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Irradiation and Measurement Summary

Muon momentum: 39 MeV/c

Irradiation time: ~72 hours

Time between beam stop and offline measurement: 13.5 hours

Offline measurement time: 81.5 hours

Target information:

76Se, metallic

Diameter: 1.8 mm

Thickness: 1.8 mm

Mass: 2g

From detector information given by Daniya:

Muon intensity, 𝑁!= 31.6 x 103 µ/s 

Probability of capture, 𝜂"= 0.956(Different from 
yesterday slide)



Overall Spectrum from 76Se offline measurement
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Step by step to obtain Br(X’) and Giant Resonance 
Peak
1) Peak assignment and calibration

2) Peak fitting
(Gaussian + Linear) or (2 Gaussian + Linear)

3) Yield Calculation
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Y(g) = Amplitude x sigma x √2𝞹

5) Sensitivity of measurement

im(X) = a(X) x 
#(%&)
#(()

6) Number of 
Isotope produced 

during measurement

𝑁 𝑋 =
𝑌(𝛾)

𝜀 𝛾 𝐵𝑟(𝛾) 1 − 𝑒𝑥𝑝 𝑡′𝑡)
8) Branching ratio of Isotope in %

Br 𝑋′ = *(+,)
-!./".0#"1(+)

7) RI production rates

R 𝑋 = -(+,)
2$ 34567 %

%$

9) Compare with PNEM 
output to obtain its’ GR 

distribution

4) Fitting of decay curve Y(g) vs time

Y(g)=Y0 exp (-l/t) 



Peak fitting
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Decay Curve
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Observed RI peaks

RI 
origin

Energy gamma (keV) Half-life 
(s/m/h/d)

76As 559.1 (45%), 
563.0 (1.2%), 
657.1 (6.2%), 

665.3 (0.36%),
1212.9 (1.44%),

1216.08 (3.42%), 
1228.5 (1.22%), 
2096.3(0.55%), 
2110.8(0.33%)

26.2 h

75As stable
74As 595.8 (59%), 

608.4 (0.55%), 
634.8 (15.4%)

427.2 h

73As stable
72As 629.9 (8.07%), 

834.1 (81%)
26 h

71As 174.9 (82.4%) 65.3 h

• All RIs coming from As isomer.
• The observed RI comes from 

76As, 74As, 72As and 71As shows 
only RI following neutron 
emissions.

• Relative yield between each 
peaks reflects their intensity of 
the peak as reported in nuclear 
data table.



Measurement sensitivities

• Based on the overall observation 
on each gamma rays, the 
sensitivity vs muon intensity curve 
is produced.

• Comparison between low, 
medium and high intensity 
gamma peak sensitivities shows 
proportional decrement with 
higher muon intensity
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Br(X’) and R(X’) from 76Se(µ,xnn) reaction

A Br(X’) in % err N(X') err R(X') err
71 0.00675 3.241E-03 6.20E+07 1.09E+06 1.227E+06 2.31E+04
72 0.00176 9.945E-04 3.33E+07 4.23E+06 1.113E+06 1.56E+05
73
74 0.11809 1.824E-01 3.25E+09 7.667E+08 4.758E+07 5.389E+07
75
76 0.47876 9.860E-01 3.37E+09 2.108E+09 1.055E+08 6.761E+07

A=76 gives the highest probability ~47.8%, 
follows by A=74(11.8%), 

A=72(0.2%) and A=71(0.7%)



Improved proton-neutron emission model 
(PNEM2022)

S(En1) ! k[En1exp( − En1

TEQ(E)
) + pEn1exp( − En1

TPEQ(E)
)] (3)

where TEQ(E) and TPEQ(E) are the EQ and PEQ nuclear
temperatures, respectively. TEQ(E) is given as a function of
excitation energy E (Ejiri and de Voight, 1989). The ratio of
TPEQ(E)/TEQ(E) ! 3 for the medium excitation 10< E < 40 MeV.
After one neutron emission, the emission takes place only via the
EQ stage. The OMC strength distribution for 100Nb is derived
from the observed mass-number (A−x) distribution for the OMC
on 100Mo.

The NEM analysis on the observed mass-number distribution
of 100−xNb shows preferential excitation (muon giant resonance,
μ-GR) at 10–14 MeV region and a broad bump at the higher
excitation region of 25–40 MeV. The NEM analyses on other
medium-heavy nuclei by (Ibrahim, 2018) using experimental data
from (Measday et al., 2007b; Measday et al., 2007a) show similar

features of the preferential excitation of the 10–15 MeV. This
preferential excitation reflects the large branch of the one neutron
(x ! 1) emission. The NME analyses on the mass-number
distributions for OMCs on light nuclei show a preferential
excitation around 4–8 MeV region by (Muslim, 2018) using
experimental data from (Evans, 1973; Measday et al., 2007c).
This observation is consistent with the calculation in (Kortelainen
and Suhonen, 2004).

The strength distribution is fitted by the sum of the μ-GR
strengths of B1(μ,E1) and B2(μ,E2) given by

B(μ, E) ! ∑
i!1,2

Bi(μ, Ei),Bi(μ, Ei) ! Bi(μ)
(E − EGi)2 + (Γi/2)2 (4)

where EGi and Γi with i ! 1,2 are the resonance energy and the
width for the ith GR, and the constant Bi(μ) is given by σiΓi/(2π)
with σi being the total strength integrated over the excitation

FIGURE 1 | Proton neutron emission model (PNEM) (Hashim et al., 2020). (A)WhenOMC on 100Mo occurs, 100Nb is excited to some energy up to around 50 MeV,
with Bn(Bp) ! 5.68 MeV (9.46 MeV), 6.87 MeV (8.34 MeV), 5.99 MeV (7.87 MeV) and 8.07 MeV (7.46 MeV) for NbA with A ! 100, 99, 98, and 97, respectively. (B) The
excitation energy region of 8–16 MeV, which is strongly excited, decays by emittingmainly 1 neutron, and partly by 2 neutrons, depending on the neutron energy. (C) The
excitation region of 26–34 MeV day by emitting 3–4 neutrons and also partly by emitting 3 neutrons and 1 proton. (D) The muon strength distribution, B(μ,E) for
OMC on 100Mo from the excitation energy distribution in the daughter nucleus of Nb and Zr isotopes following the muon capture process. To reproduce the 100Mo
experimental RI mass distribution, the EG1 and EG2 are observed at 12 MeV, and 30 MeV with an intensity ratio of EG1/EG2 ! 1/6 (Hashim et al., 2018).
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Emission probability based on 
neutron/proton binding energy + Coulomb 
Barrier – Z. W. Ng PhD Thesis, 2022
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PNEM calculation on 40Ca (100%):

Reaction Experiment Coulomb + 
50% prob.

Coulomb 
only

Without 
Coulomb

(μ-, ν) 27 24.4 24.4 22.3

(μ-, νn) 43 46.8 61.6 56.8

(μ-, ν2n) 3 2.4 9.9 7.6

(μ-, ν3n) 0 0.08 0.7 0.5

(μ-, ν4n) - 0 0 0

(μ-, νp) 10 12.6 0 2.1

(μ-, νpn) 11 11.0 2.5 7.4

(μ-, νp2n) 3 2.6 0.8 3.1

(μ-, νp3n) - 0.08 0.04 0.2

Note: constantEG1 = 20, constantEG2 = 70, GRwidth1 = 6, GRwidth2 = 6

For 40Ca (µ,xnn) :



Muon capture Strength, B(µ)
Trial using B(µ) 
distribution by 
PNEM to produce 
experimental data. 
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using case 3, comparison 
with the Br(X’) from 
experimental data give 
c2~1.2 the smallest 
compare to other assumed 
case.
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Conclusion
• 29 gamma peaks have been observed following muon capture on 76Se reaction.

• Most of the come from As isomer associated with neutron emission.

• Their half-life is between 24 hours to 500 hours.

• Measurement sensitivities shows that 0.6 ppm for peak at 174.9 keV.

• sensitivities of measurement using enriched isotope could improved by highly intense muon 
beam.

• Branching ratio, Br(X’) for the RI produced following the reaction shows 0 n channel to be the 
highest  probability. 

• Using the improved PNEM simulation, giant resonance peak is located at EG1= 7.14 MeV and EG2

= 25.2 MeV


