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Ordinary Muon Capture (OMC) 
     µ-  → e- + νe+ νµ 

                                                          (A, Z) + µ-  →   (A, Z-1)* + νµ 
      → (A, Z-1) + γ                   

                                                                → (A-1, Z-1) + γ +n  
                               → (A-2, Z-1) + γ + 2n         

      → (A-1, Z-2) + γ + n + p    
  

 

nucleus 

mµ ~ 105 MeV 

OMC	

OMC	

τdec = 2.2µs 

Ø  Muonic cascades (our by-product) 
Ø  High momentum transfer (up to 100 

MeV) -- High-lying states population 
Ø  Right leg testing for DBD 

calculations (coupling to charge 
exchange reactions) 

Ø  ga – suppression probing -- via 
capture rates calculations (+ other 
methods)	

Ø  Angular correlations in OMC  
(Doppler shape of γ-lines) 
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Experimental input for NME calculations 
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Measurement set-up 

0 1 2 3stop C C C Cµ = ∧ ∧ ∧

Number of µ-stop		=		(8	–	25)	x	103		with		20	–	30		MeV/c	

HPGe’s: register µX- and γ-radiation, following  
  OMC in the target, and time         4	



2β-decay 2β-experiments  OMC target Status 
76Ge GerdaI/II, Majorana 

Demonstrator  
76Se 2004 (PSI) 

48Ca TGV, NEMO3, Candles III  48Ti 2002 (PSI) 

106Cd TGV 106Cd 2004 (PSI) 

82Se NEMO3, SuperNEMO, 
Lucifer(R&D) 

82Kr 2006 (PSI) 

100Mo NEMO3, AMoRE(R&D), 
LUMINEU(R&D) 

100Ru 2018 (RCNP) 

116Cd NEMO3, Cobra 116Sn 2002 

150Nd SuperNEMO, DCBA(R&D) 150Sm 2006 (PSI) 

136Xe EXO200, Kamland-Zen, 
NEXT 

136Ba 2019 (RCNP) 

130Te Cuore 0/Cuore, SNO+ 130Xe 2019 (PSI) 
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(E, t) distribution of the correlated events 
following µ-capture in 76Se target 

 



(E, t) distribution of the correlated events 
following µ-capture in 76Se target 

 

Time evolution of the intensities of the strongest  
𝛾-lines following OMC in 76Se (top) и natSe 
(bottom). 7	

Counts/50ns 



Total µ-capture rates in different isotopes of Se  

Target Daugh. 
Nuclei 

Ei
γ 

[keV] 
τ  
[ns] 

<λcap>  
[106 c-1] 

76Se (A 75As 198.6 148.4(7) 

279.5 148.6(5) 

<148.48(10)> 6.300(4) 

natSe (A 

(77)Se 76As 164.7 163.5(20) 5.68(7) 

(78)Se 77As 215.5 165.9(19) 5.59(7) 

(80)Se 79As 109.7 185.5(27) 4.96(7) 

(82)Se 81As 336.0 208.2(68) 4.37(14) 

natSe (B 163.5(10) 5.681(37) 

Time evolution of the intensities of the strongest  
𝛾-lines following OMC in 76Se (top) и natSe 
(bottom) (A. 

A) D. Zinatulina, V. Egorov et al. // Phys. Rev. C 99(2019)024327 

B) T. Suzuki, D.F. Measday // Phys. Rev. C 35(1987)2212 

Counts/50ns 

tµγ[ns] 
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Energy spectra in OMC 

prompt 

delayed 
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Uncorrelated 



Uncorrelated 

Prompt 

Delayed 

Ø  tµγ = 0-50 ns: µX-cascades (Prompt spectra) – normalization, 
identification, composition of the surrounded materials and 
target itself; 

Ø  tµγ = 50-700 ns: γ-radiation following ΟΜC (Delayed spectra) – 
partial µ-capture rates – strength function of the right side; 

Ø  T >> tµγ : background radiation (Uncorrelated spectra) – 
calibration of the det-s, identification, yields of short-lived RI 
during exposure 	
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Energy spectra in OMC 
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Partial µ-capture probabilities to 76As 
Elev Jπ 
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Partial µ-capture probabilities to 76As 
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MEDEX’19: Good 
agreement with  
theoretical 
calculations -- group 
from Jyvaskyla 
University -- 
J.Suhonen, 
L. Jokiniemi 
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Partial µ-capture probabilities to 76As 



Results measured with U-spectra in 76Se 

Isotope Type 
of 
decay 

T1/2 Λcap (xn yp) 
[106 c-1] 

Pcap 
[%] 

76As β- 26.3 h 1.45(11) 13.65(255) 

75mAs IT 17.6 µs 1.80(31) 6.5(11) 

75As stable Not measured 

74As β-, EC 17.8 d 1.1(2) 17.5(32) 

73As EC 80.3 d Not measured 

72As β+ 26 h 0.15(3) 2.4(5) 

71As β+ 65.3 h 0.061(18) 0.96(28) 

75mGe IT 48 s 0.047(13) 0.75(21) 

75Ge β- 82.8 min 0.054(2) 0.86(3) 

71mGe IT 20 µs  0.020(3) 0.32(5) 

74Ga β- 8.1 min 0.026(6) 0.40(9) 

72Ga β- 14.1 h 0.026(7) 0.40(11) 

∑=43.7(43) 

Background radiation (Uncorrelated 
spectra) – 

Ø  calibration of the det-s,  
Ø  identification,  

Ø  yields of short-lived RI during 
exposure 	
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Results measured with U-spectra in 76Se 

Isotope Type 
of 
decay 

T1/2 Λcap (xn yp) 
[106 c-1] 

Pcap 
[%] 

76As β- 26.3 h 1.45(11) 13.65(255) 

75mAs IT 17.6 µs 1.80(31) 6.5(11) 

75As stable Not measured 

74As β-, EC 17.8 d 1.1(2) 17.5(32) 

73As EC 80.3 d Not measured 

72As β+ 26 h 0.15(3) 2.4(5) 

71As β+ 65.3 h 0.061(18) 0.96(28) 

75mGe IT 48 s 0.047(13) 0.75(21) 

75Ge β- 82.8 min 0.054(2) 0.86(3) 

71mGe IT 20 µs  0.020(3) 0.32(5) 

74Ga β- 8.1 min 0.026(6) 0.40(9) 

72Ga β- 14.1 h 0.026(7) 0.40(11) 

∑=43.7(43) 

Background radiation (Uncorrelated 
spectra) – 

Ø  calibration of the det-s,  
Ø  identification,  

Ø  yields of short-lived RI during 
exposure 	
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0ν2β-decay 0ν2β-experiments  OMC targets Status 

76Ge GerdaI/II, Majorana 
Demonstrator  

76Se 
Total and partial 
capture rates, RI 

yields 

48Ca TGV, NEMO3, Candles III  48Ti Total and partial 
capture rates 

106Cd TGV 106Cd Total and partial 
capture rates 

82Se NEMO3, SuperNEMO, 
Lucifer(R&D) 

82Kr 
Total capture rates 

(PSI, 2019) 

100Mo NEMO3, AMoRE(R&D), 
LUMINEU(R&D) 

100Ru - 

116Cd NEMO3, Cobra 116Sn - 

150Nd SuperNEMO, DCBA(R&D) 150Sm 
Total capture rates, 

RI yields 

136Xe EXO200, Kamland-Zen, 
NEXT 

136Ba 2020 (RCNP) 

130Te Cuore 0/Cuore, SNO+ 130Xe 2019 (PSI) 
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Link:	muxrays.jinr.ru	

The information from the µX-ray spectra catalogue is important! (It helps us to identify γ-lines, background,  
and gives correct selection of the targets and construction materials for different experiments with muons) 
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	20Ne, 12C  

and 16O were 
investigated  
for that purpose 



Conclusions: 
´ OMC presently seems to be a bit off the main stream of physics 

     But: it can provide important information about the high-q component of 
the weak nuclear response, i.e. it is relevant for the neutrinoless double beta 
decay (and astrophysics) 

Ø  Several targets (48Ti, 76Se, 82Kr, 106Cd, 150Sm) have been studied by 
our group for the double beta decay (48Ca, 76Ge, 82Se 106Cd, 150Nd). 
Total and Partial capture rates were extracted and a substantial strength of 
the μ-capture was found to reside in the low-energy region --  especially in 
the case of heavy systems.   

      D. Zinatulina et al. Phys. Rev. C 99 (2019) 024327 
      PhD thesis of D.Zinatulina 

´ By-product: Electronic catalogue of muonic X-rays have been made 
(muxrays.jinr.ru) 

´ Angular correlations for 20Ne, 16O and 12C have been investigated 

 (gp/gA, PCAC) 

´ Further theoretical efforts is be needed 

´ New initiatives are very welcome to advance  20	



Thank you for your attention!	
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Total	µX-ray	spectrum	of	Cd			



Ordinary Muon Capture (OMC) 
     µ-  → e- + νe+ νµ 

                                                          (A, Z) + µ-  →   (A, Z-1)* + νµ 
      → (A, Z-1) + γ                   

                                                                → (A-1, Z-1) + γ +n  
                               → (A-2, Z-1) + γ + 2n         

      → (A-1, Z-2) + γ + n + p    
  

 

nucleus 

mµ ~ 105 MeV 

OMC	

OMC	

τdec = 2.2µs 

Ø  Muonic characteristic X-rays 
(normalization, identification)	

Ø  γ-radiation following OMC in 
targets (total and partial 
capture rates)	

Ø  Yields of short-lived RI during 
exposure 	

	
Ø  PhD thesis of D.Zinatulina	
Ø  [1] D. Zinatulina et al. Phys. 

Rev. C 99 (2019) 024327 
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arXiv:  
1803.10960v2 
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URL:	http://muxrays.jinr.ru/	

Измерено более 75 химических элементов, PSI, µE1 и µE4 
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Total	µX-ray	spectrum	of	Cd			

27	



Статус	по	ЯМЭ.	Подавление	gA	параметра	(Й.	
Сухонен	и	др.,Ювяскюля)	

Jiao	et	al.:	Phys.Rev.	C	96	(2017)	
054310	(GCM+ISM)	
	
Menendez	et	al.:Nucl.	Phys.	A	
818	(2009)	139	(ISM)	
	
Senkov	et	al.:Phys.	Rev.	C	93	(2016)	
044334	(ISM)	
	
Barea	et	al.:	Phys.Rev.	C	91	(2015)	
034304	(IBM-2)	
	
Suhonen:	Phys.Rev.	C	96	(2017)	
055501	(pnQRPA+	isospin		
restoration	+	data	on	2νββ) 

76Ge	

NDM2018	
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Расчеты	с	использованием	оболочечной	
модели	(56Fe,	24Mn,	32S)	

•  Кандидаты	DBD		
	

•  Проверка	подавления	gА		
	

•  Вклад	V,A,P	в	
парциальные	скорости	
захвата	

λµ 

L.	Jokiniemi	
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Ускоритель	RCNP	и	E489	эксперимент	

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	
	 30	



PRC	97(2018)	014617	(J-PARC	2014)	

100Nb 
99Nb 

100Mo 

µ- 
β,γ	

E0	

νµ 

I. H. HASHIM et al. PHYSICAL REVIEW C 97, 014617 (2018)

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].

S
(
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n

)
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(
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TEQ(E)
+ pE1
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(
− E1
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)]
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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.

014617-4
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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.
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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].
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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.

014617-4

EG1	

EG2	
Γ1	

Γ2	

I. H. HASHIM et al. PHYSICAL REVIEW C 97, 014617 (2018)

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
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
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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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Irradiation	of	target	

Measurement	of	delayed	γ-rays	

Nuclear	matrix	element,	NME	
for	DBD	

Calculation	by	proton	and	
neutron	emission	model	

Weak/		
neutrino	
nuclear	
response	

Exp.	data	give	the	dist.	of	isotope	mass	
population	of	the	final	nuclei	after	neutron	
emission.		

muonic	X-ray		
and	short-lived	γ-rays	

Provides	initial	capture	strength	
100Nb	after	muon	capture	

Absolute	capture	strength	

Muon	capture	
reaction	

•  Used	adjusted	
gA	to	calculate	
DBD	NME	

•  Provide	µ	capture	rate	
•  If	pnQRPA	with	gA	can	

reproduce	the	µ	
capture	rate	or	they	
need	to	adjust	gA.	

γ-ray	

µ	beam	

100Mo	+	µ-	èNb*+νµ+xn	

Nb*+β-+νe	+	γ Distribution	of	initial	strength	can	
provide	the	final	nuclei	isotope	
population	

compare	

Relative	capture	strength	

100Nb 100Mo 

µ- β,γ	

E0	

νµ 

99Zr 
98Nb 

99Nb 
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Detector	efficiencies	and	timing	

													high	γ‘s	from	
35Cl(n,γ),	56Fe(n,γ),28Si(n,γ)	
																				and	
µX-rays	from	Au,	Cd,	Sm	

			timing	deterioration	due	
co-axial	geometry	of	HPGe	
								time	lag	due	to	incomplete		
																		charge	collection	
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URL:	http://muxrays.jinr.ru/	

Измерено более 75 химических элементов, PSI, µE1 и µE4 
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Метод временнóй 
эволюции γ-линии 

Полная скорость 
исчезновения мюона: 
 
Λtot = 1/τ = Λcap + H· Λfree + …, 
 
   Λfree – распад свободного 
мюона, H – фактор Хаффа, 
  
 Λcap = Λcap(0n) + Λcap(1n) + Λcap(2n) + Λcap(1p) +.. 

(1)  – центральная часть фрагмента (γ-линия  
           + фон под ней) – 1 ч; 
 
(2) – фоновая часть вокруг энергетического пика  
        (1 ч); 
 
(3) – область 𝛾-линии (фитирование функцией 
        Гаусса с пятью параметрами для каждого  
         временного отрезка) – 73 ч. 

( ) ( )1 /f t A Exp t Cτ= ⋅ − + %Временнáя эволюция 
фрагмента (врезка)  
𝛾-линии 227 кэВ, 
сопровождающей ОМЗ в 48Ti. 
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Различная	форма	γ-линий	в	Ne.	Угловые	
корреляции.	

1200 1250 1300 1350 1400 1450
0
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 [ns]

Energy  [keV]

Background

Delayed

60 60
40Co Co

K

Ne(   ,   n)   F20 19   *µ ν

Ne(   ,  )   Fµ ν20                  20   *

§  Газовая	мишень	при	давлении	1	атм.	

§  4	HPGe	детектора		

§  400	часов	измерений		

Eγ

E0E  -DS E +DS0 0E  -DS E +DS0 0E  -DS E +DS0 0E  -DS E +DS0 0E  -DS E +DS0 0
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Мишень:  48Ti 

Год исследования: 2002 
Обогащение: 95.8% 
Состав: TiO2 порошок 
Количество: 1.0 г 
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Полные скорости µ-
захвата в 48Ti 

272 нс (изомер) 
Мише
нь 

До
ч. 
яд
ро 

Ei
γ 

[кэ
В] 

τ  
[нс] 

<Λcap>  
[106 c-1] 

48Ti 48Sc 370.3 363.8(26) 

47Sc 807.8 359.7(28) 

1297.1 358.0(40) 

47mSc 767.1 358(10) 
[+272 нс] 

<361.1(24)> 2.323(15) 
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м 

<3 
1+ 

3216.1 

1-, 2- 2670.3 

2+ 

3149.9 

2783.3 

2190.46 
2275.48 

622.64 
1142.57 
1401.69 
1891.06 

130.94 5+ 

3+ 
4+ 252.35 

2+ 
2– 
3- 
3+ 
2+ 

2517.3 
2640.1 

1+ 
1, 2- 

0 6+ 

2811.2 1, 2, 3 

3056.5 1+ 
3026.2 
2980.8 1+ 

2,3 

β- 48Sc	

48Ti	

2729.0 4+,5+ 

1.185 (677) 
1.136 (707) 
0.11 (6) 
0.55 (32) 
0.71 (42) 
0.52 (23) 
1.056 (328) 

1.175 (717) 

0.19 (6) 
0.19 (8) 
0.47 (33) 

0.53 (29) 

0.45 (24) 
0.14 (8) 

0.379 

0.447 

0.160 

0.439 

1.000 
0.959 

0.102 

0.128 

0.080 

0.050 
0.195 

1.000 

J.Suhonen	et	al.	Pj,	относит.	

Парциальные 
вероятности µ-захвата 48Sc 

0+ 

∑Pj (%) = 8.40 (157)  

Pj,	%	от	Λcap	

0.118 0.011 

0.991 

0.397 
0.160 

0.891 

0.599 
0.464 
0.093 
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Мишени: 106Cd, natCd 

Год исследования: 2004 
106Cd 
Обогащение: 63.0% 
Состав: Cd (метал. фольга) 
Количество: 5.0 г 
natCd 

Состав: Cd (метал. фольга) 
Количество: 5.0 г 
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Полные скорости µ-захвата в 
различных изотопах Cd 

Мише
нь 

До
ч. 
яд
ро 

Ei
γ 

[кэ
В] 

τ  
[нс] 

<Λcap>  
[106 c-1] 

106Cd 105Ag 346.8 73.2(5) 

433.2 72.4(8) 

<72.97(36)> 13.28(7) 

natCd 

(110,111)Cd 109Ag 311.4 92.2(26) 10.43(31) 

(111,112)Cd 110Ag 483.7 95.0(70) 10.11(75) 

(111,112)Cd 111Ag 391.3 <99.45(5)> 9.600(5) 

(113,114)Cd 113Ag 270.8 <102.07(15)> 9.380(14) 

116Cd 115Ag 255.5 107.7(18) 8.86(15) 
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597.3 

364.4 
416.6 

205.9 
234.6 

(3)+ 
(2)+ 110.6 

277.0 

0 1+ 

565.1 
596.1 

106Ag	
106Cd	

389.2 

0.64 (41) 
1.44 (115) 
0.51 (41) 
0.66 (50) 
0.92 (51) 
1.07 (66) 
0.60 (49) 

0.29 (17) 

0.72 (52) 
0.60 (32) 
0.61 (33) 

0.34 (13) 

0.21 (17) 

0.37 (20) 
Λpar,	%	of	Λcap	

Парциальные 
вероятности µ-захвата 

106Ag 

∑	Pj  ,1+(%) = 12.36 (201)  

602.8 
661.3 
698.2 
730.4 
769.7 
812.0 
917.4 
936.5 

1145.1 
1329.5 

2+ 

(2, 3)_ 

(1-) 

1_,2_ 
(1+, 2+, 3+) 

β_ 
0+ 

89.6 6+ 

0.17 (12) 
0.23 (13) 
0.29 (17) 

0.36 (23) 

0.37 (34) 
0.67 (47) 

3+ 

 

(2, 3)- 
1_, 2_, 3_ 
1_, 2_, 3_ 
(2-, 3-)

 1- 
1_, 2_, 3_ 

1_, 2_, 3_ 
(3-)

 1_, 2_, 3_ 
(0-,1-) 
(2-, 3-,4-)

 ( 3-,4-)
 

ОМЗ	
∑	Pj (1+ и 6+) (%) = 14.26 (220)  
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Мишени: 150Sm, natSm 

Год исследования: 2006 
150Sm 

Обогащение: 92.6% 

Состав: Sm2O3 (порошок) 

Количество: 2.0 г 
natSm (тестовое измерение) 

Состав: Sm2O3 (порошок) 

Количество: 2.0 г 
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Полные скорости µ-захвата в 150Sm 

Мише
нь 

Доч
. 
ядр
о 

Ei
γ 

[кэ
В] 

τ  
[нс] 

<Λcap>  
[106 c-1] 

150Sm 149Pm 114.0 82.1(6) 

211.2 81.8(9) 

148Pm 219.8 83.1(21) 

233.0 81.7(21) 

<82.3(5)> 11.75(7) 
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Анализ энергетических 
спектров, измеренных с 150Sm 

Изо
топ 

Вид 
рас
-да 

T1/2 Λcap (xn yp) 
[106 c-1] 

Pcap 
[%] 

150Pm β- 2.68 ч 1.45(11) 12.3(9) 

149mPm IT 35 
мкс 

1.80(31) 15.3(26) 

149Pm β- 53.1 ч 2.93(60) 24.9(51) 

148Pm β- 5.37 д 0.77(26) 6.6(22) 

148mPm IT 41.3 д 0.10(2) 0.85(17) 

148mPm β- 41.3 д 0.21(6) 1.79(51) 

149Nd β- 1.73 ч 0.78(35) 6.6(29) 

148Nd стабиль
ный 

не измерен 

∑=68.3(69) 

Ø   Проведена идентификация µX-лучей (P) и γ-линий (D), получены 
парциальные интенсивности более  
 100 γ-переходов; 

Ø   Не было доступной информации о структуре возбужденных 
состояний 150Pm  
(анализ данных продолжается); 

Ø   В U-спектрах идентифицировано семь изотопов/изомеров, 
определены выходы этих ядер в (𝜇− + 150Sm) реакции. 
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Мишени: 82Kr, natKr 
Год исследования: 2006 
82Kr 

Обогащение: 99.8% 

Состав: Kr (газ) 

Количество: 1.0 л (1 атм.) 
natKr 

Состав: Kr (газ) 

Количество: 1.0 л (1 атм.) 
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Полные скорости µ-захвата в 
различных изотопах Kr 

Мише
нь 

До
ч. 
яд
ро 

Ei
γ 

[кэ
В] 

τ  
[нс] 

<Λcap>  
[106 c-1] 

82Kr 82Br 244.8 142.9(6) 

81Br 276.0 142.6(3) 

<142.68(37)> 6.576(17) 

natKr 

84Kr 84Br 408.2 160.1(27) 5.81(10) 

86Kr 85Br 233.0 173.5(26) 5.33(8) 
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Оценка	погрешности	
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