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Overview of Ordinary Muon Capture (OMC)

* OMC s a weak nuclear process that involves the exchange of charged
bosons to transform a proton (p) into a neutron (n).

W+ p—> n+ v,
* Asaresult, OMC on ‘}X produces a new isotope of (Z_‘%X).
* shown its utility in nuclear transformation for medical applications and
elemental analysis, archaeological and astronomical purposes|1, 2, 8].
e The OMC process is initiated by the muon (u) stopping in the target atom
and is eventually captured into the nucleus by emitting a muon neutrino
(V)
* Once the u is captured, the nucleus is excited up to around 5-50 MeV, and

then decays by emitting many particles, mostly neutrons.

[1] I. Hashim, et al Phy. Rev. C, 97(1): 014617 (2018)
[2] I. Hashim et al, Inst. and Methods in Physics Research Section A: 163749 (2020)
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Overview of Ordinary Muon Capture (OMC)
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ransition to its’ ground state. Phys. In preparation.

Measday, D. F. (2001). Phys. Rep. 354, 243409.
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h’ Relationship between OMC and Double UM

Beta Decays (DBDs)

* OMC and DBD are fundamentally linked through their dependence on
Nuclear matrix elements (NMEs) and nuclear structure properties.

* While the processes differ in their mechanisms, both provide valuable
insights into weak interactions and the fundamental properties of
neutrinos.

* NMEs play a critical role in governing the rates of DBD, particularly in
determining the probability of neutrinoless double beta decay, a process
crucial for probing the Majorana nature of neutrinos.

* The study delayed gamma rays from OMC provides detailed information
about nuclear transitions of DBD intermediate nucleus.

H. Ejiri, J. Suhonen and K. Zuber Phys. Rep. 797, 1, 2019.
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Beta Decays (DBDs)

* Both OMC and DBD capable to describe the distribution of transition
probabilities between nuclear states.

* OMC serves as an experimental proxy to test and refine nuclear models
used in DBD studies.

* By analyzing OMC rates, and N-Z dependence, researchers gain indirect but
significant insights into the nuclear structure factors that influence DBD.
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Relationship between OMC and Double OLUM
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Unique features of antineutrino nuclear ~ ¥+=3 L
responses by OMC

* Unique features of
antineutrino nuclear

responses (ANR)
*Role of OMC in ANRs
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Unigue features of antineutrino nuclear
responses (ANR)

* Antineutrino nuclear responses
play a pivotal role in understanding
fundamental processes and
interactions involving weak forces.

* These responses reflect how nuclei
interact with antineutrinos,
revealing valuable information
about nuclear structure,
transitions, and fundamental
symmetries.

H. Ejiri, J. Suhonen and K. Zuber Phys. Rep. 797, 1, 2019.
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Unique features of antineutrino nuclear |
responses (ANR)

* ANRs are governed by weak interaction operators, including Gamow-
Teller (GT), Fermi, and forbidden transitions. These operators probe
different aspects of nuclear structure, such as spin-isospin excitations
and higher-order corrections, offering a comprehensive view of
nuclear dynamics.

* ANRs exhibit a pronounced dependence on the neutron-proton (N-2)
ratio, which influences the strength of nuclear transitions.

* By analyzing ANRs, researchers can validate theoretical models used to
predict key properties of neutrino and solar neutrino interactions,
bridging gaps between experiment and theory.

H. Ejiri, J. Suhonen and K. Zuber Phys. Rep. 797, 1, 2019.
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Measurement of Delayed Gamma Rays in OMC

Techniques for detecting
delayed gamma rays.
Significance of delayed

gamma-ray spectroscopy
for DBD studies.
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Early Work on OMC
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D2 beamline, J-PARC

PHYSICAL REVIEW C 97, 014617 (2018)

MUSIC, Osaka Univ.

il Soclety of Japan 82 (2013) 084202
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Nuclear y Rays from Stopped Muon Capture Reactions
for Nuclear Isotope Detection
Hiroyasu Exri"**, Izyan H. Hasuse®, Yuko Hixo’, Yoshitaka Kuno®, Yuki Matsusmoro®,

Kazuhiko Nmvosiva’, Hideyuki Saxamoro?, Akira Saro’, Tatsushi Siva’
Atsushi Stionara’, Keiji Takarisa', and Nam H. Trax®

v/kev  H. Ejiri et al, J. Phys. Soc. Jpn. 82, 044202 (2013)

I. H. Hashim et al, Phys. Rev. C 97, 014617

Muon capture reaction on '™Ma to study the nuclear response for double-f decay
and neutrinos of astrophysics origin

Department of Physics, Osika

K. Ninomiya
iy, S

Department of Chemistry, Osaky 600043 Togomaka-shi, Osake, Japon
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Techniques for detecting delayed gamma rays
Isotope Facility/ Momentum Muon intensity Method References
JPARC
100 6
Mo (30 MeV/c) 1.8 x10%s Measure delayed (1]
VIUSIC gamma rays to deduce
u ’
NatMp, 100Mo 2.5 x10%/s Br(X’) 2
(45-55 MeV/c) / f2]
. TRIUMF
127) 1975, 209g; 2.0 x10%s (3]
(90 MeV/c) Measure gamma ray
277, 285j, NatCq, S6Fe, TRIUMF from bound states
61Nj, 127], 1977, 209B; (90 MeV/c) (short lived) and (4]
muonic X-rays to
48Tj, 76Se, 82Kr, 116Cd and PSI 3.0 x10%s deduce Br(X) [5,6]
1505m (28 MeV/c) and 2.5 x10%s '
[1]Hashim, I. H. Osaka University. 2014
[2]Hashim, 1., Ejiri, H., Othman, F, Ibrahim, Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2020:163749
[3]Measday, D. F, Stocki, T. J. and Tam, H. Physical Review C, 2007. 75(4): 045501.
[4]Measday, D. F. and Stocki, T. J. AIP Conference Proceedings. American Institute of Physics. 2007, vol. 884. 169-175

[5]Zinatulina, D., Brudanin, V., Briangon et al. AIP Conference Proceedings. American Institute of Physics. 2013, vol. 1572, 122-125.
[6]Zinatulina, D., Brudanin, V., Egorov, V., Physical Review C, 2019. 99(2): 024327.




Techniques for detecting delayed gamma rays

14<A<28 CIARGCT Y RS (R PYVANS I o Light nuclei can emit up to 3
[1] [2,3] [1,2,4] neutrons with total
(4,0n) 9-26% | 27 -32% | 10-15% 8-12% mvbab“hvof85%. _
(4,1n) | 45 -49% | 42 - 60% | 45 - 60% | 40 - 50% | ® Medurmheavy nuclel can
5 Y N0 “ono emit more than 4 neutrons
(|~|12n) 6-27% 3-9% 15 - 20% | 15 - 20% with total probability of 96%.
(u,3n) 1-4% ~1% 5-9% [12-15% | « Light nuclei have higher
(p,4n) ~() ~( 2 - 4% 5-10% proton and alpha emission
(|J/ xn) ~0 ~0 <39 <20 (~10-15%) than Tedlum-
x>4 (0 0 heavy nuclei (<5%).
(u,p) ~2% 5-10% <1% <1% [8]Measday, D. F. and Stocki, T. J. AIP
(H,pxn) 0 0 0 of Physce. 2007 vol 947, 283-2gn. T
X>0 5 B 9 /0 5-11 /0 NO < 1 /0 [9]Zinatu|i.na, D.: et él, I F.’hysical Réview C,
2019. 99(2): 024327
(p,an) ~() ~( <1% ~0 [10] Hasr(ﬂrz], I, Ejiri, H., Othman, et al
(H,axn) [\IIIIIV]IAMZOZC?:16S729.S ki, T. J. et al
easday, D. F, Stocki, T. J. et a
)2>0 ~3% 0-3% ~0 ~0 Physical Reviow C, 2007. 75(4): 045501.
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Techniques for detecting delayed gamma rays
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Figure 4. The time evolution of acquired  spectra from the off-line measurement on
1%6Ba in the energy range of 50 to 680 keV

Ng. Z. W. , Hashim, I.H., Ejiri. H., In preparation
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Ng. Z. W. , Hashim, I.H., Ejiri. H., In preparation
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Significance of delayed gamma-ray spectroscopy for DBD studies.

Table 6

RIs produced by OMC on N*Mo. Columns 1 and 2 show the RI produced by u capture and the residual nucleus, and column

[C_TJExperimental
NEM

3 gives the emission process involved. Column 4 gives the half-life of the Rls produced by OMC. Column 5 is the number of 020

the RIs, column 6 lists the typical y ray(s) [7], and column 7 is the calculated N(X') by the PNEM. o8
RI Final N Process Half-life (h) NX)x10* y rays (keV) cale. N(X')x10% ;Z:
100N 100)Mg 100Mo(u,0n) 4.4 x 107 0.6 + 0.1 535.6" 0.35 + 0.26 Zor
Mo P"Te 10Mo(u,nf") 66 38+ 04 1405, 181.0, 7395 291 + 1.02 30
BNb Mo 10Mo(u,20) 7.1 x 1073, 0.855 3.0 £ 0.8 734.7° , 787.4 208 + 1.01 £
INb Mo 98Mof(y,1n) 1.2 88+ 15 658.1 8.51 + 0.83 oot
7r I7Nb 98Mo(4,p) 16.9 0.05 + 0.02 7435 - o0z
%Nb %Mo Mo (,1n) 234 45+ 1.0 568.8, 778.2, 1091.3  7.02 + 1.37 000
BNb Mo %Mo(y,1n) 1205 67 10 765.8 7.52 + 2.16 e
%Nb %Mo 98Mof(y,1n) 1.75 x 10° 862+ 100 - 8.29 + 1.13
5Nb BND 9"M0(;1,1n) 141 x 10° 596 4 1,0" B 5.06 4 135 Fig. 6. Isotope mass distributions of Rls produced by MuCIP on N'Mo,
2Nb  92zr %Mo (4,20 244.8 3.0 +0.15 934.5 2.78 + 1.17 . .
aNp Oz %Mo &’1“; 6 x 106 5104100 - 500 £ 117 [1] H. Ejiri, I. H. Hashim, et al. J. Phys.
ONb 0z Mo (u2n) 146 1.9+ 03 11292, 2186, 23190 - Soc. Japan, 82 (2013) 044202.

2The y rays measured in the Mo experiment.
PN(X’) obtained by calculation using PNEM.

A, Mar 2020

* In different cases, neutron are measured on time of flight (TOF) measurement[3].
* The main problem is how to relate delayed y-ray to the neutrino nuclear responses
* Using proton neutron emission model (PNEM) to obtain the 3* virtual transition distribution

[2] . H. Hashim et al, Nucl. Instr. Method.

Significance of delayed gamma-ray spectroscopy for DBD studies.
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Neutron emission model (NEM) and proton
neutron emission model (PNEM) have been
developed to calculate the B* virtual
transition [1,2].

Overall B* virtual transition gives equivalent
information of excitation energy involve after
muon capture process (muon capture
strength).
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Significance of delayed gamma-ray spectroscopy for DBD studies.

Isotope Method Eg (MeV) Es, (MeV) Reference
1000 Exp + NEM 12 30 [1]
2Na, 22Mg, 27Al, 28Sj, 40Ca, and
& SN Exp + NEM 12-18 30-46 2]
7656,106Cd, 127'1 ISOSmI 197Au and
20981 Exp + NEM 9.9-12.2 25.7-31.5 3]
Exp + NEM +
100
Mo pn-QRPA 10.5 29.5 [4]
100 107 108 127
Mo, Pf(;gBi Pd, ¥l and Exp + PNEM 10-18 25-45 [5]

[1] Hashim, l.et al,. Physical Review C, 2018

F. Othman, UTM PhD Thesis 2023

[2] Muslim, N.F.H. BSc Thesis, UTM. 2018
[3] Ibrahim. F. BSc Thesis, UTM. 2018

[4] Jokiniemi, L. et al. Phys Lett B, 2019
[5] Hashim, I.,et al. Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment, 2020 19 @QIM

Significance of delayed gamma-ray spectroscopy for DBD studies.

+ Total OMC rate for nuclei

* Involvement of overall individual spin states for
intermediate nuclei

* Theoretical pn-QRPA simulate the same distribution
by g, and g, combination => Absolute capture

! I I I
(] o+, 1+ 721
] Higher multipoles

Rate (10°/s/2.5 MeV)

strength.
« The first comparison of experimental data of 1°°Mo O e 10 15 20 25 50 45 10 4 o
with pn-QRPA: E(MMeV)
» More than 90% of the contribution is from 0%, 1* 10 : O ipeles
and 2* — Fxp

* Remaining coming from higher multipole states.

* The present calculation was using Neutron Emission
Model (NEM) with lower energy resolution.

* The new PNEM is expected to provide much
accurate capture strength with inclusion of proton
and Coulomb barrier effect with higher energy
resolution. 20

Relative rate(%)

0 5 10 15 20 25 30 35 40 45 50 55
E(MeV)

[1] L. Jokiniemi J. Suhonen. H. Ejiri and I.
Hashim PL B 794 143 (2019)
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N-Z dependence of OMC Rates

* Observations on neutron-
proton ratio (N-2)
dependence.

Implications for nuclear
structure and decay
mechanisms.
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Observations on neutron-proton ratio (N-2)
dependence.

Measurement of muon disappearance rate on 1Mo and Na*Mo shows that

* The experimental OMC rates for 1Mo and "Mo are
determined by examining the time spectra of the
electron decaying from the trapped muon.

* The increment of A resulting in significantly lower OMC

rates.

* The OMC rate for 1Mo is 27% lower than the rate for

natMo, with the effective A around 96 due to the

blocking effect of the surplus neutrons in 1°Mo[3].

+ The present experiment show, for the first time, a

ol T significant reduction in the OMC rate for the DBD

04 045 05 055 06 065 07 075 08  nucleus of 1Mo with N-Z= 16 compared to the rate
Time, 1) gor nathMo with A = 96 and N - Z = 12.

(a)'"Mo

I. H. Hashim et al. Physical Review C 108, 014618 (2023)
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Implications for nuclear structure and |
decay mechanisms.

_.
e

— * This N - Z dependence is consistent

Sl with the general N - Z dependence

—— Suzuki 1987:[9] observed in other nuclei [9,26] and
supports the phenomenological OMC
rate as a function of N — Z proposed
by Primakoff [34].

 This demonstrates that some g,
guenching was detected in nuclear
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I. H. Hashim et al. Physical Review C 108, 014618 (2023)
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Perspectives on OMC experiments

Current challenges and
advancements in
experimental techniques.

Future directions for OMC
in studying antineutrino
nuclear responses.
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C u rre nt C h a | Ie n ges a n d t]u'l}-el]vs,;\dte::whl experiment: ordinary muon capture studies
advancements in e e
experimental techniques

* The original Monument proposal envisaged
three series of measurements at PSl on
isotopes of interest for OvBP decay and
astrophysical applications.

* Our efforts started in 76Se and 136Ba (2021),
100Mo for astrophysical applications in 2022,
followed by #8Ti in 2023 for setting a
benchmark of ab initio calculations for Ovpp
decay.

G.R.Araujo, et al. (MONUMENT experiment). Eur. Phys. J. C
(2024) 84:1188 Innovating Solutions
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Future directions for OMC in studying ANRs

* Looking ahead, measurement on light nuclei motivated by further
exchanges with nuclear physics theorists, would be aimed at comparison
with ab initio calculations.

* Despite the lack of a direct link to the OvBpB decay isotopes, these isotopes
can help to study theoretical aspects such as the role of meson exchange
currents infinite momentum transfer, in light systems where the
calculations are more under control than in the heavier ones.

* However, this desired measure would require a revision of the experimental
approach, as a challenging plethora of y-rays and uX-rays are expected.

G.R.Araujo, et al. (MONUMENT experiment). Eur. Phys. J. C (2024) 84:1188
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Concluding Remarks

* OMC can efficiently transmute the target isotope into isotope of mass
number Z-1 along with emission of neutral and charged particle.

* measurement of delayed gamma rays gives majority branching ratio
observation from (z,1n) channel.

* OMC and DBD are linked through their dependence on NMEs and
nuclear structure properties. These processes differ in their
mechanisms, both provide valuable insights into weak interactions and
the fundamental properties of neutrinos.

* ANRs obtained by the observation of delayed gamma rays following
OMC reflect how nuclei interact with antineutrinos, revealing valuable
information about nuclear structure, transitions, and fundamental
symmetries.

Innovating Solutions
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Concluding Remarks

* The extensive experimental programs on OMC for other
nuclei of DBD and supernova anti-neutrino interests are
under progress at Research Center Nuclear Physics (RCNP),
Osaka and Paul Scherrer Institute (PSl), Zurich, by the join
group of OMC4DBD/MONUMENT collaboration.

* Current focused revolved on OvB decay of astrophysical
applications and benchmarking of ab initio calculations.
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