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Theory and assumption in PNEM

Maximum excitation after muon capture
• The maximum excitation energy in PNEM is decide by the Q-value of muon capture 

on target.
• The energy increment for PNEM (DE) is set until as low as 0.1 MeV bin but it will take 

longer simulation time.
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Nuclear Reaction
• The projectile (muon) and target(nuclei) composite system is equilibrated to form 

a compound system in thermal equilibrium.
• If the projectile energy is high enough, some nucleons and/or nucleon clusters 

can be emitted in the course of the cascade process before thermal equilibrium is 
reached pre-equilibrium (PEQ) stage and follows by equilibrium (EQ) stage.

Probability of neutron, proton and gamma emission
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• neutron emission: proton emission = 3:1
• set by the neutron and proton separation 

energy (Bn and Bp)
• when E < Bn and Bp , then gamma emission 

take place.
𝐵! = [ 𝑀 𝑖, 𝑗 − 1 + 𝑀! −𝑀 𝑖, 𝑗 ]
𝐵" = [ 𝑀 𝑖 − 1, 𝑗 − 1 +𝑀" −𝑀 𝑖, 𝑗 ]



Theory and assumption in PNEM
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Proton emission and distribution
• Only one proton emission is possible.
• After emission, the nuclei will be in 

ground state.
• Proton emission is allowed when 

proton binding energy is lower than 
neutron binding energy.

Neutron emission and distribution
• For the first neutron emission, the PEQ and 

EQ neutron emission are considered.
• For the second and more neutron emission 

only EQ mode is considered.
• The ratio of EQ/PEQ neutron emission is set 

to 25% ratio.

𝑆(𝐸!) = 𝐸!exp − #!
$"#

+x 𝐸!exp − #!
$$"#
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• statistical error of about 10%. 
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Theory and assumption in PNEM

2) Muon capture strength distribution
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1) Radioactive Isotope (RI) population yield

Output from PNEM

• The RI population yield is obtained 
from the integration of the excitation 
energy at each nuclei.

S(Y) = ∫'(!
')* 𝐸+*( 𝑑𝑥
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Theory and assumption in PNEM
Excitation energy range versus RI population
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Flowchart of cascade calculation in PNEM

Cascade 
calculation loop

Combining multiple 
isotopic abundance

Muon Capture Strength 
distribution and RI yield 
population calculation

• Continuous cascade process until input energy reaches 
0. 

• Increasing number of trials and reducing the energy bin 
size will resulting longer calculation time.

• Automatically choose the emission mode based on the 
value of excitation energy.

• Need to run several times if the target have many 
isotopic components

• If NatMo with 8 isotopes, then the calculation need 
to be done 8 times.
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Flowchart of cascade calculation in PNEM

Cascade 
calculation loop

Combining multiple 
isotopic abundance

Muon Capture Strength 
distribution and RI yield 
population calculation

• This stage combines the 
contribution of isotopes and re-
configure to the final RI 
population yield based on 
isotopic contribution.
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• This stage combines the contribution of excitation energy 
fractions and re-configure to the final RI population yield.



Comparison with other 
OMC experimental data
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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

X
decrease as x increases beyond x = 1.

Now let us extend the NEM to the proton neutron emission model
(PNEM), where a proton is emitted in a special case as given in Fig. 2. If
the Eex is above both Bn and Bp, it decays by emitting predominantly
neutrons since proton emission is prohibited by the Coulomb barrier
in the case of medium and heavy nuclei. Decays by proton emission is
limited to the region of Bn g E g Bp. Note that after a proton emission,
the residual state decays by emitting � rays to the ground state.

3. OMC GR region during RI production

It is shown that the OMC preferentially excites the GR region with
E ˘ 10–40 MeV in the nucleus A

Z*1
X [5,18–20]. Then the strength

distribution of B(�,E) is given by the sum of the 2 GR strengths of
B1(�,E) and B2(�,E) [18,19],

B(�,E) = B1(�,E) + B2(�,E), (4)

Bi(�,E) =
Bi(�)

(E * EGi)
2 + (�i_2)

2
, (5)

where EGi and �i with i = 1,2 are the resonance energy and the width
for the ith giant resonance, and the constant Bi(�) is expressed as
Bi(�) = �i�i_(2⇡) with �i being the total strength integrated over the
excitation energy.

Here, the first GR is the strong resonance peak due to the coherent
1`! excitation, and the second GR peak stands for the strength bump
due to 2`! excitation. These effects have been separately observed in
reference [21] using up to 50 MeV excitation energy where 0+, 1+
and 1* becomes main contributor to the first GR peak. Meanwhile
other higher states contribute to the second GR peak even though
the contribution is small. The reference [19] reproduces the OMC
excitation distribution for the enriched 100Mo. The mass number (A)
dependence of the GR energies and the widths follow the general trends
of GRs for photon capture reactions and others [22].

RI mass distributions for target isotopes of 100Mo, 107Pd, 108Pd, 127I,
and 209Bi, as typical examples are evaluated by means of the PEQ and
EQ proton and neutron model as shown in Fig. 3. The obtained RI mass
distributions are compared with previously observed experimental data
in Tables 1–5.

The relative populations of the isotopes with A * 1 is around 30%–
50%, while those with A,A * 2,A * 3 are around 5%–20%. The proton
emission channel is indeed small, being at most a few % in the present
nuclei. The statistical errors are included to the PNEM calculation based

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
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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 the
value of Bn ˘ Bp the calculation always favor to the neutron emission
event.

From the comparison, the pattern of the GR1 excitation region
corresponds to the energy window for the 1 neutron emission since

the energy, EG1 ˘ 10–18 MeV, is just above the 1 neutron threshold
(binding) energy and below the 2 neutrons threshold energy. The GR2

excitation region corresponds to the energy window for the 3 and 4
neutron emission populations at ˘25–45 MeV. The parameters of EG1

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

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

dependence of the photon capture GRs [22].

4. RI productions by OMC on NatMo

Muon capture reactions on a natural Mo target were measured to
demonstrate the feasibility of MuCIP at the MuSIC beamline at RCNP,
Osaka University. The pions were produced by the 400 MeV proton
beam with 1 �A from the RCNP ring cyclotron. Then, the MuSIC
transports the low-momentum negative muons to the beam exit where
the OMC target was placed about 10 cm from it. The muons were
stopped at the natural Mo target made of 4 Mo plates, each with 0.5 ù 5
ù 5 cm3. The isotopic abundance ratios of the targets are 92Mo 0.158,
94Mo 0.091, 95Mo 0.157, 96Mo 0.165, 97Mo 0.095, 98Mo 0.238 and
100Mo 0.096. In 2012, the �-beam spot was very large compared to
the small Mo target. The target surface covered approximately 6% of
the total �-beam spot. The � intensity expected to stop at the target

4

Shows similar pattern obtain by experiment 
and this model.
• 1 neutron has the highest probability
• No experimental evidence on gamma rays 

associated with the proton emission.
• Prediction by PNEM shows 1-3% proton 

emission can be observed for these 
isotopes.



Comparison from 
previous PSI 2019 

measurement
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Isotope PSI exp PNEM
event N(X) Percentage (%)

24Mg (µ,0n) 2.89E+11 0.06
(µ,1n) 0.66

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

Isotope PSI exp PNEM
event N(X) Percentage (%)

82Kr (µ,0n) 5.39E+07 0.13
(µ,1n) 0.6

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

Isotope PSI exp PNEM
event N(X) Percentage (%)

130Xe (µ,0n) 1.54E+07  0.12
(µ,1n) 0.55

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

Only (µ,0n) reaction is observed for all three isotopes
• contribute to only about 6-13% of the whole reaction.
• Might be caused by the statistical loss during target 

transfer to RCL Lab shown by peaks which decay 
within few minutes are observed in the beginning of 
offline measurement

Recalculation of PNEM is on-going using 
the updated  enrichment received from 
Daniya.



Relationship of EG1 and EG2 with A
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• So far, all published theoretical 
calculation shows no evidence of 
the second giant resonance (GR) 
peak.

• More calculation and comparison 
with RI experimental is on-going.
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• Expected GR peak for 24Mg, 82Kr and 
130Xe if use same approach.

• However, the current offline data is not 
convincing for comparison and referring 
to theoretical comparison 
(kortelainen2004) show the GR peak for 
light nuclei is in 4-6 MeV.
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Prediction for 2021 campaign
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135Ba(6.59%), 136Ba(7.85%),
137Ba(11.23%), 138Ba(71.70%)
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Highest population at A=137 is coming 
from 138Ba(µ,1n) reaction. 

Highest population at A=135 is coming 
from 136Ba(µ,1n) reaction. 

Expected gamma rays will be discussed in Faiznur’s Talk.



Conclusion and Remarks
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From PNEM, highest probability of 1 neutron emission is expected.
In previous 2019 campaign:
• only gamma associate with the 0 neutron emission for all 24Mg, 82Kr and 

130Xe.
• some gamma are unobservable due to stable and semi stable (half-life : few 

years)
• some gamma loss after beam stopped (half-life: second- minutes)

For PSI 2021 campaign, also many gamma are unobservable due to stable and 
semi stable. Our only hope is to find evidence of proton emission which 
halflife in few hours


