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IBD and SBD (EM, weak and nuclear probe) 
- investigate the neutrino nuclear responses
- simpler way to understand nuclear structure 
- each probe type investigates different region 
of interest for nuclear structure studies.

DBD (2νββ or 0νββ) 
- observation of nuclear matrix element 
- extracting the absolute mass of neutrino. 

Experiments aim to investigate 
the fundamental properties of 
neutrinos:
i. Double beta decays (DBD)
ii. Single Beta decay (SBD)
iii. Inverse beta decay (IBD)



Nuclear & lepton (µ) CERs for CC and 
astro-n and anti-n responses 

• Nuclear and µ CERs cover the large energy (E) & 
momentum (p) regions as DBD & astro-n.
• P = 100-50 MeV/c
• E = 0-50 MeV

• Nuclear CER such as (3He,t) reaction is dedicated for b- side 
n.

• Lepton (µ) CER like (µ,nµ) reaction is dedicated for b+ side 
anti-n . 

• These reactions are CCs associated with DBD n-exchange 
responses, and with astro n and anti-n responses
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Muon CER (µ, nµ, xng) 
E+P~100 MeV/c  E = 5-50 MeV,  P = 95-50 MeV 

• Muon have high momentum transfer due to its mass compare 
to an electron.

• Upon emission of highly energetic nµ , the remaining nuclei 
tends to possess certain excitation energy which initiates 
cascade reaction.
• Proves by charged particle and neutron emission in light 

nuclei.
• Mostly neutron emission in medium-heavy nuclei.

• The muon capture strength distribution B(µ,E) from the 
remaining excitation energy carries information about 
nucleonic and non-nucleonic correlations similar to the NME.
• Collaboration with the theory group, Prof. J. Suhonen and 

Dr L. Jokiniemi.
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UTM-RCNP-JINR joint project Established in September 2018.

WEST EXPERIMENTAL HALL:
Type of particle proton
Beam energy 400 MeV
Beam intensity 1 μA
BEAM LINE: MuSIC
BEAM REQUIREMENTS: 
Type of particle muon
Muon momentum 45-55 MeV/c 
Beam intensity 1 μA

FIRST JOINT PROGRAM @ RCNP (FEB 2018)

Study of the neutrino nuclear response by the Ordinary Muon Capture (OMC) on various 
double beta decays (DBDs) nuclei.Aim:

SECOND JOINT PROGRAM @ PSI (OCT 2019)

SµS FACILITY:
Type of particle proton
Beam energy 400 MeV
Beam intensity 1 μA
BEAM LINE: µ E1
BEAM REQUIREMENTS: 
Type of particle muon
Muon momentum 28 MeV/c 
Beam intensity 1 μA

Spokesperson: I.H.Hashim (UTM), H.Ejiri (RCNP), D.Zinatulina (JINR)



E489 Experiment @ RCNP status
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• Primakoff estimates 100Mo lifetime is larger than NatMo. by a factor 130/100 = 1.3 (ours is about a factor of 144/95.5 = 
1.5).

• Both experimental observation shows greater capture rate value compare to the one reported in Primakoff’s.
• Repetitive measurement will be done @PSI soon.



Experiment @ µE1 PSI status

Target
PSI experiment PNEM estimation

event N(RI) event Percentage 
(%)

24Mg (µ,0n) 2.89 x 1011 (µ,0n) 0.06
(µ,1n) (µ,1n) 0.66

(µ,2n1p) (µ,2n1p) 0.25
(µ,3n1p) (µ,3n1p) 0.04
(µ,4n1p) (µ,4n1p) 0.01
(µ,5n) (µ,5n) <0.01

82Kr (µ,0n) 5.39 x 107 (µ,0n) 0.13
(µ,1n) (µ,1n) 0.6

(µ,2n1p) (µ,2n1p) 0.2
(µ,3n1p) (µ,3n1p) 0.09
(µ,4n1p) (µ,4n1p) 0.06
(µ,5n) (µ,5n) <0.01

130Xe (µ,0n) 1.54 x 107 (µ,0n) 0.12
(µ,1n) (µ,1n) 0.55

(µ,2n1p) (µ,2n1p) 0.23
(µ,3n1p) (µ,3n1p) 0.1
(µ,4n1p) (µ,4n1p) 0.04
(µ,5n) (µ,5n) 0.01



1.1 Measurement of short-lived and 
delayed RI g-rays

Nuclear matrix 
element (NME) 

for DBD

2.0 Proton and neutron emission model

Exp. data give the RIs production rate of the 
final nuclei after neutron and proton emission. 

Reproduces the Ris production 
rate distribution
• Adjust the PEQ and EQ 

neutron emission process
• Adjust the probability of 

neutron and proton 
emission 

• Provides µ capture strength 
100Nb after muon capture

Absolute capture strength

1.0 Muon Irradiation experiment

muonic X-ray, electrons, 
prompt g-rays, short-lived 
and delayed g-rays

Ge 
Det.

µ beam

100Mo + µ- èNb*+nµ+xn

Nb*+b-+ne + g

100Nb 100Mo

µ-
b,g

E0

nµ

99Zr

98Nb

99Nb

3.0 pn-QRPA calculation
Reproduces the µ capture strength from experiment 
using pn-QRPA.
• Adjust the pn-QRPA with gA , gp and gA/gp ratio can 

reproduce the µ capture strength.

1.2 Measurement of partial capture rates

λT= 1/τ = λC + Hλfree

Exp. data give the gamma emission spectrum 
from bound states. Obtain the partial capture 
rates and calculate the total capture rate for 
improvise the gA and gp parameter from pn-
QRPA calculation.

Output 2: Muon Capture StrengthOutput 1: RI Production Rates
compare

compare
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Table 1
Axial-vector contribution to the total capture rate (WA( Jπf )/W ( Jπf )) to final states 
Jπf = 1±, 2± for different values of gA(0). The values are calculated using pseu-
doscalar strength gP(0) = 7.0.

gA(0) Final-state multipole Jπf
1+ 2+ 1− 2−

0.6 0.65 0.22 0.26 0.66
0.8 0.72 0.32 0.36 0.74
1.0 0.77 0.40 0.45 0.79
1.27 0.82 0.49 0.54 0.83

Fig. 4. Comparison of different relative (in per cents) muon-capture-rate distribu-
tions: theoretical capture rates to Jπf = 0+, 1±, 2± states, and to all possible states, 
compared with the experimental strength distribution. The theoretical rates were 
computed with parameter values gA(0) = 0.8 and gP(0) = 7.0. The original energy-
binned distributions are smeared by a Lorentzian folding function for clearer pre-
sentation.

that the OMC to 1+ and 2− states is mostly axial and very similar 
for both multipoles. The capture rate for the 1− and 2+ states is 
mostly vector with a similar ratio for both multipoles.

In Fig. 4 we plot the theoretical and experimental relative 
capture-rate distributions against each other. The distributions are 
smeared by a Lorentzian folding function for easier comparison 
of the different distributions. Here the experimental giant reso-
nances GR1 at around 12 MeV and GR2 at around 30 MeV were 
derived from the OMC residual-isotope distributions using the neu-
tron equilibrium-emission and pre-equilibrium-emission models as 
given in [33,40]. There are two different theoretical capture-rate 
distributions, one including the transitions to the lowest multipole 
( Jπf = 0+, 1±, 2±) states and the other containing transitions to 
all multipole states. We notice that the overall features of all the 
relative rate distributions are similar: there is a strong peak, GR1, 
around 10 − 12.5 MeV and tails on both sides. However, the ex-
perimental distribution is a bit more spread to higher energies as 
compared to the theoretical distributions, containing also the GR2 
bump. Here it should be noted that the strength at around 30 MeV, 
which is analyzed in terms of the second giant resonance GR2, 
includes some experimental and analysis uncertainties, and thus 
requires further studies to confirm the amount of the high-energy 
strength. It is interesting to note that the experimental rates are 
spread beyond 30 MeV, suggesting some spread of GR strengths 
with higher multipoles of J± with J ≥ 3 and n (radial node) ≥ 2. 
Similar effect was observed beyond the SD GR region (30 MeV) 
in case of (3He,t) charge exchange reactions [3]. Also, in the theo-
retical distributions, there is a satellite (consisting mainly of tran-
sitions to Jπf = 1+, 2+ states) that is absent in the experimental 
distribution or shifted to higher energy. There are no notable dif-
ferences between the two theoretical distributions.

In Table 2 we present the total OMC rates obtained by using 
different values for gA(0) and gP(0). If we compare the computed 
values with the total capture rate W = 7.7 × 106 1/s evaluated 

Table 2
Total rates of muon capture by 100Mo for different values of the pseudoscalar and 
axial-vector strengths gP(0) and gA(0). The rates are expressed in units of 106/s.

gA(0) gP(0) = 0 gP(0) = 7 gP(0) = 10

W (0+,1±,2±) W tot W (0+,1±,2±) W tot W (0+,1±,2±) W tot

0.6 11.8 13.8 10.8 12.4 10.7 12.2
0.8 17.0 20.2 15.7 18.3 15.3 17.7
1.0 23.9 28.4 28.0 31.9 21.2 24.8
1.27 34.8 41.7 32.2 38.2 31.3 37.0

Fig. 5. The relative OMC-rate distributions using two different parameter sets: 
gA(0) = 0.6 and gP(0) = 10, and gA(0) = 1.27 and gP(0) = 0. The distributions are 
smeared by a Lorentzian folding function.

by using the Primakoff approximation (see Eq. (4.53) of the re-
view article [12]), we notice that the Primakoff value is smaller 
than the theoretical rates. Increasing the value of gP(0) or de-
creasing the value of gA(0) decreases the theoretical total capture 
rate, and the closest value to the Primakoff value is achieved by 
using gA(0) = 0.6 and gP(0) = 10, leading to gP(0)/gA(0) = 16.7, 
much larger than the PCAC value of 7.0. It is evident from the ta-
ble that the total rate is quite insensitive to the value of gP(0) and 
not too much can be said about the value of gP(0) based on the 
total OMC rates. The differences between the computed and Pri-
makoff total OMC rates are partly related to the higher average 
energy (smaller phase space) of the experimental OMC strength 
function and partly to the possible quenching of the effective weak 
couplings gA(0) and gP(0). Comparison of the computed and Pri-
makoff total capture rates suggests a strongly quenched effective 
value of gA(0) ≈ 0.5, which is in accord with the results of many 
earlier β-decay studies (see e.g. [58–62]). From Table 2 one can 
also see that a decrease of gA(0) by a factor of 2 results in re-
duction of the rate by a factor of 3, not by a factor of 4, due to 
the vector components, as in the case of 0νββ NMEs [3,23,63]. It 
should also be noted that the considered variation in the values of 
gA(0) and gP(0) does not affect noticeably the shape of the com-
puted capture-rate distribution as visible in Fig. 5 where we plot 
the Lorentzian folding of the total rate distributions computed for 
parameter-value pairs of gA = 0.6 and gP = 10, and gA = 1.27 and 
gP = 0.

In this Letter we show for the first time a direct comparison 
between the experimental and computed distributions of muon-
capture rates to low-multipole Jπf states in a daughter nucleus. 
The presently discussed case is the ordinary muon capture (OMC) 
on the 0+ ground state of 100Mo leading to Jπf = 0+, 1±, 2± states 
in 100Nb. The experimental distribution and the OMC giant reso-
nance are based on the recent measurement of the γ rays in the 
residual ions produced by the OMC. The computations were per-
formed using the Morita-Fujii formalism of the OMC and treating 
the involved nuclear matrix elements by using the proton-neutron 
quasiparticle random-phase approximation with two-nucleon in-

Output 1: Muon Capture Strength

Output 2: 
Valuable gA
and gp value 
for NME

Repeat experiment with 
other nuclei to understand 
the effect of
1. GR peak in µ capture 

strength, 
2. gA and gp parameter
on nuclear structure.

(Daniya’s talk)



Muon Capture Isotope Detection/Production 
(MuCID) - J. Phys. Soc. Japan, 82 (2013) 044202

1. H. Ejiri, I. H. Hashim, et al. J. Phys. Soc. Japan, 82 (2013) 
044202. 

2. I.H. Hashim, H. Ejiri, AAPPS 63ed. (2019) June

• MuCID/MuCIP is a reliable method 
in producing radioisotopes (RIs) 
with 𝑋!"#$"% where x = 0,1,2…5 
especially for environmental and 
biomedical applications.
• Other method using (n,g) and (g,n) 

reactions are complimentary 
methods.

N Z

µ GR
g GR

g
W



Muon capture for neutrino nuclear and astro-n response 
- PRC 97 (2018) 014617 

B1(µ,E)=12.5 MeV

B2(µ,E) = 30 MeV

N(RI) = 4 x 109 events
Y(g) = 10 6 events



Pinning down the strength function for ordinary muon capture on 
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Fig. 1. Muon-capture-rate distribution (OMC strength function) including transitions 
to Jπf = 0+, 1±, 2± states. The horizontal axis shows the excitation energy in the 
100Nb nucleus. Here a 2.5 MeV binning in energy is used in order to match the 
energy binning used in the experimental data analysis. Parameter values gA(0) = 0.8
and gP(0) = 7.0 were adopted in the calculations.

light, medium-heavy and heavy nuclei (see e.g. [19,20,31] and the 
review [32]) where renormalized values of gA and gP, breaking the 
Goldberger-Treiman PCAC relation, were recorded.

In the numerical computations we used no-core single-particle 
bases for both protons and neutrons. The bases contained all or-
bitals up to the 0i − 1g oscillator shell, i.e. 7 full oscillator shells 
(see [38]). This single-particle basis is thus able to catch nh̄ω
excitations for n ≤ 6. The corresponding single-particle energies 
were obtained using the Woods-Saxon (WS) potential with the 
parametrization of [51], suitable for nuclei which lie close to the 
β-decay stability line, like 100Mo. Some adjustments of the WS 
single-particle energies were made near the corresponding Fermi 
surfaces in order to improve the quality of the one-quasiparticle 
spectra. These details were addressed in our paper [52] and the 
reader is referred to it for further information.

The nuclear Hamiltonian was obtained from the Bonn-A one-
boson-exchange potential introduced in [53]. The BCS pairing gaps 
are adjusted to the phenomenological pairing gaps by adjustable 
pairing strengths for protons and neutrons in a way described in 
[38] where isovector spin-multipole giant resonances were treated 
in the same formalism.

The wave functions and energies of the complete set of Jπf
multipole states are obtained by performing a pnQRPA diagonal-
ization in the unperturbed basis of quasiproton-quasineutron pairs 
coupled to Jπf (see, e.g., [1,54–56]. All the particle-hole G-matrix 
elements are multiplied by a factor gph the value of which is ad-
justed to the centroid of the Gamow-Teller giant resonance in the 
nucleus 100Tc. The isoscalar (T = 0) and isovector (T = 1) parts of 
the particle-particle G-matrix elements are multiplied by factors 
gT =0

pp and gT =1
pp that are adjusted according to isospin-symmetry 

restoration scheme introduced in [57] as explained in detail in the 
double-β-decay paper [52].

The capture rates for the transitions µ− + 100Mo(0+
gs) → νµ +

100Nb( Jπf ) were computed for all multipole states Jπf and the data 
applies to multipole states Jπf = 0+, 1±, 2± . In the present calcula-
tions we have varied independently the values of the axial-vector 
coupling gA(0) and the induced pseudoscalar coupling gP(0) and 
keep the CVC value gV(0) = 1.00 of the vector coupling. Further-
more, we have varied these parameters in the ranges of gA(0) =
0.6 − 1.27 (this is a reasonable range as discussed in the review 
[41]) and gP(0) = 0 − 10 in order to see how they affect the total 
capture rate and the structure of the OMC strength function.

In Fig. 1 we present the OMC rate distribution (OMC strength 
function) of transitions to the lowest multipole states Jπf =

Fig. 2. The same as in Fig. 1 but with the transitions to the rest of the possible 
multipole final states Jπf added.

Fig. 3. The same as in Fig. 1 but for multipole states Jπf = 3±,4± .

0+, 1+, 2+, 1− and 2− . We notice that transitions to Jπf = 1−, 2− , 
which are 1h̄ω excitations, have the highest capture rates and that 
these multipoles are the ones that are primarily responsible of the 
OMC giant resonance at around 12 MeV of excitation. The OMC to 
multipole states 1+ and 2+ forms a satellite resonance at around 
7 MeV. These are 0h̄ω excitations, together with the low-lying 0+

strength. The higher-lying 0+ , 1+ and 2+ strength, beyond some 
20 MeV, stems from 2h̄ω excitations and the 1− and 2− strength 
in this high-excitation region stems from 3h̄ω excitations. It should 
be noted that the (p,n)-type charge-exchange 1+ Gamow-Teller gi-
ant resonance is quite strong and peaked but here this resonance is 
diluted since OMC is an (n,p) type of charge-exchange mechanism 
where for medium-heavy and heavy nuclei the relative locations 
of the proton and neutron Fermi surfaces hinder 0h̄ω excitations.

In Fig. 2 we present the total OMC rate to all multipoles. We 
separate the total capture rates to two parts: strength contain-
ing either the lowest-multipole ( Jπf = 0+, 1±, 2±) states or the 
higher-multipole states. We notice that approximately 80 − 90% of 
the total capture rate consists of transitions to the lowest multi-
poles, and the rest 10 − 20% comes from the transitions to higher 
multipoles. The contributions of some of the leading higher mul-
tipoles ( Jπf = 3±, 4±) are presented in Fig. 3. It can be seen that 
the overwhelming contribution comes from the 0h̄ω and 2h̄ω 3+

multipole, the 1h̄ω 3− and 4− contributions being the sub-leading 
ones. The 4+ contribution is negligible.

In Table 1 we show the ratio WA( Jπf )/W ( Jπf ), where WA( Jπf )

contains only the axial part of the total capture rate W ( Jπf ) to the 
multipole states Jπf . The OMC rate to 0+ states is purely vector 
and is not displayed in the table. From the table one sees that 
the axial contribution increases with increasing value of gA(0) and 
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Table 1
Axial-vector contribution to the total capture rate (WA( Jπf )/W ( Jπf )) to final states 
Jπf = 1±, 2± for different values of gA(0). The values are calculated using pseu-
doscalar strength gP(0) = 7.0.

gA(0) Final-state multipole Jπf
1+ 2+ 1− 2−

0.6 0.65 0.22 0.26 0.66
0.8 0.72 0.32 0.36 0.74
1.0 0.77 0.40 0.45 0.79
1.27 0.82 0.49 0.54 0.83

Fig. 4. Comparison of different relative (in per cents) muon-capture-rate distribu-
tions: theoretical capture rates to Jπf = 0+, 1±, 2± states, and to all possible states, 
compared with the experimental strength distribution. The theoretical rates were 
computed with parameter values gA(0) = 0.8 and gP(0) = 7.0. The original energy-
binned distributions are smeared by a Lorentzian folding function for clearer pre-
sentation.

that the OMC to 1+ and 2− states is mostly axial and very similar 
for both multipoles. The capture rate for the 1− and 2+ states is 
mostly vector with a similar ratio for both multipoles.

In Fig. 4 we plot the theoretical and experimental relative 
capture-rate distributions against each other. The distributions are 
smeared by a Lorentzian folding function for easier comparison 
of the different distributions. Here the experimental giant reso-
nances GR1 at around 12 MeV and GR2 at around 30 MeV were 
derived from the OMC residual-isotope distributions using the neu-
tron equilibrium-emission and pre-equilibrium-emission models as 
given in [33,40]. There are two different theoretical capture-rate 
distributions, one including the transitions to the lowest multipole 
( Jπf = 0+, 1±, 2±) states and the other containing transitions to 
all multipole states. We notice that the overall features of all the 
relative rate distributions are similar: there is a strong peak, GR1, 
around 10 − 12.5 MeV and tails on both sides. However, the ex-
perimental distribution is a bit more spread to higher energies as 
compared to the theoretical distributions, containing also the GR2 
bump. Here it should be noted that the strength at around 30 MeV, 
which is analyzed in terms of the second giant resonance GR2, 
includes some experimental and analysis uncertainties, and thus 
requires further studies to confirm the amount of the high-energy 
strength. It is interesting to note that the experimental rates are 
spread beyond 30 MeV, suggesting some spread of GR strengths 
with higher multipoles of J± with J ≥ 3 and n (radial node) ≥ 2. 
Similar effect was observed beyond the SD GR region (30 MeV) 
in case of (3He,t) charge exchange reactions [3]. Also, in the theo-
retical distributions, there is a satellite (consisting mainly of tran-
sitions to Jπf = 1+, 2+ states) that is absent in the experimental 
distribution or shifted to higher energy. There are no notable dif-
ferences between the two theoretical distributions.

In Table 2 we present the total OMC rates obtained by using 
different values for gA(0) and gP(0). If we compare the computed 
values with the total capture rate W = 7.7 × 106 1/s evaluated 

Table 2
Total rates of muon capture by 100Mo for different values of the pseudoscalar and 
axial-vector strengths gP(0) and gA(0). The rates are expressed in units of 106/s.

gA(0) gP(0) = 0 gP(0) = 7 gP(0) = 10

W (0+,1±,2±) W tot W (0+,1±,2±) W tot W (0+,1±,2±) W tot

0.6 11.8 13.8 10.8 12.4 10.7 12.2
0.8 17.0 20.2 15.7 18.3 15.3 17.7
1.0 23.9 28.4 28.0 31.9 21.2 24.8
1.27 34.8 41.7 32.2 38.2 31.3 37.0

Fig. 5. The relative OMC-rate distributions using two different parameter sets: 
gA(0) = 0.6 and gP(0) = 10, and gA(0) = 1.27 and gP(0) = 0. The distributions are 
smeared by a Lorentzian folding function.

by using the Primakoff approximation (see Eq. (4.53) of the re-
view article [12]), we notice that the Primakoff value is smaller 
than the theoretical rates. Increasing the value of gP(0) or de-
creasing the value of gA(0) decreases the theoretical total capture 
rate, and the closest value to the Primakoff value is achieved by 
using gA(0) = 0.6 and gP(0) = 10, leading to gP(0)/gA(0) = 16.7, 
much larger than the PCAC value of 7.0. It is evident from the ta-
ble that the total rate is quite insensitive to the value of gP(0) and 
not too much can be said about the value of gP(0) based on the 
total OMC rates. The differences between the computed and Pri-
makoff total OMC rates are partly related to the higher average 
energy (smaller phase space) of the experimental OMC strength 
function and partly to the possible quenching of the effective weak 
couplings gA(0) and gP(0). Comparison of the computed and Pri-
makoff total capture rates suggests a strongly quenched effective 
value of gA(0) ≈ 0.5, which is in accord with the results of many 
earlier β-decay studies (see e.g. [58–62]). From Table 2 one can 
also see that a decrease of gA(0) by a factor of 2 results in re-
duction of the rate by a factor of 3, not by a factor of 4, due to 
the vector components, as in the case of 0νββ NMEs [3,23,63]. It 
should also be noted that the considered variation in the values of 
gA(0) and gP(0) does not affect noticeably the shape of the com-
puted capture-rate distribution as visible in Fig. 5 where we plot 
the Lorentzian folding of the total rate distributions computed for 
parameter-value pairs of gA = 0.6 and gP = 10, and gA = 1.27 and 
gP = 0.

In this Letter we show for the first time a direct comparison 
between the experimental and computed distributions of muon-
capture rates to low-multipole Jπf states in a daughter nucleus. 
The presently discussed case is the ordinary muon capture (OMC) 
on the 0+ ground state of 100Mo leading to Jπf = 0+, 1±, 2± states 
in 100Nb. The experimental distribution and the OMC giant reso-
nance are based on the recent measurement of the γ rays in the 
residual ions produced by the OMC. The computations were per-
formed using the Morita-Fujii formalism of the OMC and treating 
the involved nuclear matrix elements by using the proton-neutron 
quasiparticle random-phase approximation with two-nucleon in-

Approximately 80 − 90% of the total capture rate consists of transitions to the 
lowest multi- poles, and the rest 10 − 20% comes from the transitions to higher 
multipoles. 

There is a strong peak, GR1, around 10 − 12.5 MeV and tails on both sides, but 
experimentally we observed the evidence of GR2 around 30 MeV.

Exp. summed strength and NME S(µ) = ∫B(µ,E) dE = 0.146±0.03, thus M(µ) = 
S(µ)1/2 = 0.38 ±0.04.

The Primakoff’s value is smaller than the theoretical rates, thus L. Jokiniemi
S(µ) suggests a quenched gA

eff ~ 0.5 
taking µ-renormalization, kNM = gAeff /gA~0.4)

L. Jokiniemi, J. Suhonen, H.Ejiri, I.H. Hashim, F.Othman, Private comm, Muon 
Workshop 2018.
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Fig. 3. RI mass distribution from experimental observations and calculations for neutron and proton emission events after muon capture on (a) 100Mo, (b) 107Pd, (c) 108Pd (d)
127I and (e) 209Bi.

Table 5
RIs produced by OMC on 209Bi. Columns 1 and 2 show the reactions and the RIs.
Columns 3 and 4 gives the experimental results and the calculations.
Reaction Final N Experimental This model
209Bi(�,0n) 209Pb 3 ± 1 [13] 7 ± 3
209Bi(�,1n) 208Pb 46 ± 4 [13] 54.6 ± 7
209Bi(�,2n) 207Pb 30 ± 3 [13] 21.4 ± 5
209Bi(�,3n) 206Pb 10 ± 3 [13] 10.7 ± 3
209Bi(�,4n) 205Pb 5 ± 1 [13] 2.7 ± 2
209Bi(�,5n) 204Pb 1 ± 1 [13] 1.2 ± 1
209Bi(�,1p) 208Tl 0 [13] 0
209Bi(�,1n1p) 207Tl 0 [13] 0
209Bi(�,2n1p) 206Tl 0 [13] 0
209Bi(�,3n1p) 205Tl 0 [13] 0.98 ± 5
209Bi(�,4n1p) 204Tl 0 [13] 0.13 ± 5
209Bi(�,5n1p) 203Tl 0 [13] 0.25 ± 6

Total, ⌃(%) 95.2 98.9

on the assumption that the excitation binning is by �E = 1 and if the1

value of Bn ˘ Bp the calculation always favor to the neutron emission2

event.3

From the comparison, the pattern of the GR1 excitation region4

corresponds to the energy window for the 1 neutron emission since5

the energy, EG1 ˘ 10–18 MeV, is just above the 1 neutron threshold 6

(binding) energy and below the 2 neutrons threshold energy. The GR2 7

excitation region corresponds to the energy window for the 3 and 4 8

neutron emission populations at ˘25–45 MeV. The parameters of EG1 9

and EG2 as a function of A are EG1 = 30 ù A*1_5
MeV and EG2 = 10

75 ù A*1_5
MeV, where the A*1_5 dependence follow the general A 11

dependence of the photon capture GRs [22]. 12

4. RI productions by OMC on NatMo 13

Muon capture reactions on a natural Mo target were measured to 14

demonstrate the feasibility of MuCIP at the MuSIC beamline at RCNP, 15

Osaka University. The pions were produced by the 400 MeV proton 16

beam with 1 �A from the RCNP ring cyclotron. Then, the MuSIC 17

transports the low-momentum negative muons to the beam exit where 18

the OMC target was placed about 10 cm from it. The muons were 19

stopped at the natural Mo target made of 4 Mo plates, each with 0.5 ù 5 20

ù 5 cm3. The isotopic abundance ratios of the targets are 92Mo 0.158, 21
94Mo 0.091, 95Mo 0.157, 96Mo 0.165, 97Mo 0.095, 98Mo 0.238 and 22
100Mo 0.096. In 2012, the �-beam spot was very large compared to 23

the small Mo target. The target surface covered approximately 6% of 24

the total �-beam spot. The � intensity expected to stop at the target 25

4

Proton neutron emission model (PNEM) 2020Neutron emission model (NEM) 2014

The µ-GR around 12-14 
MeV was found for 
nuclei with 100<A<209.

The OMC rate = 
6.7 ±1.3x106/sec. 

Relationship between 
GR peak energy with A

𝐸!" = 30 𝐴#"/%

𝐸!& = 75 𝐴#"/%

I.H.Hashim, PhD Thesis 2014



Remarks and conclusion
• OMC is a lepton-sector charge exchange reaction via the weak boson 

and is shown to be used for the study neutrino nuclear responses 
that are relevant to 0νββ and astro-neutrino reactions.
• OMC is crucial method for RIs detection and production suitable for 

biomedical and environmental applications.
• The joint program so far have study several nuclei including Mo, Se, 

Mg, Kr and Xe. 
• Experimental analysis @RCNP and final checking have been done 

for publication purposes.
• Experimental analysis @PSI is under progress.
• Further comparison with pn-QRPA calculation to obtain the gA

and gAeff for the anti-neutrino sector.


