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Neutrino	
  Nuclear	
  Response	
  

•  Neutrino	
  nuclear	
  response	
  is	
  the	
  
square	
  of	
  NME	
  of	
  DBD.	
  

•  Effec8ve	
  ν	
  mass	
  can	
  be	
  extracted	
  
from	
  the	
  DBD	
  rate	
  and	
  DBD	
  NME.	
  

•  Understanding	
  the	
  nuclear	
  
structure	
  informa8on	
  is	
  important	
  
to	
  reveal	
  the	
  quenching	
  effect	
  in	
  
M0ν.

•  The	
  strength	
  func8ons	
  B(µ,E)	
  are	
  
very	
  sensi8ve	
  to	
  nucleonic	
  and	
  non-­‐
nucleonic	
  correla8ons.	
  	
  

Experimental	
  data	
  on	
  single	
  beta	
  and	
  muon	
  rates	
  are	
  important	
  to	
  help	
  calcula8ons	
  of	
  DBD	
  
NMEs.	
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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 a being 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.
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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
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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.
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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
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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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100Mo with the calculation based on the strength distribution
and the EQ/PEQ neutron emission model. The obtained RI
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One ADC to rule them all! 

Long-­‐term	
  preparations	
  and	
  tricks	
  for	
  the	
  muon	
  beam-­‐time	
  



•  Officially	
  established	
  in	
  September	
  2018.	
  
•  E489	
  Beam8me	
  at	
  Osaka	
  University	
  (Feb	
  2018).	
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Irradia8on	
  8me:	
  	
  
100Mo	
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First	
  Joint	
  Program	
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Preliminary	
  results	
  of	
  the	
  on-­‐line	
  E489	
  
measurement	
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The	
  analyses	
  are	
  under	
  progress	
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Part 3a): Mo100 offline measurement

For Mo100 offline measurement involve 2 detector which are HPGe3060 and Poptop, while for 
Mo100 online measurement involve 3 detector which are BE2020, Poptop and Fukusima. 

For HPGe3060, the run file are Mo100-001.dat, Mo100-002.dat, Mo 100-003.dat, Mo 100-004.dat 
and Mo 100-005.dat. The run was conducted on 16th February 2018. 

For Poptop, the run file are 
run 1_180220_205103.dat, run 1_180221_025103.dat, run 1_180221_085103.dat, 
run 1_180221_145103.dat, run 1_180221_162821.dat, run 2_180221_205103.dat, 
run 2_180222_025103.dat, run 2_180222_085103.dat, run 2_180222_145103.dat and 
run 2_18022_164510.dat. The run was conducted on 20th Febr 2018 till 22nd February 2018. 
Basically, run1 is on the first day and run2 is on the second day. 

Below shows run file with HPGe3060.
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τ(NatMo)=  99.3  ns


τ(natSe)=  211.1  ns


Time	
  distribution	
  of	
  µ-­‐decay	
  electrones	
  

τ(100Mo)=  151.7  ns


τ(NatRu)=  132.7  ns
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Present	
  absolute	
  lifetime	
  measurement	
  

• Comparison	
  of	
  present	
  mean	
  life,	
  previous	
  experimental	
  work	
  
(Suzuki	
  &	
  Zinatulina)	
  life	
  8me,	
  and	
  Primakoff	
  mean	
  life.	
  

Isotope,	
  A	
   Present	
  work	
   Previous	
  	
  
experimental	
  work	
  

CalculaQon	
  
[Primakoff	
  1959]	
  

100Mo	
   151.7(24)	
  ns	
   N/A	
   130	
  ns	
  

NatMo	
   99.3(61)	
  ns	
   105	
  ns	
  
[Suzuki	
  1987]	
   114	
  ns	
  

NatRu	
   132.7(49)	
  ns	
   N/A	
   109	
  ns	
  

NatSe	
   211.1(16)	
  ns	
   208.2(68)	
  ns	
  
[PRC99(2019)024327]	
   239	
  ns	
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Muon	
  Irradiation	
  @	
  J-­‐PARC	
  Experiment	
  

I. H.  Hashim  PhD Thesis Osaka 2015I. 
I. H. Hashim H. Ejiri , 2015. MXG16, 
I. H. Hashim H. Ejiri , et al PR C 97 2018          

(a)	
  Online	
  setup	
  for	
  the	
  
γ	
  rays	
  with	
  half-­‐lived	
  0	
  
to	
  1.5	
  hours.	
  
	
  
(b)	
  Off-­‐line	
  setup	
  for	
  
the	
  delayed	
  γ	
  rays	
  with	
  
half-­‐lived	
  0.5	
  hours	
  
onwards.	
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RI	
  distribution	
  by	
  prompt	
  and	
  delayed	
  	
  
γ-­‐rays	
  (under	
  progress)	
  

• To	
  determine	
  the	
  par8al	
  capture	
  rates	
  from	
  prompt	
  gamma.	
  
• To	
  evaluate	
  GR	
  peaks	
  from	
  proton	
  and	
  neutron	
  emission	
  model	
  by	
  
comparison	
  of	
  short	
  lived	
  and	
  long-­‐lived	
  RI	
  gamma	
  rays.	
  

natRu	
  (off-­‐line)	
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Summary:	
  
•  Experimental	
  studies	
  of	
  OMCs	
  absolute	
  life8me	
  on	
  some	
  0νββ	
  

nuclei	
  have	
  been	
  done	
  at	
  RCNP	
  2018	
  and	
  the	
  analysis	
  is	
  s8ll	
  on	
  
going.	
  

	
  	
  
•  Neutron	
  emission	
  from	
  OMC	
  on	
  enriched	
  nuclei	
  gives	
  almost	
  

90-­‐95%	
  RI	
  produc8on	
  rate;	
  

•  All	
  informa8on	
  of	
  OMC	
  is	
  very	
  useful	
  for	
  the	
  β+	
  side	
  of	
  DBD	
  
NME’s	
  and	
  astro-­‐an8neutrino	
  inves8ga8ons.	
  

Ø 	
  Approved	
  beam-­‐8me	
  for	
  next	
  solid	
  targets	
  136Ba/natBa	
  и	
  76Se/
natSe	
  (1	
  	
  week,	
  RCNP,	
  2020	
  y).	
  

	
  

Ø Gas	
  targets	
  130Xe	
  and	
  82Kr	
  will	
  be	
  inves8gated	
  with	
  µX	
  group	
  at	
  
PSI	
  	
  (Villigen,	
  Switzerland,	
  October	
  2019)	
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Thank you for your attention!	
  



BACK	
  SLIDES	
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Proton	
  Neutron	
  Emission	
  Model	
  	
  

[1]	
  H.Ejiri,	
  I.H.	
  Hashim.	
  Private	
  Comm.	
  2018	
  
[2]	
  I.H.	
  Hashim.	
  F.Soberi,	
  F.Ibrahim.	
  Private	
  Comm.	
  2019	
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6	
  condi8ons	
  are	
  include	
  
in	
  current	
  PNEM.	
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Poptop	
  Det	
  (Runat)	




Fukushima	
  Det	
  (RuNat)	




[1]	
  D.	
  Zinatulina	
  et	
  al.	
  Phys.	
  Rev.	
  C	
  99	
  
(2019)	
  024327.	
  



Обычный	
  мюонный	
  захват	
  
(ОМЗ)	
  

ОМЗ	
  (0n):	
  	
  µ-  + (A, Z)  →   (A, Z-1)* + νµ → (A, Z-1) + γ​,  mµ	
  ~	
  100	
  MeV	
  



2β-распад 2β-эксперименты  Мишени ОМЗ Статус 
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 2002, 2006 

136Xe EXO200, Kamland-Zen, 
NEXT 

136Ba 2019 (RCNP) 

130Te Cuore 0/Cuore, SNO+ 130Xe 2019 (PSI)? 



Экспериментальная	
  установка	
  (PSI)	
  

0 1 2 3stop C C C Cµ = ∧ ∧ ∧

Количество	
  µ-­‐stop	
  	
  =	
  	
  (8	
  –	
  25)	
  x	
  103	
  	
  c	
  	
  20	
  –	
  30	
  	
  MeВ/c	
  



PSI,	
  	
  2006	
  



(E,	
  t)	
  распределение	
  при	
  µ-­‐захвате	
  в	
  
мишени	
  76Se 



Метод	
  временной	
  эволюции	
  γ-­‐линии	
  

№	
  выделенного	
  фрагмента	
  (10	
  нс)	
  

Кол-­‐во	
  событий	
  

	
  	
  



Полные	
  скорости	
  m-­‐захвата	
  в	
  48Ti	
  

τ:	
  	
  361.1	
  нс	
  
т.e.,	
  λcap	
  =	
  2.32	
  µс

-­‐1	
  


