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Measurements of ordinary muon capture rates on 100Mo and natural Mo
for astro-antineutrinos and double-β decays

I. H. Hashim ,* N. N. A. M. A. Ghani, F. Othman, R. Razali , and Z. W. Ng
Department of Physics, Faculty of Science, Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia

H. Ejiri , T. Shima, and D. Tomono
Research Centre for Nuclear Physics, 10-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan

D. Zinatulina, M. Schirchenko , and S. Kazartsev
Joint Institute for Nuclear Research, 6 Joliot-Curie St, 141980 Dubna, Moscow Region, Russia

A. Sato and Y. Kawashima
Department of Physics, Graduate School of Science, Osaka University, Machikaneyama 1-1, Toyonaka, Osaka 564-0043, Japan

K. Ninomiya
Department of Chemistry, Graduate School of Science, Osaka University, Machikaneyama 1-1, Toyonaka, Osaka 564-0043, Japan

K. Takahisa
Department of Radiological Technology, Faculty of Health Sciences, Kobe Tokiwa University,

Otani 2-6-2, Nagata, Kobe, Hyogo 653-0838, Japan

(Received 14 February 2023; revised 25 April 2023; accepted 28 June 2023; published 27 July 2023)

Ordinary muon capture (OMC) rates are valuable for studying the neutrino nuclear responses of astrophysical
antineutrinos and double-β decays (DBDs). Currently, there is interest in experimental studies of the OMC rates
and their mass number (A) dependence for 100Mo and natural Mo. To obtain these rates, a negative muon beam
from the MuSIC facility at the Research Center for Nuclear Physics (RCNP), Osaka University was utilized. The
half-lives of trapped muons were measured by using a muon stopping signal from a scintillation counter and the
time distribution of the OMC nuclear gamma rays and the muon-decay electrons by Ge detectors. The present
measurements yielded OMC rates for enriched and natural molybdenum of �(100Mo) = (7.07 ± 0.32) × 106 s−1

and �(natMo) = (9.66 ± 0.44) × 106 s−1, respectively. The observed OMC rate for 100Mo is approximately 27%
smaller than that for natural Mo due to the blocking effect of the excess neutrons on the proton-to-neutron
transformation in OMC. The present experimental observation is consistent with the Goulard-Primakoff (GP)
and Primakoff (P) empirical equations. The impacts of the present results on the astro-antineutrinos and double-β
decays are discussed.

DOI: 10.1103/PhysRevC.108.014618

I. INTRODUCTION

Neutrinoless double-β (0νββ ) decays and supernova neu-
trinos are currently of interest for studying neutrinos beyond
and within the standard model. They play a crucial role
in investigating neutrino properties and weak interactions
that go beyond the electroweak standard theory. Addition-
ally, they contribute to the understanding of supernova
neutrino/antineutrino nuclear syntheses and nuclear interac-
tions, as discussed in the review papers by Ejiri et al. [1–4]
and references therein.

*Corresponding author: izyan@utm.my; also at National Centre of
Particle Physics, Universiti Malaya, 50603 Kuala Lumpur, Malaysia;
also at UTM-Centre of Industrial and Applied Mathematics, Univer-
siti Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia.

To determine the rates of 0νββ decay (R0ν), it is neces-
sary to calculate the coherent sum of the individual matrix
elements (M0ν

i ) [5]. In the investigation of each intermediate
state (i), researchers are currently exploring two correspond-
ing isospin τ± directions using nuclear, lepton, and photon
probes [1,6]. The τ+ operator represents the proton-to-neutron
transition, acting as the isospin raising operator. On the other
hand, the τ− operator represents the neutron-to-proton transi-
tion and functions as the isospin lowering operator [1].

The neutrino responses for τ− have been investigated
through charge exchange reactions (CER) using (3He, t) to
evaluate the single β− matrix, M(β−) [7,8]. On the other
hand, the τ+ responses are studied through ordinary muon
capture (OMC) reactions and photonuclear reactions via iso-
baric analog states (IAS) [1,3].

OMC is a weak nuclear process involving the exchange
of a charged weak boson, where a negative muon is captured
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on a medium-heavy nucleus A
ZX , resulting in a highly excited

compound nucleus of A
Z−1Y with an excitation energy of up

to 100 MeV, equivalent to the mass of the muon [5]. Sub-
sequently, a muon neutrino is emitted, carrying an energy of
approximately 100–50 MeV [5]. The residual nucleus A

Z−1Y
after OMC remains in the excitation energy range of E =
0–50 MeV and momentum transfer of 100–50 MeV/c [5],
similar to double-β decays (DBDs) and supernova neutrino
interactions.

The τ+ responses in medium-heavy nuclei involving pro-
ton (p) to neutron (n) transformations are sensitive to the
neutron excess caused by the generation of additional neu-
trons. It is worth noting that most DBDs are studied using
isotopes with the highest N − Z . Experimental studies demon-
strate that the OMC rate decreases with increasing mass
number (A) [9–14]. Nuclei with larger N exhibit significantly
lower OMC rates due to the blocking effect of low-energy
p-to-n transitions caused by the excess neutrons in the nuclei.
However, a significant increase in the OMC rate is observed
when the second and higher forbidden transitions are in-
volved [12].

The present study aims to investigate the OMC rates for
100Mo and natMo in order to examine the N − Z dependence
of OMC in Mo isotopes, which are of interest for astro-
antineutrinos [4] and DBDs [1]. The OMC rate associated
with the τ+ response, denoted as �

cap
μ , can be directly eval-

uated through the muon disappearance rate by observing the
electrons resulting from the weak decays of the bound nega-
tive muons in the nucleus as a function of time [11,14]. The
total muon disappearance rate �total

μ is given by

�total
μ = 1

τμ

= �cap
μ + H × �decay (1)

where �
cap
μ indicates the OMC rate, H is the Huff factor,

and the free muon decay rate is given by �decay = (0.455 ±
0.005) × 106 s−1. The Huff factor represents the overlap of
the muon and electron wave functions compared to that in
free muon decay. It takes into account the combined effects
of phase space, time dilation, and the Coulomb force on the
decay products [15]. The decay rate of the free muon is de-
rived from the inverse average muon lifetime, τμ [9,16].

The review article by Measday [14] provides a detailed
discussion of the OMC rates. Additionally, a proton-neutron
emission model (PNEM) has been developed to examine the
overall distribution of final states following the OMC reaction,
as well as the branching ratios of residual radioactive isotopes
(RIs) resulting from OMC [5,17,18]. In this case, the experi-
mental branching ratios of RIs after OMC are compared with
the PNEM output to identify significant giant resonance (GR)
peaks in the reaction.

Furthermore, the universal axial vector reductions from a
single beta matrix M(β−) obtained from CER on 100Mo have
been previously published [1,7,19]. In the present study, we
report, for the first time, experimental investigations of the
OMC rate for 100Mo, which is of interest in the context of
double-β decay (DBD) and astro-antineutrinos. Additionally,
we compare this rate with the OMC rate for natMo to analyze
the dependence of the rates on A or N − Z . Furthermore, we

discuss a comparison with empirical rates and trends from the
Goulard-Primakoff (GP)and Primakoff (P) models based on
experimental OMC rates.

II. METHODOLOGY

The 100Mo target is one of the candidates for supernova
neutrinos and supernova antineutrinos detections [1,4,20–24].
100Mo is an interesting nucleus because of the large neutron
excess N − Z . As the targets, a 255.1 mg cm−2 thick 100Mo
oxide powder with 96.5% enrichment and a 4.1 g cm−2 thick
natMo metallic plate were utilized. The natMo contents 9.74%
of 100Mo, 24.3% of 98Mo, 9.58% of 97Mo, 16.7% of 96Mo,
15.9% of 95Mo, 9.19% of 94Mo, and 14.7% of 92Mo.

The experiment was carried out at Osaka University’s Re-
search Centre for Nuclear Physics (RCNP) with the use of a
0.4 kW proton beam accelerated by a ring cyclotron. Muons
are generated in the MuSIC facility via proton-graphite inter-
actions in the solenoid capture section, according to [25]. The
36◦ muon transport solenoid conveyed the 16 MHz continuous
time structure (i.e., nonpulsed/nonbunched) muon beam to
the beam outlet, where the experimental area was positioned.
The 45–55 MeV c−1 continuous muon beam was focused on
a target 5 cm away from the beam exit (≈104–105 muons/s).
The 100Mo target was irradiated for eight hours, with a total
of 0.35 × 104 muons stopped on the target at 45 MeV c−1. In
contrast, natMo was irradiated for 6.5 hours, with an average
total of 1.3 × 104 muons stopped on the target at 55 MeV c−1.
The probability of muons stopping in 100Mo is about 99%,
while in the degrader (Al) it is about 7%. Consequently, the
small contribution from the degrader to the time spectrum for
100Mo [Fig. 2(a)] is concealed within the background and is
accounted for as part of the systematic error. The probability
of muons stopping in the thick natMo plate is almost 100%
because the degrader is not inserted.

The 3 mm thick Al degrader was applied after the S2
scintillation counter and before target in the 100Mo irradiation
to slow down the incoming negative muons and stop them in
the targets. The expected muon momentum reaching the target
is not so different due to low density of both S2 and the Al
degrader, and the momentum width at MuSIC facility in 2018
is 5%. The degrader was removed during the natMo irradiation.

The experimental setup is illustrated in Fig. 1. When a
negative muon triggers two scintillation counters (S1 and S2)
and there are no signals from the third counter (S3), it indicates
that the muon has been stopped at the Mo target. The start time
signal from S1, S2, and S3 is shown in Fig. 1.

To detect outgoing gamma rays and muonic x rays, we
employed one planar-type and two coaxial end-type high pu-
rity germanium (HPGe) detectors (designated as G1, G2, and
G3). The signals from S1, S2, and S3 were recorded using
three analog-to-digital converter (ADC) channels (ch0, ch1,
and ch2). Nuclear gamma rays with a short lifetime of less
than 1 s were recorded in channels ch3, ch4, and ch5.

For precise time measurements, we used a single-
channel analyzer/time-amplitude converter (SCA/TAC) (OR-
TEC 567) as a time calibrator. This allowed us to measure the
time when negative muons hit S1 and S2, but not S3. The time
information started with the muon stopping event and ended
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FIG. 1. Experimental setup and electronic configuration of muon irradiation on natMo and 100Mo at RCNP, Osaka University’s MuSIC
facility.

when prompt nuclear gamma rays were recorded in G1, G2,
or G3 within a 1 µs time window. The time spectrum of these
events, corresponding to the muon stopping on the target, was
recorded in channel 10.

III. RESULTS AND DISCUSSION

Muons are stopped at the target and trapped in the atom’s
inner orbit, where they either decay into a muon neutrino
and an electron or undergo muon capture on the nucleus,
leading to their disappearance. The initial muon polarization,
which starts at around 60%, undergoes a significant reduction
through the cascade process until the muon reaches the inner
bound orbit. As a consequence, there is almost no muon spin
resonance (µSR) oscillation observed in the time spectra of
the OMC gamma rays. Furthermore, the Ge detectors detect
electrons resulting from the leptonic decay, accounting for
approximately 5% of the events.

The total rate in Eq. (1), which is the inverse of the muon
lifetime, was determined by observing the prompt gamma rays
emitted during the OMC process. It is worth noting that the
time interval between the OMC and the gamma emission is
typically on the order of picoseconds or even shorter, and thus
is neglected.

Figure 2 illustrates the electron time distributions for en-
riched 100Mo and natMo, while the fitting results are listed in
Table I. The oscillating pattern observed in the time spectra
of the OMC gamma rays is considered to be due to the
background oscillation of ±10 counts at around 16 MHz. This
frequency corresponds to the intense protons hitting the pion

(muon) production target. Note that the background oscilla-
tions are hidden in the case of 100Mo.

The muon absolute lifetimes for 100Mo and natMo were
evaluated from the observed time spectra of the electrons
within a 1 µs time window from the muon stop. The measured
decay curves were fitted by N (t ) = NBG + Nμ(t ) exp(−t/τμ),
assuming that the hyperfine effect on molybdenum is very
small [14]. Here, NBG represents the background counts com-
ing from the muon beam production and the transport devices.
Nμ(t ) represents the number of initial isotopes generated at
time t , t represents the measurement time, and τμ represents
the muon absolute lifetime.

FIG. 2. Electron time distributions for (a) 100Mo and (b) natMo.
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TABLE I. Fit results of the 100Mo and natMo (in ch10, 100 MHz
TDC). � refers to the fitting errors, which are mainly statistical
errors.

Isotope τμ (ns) �τμ (ns) Nμ �Nμ NBG �NBG

100Mo 133.4 6.0 3568 142.7 170.2 6.8
natMo 99.1 4.5 13924 542.7 43.3 0.8

Due to the short exposure period and technical disruptions
of the accelerator in the initial phase of data gathering, the
time distributions for 100Mo and natMo exhibit straightfor-
ward exponential decay curves with large statistical variations
throughout the measurement. The fit results in Table I include
a systematic error arising from the gain shift during nonstop
monitoring with low statistics. The quality of the fit is re-
flected on these errors.

The absolute lifetimes for muons in 100Mo and natMo are
τμ(100Mo) = 133.4 ± 6.0 ns and τμ(natMo) = 99.1 ± 4.5 ns.
τμ(100Mo) is greater than τμ(natMo) by a factor of 1.52. The
OMC rates for 100Mo and natMo are evaluated using Eq. (1).
The OMC rates for natMo and 100Mo are derived as (9.66 ±
0.44) × 106 s−1 and (7.07 ± 0.32) × 106 s−1, respectively, as
shown in Table II.

The present value of 9.66 × 106 s−1 agrees with the value
of 9.614 × 106 s−1 by [9] for natMo within the errors. Note
that [9] uses natMo with a weighted mass average of A =
96.14 ± 1.33. In present observations, the OMC rate for
100Mo is smaller than natMo. The decrement of the OMC rate
for different A reflects the N − Z dependence.

The OMC rate by GP is given by

�GP
μ (A, Z ) = Z4

effG1

(
1 + G2

A

2Z
− G3

A − 2Z

2Z

)

− Z4
effG1G4

(
A − Z

2A
+ A − 2Z

8AZ

)
(2)

where G1 = 261, G2 = −0.040, G3 = −0.26, and G4 = 3.24.
Additionally, Primakoff’s empirical formula is given by

�P
μ(A, Z ) = Z4

eff X1

(
1 − X2

A − Z

2A

)
(3)

where X1 = 170 s−1 and X2 = 3.125. The empirical GP for-
mula adequately reflects the OMC rate for all nuclei with
specified A and Z . This formula is an extension of the P
empirical formula, with a modification that accounts for the
Pauli exclusion principle in medium-heavy nuclei. The rec-
ommended discrepancy between the GP and P empirical
formulas for individual isotopes is set to be around 10% [21].

TABLE II. Comparison of OMC rates for Mo nuclei reported
by [9] (in column 2), and the present experiment in column 3.

Isotopes �cap
μ × 106 s−1 [9] �cap

μ × 106 s−1 (this work)

natMo 9.614 ± 0.15 9.66 ± 0.44
100Mo 7.07 ± 0.32

FIG. 3. Calculated and experimental OMC rates as a function of
A for all Mo isotopes. The weighted average of the mass number
for natMo is 96.14 ± 0.20. The weighted average for 100Mo is 99.8
and the deviation from 100 is less than 0.15. A small difference is
observed in the low A region between GP and P values.

Figure 3 illustrates the overall calculations using the GP
and P empirical formulas for molybdenum isotopes with 92 �
A � 100. The present experimental data obtained from the
above evaluation and the experimental data reported in [9]
are included for comparison. Both empirical equations show
decreasing trends for Mo isotopes as the mass number A
increases. The GP and P values are slightly deflected at low
A due to the inclusion of higher-order Pauli corrections for
heavy elements in the GP empirical formula.

In the present work, the experimental data agree with both
the GP and P empirical values. The present OMC rates for
natMo and 100Mo are within 10% errors of GP and P values,
where the OMC rate for A = 100 is 27% lower than that for
A = 96. The experimental rate for natMo from [9] yields a
much lower value (around 9%) than the GP and P values.
The OMC rate for present natMo and from [9] is very close
to the GP and P empirical values. However, the current 100Mo
provides a greater departure from the empirical values. This
finding suggests that the empirical GP and P formulations
do not properly account for the isotope effect at very large
N − Z [9,14].

DBD nuclei of current interest are 76Ge, 96Zr, 100Mo,
116Cd, 130Te, 136Xe, and 150Nd. All of them have the large
neutron excess, �N ≈ 4–5, more than the average N of the
same isotopes (same Z). Thus, their OMC rates and the τ+ re-
sponses are considered to be much reduced due to the neutron
excess. This has a substantial impact on OMC rates for DBD
nuclei.

On a variety of compound and enriched nuclei, OMC rates
have been measured using either electron decays or neutron
decays [9,11,14]. The electron decays and the neutron decays
for OMC rates have shown relatively consistent results. Ref-
erences [11,14] reported the present OMC rates vary from
450 to 12.6 × 106 s−1, with an increment of A resulting in
significantly lower OMC rates. Further analysis of Ca iso-
tope using random phase approximation (RPA) [26] shows
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that the N excess has a considerable impact on the OMC
rate. In this case, the N ≈ Z isotopes have a consistently
higher OMC rate than the neutron surplus nucleus. Similarly,
neutron excess in a medium-heavy nucleus reduces β+ and
antineutrino responses by inhibiting 1+ Gamow-Teller (GT)
excitations [14,17,27]. Additional research into the N − Z
dependence for the strength distributions will be fascinating to
better understand the neutrino nuclear responses using OMC
processes.

Experimental strength distributions from OMC experi-
ments are currently under development using PNEM for DBD
nuclei and available OMC data [9,11,14,28]. This work was
further used for the evaluation of the axial vector coupling
constant gA in comparison to 100Mo capture strength using
the proton-neutron quasiparticle random-phase approximation
(pn-QRPA) in [29]. Here, the main contribution is due to
the low spin states of 0+, 1±, and 2± with about 10% to
15% coming from higher spin states. Furthermore, the ef-
fective axial vector coupling constant of geff

A � 1 has been
shown to reproduce well the observed rates for natMo and
100Mo in the standard random-phase approximation (SRPA)
and the QRPA [21,27], and pn-QRPA calculations in [30].
Our OMC rates for 100Mo and natMo are within 5% different
from the SRPA/QRPA [21,27]. The pn-QRPA by [30], which
predicts well the observed OMC rate, uses the Foldy-Walecka
formalism with additional theoretical frameworks to high-
light the effect of nuclear structure on weak lepton-nucleus
interactions. On the other hand, the pn-QRPA theoretical cal-
culation using the Morita-Fujii formalism [29,31,32] gives
much higher OMC rates.

Based on comparisons with numerous experimental data
and the recent theoretical model calculations, the values for
the effective axial vector coupling constant geff

A are around
0.5 [29,33] and 1.0–1.27 [21,30]. The extraction of the τ+
responses from the muon capture strength could aid in deter-
mining the best geff

A to use in reproducing the absolute capture
strength and understanding the M0ν .

IV. CONCLUDING REMARKS

OMC on the nucleus is a weak semileptonic process that
can be used to explore neutrino nuclear responses impor-
tant for DBD and astro-antineutrino nuclear responses. It can

provide information on the τ+ responses associated with the
DBD nuclear matrix element (NME) intermediate states. The
τ+ responses describe the overall final state distribution fol-
lowing the muon capture procedure.

The experimental OMC rates for 100Mo and natMo are
determined by examining the time spectra of the electron
decaying from the trapped muon. The OMC rate for 100Mo
is 27% lower than the rate for natMo, with the effective A
around 96 due to the blocking effect of the surplus neutrons
in 100Mo. The present experiment show, for the first time, a
significant reduction in the OMC rate for the DBD nucleus
of 100Mo with N − Z = 16 compared to the rate for natMo
with A ≈ 96 and N − Z = 12. This N − Z dependence is
consistent with the general N − Z dependence observed in
other nuclei [9,26] and supports the phenomenological OMC
rate as a function of N − Z proposed by Primakoff [34].
This demonstrates that some gA quenching was detected in
nuclear structural effects on the OMC process. Using this
suggested geff

A range, the neutrino nuclear response (square of
absolute NME) for DBD nuclei can, on the other hand, be
calculated using the pn-QRPA theoretical calculation, which
is also being done at Jyvaskyla [31,32]. The absolute and
relative OMC rates as a function of excitation energy may
aid theories in evaluating 0νββ NMEs and astro-antineutrino
synthesis/interaction NMEs. The Ordinary Muon Capture for
Double Beta Decay (OMC4DBD/MONUMENT) Collabora-
tion is conducting extensive experimental programs on OMCs
to study nuclear responses for DBD neutrinos and supernova
neutrinos at the RCNP in Osaka, Japan, and the Paul Scherrer
Institute (PSI) in Zurich. There is a plan for remeasuring the
mass-number distribution of RIs from OMC on 100Mo at PSI
to check the possibility of extracting the partial OMC rates.
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