2425.73 5.23(6) 15.3(11) 15.6(7)

	Iabs
γ /Iabs

γ = 0.07% 14.6(9)(39)c 15.4(6)(38)c 15.01(48)(373)
28Al 3+ β− 2.245(2) min 1778.987 100(0) 49.10(33) 48.22(16)

	Iabs
γ /Iabs

γ = 0.00% 49.09(34)(1288)c,d 48.34(17)(1180)c,d 48.68(18)(1188)
28Mg 0+ β− 20.915(9) h 30.6383 89.0(45)e 1.56(41) –

	Iabs
γ /Iabs

γ = incl. 1.56(41)(41)c 1.56(41)(41)
27Mg 1/2+ β− 9.458(12) min 843.76 71.800(20) 2.93(9) 2.90(11)

1014.52 28.200(20) 2.83(20) 2.90(19)
	Iabs

γ /Iabs
γ = 0.11% 2.92(8)(77)c 2.91(10)(71)c 2.91(6)(71)i

27Na 5/2+ β− 301(6) ms 984.66 87.4(6) <0.157 <0.156
26Na 3+ β− 1.07128(25) s 1808.71 99.08(50)f <0.115

1128.89 5.88(3) <1.89
25Na 5/2+ β− 59.1(6) s 389.710 12.68(22) – 0.652(130)h

585.028 13.00(18) 1.04(25) 1.15(18)
974.742 14.95(22) 0.98(27) 1.22(24)

	Iabs
γ /Iabs

γ = 5.4% 1.01(28)(27)c 1.18(16)(29)c 1.11(14)(27)j

24Na 4+ β− 14.956(3) h 1368.625 99.994(2) 0.56(22) –
	Iabs

γ /Iabs
γ = incl. 0.56(22)(15)c,d 0.56(22)(15)

1+ IT 20.18(10) ms 472.2023 99.95(5)g 0.824(45) 0.81(6)
	Iabs

γ /Iabs
γ = 0.00% 0.825(45)(218)c 0.81(6)(20)c 0.816(35)(200)k

25Ne 1/2+ β− 602(8) ms 89.53 95.4(8) <0.166 <0.217
24Ne 0+ β− 3.38(2) min 472.2023 100.0(2) <0.647
21Na 3/2+ β− 22.49(4) s 350.725 5.07(13) 2.6(10) –

	Iabs
γ /Iabs

γ = incl. 2.6(10)(7)c <2.6(10)(7)l

21F 5/2+ β− 4.158(20) s 350.725 89.6(18)f 0.16(6) –
	Iabs

γ /Iabs
γ = 3.32% 0.16(6)(4)c <0.16(6)(4)l

aThe notation of the uncertainties is the same as that in Table IV.
bIγ uncertainty includes both 	I rel

γ and 	Iabs
γ for the nuclei denoted as 	Iabs

γ /Iabs
γ = incl.

cThe impurity of the enriched target (Table I) was taken into account with the decomposition process.
dThe decay component from the mother nuclei was subtracted.
eAbsolute Iγ was provided based on the estimation, and the uncertainty was not provided in the ENSDF. 5% uncertainty was added [27].
f	I rel

γ of these peaks are not provided in the ENSDF database and were estimated from other 	Iγ .
g	I rel

γ is not provided in the ENSDF database. The uncertainty originating from the probability of beta decay from 24mNa (0.05%) was estimated
as 0.05%.
hThe BR determined with 389.7 keV was minimal compared with the result of the other peaks obtained at J-PARC. This result was excluded
from the weighted average value.
iThe lower limit of 27Mg is 2.75% calculated from the upper limit of 27Na.
jThe lower limit of 25Na is 1.01% calculated from the upper limit of 25Ne.
kA peak at 472.2 keV originated from 24mNa and 24Ne. The upper limit of 24Ne was estimated from the statistics during the decay measurement
after stopping the beam irradiation. The lower limit of the BR of 24mNa is 0.160% calculated from the upper limit of 24Ne.
lA peak at 350.7 keV could originate from 21Na and 21F. The background component was subtracted since the peak was also observed in the
empty target measurement.

to the uncertainty of ε
30Si
stop. The determination of ε

29Si
stop relied

significantly on the absolute BR of 29Al. Because 29Al was
produced from both 29Si and 30Si, b29Al of natSi was expressed
as a combination of b

29Si
29Al and b

30Si
29Al, where bj

i = bj
i rel/ε

j
stop.

Considering the large b
30Si
29Al = 64.8(52)%, and smaller b

29Si
29Al =

15.0(38)%, the uncertainty of b
30Si
30Al strongly influenced the

absolute value of b
29Si
29Al,resulting in a substantial uncertainty

of approximately 25% in ε
29Si
stop.

The BRs of 24Na (T1/2 = 15.0 h) and 28Mg (T1/2 = 20.9 h)
were not evaluated in the J-PARC experiment for all tar-
gets owing to the background component originating from
the existence of silicon in the beam duct. The background
component was evaluated and subtracted for short-lifetime
isotopes; however, the evaluation of long-lifetime isotopes
was hindered by a significant impact owing to the cumulative
amount from muon irradiation prior to each measurement. In
consequence, the uncertainties of the other BRs in the J-PARC
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TABLE VI. Absolute production BR of each isotope produced from muonic 30Si. Pcap = 61.21(12)% was utilized. The stopping rates were
0.349(26)% and 0.261(19)% in the RAL and J-PARC experiments, respectively. The same notations as those in Table II were utilized.

Nucleus State Decay T1/2 Eγ (keV) Iγ (%)b bRALγ (%)a bJ−PARC
γ (%)a b (%)a

30Al 3+ β− 3.62(6) s 1263.13 40.1(15)e 14.9(6) 14.19(40)
1311.80 2.54(23)e – 14.7(19)

1332.48 0.94(14)e 12.5(48) –

2235.23 65.1(22)e 13.53(49) 13.84(49)

2595.39 5.77(22)e – 13.4(10)

3498.33 32.6(14)e – 13.9(7)

	Iabs
γ /Iabs

γ = incl. 14.12(44)(115)c 14.04(36)(113)c 14.08(32)(113)
29Al 5/2+ β− 6.56(6) min 1152.57 1.031(27) 68.(8) 58.2(32)

1273.36 91.3(9)f 65.8(7) 64.23(48)

2028.09 3.514(27) 62.5(19) 68.8(17)

2425.73 5.23(6) 68.3(16) 67.3(15)

	Iabs
γ /Iabs

γ = 0.07% 65.4(9)(53)c,d 64.3(7)(52)c,d 64.8(7)(52)
28Al 3+ β− 2.245(2) min 1778.987 100(0) 15.39(20) 14.13(10)

	Iabs
γ /Iabs

γ = 0.0% 13.94(22)(114)c,d 13.94(10)(113)c,d 13.94(10)(112)
29Mg 3/2+ β− 1.30(12) s 1398.0 16.4(11) – 0.54(22)

1754.2 9.90(72) – 0.82(26)

	Iabs
γ /Iabs

γ = 13.89% 0.66(24)(5)c 0.66(24)(5)
28Mg 0+ β− 20.915(9) h 30.6383 89.0(45)g 1.99(41) –

400.6 35.9(18)g 1.97(15) –

941.7 36.3(18)g 1.79(16) –

	Iabs
γ /Iabs

γ = incl. 1.90(11)(15)c 1.90(11)(15)k

27Mg 1/2+ β− 9.458(12) min 843.76 71.800(20) 1.59(6) 1.70(12)

1014.52 28.200(20) 1.91(18) 1.51(15)

	Iabs
γ /Iabs

γ = 0.11% 1.61(6)(13)c 1.63(9)(13)c 1.62(5)(13)l

28Na 1+ β− 30.5(4) ms 1473.5 37(5) <0.43 <0.29
27Na 5/2+ β− 301(6) ms 984.66 87.4(6) <0.12 <0.10
26Na 3+ β− 1.07128(25) s 1808.71 99.08(50)f 0.290(44) –

	Iabs
γ /Iabs

γ = 0.03% 0.291(44)(24)c 0.291(44)(24)m

25Na 5/2+ β− 59.1(6) s 389.710 12.68(22) 1.33(46) 0.60(18)j

585.028 13.00(18) 1.4(6) 1.04(19)

974.742 14.95(22) – 1.05(25)

	Iabs
γ /Iabs

γ = 5.4% 1.36(37)(11)c 1.04(16)(8)c 1.10(15)(9)n

24Na 4+ β− 14.956(3) h 1368.625 99.994(2) 0.21(7) –

	Iabs
γ /Iabs

γ = incl. 0.21(7)(2)c,d 0.21(7)(2)

1+ IT 20.18(10) ms 472.2023 99.95(5)h 0.520(37) 0.541(36)

	Iabs
γ /Iabs

γ = 0.0% 0.517(37)(43)c 0.539(36)(44)c <0.528(26)(43)o

25Ne 1/2+ β− 602(8) ms 89.53 95.4(8) <0.33 <0.26
24Ne 0+ β− 3.38(2) min 472.2023 100.0(2) 0.513(35) 0.518(34)

	Iabs
γ /Iabs

γ = 0.0% 0.513(35)(42)c 0.517(35)(42)c <0.515(25)(41)o
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TABLE VI. (Continued.)

Nucleus State Decay T1/2 Eγ (keV) Iγ (%)b bRALγ (%)a bJ−PARC
γ (%)a b (%)a

22F (4+) β− 4.230(40) s 2082.6 81.9(20) <0.113 <0.104
20Na 2+ ε 447.9(23) ms 1633.602 79.3(11) – 0.13(6)

	Iabs
γ /Iabs

γ = incl. 0.13(6)(1)c <0.13(6)(1)p

20F 2+ β− 11.163(8) s 1633.602 99.9995(10)i – 0.105(45)
	Iabs

γ /Iabs
γ = incl. 0.105(45)(8)c <0.105(45)(8)p

aThe notation of the uncertainties is the same as those in Table IV.
bIγ uncertainty includes both 	I rel

γ and 	Iabs
γ for the nuclei denoted as 	Iabs

γ /Iabs
γ = incl.

cThe impurity of the enriched target (Table I) was taken into account with the decomposition process.
dThe decay component from the mother nuclei was subtracted.
eAbsolute Iγ was not provided in the ENSDF and was calculated from the intensity of β decay to each energy level and the probability of γ -ray
transition from each state [29–31]. The uncertainties contained absolute uncertainty.
f	I rel

γ of these peaks are not provided in the ENSDF database and were estimated from other 	Iγ .
gAbsolute Iγ was provided based on the estimation. The uncertainty was not provided in the ENSDF. 5% uncertainty was added [27].
h	I rel

γ is not provided in the ENSDF database. The uncertainty originating from the probability of beta decay from 24mNa (0.05%) was estimated
as 0.05%.
i	I rel

γ of this peak is not given in the ENSDF database and was estimated from the probability of the beta decay to the ground state.
jThe BR determined with 389.7 keV was minimal compared with the result of the other peaks obtained at J-PARC. This result was excluded
from the weighted average value.
kThe lower limit of 28Mg is 1.65% calculated from the upper limit of 28Na.
lThe lower limit of 27Mg is 1.53% calculated from the upper limit of 27Na.
mThe lower limit of 26Na could not be restricted from the upper limit of 26Ne. However, the 1n3p channel can be assumed as negligible inferring
from the other results.
nThe lower limit of 25Na is 1.10% calculated from the upper limit of 25Ne.
oA peak at 472.2 keV originated from 24mNa and 24Ne. The upper limit of these isotopes could not be restricted by the other energy peaks, and
the production BR of these isotopes both represent the upper limit.
pA peak at 1633.6 keV could originate from 20Na and 20F. The upper limit of these isotopes could not be restricted by the other energy peaks,
and the production BR of these isotopes both represent the upper limit.

experiment increased owing to the uncertainty resulting from
the background subtraction process.

In 24Na, an isomeric state with a lifetime of 20 ms was ob-
served, decaying through the isomeric transition to the ground
state by emitting the γ ray with the energy of 472.2 keV.
The population of the isomeric state at 472.2 keV is not only
a result of direct production following the particle emission
from muon nuclear capture but also a result of the β decay
of 24Ne. By leveraging the decay of 24Ne into 24Na through
the emission of γ rays at 472.2 and 874.4 keV, the upper limit
of the BR of 24Ne was estimated using the upper count limit
at 874.4 keV. The peak count of 472.2 keV after the beam
irradiation was also utilized to the estimation of the upper
limit of 24Ne, considering 20.2 ms lifetime of 24mNa, which
implies that its decay γ ray should not be detected in decay
measurement after the beam irradiation. The lower limit of
24mNa was inferred based on the upper limit of 24Ne except
for the 30Si target. For the 30Si target, only the upper limits of
the BR of 24mNa and 24Ne were determined. The BR of 24Na
(ground state) was inferred by considering the creation from
the 24mNa, assuming that all the yield of 472.2-keV peaks
were produced by 24mNa. The longer lifetime of 24Na com-
pared to both 24mNa and 24Ne, along with minimal differences
in the upper limits of their BRs, ensured that the breakdown of
these isotopes did not impact the determination of the ground
state BR of 24Na.

The production BR of 25Na determined by the yield of
a 389.7-keV peak demonstrated a notably lower value when
compared with results obtained from other energy peaks at
585.0 and 974.7 keV. This discrepancy was observed solely
in the analysis of silicon targets in the J-PARC experiment, as
the RAL experiment and the analysis of the aluminum target
yielded a result (389.7 keV) consistent with the estimation
from other energy peaks. The efficiency of the germanium
detector does not strongly affect the yield of 389.7-keV, even
considering the effect of self-absorption. Background energy
peaks at these energies were absent, and precautions were
taken to avoid the potential contamination from single or
double escape of higher energy γ rays. The other possibilities
of the contamination, such as overlap with the γ -ray emission
from 25Al and 22Mg, were considered, but were insufficient to
explain the discrepancy. The cause of the significantly lower
yield of 389.7 keV peak remains uncertain, leading to the
exclusion of this data when determining the BR of 25Na.

The transition γ ray from 20Ne at an energy level of
1633.6 keV was detected with all the targets except for 29Si,
with the transition γ ray from 21Ne at 350.7 keV also observed
in the 27Al and 29Si targets. The detected γ rays of 20Ne and
21Ne could originate from either 20F and 20Na or 21F and 21Na,
respectively. The origin could not be determined based on
available information, such as lifetime and the upper limit of
the other nondetected γ rays. Consequently, the BRs of 20,21F
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and 20,21Na were listed as upper limits. In the 27Al target, the
presence of 23Ne and 23Mg was also presented as an upper
limit owing to the possibility that the detected transition γ ray
from 5/2+ to 3/2+ state in 23Na could originate from either
isotope.

Notably, the production BR may be influenced by electrons
and neutrons present in the beam or the surroundings. Elec-
trons within the muon beam or generated during the muon
decay process (μ− → νμ + ν̄e + e−) can transmute target
material through (γ , xnyp) reactions, facilitated by photons
from bremsstrahlung radiation. Environmental neutrons, as
well as neutrons produced by muon nuclear capture reac-
tions, can also react with the target material. The potential
for the background component to be generated by neutrons
and electrons was assessed through a Monte Carlo simulation
code [32] that will be explained in Sec. VI. The impact of
electrons was deemed negligible, assuming the number of
electrons was roughly twice as large as the stopping muon
in the target for decay electrons and 30 times larger for
beam-contaminated electrons. Environmental neutrons were
estimated as thermal neutrons, which did not influence the
production BR owing to the prevalence of (n, γ ) or (n, n).
However, the neutron emitted from the muon nuclear capture
reaction could potentially impact the production BR results.
The maximum potential contamination resulting from neutron
irradiation was estimated to be approximately 3% for the
0n0p channel of μ− + 27Al and μ− + 28Si, assuming that the
number of muons stopping in the surrounding material was
equivalent to that of the target. This contamination level was
comparable to the uncertainty of the present measurement and
was not corrected in the result. Any potential contamination
from these neutrons in channels other than the 0n0p channel
was smaller than the uncertainty observed.

VI. DISCUSSION

In this section, the present results were compared with
previous measurements and discussed in terms of isotope
dependence and the even-odd effect of neutron and pro-
ton numbers. Additionally, the results were compared with
theoretical model calculations; muon interaction models im-
plemented in a Monte Carlo simulation using the particle
and heavy ions transport code system ver. 3.33 [32] and the
microscopic and evaporation model [6] referred to as PHITS
and microscopic and evaporation model (MEM) calculation
hereinafter. The excitation energy distribution resulting from
the muon nuclear capture reaction was estimated using the
present results and model calculations.

A. Comparison with previous measurements

The production BR results of 27Al and nat,28Si were com-
pared with those of previous studies, utilizing the activation
method [33–38] and prompt γ -ray measurements [38–42], as
listed in Table VII. Notably, the muon nuclear capture prob-
abilities (Pcap) utilized in the analysis of the previous studies
differed from those in the present study [7] by approximately
1%. The discrepancy was not corrected for the comparison
owing to the lack of description of values in some research,

TABLE VII. Comparison of the BR (in percentage) obtained
in the present study with that from previous measurements. The
absolute production BR obtained with the present study, previous
activation measurement, and the lower limit of BR obtained from
the prompt γ -ray measurement were presented for each reaction
channel.

Reaction Present Previous Methods

27Al(μ−, νμ) 27Mg 9.90(33) 12.0(7) Activation [37]b

>9.7 (11) Prompt γ [42]
>6.8 (7) Prompt γ [40]

27Al(μ−, νμnp) 25Na 2.52(18) 2.8(4) Activation [36]
27Al(μ−, νμ2np) 24Na 1.61(19) 2.1(2) Activation [37]b

3.5(8) Activation [35]
27Al(μ−, νμ2n2p) 23Ne 0.80(6) 0.76(11) Activation [36]
natSi(μ−, νμx) 28Al 20.1(7) 22.8(25) Activation [37]b

31(3) Activation [33]
>4.2 (6) Prompt γ [40]

natSi(μ−, νμx) 27Mg 2.94(15) 5.6(8) Activation [34]
natSi(μ−, νμx) 24Na 1.67(12) 3.4(2) Activation [37]b

28Si(μ−, νμ) 28Al 18.9(9) 26(3) Activation [38]b

>16.6 (12)a Prompt γ [42]
>16.9 (15) Prompt γ [41]b

>20.3 Prompt γ [38]b

28Si(μ−, νμ p) 27Mg 2.87(14) >2.5 (4)a Prompt γ [42]
> 1.9 (2) Prompt γ [38]b

28Si(μ−, νμ2n2p) 24Na 1.71(13) >0.5 (5)a Prompt γ [42]

aThese values were obtained using natural abundance silicon and
estimated to the BR of 28Si in the paper [42].
bThese measurements used oxide target, Al2O3, SiO2, or 28SiO2.

and the magnitude of the effect was smaller than the uncer-
tainty of BRs.

Previous activation measurements were conducted for
27Al, 28Si, and natSi. Wyttenbach et al. [36] measured the
activation of 27Al targets, with the results of the production
BRs of 25Na and 23Ne being comparable with the present
results. Miller et al. measured enriched 28SiO2, whereas
Heisinger et al. measured natural abundance Al2O3 and SiO2

targets [37,38], both showing systematically larger BRs. The
discrepancy between the present results and those of Miller
et al. and Heisinger et al. may be attributed to the uncertainty
of the stopping number of incoming muons. Muonic x rays
were employed to measure the muon attachment probabil-
ity for each isotope, as the measurements were performed
with oxide targets, potentially underestimating the stopping
number of muons. Discrepancies with the other previous
studies [33–35] could result from the measurement method
of the stopping number of muons and the inferior energy
resolution of the detector. Additionally, previous activation
measurements did not consider the effect of production from
mother nuclei, which are also generated by the muon nuclear
capture reaction, such as the β− decay component from the
28Mg in the BR of 28Al.

The prompt γ -ray measurement technique determines BR
by analyzing the γ -ray emissions that occur during the deexci-
tation of nuclei following particle emission. By identifying the
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reaction products based on the characteristic γ -ray energies,
the BRs can be calculated by summing the total transition
yield to the ground state. It is important to note that prompt
γ -ray measurements provide the lower limit of BR, as there
may be missing yields with undefined or weak transitions,
and the direct population to the ground state. Previous stud-
ies utilizing prompt γ -ray measurements have yielded results
that are consistent with current findings, except for the study
conducted by Miller et al. The overestimation of the results
presented by Miller et al. can be attributed to the incorrect
assignment of certain γ -ray energies of 28Al, as highlighted
by Measday et al. [42]. Upon comparing the results of our
current activation measurement with the previous prompt γ -
ray measurement [42] for the 0n0p channel, the prompt γ -ray
measurement covered nearly all [98(12)%] the BR of 0n0p
channel in μ− + 27Al, and 88(8)% of that of the 28Si target.
This indicates minimal missing yields and direct ground-state
populations in the 0n0p channel, contrary to the larger es-
timates of the missing yield in absolute BR proposed by
Measday et al. of 3% for 27Al and 9.4% for 28Si [42], which
were based on the comparison of their results with previous
activation measurements as can be seen in Table VII.

The direct measurement of the emitted charged parti-
cles [3,4,43–46], neutron [47,48], and neutron multiplicity
measurement [49] have been previously reported. However,
direct comparison with most charged-particle measurements
is challenging because they usually focus on high-energy
particle emission, whereas most components of the emitted
particles typically have low energy. For example, the charged-
particle emission probability above 1.5 MeV was reported
as 15(2)% [43] for a natural silicon target without particle
identification. The measured BR of the charged particles was
5.2(2)%, which is the sum of the charged-particle emission
channels in Table III. The discrepancy in the BR is primarily
attributed to the production of 26Mg, with a BR exceeding
8.4(8)% [42], which could not be measured in the present
experiment. The distribution of neutron multiplicity was mea-
sured [49] and evaluated [2] as 0n [9(6)%], 1n [75(10)%],
2n [5(10)%], and 3n [9(6)%] for 27Al, and 0n (36(6)%), 1n
[49(10)%] 2n [14(6)%] and 3n [1(1)%] for a natural sili-
con target, assuming that higher neutron emissions exceeding
three did not occur. The no-neutron emission channel includes
the 0n0p channel as well as charged-particle emission chan-
nels that do not involve neutron emission, such as deuteron
or α emission. The present result of no neutron emission
probabilities were 11.7(4)% and >23.7% for 27Al and 28Si,
respectively. These probabilities were derived from a combi-
nation of channels, including 0n0p, 0n1p, a portion of 1n1p,
1n2p, and 2n2p channels, assuming that the xn2p channels
represent helium isotope emission. The ratio of one neutron
and one proton emission to deuteron emission in 1n1p chan-
nel was estimated from the number of proton and deuteron
emissions from the direct particle measurement [3] to be 1:5,
consistent with the estimation in Ref. [36]. Despite the signif-
icant uncertainty in multiplicity, this ratio remains consistent
with previous research. The several neutron emission proba-
bilities were difficult to compare owing to the complexity of
neutron emission accompanied by charged-particle emission
and the substantial uncertainty in multiplicities.

FIG. 6. Excitation function of the muon nuclear capture reaction
of (a) 28Si and (b) 30Si, calculated using the Singer model [50] used
in PHITS (green solid line), as well as the MEM [6] with the effective
interaction of SkO’ (red solid line) and SGII (black dotted line).

Overall, the present results were comparable with the pre-
vious findings from prompt γ -ray measurements and direct
particle detection. This measurement represents the first re-
liable absolute data of the production BR for muon nuclear
capture of 27Al and silicon isotopes by utilizing the advantage
of the in-beam activation method.

B. Trend of the results

In this section, the structure of the excitation function and
the particle emission mechanism following the muon nuclear
capture reaction is discussed.

The probability of particle emission after muon nuclear
capture depends on the particle emission processes, and the
excitation energy of the nucleus, and the threshold energy
required for each emissions. Three particle emission pro-
cesses from the muon nuclear capture reaction have been
proposed: direct, preequilibrium, and evaporation processes.
Notably, particles emitted through the direct and preequi-
librium processes carry higher energy compared with those
produced by the evaporation process. The excitation function,
which represents the energy distribution of the excitation,
has been discussed phenomenologically [50–58] and using
some microscopic calculations [6,59,60]. The excitation func-
tions calculated using the Singer model [50], as well as the
microscopic and evaporation model [6] with the effective
interaction of SkO’ and SGII, are shown in Fig. 6; details
will be discussed in Sec. VI C. The excitation function has
an energy peak at approximately 5–20 MeV, extending up to
100 MeV. However, the detailed structure of the excitation
function remains elusive as direct measurement is hindered
by the difficulty associated with detecting emitted muon neu-
trinos. The probability of particle emission is also influenced
by the threshold energy required for each particle emission,
particularly for the evaporation process. Figure 7 shows the
threshold energy below 40 MeV calculated from the atomic
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FIG. 7. Threshold energy of each particle emission for 27Mg and 28,29,30Al, representing reaction products of muon nuclear capture on
27Al and 28,29,30Si. For the charged-particle emission, the contribution of the Coulomb barrier was added to the threshold energy, utilizing the
classical model (see text). The thresholds of both one neutron and one proton emission, as well as deuteron emission, are presented for 1n1p
emission. The threshold energy for other multiple particle emissions was calculated assuming that they would be emitted as light complex
particles, such as helium isotopes, for the xn2p emission channels.

mass table (AME2020) [61] for 27Mg and 28,29,30Al. These
isotopes were initially formed through muon nuclear capture
of 27Al and 28,29,30Si. For the charged-particle emission, the
Coulomb barrier is added to the threshold energy in the figure.
The Coulomb barrier was calculated using Eq. (6) of Ref. [36],

Vc = e2

4πε0

zZ

r0A1/3 + ρ0
, (7)

which expresses the systematic Coulomb barrier with mass
and atomic numbers. The threshold energy for the emission of
multiple particles was estimated based on the assumption that
they are emitted as light particles, such as helium isotopes for
2p emission channels.

The results of the absolute BR obtained through the
present measurement are listed with the absolute uncertainty
in Tables VIII–XI. In the case where channels could not be
distinguished based on detected β-delayed γ -ray energy, for
example, such as the 4n0p channel (23Mg) and 2n2p channel
(23Na) of 27Al, the higher-threshold-energy channel was ex-
cluded. Previous values for the long-life isotopes and stable
nuclei that were not measured in this experiment are also in-
cluded. The lower limits from the prompt γ -ray measurement
and reliable values from the activation measurement, which
were consistent with the present study, were selected as the
previous results. The sum of experimentally measured BRs
for each isotope was also provided. Tables VIII–XI reveal
that neutron emission without charged-particle emission is
predominant for all target isotopes, with the 1n0p channel
demonstrating the maximum BR. By considering the thresh-
old energy of each particle emission and the present result, the
average excitation function was estimated at approximately
10–20 MeV, with the excitation energy exceeding 30 MeV be-
ing observed. The discussion below focuses on the variance in

particle emission probability between aluminum and various
silicon isotopes.

1. Even-odd isotope dependence of no particle emission channel

Comparing the neutron emission probabilities of 27Al and
28,29,30Si in Table VIII, the 0n0p channel of μ− + 27Al,
9.9(3)%, is obviously smaller than that of silicon isotopes. Al-
though the 1n0p channel of 27Al and 28Si were not measured
in the current measurement owing to their stable residuals, the
1n0p channel appeared to be larger in aluminum compared
with silicon isotopes, drawn from the lower limit observed
in previous measurements and estimation based on measured
charged-particle emission probabilities. The smaller 0n0p
channel in μ− + 27Al cannot be explained by the difference
of separation energy between 27Mg and 28,29,30Al. The mass
differences of the initial and final nuclei of the muon nuclear
capture reaction were 2.6, 4.6, 3.7, and 8.6 MeV for 27Al and
28,29,30Si. Although the mass difference of the reaction of 27Al
was lower than those of the other silicon isotopes, it did not
directly influence the average excitation energy. For example,
in the Singer model [50] that describes a phenomenological
excitation function, the amount of the mass difference influ-
ences the available energy for the reaction, with the difference
in mean excitation energy estimated to be less than 1 MeV.
This difference does not result in a twofold change in the
BR of the 0n0p channel. Furthermore, the even-odd and shell
effects do not impact the direct and preequilibrium emission
processes [62] when assuming that the excitation energy re-
mains constant across isotopes. Therefore, the discrepancy
observed in the 0n0p channel cannot be explained by the
characteristics of particle emission processes but rather may
result from the difference in the excitation function. As the
average excitation energy does not differ drastically with the
mass and atomic number [53], the difference could lie in the
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TABLE VIII. Summary of the production BR (in percentage):
neutron emission.

Target 0n0p 1n0p 2n0p 3n0p Sum

27Al 9.90(33) >70(6)b >7(1)c >2c >89(6)
28Si 18.9(9) >28(2)a >2.8(5)a >49.7(23)
29Si 15.0(38) 49(12) – – 64(16)
30Si 14.1(12) 65(5) 13.9(11) – 93(7)

aThese values were obtained with natural silicon and modified to the
BR of 28Si with some assumptions in the reference [42].
bSourced from Ref. [40]
cSourced from Ref. [42]

strength of the transition peak below the threshold energy,
influenced by the shell structure.

The increased neutron emission probabilities in odd-Z
nuclei have been consistent with previous measurements, par-
ticularly in medium-mass nuclei. A comprehensive overview
of the BRs of the 0n0p channel, focusing on the even-odd
nature of atomic numbers, is shown in Fig. 8. The BRs
obtained using the activation method were indicated using
closed square and circle symbols for even-Z and odd-Z nuclei,
respectively. The data obtained using prompt γ -ray measure-
ment are represented with open symbols, assuming that the
prompt γ -ray measurements covered most BR in the 0n0p
channel, as discussed in Sec. VI A. Looking at Fig. 8, the BR
of the 0n0p channel in muon nuclear capture of odd-Z nuclei
has a smaller BR of 0n0p, whereas even-Z nuclei demonstrate
a larger BR. This trend is consistent across medium-mass
even-Z-even-N and odd-Z-even-N nuclei in light and medium
mass nuclei.

In the muon nuclear capture reaction, a strong transi-
tion to the 1+ state has been observed, as evidenced by
the excited levels obtained through prompt γ -ray measure-
ments [2,38,67]. This knowledge suggests that the Gamow-
Teller (GT) transition plays a crucial role in muon capture,
analogously to its importance in pion capture and β+ de-
cay. Thus, the even-odd Z dependence observed in the 0n0p
channel may be attributed to the even-odd effect in the GT
transition, induced by the proton-neutron (pn) pair creation
and known to influence the GT strength in the low-energy
regions [68–71]. When the configuration of the GT state com-
prises a pn pair on a closed-shell nucleus with particle-particle
properties, specifically when the pn pair is separated from
the core and demonstrates deuteron-like behavior in the final

TABLE IX. Summary of the production BR (in percentage): one
proton (including deuteron and triton) emission.

Target 0n1p 1n1p 2n1p 3n1p 4n1p Sum

27Al 0.78(6) 2.52(18) 1.61(19) – 0.05(1)b 4.97(30)
28Si 2.87(14) >8.4 (8)a >1.5 (1)a – >12.8 (8)
29Si 1.6(6) 2.9(7) – – – 4.5(12)
30Si 0.66(25) 1.90(19) 1.62(14) – – 4.17(43)

aThese values were obtained with natural silicon and modified to the
BR of 28Si with some assumptions in Ref. [42].
bSourced from Ref. [37]

TABLE X. Summary of the production BR (in percentage): two
protons (helium isotopes) emission.

Target 0n2p 1n2p 2n2p 3n2p 4n2p Sum

27Al 0.038(7)d 0.80(6)e – – 0.84(6)
28Si 0.24(17) 1.71(13) >0.5 (5)a 0.15(3)b >2.6 (5)
29Si 1.11(31) 1.39(42) – 2.5(7)
30Si 0.29(5) 1.10(18) 0.73(8)c 2.11(24)

aThis value was obtained with natural silicon and modified to the BR
of 28Si with some assumptions in Ref. [42].
bThis value resulted from natural silicon [37]; however, 92% of the
components of natural silicon are 28Si, which was not corrected.
cA BR of 24Ne was deemed negligible.
dSourced from Ref. [36]
eA BR of 23Mg was deemed negligible.

states, a strong low-energy peak appears as a result of strong
T = 0 pairing correlations. This phenomenon has thus far
been investigated through the examination of GT strength in
closed-shell and two nucleons with N = Z nuclei [70,72,73].
Additionally, a similar effect owing to the pn pair in spin-
dipole excitation has been investigated [74]. In the transition
from 28Si to 28Al with the muon nuclear capture reaction, the
primary shell configuration is the initial (0+, T = 1) state of
two protons in d5/2 to the final (1+, T = 0) state of one proton
in d5/2 and one neutron in either d5/2 or d3/2, in which the pn
pairing lower the energy of GT strength peak and enhance
its intensity. Conversely, the transition from 27Al to 27Mg
remains unaffected by the pn pair owing to the even-Z of the
final state.

To discuss the relationship between the enhancement of
GT strength at low energy and the even-odd Z dependence
of the 0n0p channel, the GT strength, B(GT), of 27Al and
28Si was calculated using the KSHELL code [75] with USD-A
interaction. The calculated B(GT) values, along with the one
neutron separation, energy are shown in Fig. 9. The cumu-
lative GT strength below the one-neutron separation energy
of the final state post muon nuclear capture reaction amounts
to 1.77 and 3.36 for 27Al and 28Si, respectively. These ratios
are comparable with those of the BR of 0n0p channels of
9.9(3)% and 18.9(9)% for 27Al and 28Si, respectively. There-
fore, the GT transition strength at low energy is enhanced by
the pn pairing effect and influences the peak structure of the
excitation function resulting from muon nuclear capture. This
variation in the peak structure at low energy leads to the even-
odd effect observed in particle emission probabilities. The

TABLE XI. Summary of the production BR (in percentage):
other charged-particle emissions.

Target 3n3p 4n3p 4n4p 6n4p

27Al 0.096(37)b 0.102(21)a –
28Si – – 0.116(21)a

29Si – 0.16(7)b –
30Si – 0.105(46)a

aA BR of 20Na was deemed negligible.
bA BR of 21Na was deemed negligible.
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FIG. 8. Summary of the BR of the 0n0p channel ob-
tained previously together with the present result. The values
are summarized focusing on the even-odd distribution of the
proton number. Previous results of the activation method are
indicated using closed square and circle symbols for even-
Z and odd-Z nuclei, respectively. The data obtained using
prompt γ -ray measurement are represented with open symbols.

The present results of 27Al and 28,29,30Si were utilized in activation
results, and the results of prompt γ -ray measurement of 27Al and
natSi were sourced from Ref. [42]. The activation data for the isotopes
23Na, 51V, 56Fe, 59Co, 65Cu, 75As, 104Ru, 123Sb, 133Cs, 165Ho, 181Ta,
and 208Pb were obtained through activation measurements conducted
by Wyttenbach et al., as referenced in note 9 added in proof of
Ref. [57]. The results for 56Fe, 65Cu, 123Sb, and 208Pb were likely
obtained using natural abundance targets and corrected to the value
of enriched isotopes owing to their presence as the heaviest isotopes
in natural abundance. The isotopes 12C and 16O were evaluated by
Measday [2]. 14N was sourced from Ref. [63] (prompt γ ); the prompt
γ -ray results of 23Na, 31P, and 32S were sourced from Ref. [41], 40Ca
was sourced from Ref. [64] (prompt γ ), 104Pd was sourced from
Ref. [1] (activation), 127I was sourced from Ref. [65] for activation
and Ref. [66] for prompt γ measurement, and 209Bi was sourced from
Ref. [66] (prompt γ ). The natural abundance targets with high en-
richment were not adjusted for the BR of enriched isotopes, including
6C6:98.9%, 7N7:99.6%, 8O8:99.8%, 16S16:95.0%, 20Ca20:96.9%, and
23V28:99.8%.

enhancement in B(GT) does not significantly impact the exci-
tation function in the high-energy region, which is consistent
with the experimental findings indicating minimal differences
in multiple charged-particle emissions or preequilibrium com-
ponents [3,4]. Heavy nuclei are unaffected by the pn pair
owing to an excess of neutrons, leading to a particle-hole-
type excitation. This observation is further consistent with the
small BR of lead, reported at 10.5(12)% [57], and the previous
result of the temperature of compound nuclei [76], suggesting
a higher neutron emission probability for lead compared with
bismuth. The limited increase in the 0n0p in closed-shell
nuclei, such as 32S (0n0p: 9.9(6)% [41]) and 40Ca (0n0p:
12(1)% [64]), can be attributed to the filled shells, making it
challenging to generate pairs through GT transition. Notably,
the impact of the enhanced low-energy transition strength

FIG. 9. Gamow-Teller strength of the transition from 27Al to
27Mg (red) and from 28Si to 28Al (blue) calculated utilizing KSHELL.
The one-neutron separation energies of 27Mg (6.44 MeV) and 28Al
(7.72 MeV) are also represented using vertical dotted lines.

owing to the pn pair on the 0n0p channel may involve not only
GT but also spin-dipole resonance components. Furthermore,
to eliminate the possibility of atomic number dependence on
preequilibrium emission and significant shifts in excitation
energy, direct energy distribution measurements of emitted
particles are required.

In 28,29,30Si, the BRs of the 0n0p channel decreases along
the neutron number, as shown in Table VIII. The discrepancy
in the 0n0p channel between 28Si and 30Si can be understood
by the neutron separation energy. When considering the mean
excitation energy ranging from 10 to 20 MeV and assuming
it does not differ much in 28Si and 30Si, a higher neutron
separation energy results in a higher 0n0p channel for 28Si.
However, the BR of 0n0p channels of μ− + 28Si is larger
than that of 29Si, although the neutron separation energy of
28Al is smaller than that of 29Al. The direct and preequilib-
rium emissions have been known not to be influenced by the
even-odd and shell effects [62]. The mass differences of the
initial and final nuclei of the muon nuclear capture reaction
may influence the average excitation energy up to 1 MeV and
may reduce the BR of the 0n0p channel in μ− + 29Si. The
difference in the detailed structure of the excitation function
below the threshold energy, as discussed, may also affect the
lower 0n0p channel of 29Si than 28Si. The impact of strong
GT strength on the low-energy region resulting from the pn
pair is believed to be decreased for 29Si owing to the even
neutron number in the final state, leading to a decrease in BR
of the 0n0p channel. These cumulative effects may lead to
an increased neutron emission from the compound nuclei of
odd-N nuclei.

2. Charged-particle emission

The BRs of one-proton and two-proton emission chan-
nels are listed in Tables IX and X. When comparing the
BRs of charged-particle emission from isotopically enriched
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silicon targets, the BRs of the 0n1p and 2n2p channels de-
crease with increasing neutron excess. This trend indicates
that the probability of charged-particle emission without neu-
tron emission depends on the neutron excess, assuming most
of the 2n2p channel corresponds to α particle emission. Fo-
cusing on the xn2p (x > 2) channels of 28Si and 30Si, the
neutron emission accompanied by charged-particle emissions
becomes more prominent with increasing neutron excess. The
presence of large 3n2p and 4n2p channels in 30Si compared
with the 2n2p channel cannot be explained by the separation
energy of these channels, considering the decrease in exci-
tation energy distribution above approximately 10–20 MeV.
The total charged-particle emission probabilities also appear
to be influenced by the neutron excess, with a decrease in
total charged-particle emission as neutron excess increases.
This trend is generally attributed to differences in threshold
energy. Still, the probabilities of charged-particle emission are
affected by the Coulomb barrier, competing channels having
similar threshold energies, and emission from direct and pree-
quilibrium processes as well.

The 1n1p channel of μ− + 28Si (production of 26Mg) ex-
hibits a significantly large BR compared with other isotopes,
although the channel could not be measured in the current
experiment. Previous measurements indicated that more than
15(2)% charged-particle emission for natural abundance sili-
con [43], with prompt γ -ray measurements showing a lower
limit of 8.4% [42]. This high BR is also supported by the
model calculations employing the preequilibrium emission
and the statistical evaporation models, potentially resulting
from the low threshold energy required for one-proton emis-
sion from 28Al. The calculated results are detailed in Sec. VI C
and Fig. 11.

For the charged-particle emission probabilities, Wytten-
bach et al. [36] reported systematics that the probability
of each charged-particle emission channel decreased expo-
nentially with increasing Coulomb barrier. Based on these
findings, BRs of 0n1p, 1n1p, 2n1p, 3n1p, and α channels of
silicon isotopes were estimated as approximately 0.7, 4.1, 2.8,
2.8, and 0.9%, respectively. The results obtained for silicon
isotopes in this study did not align with the systematics, al-
though the results of 27Al were comparable. This discrepancy
may be attributed to the fact that most of the reported targets in
the previous research were odd-Z and even-N nuclei, and the
particle emission probability depends on the proton number
and isotopes, as discussed in this section.

The BRs corresponding to infrequent particle emission
channels have been observed and summarized in Table XI.
These BRs are too large to be understood from the high-
energy component of the excitation function when consider-
ing the other particle BRs. In particular, the 4n4p and 6n4p
channels observed with silicon isotopes, which can be as-
sumed as two α and two-α two-neutron emission, cannot be
explained without a mechanism that enhances the emission of
α particles, such as a cluster structure in the excited state. No-
tably, the observed nuclei are 20,21F, which were successfully
measured owing to their high sensitivity to the in-beam activa-
tion method. Systematic measurements, including infrequent
channels, are essential for further discussions.

C. Comparison with theoretical calculations

The experimental results were compared with two model
calculations, PHITS [32] and the MEM calculation [6]. In
Figs. 10 and 11, the experimental values, including the present
result of the absolute BRs and the previous result of the abso-
lute and lower limit of the BRs summarized in Tables VIII–X,
were compared with the model calculations.

PHITS is a general-purpose Monte Carlo particle trans-
port simulation code that utilizes various nuclear reaction
models and nuclear data libraries. Muon interaction model
was also incorporated in PHITS [77]. The excitation function
following the muon nuclear capture process is described us-
ing a phenomenological function proposed by Singer [50],
with the momentum distribution of nucleon in the nucleus
derived by Amado [78]. After the neutron acquires energy,
the energy dissipation in the nucleus is calculated using the
Jaeri quantum molecular dynamics (JQMD) [79,80]. Subse-
quently, the evaporation process was determined utilizing the
generalized evaporation model (GEM) [81]. To account for
the surface effect, which enhances the emission probabili-
ties of light complex particles such as deuteron, triton, and
α particles, the surface coalescence model (SCM) [82] was
employed. The SCM model was included to reproduce the
energy distribution of emitted charged particles, particularly
in high-energy regions [4]. Since the default parameters in
the PHITS code were different from the originally proposed
values, modifications were made in this study, with the SCM
parameters h0 = 0.26 GeV fm/c and D = 2.3 fm [82]. These
parameters define the emission probabilities of light complex
particles in the SCM model. The root-mean-square charge
radius parameters were set as R0 = 3.0610, 3.1224, 3.1176,
and 3.1336 fm for 27Al and 28,29,30Si [83], respectively. The
components of the direct and preequilibrium emissions are
also represented with shade for PHITS calculation in Fig. 10.

The PHITS calculation reproduced the overall trend of the
BR: predominantly emitting neutrons and emitting smaller
charged particles and especially accurately reproduced the BR
of charged-particle emissions. When focusing on the BR of
the 0n0p channel, we observed that the 0n0p channels of
28,30Si were slightly underestimated, whereas those of 27Al
and 29Si were overestimated. In the 0n0p channel, the energy
peaks in the excitation function are crucial in the result, as
discussed in Sec. VI B. The excitation function in the PHITS
calculation lacks detailed structures and does not differ among
isotopes. Therefore, the ratio of BRs of the 0n0p channels of
PHITS results was aligned with the threshold energy levels
of particle emission for each isotope, inconsistently with the
experimental result.

With a closer examination of the BR of neutron emission
channels, 1n0p channel were underestimated for all isotopes
(though 28Si was measured as the lower limit), and the 2n0p
channel was overestimated for 27Al and 30Si. The discrep-
ancy in neutron emission channels can be attributed to the
distribution of the excitation function and characteristics of
the particle emission process. To investigate the effect of the
latter, the particle emission from each process in the PHITS
calculation was examined in terms of neutron multiplicities.
Figure 12 shows the average multiplicity of neutrons for
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FIG. 10. Comparison of the BR of neutron emission channels
between the experimental results and theoretical calculations. The
experimental results (in red), the PHITS calculation (in blue), and
the MEM calculation using SkO’ (in green) and SGII (in gray-green)
are presented from left to right for each channel. The experimental
results are values listed in Table VIII, including the present and
previous results. The experimental values with upper arrow error bars
represent lower limits. Channels that are not sensitive to the in-beam
activation method and for which no previous measurements exist are
labeled as n/a. The components of the direct and preequilibrium are
represented with shading for PHITS.

FIG. 11. Same as Fig. 10 for charged-particle emission channels.
The experimental results are taken from the values in Tables IX–X.
The BR of the 1n1p channel of μ− + 28Si exceeds the range >8.4(8)
for the experimental value, 17% for PHITS, and 9.91% and 8.50%
for MEM calculation with SkO’ and SGII, respectively.
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FIG. 12. Average multiplicity of neutron emission, calculated
using the xn0p (x = 1, 2, 3) channels. The multiplicities, calculated
using PHITS, for direct and preequilibrium emissions, were repre-
sented by open triangle symbols, whereas those for the evaporation
process were denoted by open square symbols. The sum of these pro-
cesses is indicated using open cross symbols. Experimental results,
listed in Table VIII, are represented by filled symbols. If the absolute
BR of certain channels was not measured, then the multiplicities are
denoted by an upper arrow, indicating a lower limit. The estimated
average multiplicities, evaluated using the experimental values, are
represented with red-cross-filled symbols.

experimental results, estimation based on the experimental
results, and PHITS, calculated with the sum of xn0p (x =
1,2,3) channels weighted by the absolute BR and the emitted
neutron numbers. Only the xn0p channels were adopted here
for comparing with the present result. If the absolute BR of
certain channels was not measured, then the multiplicities are
denoted by an upper arrow, indicating the lower limit. “The
estimated average multiplicities” derived from experimental
values are also denoted by red-cross-filled symbols. The esti-
mated average multiplicity of 28Si was determined by utilizing
the measured neutron multiplicity [49], calculating the contri-
bution from the total xn0p channel of the PHITS calculation.
For other isotopes, the average multiplicity was calculated by
distributing the BR among unmeasured channels until the total
BR of the xn0p channel matched that of PHITS. For example,
the 2n0p and 3n0p channels of 29Si were estimated to have
approximately 10% BR, resulting in a total BR of 0n0p−3n0p
channels of 86.4%, consistent with the total BR calculated by
PHITS. The ambiguity of the distributed BR was included in
the uncertainty. The average multiplicity from the direct and
preequilibrium emissions, calculated during the JQMD, was
represented with open square symbols, whereas that of the
evaporation process, calculated during the GEM, was repre-
sented with open triangle symbols. The summed multiplicity
of these processes is shown with open cross symbols.

Focusing on the neutron multiplicity of PHITS, the di-
rect and preequilibrium emission were relatively constant
across all isotopes, whereas the average multiplicity from
the compound nuclei increased with the neutron excess,
(A − Z )/A. Since the evaporation process is dominant for
multiple neutron emission channels, neutron excess depen-

dence on compound emission leads to a higher probability
of multiple neutron emission with increasing neutron ex-
cess. This neutron multiplicity dependence on the neutron
excess is roughly comparable with both experimental and
estimated values. When comparing the estimated value with
the summed multiplicity of PHITS results for each iso-
tope, PHITS overestimated the average multiplicity for 27Al
and 30Si. Regarding the direct and preequilibrium emission,
the emitted neutron energy distribution has been measured
for natSi in the previous research [48], reporting 19(3)% of
emissions in energies higher than 10 MeV; in contrast, PHITS
obtained a lower percentage of 11%. The underestimation
of high-energy neutron emission was also reported in the
previous measurement of neutron energy spectrum on pal-
ladium isotopes [84]. This underestimation in high-energy
emission indicates that PHITS underestimated the number of
direct and preequilibrium emissions, considering the predomi-
nance of those processes in the high-energy neutron emission.
Assuming the excitation energy remains constant across iso-
topes, the direct and preequilibrium emission probabilities do
not differ among 28,29,30Si and 27Al. Upon this assumption,
the underestimation of direct and preequilibrium emission
for natSi suggests that PHITS consistently underestimated
the preequilibrium emission for 28,29,30Si and 27Al. Given
that preequilibrium emission carries a significant amount of
excitation energy, a lower preequilibrium emission could po-
tentially keep the energy distribution at the beginning of the
evaporation calculation high. This makes an overestimation of
the number of neutrons emitted from the compound nucleus,
consistent with the observed overestimation in 27Al and 30Si.
The impact of the overestimating multiplicity owing to the
lack of the preequilibrium emission became more apparent
when the 2n and 3n channels are more prominent. This could
explain why overestimation of multiplicity was observed in
27Al and 30Si, with larger neutron excess, but not in 28Si.
When the direct and preequilibrium emission increased, the
1n0p channel increased owing to a significant portion of direct
and preequilibrium emission belonging to the 1n0p channel,
as shown in Fig. 10. Additionally, the reduction of higher mul-
tiple neutron emission from the evaporation process further
contributes to enhancing the 1n0p channel. The underesti-
mation of preequilibrium emission may be attributed to low
excitation energy or the property of the JQMD model.

For charged-particle emissions, the calculated BRs are con-
sistent with those of the present results, although there are
a few exceptions. The summed BRs of the proton emission
channels (xn1p, x = 0−4) and that of α emission channels
(xn2p, x = 2, 3, 4) are listed in Table XII. These summed
BRs of PHITS were comparable with the experimental re-
sults. However, by considering an overestimation of the
charged-particle emission on palladium isotopes [1] and the
discrepancy in neutron emission probabilities, improvements
are necessary for PHITS, despite showing consistent values
on the BR of charged-particle emission in the mass region of
aluminum and silicon.

Recently, MEM has been developed to provide a com-
prehensive description of the muon nuclear capture process.
This model calculates nuclear excitation resulting from the
capture process using the second Tamm-Dankoff approxima-
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TABLE XII. Sum of the BRs (in percentage) of charged-particle
emission channels. The sums of the xn1p (x = 0−4) and xn2p (x =
2−4) channels are listed for the measured BRs and BRs calculated
using PHITS and MEM (SkO’ and SGII). The experimental values
cover the channels indicated in the column x.

Expt. Calc.

Channel Target x PHITS SkO’ SGII

27Al 0–2,4 4.97(7) 4.99 – –
xn1p 28Si 0–2 >12.8 (8) 23.9 15.2 12.9
(x = 0−4) 29Si 0, 1 4.5(12) 10.2 – –

30Si 0–2 4.17(43) 5.48 3.32 2.40
27Al 2 0.80(6) 5.54 – –

xn2p 28Si 2–4 >2.4 (5) 7.59 3.51 2.97
(x = 2−4) 29Si 2, 3 2.5(7) 3.20 – –

30Si 2–4 2.11(24) 2.08 1.01 0.72

tion [85,86], with the treatment of 2p-2h model space. In this
study, two effective interactions, SkO’ [87] and SGII [88],
which are often used to describe charge exchange reactions,
were employed. The initial state of the nucleus and the muon
were calculated using the Skyrm-Hartree-Fock method [89],
assuming spherical symmetry and the density functional the-
ory, respectively. Furthermore, the two-body meson-exchange
current was included phenomenologically to introduce a
high-energy component to the excitation function. Particle
emissions from the preequilibrium states were estimated using
a two-component exciton model [90,91], whereas emissions
from the compound states were computed using a Hauser-
Feshbach statistical model [92]. The MEM calculation well
reproduced the energy distribution of emitted particles fol-
lowing muon nuclear capture reaction in high-energy regions
above 5–10 MeV for 28Si and 40Ca [6]. This calculation can
be applied to even-even nuclei, allowing for a comparison of
experimental results and calculations for 28,30Si in this study.

The MEM calculation reproduced the general trend of pre-
dominantly emitting neutrons, particularly the 1n0p channel,
and emitting a smaller amount of charged particles. The order
of the BR for both the total neutron emission and charged-
particle emission channels is also consistent. However, the
absolute BRs of each channel showed discrepancies with the
experimental results. Regarding the neutron emission chan-
nel, the 0n0p channel was underestimated with SkO’ and
overestimated with SGII for both 28,30Si. The 0n0p channel
is sensitive to the energy peak in the excitation energy and
the neutron separation energy. The calculated peak energy
is depends on effective forces, SkO’ and SGII, as shown in
Fig. 6, and therefore the BR significantly depends on the
model utilized in the calculation. Additionally, the MEM
calculation did not consider the pn correlation in the final
state, which could impact the BR of the 0n0p channel, as
discussed in Sec. VI B. The measured absolute BRs of the
charged-particle emission channels exceeded the calculated
values, as listed in Table XII. When comparing the BRs of the
2p channel of μ− + 28Si and the 1p channel of μ− + 30Si, the
MEM calculation predicts a higher BR for channels involving
higher neutron-accompanied charged-particle emissions, such

as the 3n1p channel. However, this fact is inconsistent with the
experimental results. The calculation seems to overestimate
the neutron emission probability accompanied by charged-
particle emission. Given that the high-energy component of
the excitation function influenced the emission of multiple
particles, the inclusion of meson-exchange current could im-
pact these emission channels. Additionally, the neglected
nuclear deformation effect could contribute to discrepancies
in production BRs. While the MEM calculation accurately
reproduces the energy distribution of emitted charged par-
ticles in high-energy regions, a significant discrepancy was
observed in the production BRs. Further model refinement is
necessary to reprocude the experimental results.

D. Evaluating excitation energy

The absolute BR provides information regarding the exci-
tation energy distribution following the muon nuclear capture
reaction. As the primary particle emission results from the
evaporation process, the excitation function can be estimated
from the production BR, using the statistical evaporation
model. The structures of the excitation function of 28,30Si were
estimated based on the results of the current measurement.

The production BR of residual nuclei i, bi, can be expressed
with the excitation function populated by muon nuclear cap-
ture, ω(E∗), as

bi =
∫ ∞

0
Pi(E

∗)ω(E∗)dE∗, (8)

where Pi(E∗) represents the probability of the creation of a
residual nuclei i with a certain excitation energy at E∗. Pi(E∗)
was calculated using the Hauser-Feshbach statistical model
implemented in CCONE [91,93]. The initial angular mo-
mentum distribution of the excitation function was estimated
based on the known average angular momentum distribution,
which was calculated from the spin-parity-dependent level
density. The excitation function ω(E∗) was assumed to be
expressed as a linear combination of the Gaussian function
G(E∗; Ej, σ j ) as

ω(E∗) =
H∑
j

c jG(E∗; Ej, σ j ), (9)

where c j represents the coefficient of each Gaussian function.
Ej , σ j , and H represent the mean energy, standard deviation,
and number of Gaussian functions with different mean ener-
gies, respectively. Substituting Eq. (9) into Eq. (8) results in a
χ2 of the production BR (bi) and experimental production BR
(bexp,i), expressed as

χ2 =
N∑
i

(
bexp,i − ∑H

j c j
∫

Pi(E∗)G(E∗; Ej, σ j )dE∗

	bexp,i

)2

,

(10)
where N represents the number of experimental data and
	bexp,i represents an uncertainty of the experiment. The op-
timum excitation function is determined by deriving c j to
minimize χ2. Bayesian optimization with the Gaussian pro-
cess was employed to deduce the optimum excitation function
while constraining the range of ω(E∗) to avoid unphysical
outcomes, namely ω(E∗) < 0. The radius basis function was
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FIG. 13. Estimated excitation function from the experimentally
measured BR. The red shaded area represents the uncertainty cal-
culated based on the uncertainty in the experimental BRs. The
theoretically calculated excitation function using MEM is repre-
sented by black and blue dotted lines.

utilized as the kernel function, with hyperparameters set at
3 and 1 for length and variance, respectively. H = 20, Ej =
2.5 MeV × j, σ j = 5.0 MeV were adopted. These parameters
were selected to minimize χ2. The total area of the excitation
function was normalized to the sum of experimental BRs.

The experimental data utilized in this study included the
measured production BR of 28,30Si, supplemented by the eval-
uated production BR for 28Si. The decision to incorporate
by the evaluated production BR for 28Si resulted from the
limitations in the measured BR in our study, particularly in the
dominant component (1n0p and 2n0p channels) which could
not be measured with the activation method. Previous studies
involving prompt γ -ray measurement [42], total charged-
particle emission probability [43], and neutron multiplicity
measurement [49] were incorporated into the evaluation pro-
cess, combined with the present result. The estimated values
of BRs were as follows: 50(10)% of 1n0p, 13.5(60)% of 2n0p,
10.8(30)% of 1n1p, 1.5(5)% of 2n1p, 0.5(5)% of 3n2p, and
0.15(3)% of 4n2p channels.

Figure 13(a) and 13(b) show the evaluated excitation func-
tions of 28Si and 30Si, respectively, with the theoretically
calculated excitation function using MEM represented by
black and blue dotted lines. The evaluated excitation functions
based on the experimental data provided insights into the gen-
eral shape of the excitation function, particularly in the region
below approximately 40 MeV, where the estimation by BR is
effective. The average excitation energies of 28Si and 30Si are
16.4(3) and 15.4(5) MeV, respectively, and the distributions
are exponentially decreasing above 35–40 MeV. The evalu-
ated average excitation energies are slightly larger than those
calculated by MEM with SkO’ and SGII, which yield 13.8
and 15.6 for 28Si and 11.1 and 14.7 for 30Si, respectively. At
higher energies, direct and preequilibrium particle emission
mechanisms come into play, so this discussion alone cannot

provide conclusive evidence. The present proposed excitation
functions do not exhibit detailed structures of transition peaks
because the excitation energy information included in the
production BRs is limited by the energy resolution determined
by the gaps between successive threshold energies. Further
inclusion of the experimental results of direct feeding levels,
obtained using the prompt γ -ray measurement in coincidence
with emitted particles, into the evaluation input is expected to
enable providing the peak structures between each threshold
energy. Evaluation of the initial angular momentum distri-
bution and consideration of other observables, such as the
energies of emitted particles, are also necessary. However,
the method of deriving the excitation function from measured
production BR was demonstrated.

VII. SUMMARY AND CONCLUSIONS

The absolute production BRs of residual nuclei follow-
ing muon nuclear capture of 27Al, natSi, and 28,29,30Si were
measured at two pulsed muon beam facilities: RIKEN-RAL
and MLF, J-PARC. The experiments employed the in-beam
activation method, utilizing a plastic scintillator for muon
counting and high-purity germanium detectors for measuring
β-delayed γ rays emitted by the produced nuclei. Absolute
BRs were measured using a countable intensity muon beam
at RAL, and a high-statistic BR measurement using a high-
intensity pulsed muon beam was conducted at J-PARC. The
number of muons irradiating the target was calibrated for
the J-PARC experiment to determine the absolute BRs. The
results for 28,29,30Si were derived through a decomposition
analysis utilizing data from the natSi target.

The measured BRs were discussed, focusing on the exci-
tation function, particle emission mechanism following the
muon nuclear capture reaction, and nuclear properties. The re-
sults revealed that neutron emission without charged-particle
emission was the predominant process for all target isotopes,
with the 1n0p channel demonstrating the highest BR. The
production BRs also suggested an average excitation function
peaking between 10 and 20 MeV, with evidence of excitation
energies exceeding 30 MeV. Comparson of the 0n0p channel
between 27Al and 28,29,30Si revealed a significantly smaller
0n0p channel for 27Al. This trend of higher neutron emission
probabilities in odd-Z nuclei was also found in previous mea-
surements. Small BRs in the 0n0p channel of muon nuclear
capture of odd-Z nuclei were discussed with the evaluation of
the GT strength below the one neutron separation energy, em-
phasizing the importance of considering the final interaction
of proton-neutron pairs for the muon nuclear capture reaction.
This indicates the potential of using muon nuclear capture
as a probe to investigate isovector transitions and nucleon
pairing effects. For the charged-particle emission channels,
the measured BRs for the 0n1p and 2n2p channels decreased
as neutron excess increased. Additionally, the neutron emis-
sion, coupled with charged-particle emissions, demonstrated
an increase with neutron excess, indicating a correlation be-
tween neutron excess and the probability of charged-particle
emission. The observation of BRs for rare particle emission
channels, such as the 4n4p and 6n4p channels, indicated a po-
tential mechanism that enhances the emission of α particles,
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such as cluster structures in the excited state. These results
of the BR of neutron and charged-particle emission channels
indicate that the even-odd effect of neutron and proton num-
bers, as well as neutron excess, influence particle emission
following muon nuclear capture.

The experimental results were compared with previous
measurements and theoretical model calculations. The present
results were generally consistent with previous prompt γ -
ray measurements and direct particle detection experiments.
This study provided the most accurate absolute BR for 27Al,
natSi, and 28,29,30Si. By comparing the 0n0p channel ob-
tained through prompt γ -ray measurements with the results
of this study, over 88% of the 0n0p channel was covered
by the prompt γ -ray measurement either in 27Al and 28Si,
suggesting a few ground-state transitions in the 0n0p chan-
nels. Comparisons with theoretical model calculations using
PHITS and MEM revealed both agreements and discrep-
ancies. PHITS reproduced overall trends but overestimated
neutron multiplicities and the 0n0p channel for some isotopes.
MEM reproduced the general order of BRs for total neutron
and charged-particle emission channels but underestimated
charged-particle emission BRs. Notably, a significant model
dependence was observed, particularly in neutron emission
channels. Even models that accurately reproduced the energy
distribution of neutrons and charged particles struggled to
accurately represent the production BRs. This indicates the
necessity of investigating muon nuclear capture, including
BR measurements. Additionally, a method for estimating the
excitation function from the measured production BR was
proposed utilizing the theoretical model of statistical evapo-
ration emission.

To delve deeper into the origin and characteristics of
observed features of particle emissions, systematic measure-
ments considering the even-odd effect and neutron excess, and
additional experiments, such as direct charged-particle mea-
surement coinciding with neutron measurement, are impera-
tive. The relative ease of measuring production BRs presents

an advantage for conducting systematic measurements. Fur-
ther theoretical refinements are necessary to accurately predict
the observed BRs, which would enhance our comprehensive
understanding of weak response in nuclei and the particle
emission mechanism from the highly excited states.

In conclusion, this study highlights the significance of con-
sidering nuclear structure effects, even-odd effects of neutron
and proton numbers, neutron excess, and different particle
emission mechanisms to effectively model this complex reac-
tion. This study also demonstrated the potential of production
BR measurement in extracting properties of excitation transi-
tions and reaction dynamics of muon nuclear capture.
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