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Nuclear & lepton (µ) CERs for CC  n
responses 

• Nuclear and µ CERs cover 
the large E & P regions as 
DBD  & astro-n

• P=100-50 MeV/c
• E=0-50 MeV

• (3He,t) b- side  n,  and  (µ,nµ) 
b+ side  anti-n CCs associated 
with DBD n-exchange responses, 
and with astro n and anti-n
responses

b-
b+



Muon CER (µ, nµ, xng)
E+P~100 MeV/c  E = 5-50 MeV,  P = 95-50 MeV 

• 1-50 MeV input 
• Represents the b+ side of DBD NME.
• It is difficult to measure neutrino due 

to its unknown characteristics and it 
is very fast.

• Neutron evaporation with energy of a 
few MeV.

• Number of neutrons emission gives 
the excitation energy in 100Nb.

• Experimentally we can either measure 
neutrons or gamma ray the 
accompanying neutron emission. H. Ejiri Proc. e-g conference Sendai 1972,

H. Ejiri et al., JPSJ 2013
I. H. Hashim  H. Ejiri et al., PRC 97 (2018) 014617 
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MCER RIs detection and production on 100Mo

(a) Online spectrum for the γ rays with half-lived 
0 to 1.5 hours.
(b) Off-line spectrum for the delayed γ rays with 
half-lived 0.5 hours onwards.
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FIG. 5. Nb RI mass distribution for OMCs on 100Mo. The black
and light gray histograms are the experimental and calculated yields.

and the 1+ Gamow-Teller (GT) excitations are reduced much
since the 0h̄ω Fermi and GT excitations for the β+ and the
antineutrino responses are blocked by the neutron excess in
medium-heavy nuclei of the present interest. The 1− excitation
with the 1h̄ω transition may show the giant resonance (GR)
like the electric dipole (E1) GR in case of the photon capture
reaction (PCR).

The vector 2+ and the axial-vector 2− excitations may show
broad GR-like distributions as the 2h̄ω and spin-dipole GRs.
Accordingly, we assume OMC strength distribution of B(µ,E)
given by the sum of the two GR strengths of B1(µ,E) and
B2(µ,E),

B(µ,E) = B1(µ,E) + B2(µ,E), (5)

Bi(µ,E) = Bi(µ)
(E − EGi)2 + (#i/2)2

, (6)

where EGi and #i with i = 1 and 2 are the GR energy and the
width for the ith GR, and the constant Bi(µ) is expressed as
Bi(µ) = σi#i/(2π ) with σi being the total strength integrated
over the excitation energy.

Excited states A
Z−1Y

∗ populated by OMC deexcite mostly by
emitting neutrons at the preequilibrium (PEQ) and equilibrium
(EQ) stages [23,26,27]. If they are neutron unbound, and they
decay by emitting γ rays to the ground state if they are bound.
Here we ignore proton emission, which is prohibited by the
Coulomb barrier in case of the medium and heavy nuclei. The
energy spectrum of the first neutron E1

n is given by [26].
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where E1
n is the first neutron kinetic energy, TEQ(E) and

TPEQ(E) are the EQ and PEQ nuclear temperatures and p is the
fraction of the PEQ neutron emission. The neutron emission
from the EQ stage is a kind of neutron evaporation from thermal
equilibrium phase.

The EQ temperature is expressed as TEQ(E) = √
(E/a)

with abeing the level density parameter [26]. The parameter
a is expressed as a= A/8 MeV for the nucleus with mass

FIG. 6. The OMC strength distribution suggested from the ex-
perimental RI distribution. EG1 and EG2 are the OMC GRs at around
12 MeV and 30 MeV.

number A. TPEQ(E) is given by b× TEQ(E) with b≈ 3
for OMC with low-momentum (≈50–90 MeV/c) and low-
excitation (E ≈ 10–50 MeV). The PEQ contribution for the
first neutron emission depends on the nuclear size, getting
smaller as the nuclear size becomes larger. It is estimated to be
around p ≈ 0.6A−1/3 for the present OMC case by referring
to the observed neutron energy spectra [11,28,29].

The residual nucleus A−1
Z−1Y after the first neutron emission

deexcites by emitting the second neutron or γ rays depending
on the excitation energy above or below the neutron threshold
energy. The ground state of A−1

Z−1Y is populated after the γ emis-
sion. The second neutron n2 is the EQ evaporation neutron,
and then the third neutron is emitted if the residual nucleus
after the second neutron emission is neutron unbound, and so
on. Then, one gets finally the residual isotopes of A−x

Z−1Y with
x = 0,1,2,3, . . . depending on the excitation energy E and the
number x of the emitted neutrons. They areβ-unstable RIs. The
neutron number x and the mass number A − x distributions
reflect the strength distribution B(µ,E) of the nucleus A

Z−1Y
∗

after OMC, the highly excited states around 30–40 MeV emit
3–4 neutrons while the low excited states around 11–14 MeV
emit one neutron as illustrated in Fig. 6. In other words, the
GR-like strength around 11–14 MeV leads preferentially to
the population of A−1

Z−1Y after 1 neutron emission, and the
population of A−x

Z−1y decreases as x increases. These features
have been observed previously in Refs. [11,12,16,23].

We compare the observed RI mass distribution for OMC on
100Mo with the calculation based on the strength distribution
and the EQ/PEQ neutron emission model. The obtained RI
mass distribution is compared with the observed one in Fig. 6.
The agreement with the observed data is quite good where χ2

is 0.06. The parameters used for the calculation are EG1 =
12 MeV with #1 = 8 MeV, EG2 = 30 MeV with #2 = 8
MeV, and the cross-section ratio is σ1/σ2 = 1/6. The first
GR corresponds to the large population of the mass A − 1
with x = 1 neutron emission, while the second GR reflects the
population of the RIs with the mass around A − 3 and A − 4
with x = 3–4 neutron emission.
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FIG. 5. Nb RI mass distribution for OMCs on 100Mo. The black
and light gray histograms are the experimental and calculated yields.

and the 1+ Gamow-Teller (GT) excitations are reduced much
since the 0h̄ω Fermi and GT excitations for the β+ and the
antineutrino responses are blocked by the neutron excess in
medium-heavy nuclei of the present interest. The 1− excitation
with the 1h̄ω transition may show the giant resonance (GR)
like the electric dipole (E1) GR in case of the photon capture
reaction (PCR).

The vector 2+ and the axial-vector 2− excitations may show
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where EGi and #i with i = 1 and 2 are the GR energy and the
width for the ith GR, and the constant Bi(µ) is expressed as
Bi(µ) = σi#i/(2π ) with σi being the total strength integrated
over the excitation energy.

Excited states A
Z−1Y

∗ populated by OMC deexcite mostly by
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(EQ) stages [23,26,27]. If they are neutron unbound, and they
decay by emitting γ rays to the ground state if they are bound.
Here we ignore proton emission, which is prohibited by the
Coulomb barrier in case of the medium and heavy nuclei. The
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where E1
n is the first neutron kinetic energy, TEQ(E) and

TPEQ(E) are the EQ and PEQ nuclear temperatures and p is the
fraction of the PEQ neutron emission. The neutron emission
from the EQ stage is a kind of neutron evaporation from thermal
equilibrium phase.

The EQ temperature is expressed as TEQ(E) = √
(E/a)

with abeing the level density parameter [26]. The parameter
a is expressed as a= A/8 MeV for the nucleus with mass
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number A. TPEQ(E) is given by b× TEQ(E) with b≈ 3
for OMC with low-momentum (≈50–90 MeV/c) and low-
excitation (E ≈ 10–50 MeV). The PEQ contribution for the
first neutron emission depends on the nuclear size, getting
smaller as the nuclear size becomes larger. It is estimated to be
around p ≈ 0.6A−1/3 for the present OMC case by referring
to the observed neutron energy spectra [11,28,29].

The residual nucleus A−1
Z−1Y after the first neutron emission

deexcites by emitting the second neutron or γ rays depending
on the excitation energy above or below the neutron threshold
energy. The ground state of A−1

Z−1Y is populated after the γ emis-
sion. The second neutron n2 is the EQ evaporation neutron,
and then the third neutron is emitted if the residual nucleus
after the second neutron emission is neutron unbound, and so
on. Then, one gets finally the residual isotopes of A−x

Z−1Y with
x = 0,1,2,3, . . . depending on the excitation energy E and the
number x of the emitted neutrons. They areβ-unstable RIs. The
neutron number x and the mass number A − x distributions
reflect the strength distribution B(µ,E) of the nucleus A

Z−1Y
∗

after OMC, the highly excited states around 30–40 MeV emit
3–4 neutrons while the low excited states around 11–14 MeV
emit one neutron as illustrated in Fig. 6. In other words, the
GR-like strength around 11–14 MeV leads preferentially to
the population of A−1

Z−1Y after 1 neutron emission, and the
population of A−x

Z−1y decreases as x increases. These features
have been observed previously in Refs. [11,12,16,23].

We compare the observed RI mass distribution for OMC on
100Mo with the calculation based on the strength distribution
and the EQ/PEQ neutron emission model. The obtained RI
mass distribution is compared with the observed one in Fig. 6.
The agreement with the observed data is quite good where χ2

is 0.06. The parameters used for the calculation are EG1 =
12 MeV with #1 = 8 MeV, EG2 = 30 MeV with #2 = 8
MeV, and the cross-section ratio is σ1/σ2 = 1/6. The first
GR corresponds to the large population of the mass A − 1
with x = 1 neutron emission, while the second GR reflects the
population of the RIs with the mass around A − 3 and A − 4
with x = 3–4 neutron emission.
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FIG. 5. Nb RI mass distribution for OMCs on 100Mo. The black
and light gray histograms are the experimental and calculated yields.

and the 1+ Gamow-Teller (GT) excitations are reduced much
since the 0h̄ω Fermi and GT excitations for the β+ and the
antineutrino responses are blocked by the neutron excess in
medium-heavy nuclei of the present interest. The 1− excitation
with the 1h̄ω transition may show the giant resonance (GR)
like the electric dipole (E1) GR in case of the photon capture
reaction (PCR).

The vector 2+ and the axial-vector 2− excitations may show
broad GR-like distributions as the 2h̄ω and spin-dipole GRs.
Accordingly, we assume OMC strength distribution of B(µ,E)
given by the sum of the two GR strengths of B1(µ,E) and
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number A. TPEQ(E) is given by b× TEQ(E) with b≈ 3
for OMC with low-momentum (≈50–90 MeV/c) and low-
excitation (E ≈ 10–50 MeV). The PEQ contribution for the
first neutron emission depends on the nuclear size, getting
smaller as the nuclear size becomes larger. It is estimated to be
around p ≈ 0.6A−1/3 for the present OMC case by referring
to the observed neutron energy spectra [11,28,29].

The residual nucleus A−1
Z−1Y after the first neutron emission

deexcites by emitting the second neutron or γ rays depending
on the excitation energy above or below the neutron threshold
energy. The ground state of A−1

Z−1Y is populated after the γ emis-
sion. The second neutron n2 is the EQ evaporation neutron,
and then the third neutron is emitted if the residual nucleus
after the second neutron emission is neutron unbound, and so
on. Then, one gets finally the residual isotopes of A−x

Z−1Y with
x = 0,1,2,3, . . . depending on the excitation energy E and the
number x of the emitted neutrons. They areβ-unstable RIs. The
neutron number x and the mass number A − x distributions
reflect the strength distribution B(µ,E) of the nucleus A

Z−1Y
∗

after OMC, the highly excited states around 30–40 MeV emit
3–4 neutrons while the low excited states around 11–14 MeV
emit one neutron as illustrated in Fig. 6. In other words, the
GR-like strength around 11–14 MeV leads preferentially to
the population of A−1

Z−1Y after 1 neutron emission, and the
population of A−x

Z−1y decreases as x increases. These features
have been observed previously in Refs. [11,12,16,23].

We compare the observed RI mass distribution for OMC on
100Mo with the calculation based on the strength distribution
and the EQ/PEQ neutron emission model. The obtained RI
mass distribution is compared with the observed one in Fig. 6.
The agreement with the observed data is quite good where χ2

is 0.06. The parameters used for the calculation are EG1 =
12 MeV with #1 = 8 MeV, EG2 = 30 MeV with #2 = 8
MeV, and the cross-section ratio is σ1/σ2 = 1/6. The first
GR corresponds to the large population of the mass A − 1
with x = 1 neutron emission, while the second GR reflects the
population of the RIs with the mass around A − 3 and A − 4
with x = 3–4 neutron emission.
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Most 
experimental 
work could 
not observed 
proton 
emission after 
muon capture.

Particles emission for light nuclei after OMC

[1] D.F. Measday, Phys. Rev. C 76 (2007) 035504.
[2] D.F. Measday, Phys. Rev. C 75 (2007) 045501.
[3] D.F. Measday and T.J. Stocki, AIP Conference Proceedings 947 (2007) 253.



Particles emission for medium-heavy nuclei after OMC

• Consideration seems small for 
medium-heavy nuclei but for light 
nuclei > 10% [2]

[1] G. Heusser and T. Kirsten. Nuc. Phys. A (1972) 369-378
[2] D. F. Measday and T. J. Stocki. AIP Conference Proceedings 947, 253 (2007)

• RI Production rates by OMC [1]
• Performed at Muon channel, 

CERN Synchrocyclotron on 
Mg, Al, Fe, Co, Ni, Mn, Fe and 
Co targets.

• Observed up to 3 neutron 
emission on Fe (0n: 15-30%, 
1n: 50-60%, 2n: 10-20% and 
3n: 0.5-10%).



Proton Neutron Emission Model 

[1] H. Ejiri, I.H. Hashim. Private Comm. 2018
[2] I.H. Hashim. F.Soberi, F.Ibrahim, F.Othman. Private Comm. 2019
[3] I. H. Hashim  et al, Nucl. Instr. Method. A, Mar 2020
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Fig. 2. PEQ-EQ proton and neutron emission schemes in the cases of XA with Bn > Bp
and XB with Bp > Bn with Bn and Bp are the neutron binding energy and the proton
binding energy.

population of A*1
Z*1

X after 1 neutron emission, the population of A*x
Z*1

X1

decrease as x increases beyond x = 1.2

Now let us extend the NEM to the proton neutron emission model3

(PNEM), where a proton is emitted in a special case as given in Fig. 2. If4

the Eex is above both Bn and Bp, it decays by emitting predominantly5

neutrons since proton emission is prohibited by the Coulomb barrier6

in the case of medium and heavy nuclei. Decays by proton emission is7

limited to the region of Bn g E g Bp. Note that after a proton emission,8

the residual state decays by emitting � rays to the ground state.9

3. OMC GR region during RI production10

It is shown that the OMC preferentially excites the GR region with11

E ˘ 10–40 MeV in the nucleus A
Z*1

X [5,18–20]. Then the strength12

distribution of B(�,E) is given by the sum of the 2 GR strengths of13

B1(�,E) and B2(�,E) [18,19],14

B(�,E) = B1(�,E) + B2(�,E), (4)15

Bi(�,E) =
Bi(�)

(E * EGi)
2 + (�i_2)

2
, (5)16

where EGi and �i with i = 1,2 are the resonance energy and the width17

for the ith giant resonance, and the constant Bi(�) is expressed as18

Bi(�) = �i�i_(2⇡) with �i being the total strength integrated over the19

excitation energy.20

Here, the first GR is the strong resonance peak due to the coherent21

1`! excitation, and the second GR peak stands for the strength bump22

due to 2`! excitation. These effects have been separately observed in23

reference [21] using up to 50 MeV excitation energy where 0+, 1+24

and 1* becomes main contributor to the first GR peak. Meanwhile25

other higher states contribute to the second GR peak even though26

the contribution is small. The reference [19] reproduces the OMC27

excitation distribution for the enriched 100Mo. The mass number (A)28

dependence of the GR energies and the widths follow the general trends29

of GRs for photon capture reactions and others [22].30

RI mass distributions for target isotopes of 100Mo, 107Pd, 108Pd, 127I,31

and 209Bi, as typical examples are evaluated by means of the PEQ and32

EQ proton and neutron model as shown in Fig. 3. The obtained RI mass33

distributions are compared with previously observed experimental data34

in Tables 1–5.35

The relative populations of the isotopes with A * 1 is around 30%–36

50%, while those with A,A * 2,A * 3 are around 5%–20%. The proton37

emission channel is indeed small, being at most a few % in the present38

nuclei. The statistical errors are included to the PNEM calculation based39

Table 1
RIs produced by OMC on 100Mo (Enrichment 96.5% 100Mo, 2.5% 98Mo, 1.0% 97Mo)
and 0.5% 96Mo). 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
100Mo(�,0n) 100Nb 8 [19] 12 ± 4
100Mo(�,1n) 99Nb 51 [19] 58 ± 7
100Mo(�,2n) 98Nb 16 [19] 15 ± 1
100Mo(�,3n) 97Nb 13 [19] 9 ± 4
100Mo(�,4n) 96Nb 6 [19] 4 ± 2
100Mo(�,5n) 95Nb 3 [19] 2 ± 1
100Mo(�,1p) 99mTc 0 [19] 0
100Mo(�,1n1p) 98Tc 0 [19] 0
100Mo(�,2n1p) 97Tc 0 [19] 0
100Mo(�,3n1p) 96Tc 0 [19] 0

Total, ⌃(%) 97 100

Table 2
RIs produced by OMC on 107Pd. 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
107Pd(�,0n) 107Rh – 13.3 ± 3.7
107Pd(�,1n) 106Rh – 55.6 ± 10.7
107Pd(�,2n) 105Rh – 15.0 ± 2.4
107Pd(�,3n) 104Rh – 6.0 ± 4.6
107Pd(�,4n) 103Rh – 1.6 ± 3.0
107Pd(�,5n) 102Rh – 0.6 ± 2.2
107Pd(�,1p) 106Ru – 3.9 ± 2
107Pd(�,1n1p) 105Ru – 0
107Pd(�,2n1p) 104Ru – 3.0 ± 2
107Pd(�,3n1p) 103Ru – 0.2 ± 1
107Pd(�,4n1p) 102Ru – 0.4 ± 2
107Pd(�,5n1p) 101Ru – 0.08 ± 1

Total, ⌃(%) – 99.7

Table 3
RIs produced by OMC on 108Pd. 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
108Pd(�,0n) 108Rh – 9.9 ± 3.8
108Pd(�,1n) 107Rh – 58.8 ± 10.7
108Pd(�,2n) 106Rh – 14.9 ± 2.4
108Pd(�,3n) 105Rh – 8.3 ± 4.6
108Pd(�,4n) 104Rh – 1.8 ± 3.1
108Pd(�,5n) 103Rh – 0.8 ± 2.2
108Pd(�,1p) 107Ru – 0
108Pd(�,1n1p) 106Ru – 3.9 ± 2
108Pd(�,2n1p) 105Ru – 0
108Pd(�,3n1p) 104Ru – 1.0 ± 1
108Pd(�,4n1p) 103Ru – 0.07 ± 2
108Pd(�,5n1p) 102Ru – 0.22 ± 3

Total, ⌃(%) – 99.7

Table 4
RIs produced by OMC on 127I. 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
127I(�,0n) 127Te 7 ± 3 [13] 7.0 ± 3
127I(�,1n) 126Te 44 ± 3 [13] 54.6 ± 7
127I(�,2n) 125Te 15 ± 3 [13] 21.4 ± 5
127I(�,3n) 124Te 15 ± 2 [13] 10.7 ± 3
127I(�,4n) 123Te 8 ± 5 [13] 2.7 ± 1
127I(�,5n) 122Te 1.5 ± 10 [13] 1.2 ± 10
127I(�,1p) 126Sb 0 [13] 0
127I(�,1n1p) 125Sb 0 [13] 1.7 ± 5
127I(�,2n1p) 124Sb 0 [13] 0
127I(�,3n1p) 123Sb 0 [13] 0.45 ± 5
127I(�,4n1p) 122Sb 0 [13] 0
127I(�,5n1p) 121Sb 0 [13] 0.12 ± 5

Total, ⌃(%) 97.3 99.9

3

Emission: Gamma
Population: no
Eex: very low

Emission: Gamma
Population: no
Eex: very low

Emission: Proton
Population: yes

Eex: medium to low

Emission: Neutron
Population: Yes

Eex: high to medium

Emission: Neutron
Population: Yes

Eex: high

Emission: Neutron
Population: Yes

Eex: high
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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

Neutron emission model 2014 [1] Proton neutron emission model 2020 [2]

Using these 
model, more 
particle emission 
after OMC can 
be expected.

[1] I. H. Hashim  PhD Thesis Osaka 2015. [2] I. H. Hashim  et al, Nucl. Instr. Method. A, Mar 2020
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Table 6
RIs produced by OMC on NatMo. Columns 1 and 2 show the RI produced by � capture and the residual nucleus, and column
3 gives the emission process involved. Column 4 gives the half-life of the RIs produced by OMC. Column 5 is the number of
the RIs, column 6 lists the typical � ray(s) [7], and column 7 is the calculated N(X®) by the PNEM.
RI Final N Process Half-life (h) N(X®)ù108 � rays (keV) calc. N(X®)ù108

100Nb 100Mo 100Mo(�,0n) 4.4 ù 10*3 0.6 ± 0.1 535.6a 0.35 ± 0.26
99Mo 99mTc 100Mo(�,n�*) 66 3.8 ± 0.4 140.5, 181.0, 739.5 2.91 ± 1.02
98Nb 98Mo 100Mo(�,2n) 7.1 ù 10*3, 0.855 3.0 ± 0.8 734.7a , 787.4 2.08 ± 1.01
97Nb 97Mo 98Mo(�,1n) 1.2 8.8 ± 1.5 658.1 8.51 ± 0.83
97Zr 97Nb 98Mo(�,p) 16.9 0.05 ± 0.02 743.5 –
96Nb 96Mo 97Mo (�,1n) 23.4 4.5 ± 1.0 568.8, 778.2, 1091.3 7.02 ± 1.37
95Nb 95Mo 96Mo(�,1n) 1205 6.7 ± 1.0 765.8 7.52 ± 2.16
94Nb 94Mo 98Mo(�,1n) 1.75 ù 108 8.62 ± 1.0b – 8.29 ± 1.13
93Nb 93Nb 94Mo(�,1n) 1.41 ù 105 5.26 ± 1.0b – 5.06 ± 1.35
92Nb 92Zr 94Mo (�,2n) 244.8 3.0 ± 0.15 934.5 2.78 ± 1.17
91Nb 91Zr 92Mo (�,1n) 6 ù 106 5.19 ± 1.0b – 5.00 ± 1.17
90Nb 90Zr 92Mo (�,2n) 14.6 1.9 ± 0.3 1129.2, 2186, 2319.0 –

aThe � rays measured in the 100Mo experiment.
bN(X®) obtained by calculation using PNEM.

Fig. 6. Isotope mass distributions of RIs produced by MuCIP on NatMo.

around 30%–50%. The light RIs with Z * 2 are also produced by1

a proton emissions with an appreciable fraction of a few %. The RI2

production rate per one � is as high as 0.5 * 1.0, which is 2 orders of3

magnitude larger than those for photon-capture reactions [1,23].4

Muons are obtained from decaying pions, which are produced by5

medium energy protons. In the present RCNP ring cyclotron using6

400 MeV 1 �A protons, one gets approximately 4 ù 107 muons per7

second at the MuSIC beam line. Then one may expect increment by8

one order of 4 ù 108 per second in case of the upgraded 10 �A proton9

beam at RCNP, Osaka University. It is in principle possible to get the10

RIs of the order of 4 ù 1010 per second if one uses high-intensity11

medium-energy proton accelerator with 1 mA proton beam.12

The intensity of the RIs amount to the order of 10–100 GBq level13

if one uses muons of the order of 1010*11 per second. In order to get14

high density RIs, reduction of the muon beam spot is important. Since15

one may use rather thin targets in the order of a few 10 mg/cm2 to16

stop low-momentum muons. The RI density with 109 muons per sec17

per 10 cm2 will be of orders of 10 GBq/g.18

6. Concluding remarks19

MuCIP, which uses the muon capture reaction to produce RIs, is20

shown to be very efficient to produce RIs of A*x
Z*1

X with x = 0–5 from21

a target nucleus of A
ZX. It is complementary to neutron and photon22

capture reactions used to produce RIs of A*1
Z X and A+1

Z X from A
ZX.23

The PNEM is shown to reproduces well the experimental RI mass24

distributions by MuCIP on various target nuclei. MuCIP on Mo isotopes 25

was measured to demonstrate the feasibility of MuCIP and the RI mass 26

distribution as given by the model. 27

The muon momentum is adjusted so as to stop in the target. In case 28

of the target nuclei with Z > 20, most muons are trapped in the target 29

atoms, and then are captured into the target nucleus to produce RIs. 30

So the RI production efficiency is NRI_N� ˘ 1. Among them, the RI 31

with A*1
Z*1

X is preferentially produced with the efficiency around 30%– 32

50%. The location of the RIs in the target can be defined by the muon 33

beam spot, and the depth by the narrow region where the muon stops. 34

The RI production rate is around 4 ù 107 per sec (0.04 GBq) by using 35

the high-transmission muon beam line at RCNP and the high-intensity 36

400 MeV 1 �A proton beam. It will be 40 GBq by using medium energy 37

1 mA proton accelerator. In case of 0.3 GBq per 10 cm2, the RI density 38

of the order of 3 GBq per gr will be achieved. 39

MuCIP is very promising for pure and applied science with new 40

kinds of RIs. RIs to be produced by MuCIP includes 99Mo-99Tc, which 41

are the decay products of 99Nb produced by MuCIP on 100Mo. They are 42

extensively used for medical purpose and others. RIs by muon capture 43

reactions are used as MuCID with the sensitivity of the order of ppb 44

level, as discussed in the previous work [1]. It is noted that MuCIP is a 45

kind of isotope transmutation process from stable to unstable isotopes, 46

and thus is used to transform long-lived to short-lived isotopes and vice 47

versa as well. The rate is of the order of 1.2 ù 1018 nuclei per year, 48

200 �g per year in case of the mass number 100, by using intense (1 mA) 49

medium-energy proton accelerators. MuCIP can be complementary to 50

other reactions such as photo nuclear reactions [1,2], and others [24]. 51
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• Muon transition rate as a function of the
excitation E was derived from the residual
isotope mass distribution.

• µ-GR around 12-14 MeV was found for
100Mo.

• The OMC rate : 6.7±1.3x106/sec.
• Relationship between GR peak energy with

A.

I.H. Hashim  H. Ejiri et al., Phys. Rev. C  97  014617 2018
I. H. Hashim  et al, Nucl. Instr. Method. A, Mar 2020

I.H. Hashim  H. Ejiri  et al., DBD workshop RCNP  2020

N Z

µ GR
g GR

g
W

µ-GR (Giant resonance)

𝐸!" = 30 𝐴#"/%

𝐸!& = 75 𝐴#"/%



OMC response B(µ,E) was derived by exp. 
and theory 

H. Ejiri,  L. Jokiniemi, J. Suhonen, AIP Proceedings 2020

Muon capture rates based on Morita-Fujii formalism:

𝑊 = 8
𝑍!""
𝑍

#

𝑃 𝛼𝑍𝑚$
% & 2𝐽" + 1

2𝐽' + 1
1 −

𝑞
𝑚$ + 𝐴𝑀

𝑞(

= 𝐺$
2𝐽" + 1
2𝐽' + 1

where P term has a complex structure containing all nuclear 
matrix element as well as weak couplings, some geometric 
factors and Racah coefficients.

𝑅 𝜇, 𝐸 = 𝐶)(𝐺$𝐵 𝜇, 𝐸

𝐵 𝜇, 𝐸 =
𝑀(𝐸)(

2𝐽' + 1
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S(µ) = ∫B(µ,E) dE = 0.146±0.03    

M(µ) = S(µ)1/2 = 0.38 ±0.04

Comparison of experiment and 
pn-QRPA, L. Jokiniemi S(µ) 

suggests   
a quenched gA

eff ~0.5 ,   i.e.  gA
eff

/gA~0.4

OMC  response B(µ,E)  was derived by 
exp. and theory 

L. Jokiniemi et al. PLB 2019 



Renormalization of axial vector couplings  A=100 (Mo) 

µ-renormalization (quenching) 

kNM= gA
eff/gA ~ 0.4,

as  SD, GT NMEs*.  

DBD and astro-n NMEs are  reduced,

depending on the ratio of the axial  to 

vector NMEs.
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kNM is the renormalization by non-

nucleonic and nuclear medium effects, 
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Beam exit

S1S2

S3(cup counter)

HPGe2
HPGe1

Target
HPGe3

100Mo
Natural 

Ruthenium

Natural 
Molybdenum

Natural 
Selenium

Negative muon 
momentum: 45 MeV/c for 
100Mo (thickness = 25 µm)

Irradiation time: 
100Mo (15hours)
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BEAM LINE: MuSIC

BEAM REQUIREMENTS: 
Type of particle proton
Beam energy 400 MeV
Beam intensity 1 μA

Type of particle muon
Muon momentum 50 MeV/c 
Beam intensity 1 μA



Λ* =
1
𝜏$
= 0.995610

𝐺+(𝑚$
,𝑐#

192𝜋&ℏ-

D.F. Measday. Physics Reports 354 (2001) 243–409

where GF is the Fermi constant that closely related 
to other weak coupling constant associates with 
nuclear structure. 



[1] T. Suzuki, D.F Measday and J.P.Roalsvig. Phys. Rev. 
C 35 6 (1987) 2212
[2] H. Primakoff, Rev of Modern Physics 31 3 (1959) 802
[3] D.F. Measday. Physics Reports 354 (2001) 243–409

Where X = 170 and X’ = 3.125

For heavy elements higher order Pauli corrections become necessary. 

2216 T. SUZUKI, D. F. MEASDAY, AND J. P. ROALSVIG 35

and

A, =1/~P (4)

Ad ——1/z +,P
where t denotes total, d denotes decay, and Q is the Huff
factor to take into account the fact that the normal
muon decay rate is reduced because the binding of the p
reduces slightly the energy available in the decay. There
is some doubt about the validity of the calculation, but
some experiments are in agreement with Huff's estimate.
Fortunately, it does not have a major effect, but to be pre-
cise we have listed in Tables III and IV the values of the
Huff factor that we used.
Because the capture rate for the light elements depends

critically on the p+ lifetime, we have given the capture
rate as calculated by the authors, who most often used
their own value for the p+ lifetime, obtained with the
same equipment. This has not always been the practice
and some lists have "corrected" the p+ lifetime. We find
that the capture rate calculated with the original p+ life-
time often agrees better with our value than a comparison
between the lifetimes might indicate.
For the convenience of the reader we have attempted to

make Tables III and IV as complete as possible, except
that some very old (pre-1961) experiments ' have been
omitted. However, for hydrogen, mesomolecular effects
are dominant, ' so the capture rate is meaningless
without a comprehension of these effects, so we have
given the most recent references only. Similarly a warn-
ing should be given vis a vis the heaviest elements (espe-
cially the actinides) because prompt fission induced dur-

TABLE II. Present measurements on hyperfine effect.

in some selected nuclides. Our results from fitting the de-
cay electron spectrum are given in Table II. We see that
the fluorine results are in good agreement with Winston.
The only surprise is boron, for which no hyperfine effect
is observed, yet with a limit about 30 times smaller than
the predicted amplitude. There is also evidence from
BOOM (the BOOster Meson Facility at KEK, Japan)
(Ref. 31) that the difference between A+ and A for "B
is much smaller than expected.
Our results for the p lifetimes are presented in Tables

III and IV, together with previous data. To calculate the
capture rate (A, ) one uses the relation

A, =A, +QA„,
where

ing the atomic cascade can complicate the measure-
ment. ' The p can become attached to a fragment,
and have a longer lifetime component. For total capture
rates it is therefore advisable to use the lifetimes obtained
via muon-induced fission, although the estimated effect is
to add no more than 2 ns to the apparent lifetime for elec-
tron detection.
On the whole, the agreement between our experiment

and previous ones is quite satisfactory, taking into ac-
count all the difficulties; one should note especially the
adequate agreement with the Saclay group ' for the light
elements of ' Li, Be, and C, because their measurements
are the only precise measurements of recent origin. The
difference between the measurements for nitrogen, howev-
er, is a little perplexing. This could be due to hyperfine
effects, because for nitrogen, J=I——,', and the lowest hy-
perfine level has F=J——,, so the muon and proton spins
are parallel, which is the configuration for the lower cap-
ture rate, i.e., the longer muon lifetime. Now the Saclay
measurement did not take data until 3 ps after the arrival
of the muon, so they would be measuring the capture rate
in the lower level. The hyperfine transition rate was
thought to be very slow, but a value of ~-11 ps was ob-
served recently at BOOM. Morita et al. have suggested
lifetimes of 1773 ns for the upper hyperfine level and
1941 ns for the lower level. This would be worth pursu-
ing with neutron detectors which are much more sensitive
to differences in the capture rates for the light elements.

IV. COMPARISON %'ITH THEORY

The traditional comparison has been with the Primak-
off formula, viz. ,

4 3 —ZA, (A,Z) =Z,ffX, 1—X2

where X& represents the muon capture rate in hydrogen,
reduced by the neutrino phase space, and X2 takes into
account the Pauli exclusion principle for the nuclear envi-
ronment. We use Z,~f as calculated by Ford and Wills
and the value is given in Tables III and IV. We find that
for our data X&——170 s ' and X2——3.125, which agrees
exactly with earlier estimates. The results are displayed
graphically in Fig. 4. (Note that nuclei with Z (7 and
odd proton nuclei for 8(Z &22 are not included in the
fit. ) For heavy elements higher order Pauli corrections
become necessary and an extension of the above formula
was given by Goulard and Prirnakoff, viz. ,

Nuclide

'Be
10B
11B
13C
14N
l9F
Na

natcl

'Reference 28.
Reference 27.

Aae

0.006+0.002
0.001+0.002
0.001+0.003
0.01 +0.01
0.008+0.010
0.017+0.010
0.01 +0.02
0.01 +0.02

A (10 ')

O.OS (fixed)'
0.21 (fixed)'
0.33 (fixed)'
0.2+0.2 (fit)
1.2+1.5 (fit)
8.8+4.0 (fit)
14 (fixed)"
8 (fixed)

4 3 —2ZA, (A, Z) =Z,ffG) 1+G2 —Gg2Z 2Z

—G4 A —Z a —2Z
8HZ (6)

Fits to the data are given in Table V and we see that
there is good agreement between the fits to previous re-
sults and to the TRIUMF data. The fit is also included in
Fig. 4, which brings out into the open the obvious prob-
lem that there is a scatter well outside the errors.
If the deviation from the Goulard-Primakoff fit is plot-

where H is the Huff Factor, Λ!"#$%&' and Λ('!") are the 
μ-capture rate and muon decay rate (0.4552 × 106

s−1=1/t+).
Λ* =

1
𝜏 = Λ+"#$%&' + 𝐻Λ('!")



D.F. Measday. Physics Reports 354 (2001) 243–409

298 D.F. Measday / Physics Reports 354 (2001) 243–409

Fig. 4.5. Comparison of the muon total capture rate with the Primako! formula Eq. (4.53), and the
Goulard–Primako! extension, Eq. (4.55). The data are those of Suzuki et al. [183].

Table 4.3
Fitted parameters for the Goulard–Primako! formula, Eq. (4.55)

Number of data G1 G2 G3 G4

Pre-TRIUMF data [149] 58 252 −0:038 −0:24 3.23
TRIUMF data [149] 30 261 −0:040 −0:26 3.24
World set 1990 [252]A 91 −0:020 −0:23 3.25
World set 1990 [252]B 91 0.8 −0:02 6.5

Goulard and Primako! then extended this formula, adding two more terms, viz:

!c(A; Z) = Z4e!G1
[

1 +G2
A
2Z

−G3
A− 2Z
2Z

−G4
(

A− Z
2A

+
A− 2Z
8AZ

)]

: (4.55)

This provides a very slight improvement to the description of the data and is given as the
dashed line in Fig. 4.5. Two data sets were selected by Suzuki et al., and the "tted parameters
are given in Table 4.3. H#anscheid et al., added their new data and obtained similar "ts, set A,
but then they gave equal weighting to the data points which gives more importance to their
new data on the uranium isotopes, and they obtained a totally di!erent parameter set, set B,
also given in Table 4.3. This pattern is preferable from the theoretically point of view, but
gives a very similar description of the data. Neither set correctly describes the medium mass
elements, especially around Z =30 and 55, and so clearly other e!ects are more important and
are distorting this type of "t.
Using the parameters obtained by H#anscheid et al., it is possible to plot the "t in a di!erent

manner to bring out other features. In Fig. 4.6 is presented another reduced capture rate, this
time de"ned as

!(reduced) =
!expc Z
Z4e!

(4.56)
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• The effect of the Al degrader placed in front of the 100Mo target was too small and almost 
negligible.



A Z Zeff Capture rate Meanlife (ns)
100 42 26.37 7.71E+06 130
98 42 26.37 8.81E+06 114
96 42 26.37 9.95E+06 100
95 42 26.37 10.5E+06 94.8
94 42 26.37 11.1E+06 89.7
92 42 26.37 12.4E+06 80.7

Meanlife (ns)
[Suzuki 1987]

105 ns
103.5 ns
99.6 ns

• Primakoff estimates 100Mo lifetime is larger by a factor 1.3 than the lifetime of 
NatMo.

• Our experiment shows that 100Mo lifetime is 144 ns and the lifetime of NatMo
is 95.5 ns (about a factor of 1.5).

[1] T. Suzuki, D.F Measday and J.P.Roalsvig. Phys. Rev. C 35 6 (1987) 2212
[2] H. Primakoff, Rev of Modern Physics 31 3 (1959) 802
[3] D.F. Measday. Physics Reports 354 (2001) 243–409
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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 absolute lifetime

λT= 1/τ = λC + Hλfree

Exp. data give the muon to electron decay curve 
and calculate the total capture rate
• Improve missing gamma rays from neutron 

and proton emission
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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.
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