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(Image shows the 35 0ν2β candidates as a function of N and Z. Those in solid red are considered the most promising with regards a potential observation.)  
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Overview

General discussions on this topic: S. J. Freeman and J. P. Schiffer, J. Phys. G: Nucl. Part. Phys. 39, 124004 (2012)

• A brief introduction 
- double beta decay, the candidates, nuclear matrix elements, transfer 

reactions 

• The 76Ge➞76Se system (work from 2008 and 2009, a recap)

- results and impact 

• The 130Te➞130Xe and 136Xe➞136Ba systems (2013 and 2015) 
- Overview of the landscape 
- Existing data on the neutron vacancies for the A = 130 system 
- New data on the proton occupancies for A = 130 and 136 
- New data on the neutron occupancies for A = 136 

• Comparison with available calculations 
- Detailed comparisons with recent results from the CMU group (2015) 

• Outlook and conclusions 
- Moving towards complete data sets for key isotopes including the 

100Mo➞100Ru and 150Nd➞150Sm systems 
- Data soon to be available for the 82Se➞82Kr system 
- Summary

RCNP

RCNP
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Pairing in nuclei results in a displacement of even-even and odd-odd mass parabolas for given 
isobars. Data from AME 2012. Precise masses ⇒ precise Q value.

2.039 MeV*
2.527 MeV*

Beta decay, double beta decay

[T 0⌫
1/2]

�1
= (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2
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Double beta decay
Elucidating the nature of neutrinos is 
one of the major challenges to  
contemporary science — 

• Majorana or Dirac? 
• Lepton number conservation? 
• Absolute mass scale? 
• Mass mechanisms? 
• Matter-antimatter asymmetry? 
• …

Rep. Prog. Phys. 76 (2013) 056201 S F King and C Luhn
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Figure 1. The probability that a particular neutrino mass state
contains a particular SM state may be represented by colours as
shown in the key. Note that neutrino oscillation experiments only
determine the difference between the squared values of the masses.
Also, while m2

2 > m2
1, it is presently unknown whether m2

3 is heavier
or lighter than the other two, corresponding to the left and right
panels of the figure, referred to as normal or inverted mass squared
ordering, respectively. Finally, the value of the lightest neutrino
mass (sometimes referred to as the neutrino mass scale) is presently
unknown and is represented by a question mark in each case.

According to quantum mechanics it is not necessary that the
SM states νe, νµ, ντ be identified in a one-one way with the
mass eigenstates ν1, ν2 and ν3, and the matrix elements of U

give the quantum amplitude that a particular SM state contains
an admixture of a particular mass eigenstate. The probability
that a particular neutrino mass state contains a particular SM
state may be represented by colours as in figure 1. Note
that neutrino oscillations are only sensitive to the differences
between the squares of the neutrino masses #m2

ij ≡ m2
i −m2

j ,
and gives no information about the absolute value of the
neutrino mass squared eigenvalues m2

i . There are basically two
patterns of neutrino mass squared orderings consistent with the
atmospheric and solar data as shown in figure 1.

As with all quantum amplitudes, the matrix elements of
U are expected to be complex numbers in general. The lepton
mixing matrix U is also frequently referred to as the Maki–
Nakagawa–Sakata (MNS) matrix UMNS [3], and sometimes the
name of Pontecorvo is added at the beginning to give UPMNS.
The standard parametrization of the PMNS matrix in terms of
three angles and at least one complex phase, as recommended
by the Particle Data Group (PDG) [5], will be discussed later.

Before getting into details, here is a quick executive
summary of the implications of neutrino mass and mixing
following from figure 1:

• Lepton flavour is not conserved, so the individual lepton
numbers Le, Lµ, Lτ are separately broken

• Neutrinos have tiny masses which are not very hierarchical
• Neutrinos mix strongly unlike quarks
• The SM parameter count is increased by at least seven new

parameters (three neutrino masses, three mixing angles
and at least one complex phase)

• It is the first (and so far only) new physics beyond the SM

The idea of neutrino oscillations was first confirmed in
1998 by the Japanese experiment Super–Kamiokande (SK) [6]
which showed that there was a deficit of muon neutrinos
reaching Earth when cosmic rays strike the upper atmosphere,
the so-called ‘atmospheric neutrinos’. Since most neutrinos
pass through the Earth unhindered, Super-Kamiokande was
able to detect muon neutrinos coming from above and below,
and found that while the correct number of muon neutrinos
came from above, only about a half of the expected number
came from below. The results were interpreted as half the muon
neutrinos from below oscillating into tau neutrinos over an
oscillation length L of the diameter of the Earth, with the muon
neutrinos from above having a negligible oscillation length,
and so not having time to oscillate, yielding the expected
number of muon neutrinos from above.

In 2002, the Sudbury Neutrino Observatory (SNO) in
Canada spectacularly confirmed the flavour conversion in
‘solar neutrinos’ [7]. The experiment measured both the flux
of the electron neutrinos and the total flux of all three types of
neutrinos. The SNO data revealed that physicists’ theories of
the Sun were correct after all, and the solar neutrinos νe were
produced at the standard rate but were oscillating into νµ and
ντ , with only about a third of the original νe flux arriving at the
Earth.

Since then, neutrino oscillations consistent with solar
neutrino observations have been seen using man made
neutrinos from nuclear reactors at KamLAND in Japan [8]
(which, for the first time, observed the periodic pattern
characteristic for neutrino oscillations), and neutrino
oscillations consistent with atmospheric neutrino observations
have been seen using neutrino beams fired over hundreds
of kilometres as in the K2K experiment in Japan [9], the
Fermilab-MINOS experiment in the US [10] or the CERN-
OPERA experiment in Europe. Further long-baseline neutrino
beam experiments are in the pipeline, and neutrino oscillation
physics is entering the precision era, with superbeams and a
neutrino factory on the horizon.

Following these results several research groups showed
that the electron neutrino has a mixing matrix element of
|Ue2| ≈ 1/

√
3 which is the quantum amplitude for νe to contain

an admixture of the mass eigenstate ν2 corresponding to a
massive neutrino of mass m2 ≈ 0.008 electronvolts (eV) or

greater (where
√

m2
2 − m2

1 ≈ 0.008 eV). By comparison the
electron has a mass of about half a megaelectronvolt (MeV).
Put another way, the mass state ν2 contains roughly equal
probabilities of νe, νµ and ντ sometimes called trimaximal
mixing, corresponding to the three equal red, green and blue
colours associated with m2

2 in figure 1. The muon and
tau neutrinos were observed to contain approximately equal
amplitudes of the third neutrino ν3 of mass m3, |Uµ3| ≈
|Uτ3| ≈ 1/

√
2, where a normalized amplitude of 1/

√
2

corresponds to a 1/2 fraction of ν3 in each of νµ and ντ , leading
to a maximal mixing and oscillation of νµ ↔ ντ . Put another
way, the mass state ν3 contains roughly equal probabilities of
νµ and ντ called maximal mixing, corresponding to the two
equal green and blue colours associated with m2

3 in figure 1.
Interestingly, the value of m3 is not determined and it could
be anywhere between zero and 0.3 eV, depending on the mass

3

From King et al., Rep. Prog. Phys. 76, 056201 (2013)
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Fig. 1 The currently allowed ranges of m
0⌫�� observables of 0⌫�� decay is shown as a

function of the lightest neutrino mass m
0

. In the case of normal (inverted) mass ordering

the ranges are shown by green (blue) colour. The light (dark) coloured regions are computed

by taking into account (without taking account) the current 1� uncertainties of the relevant

mixing parameters. Also shown are the limits on m
0⌫�� coming from KamLAND-Zen and

EXO [26] (by the light brown band and arrow), the bounds on m
0

obtained by Planck

collaboration [22] (by the magenta and the brown dotted lines). We note that the KamLAND-

EXO bound spans a band (not line) because of the NME uncertainty.

mass regime, which is formally defined as m
0

�
p

�m2

atm

' 0.05 eV, already takes place for

m
0⌫�� and m� at around m

0

>⇠ 0.1eV.

In Fig. 1 and in the rest of this paper we use the values obtained in [80]:

�m2

21

= 7.54⇥ 10�5 eV2,

sin2 ✓
12

= 0.308 or sin2 2✓
12

= 0.853, (7)

for the both mass orderings whereas

�m2

32

= 2.40 (�2.44)⇥ 10�3 eV2,

sin2 ✓
13

= 0.0234 (0.0239) or sin2 2✓
13

= 0.0914 (0.0933), (8)

for the normal (inverted) mass ordering.5 Using these values of the parameters m
0⌫�� at its

current status can be summarized as

m
0⌫�� '

��0.676 (0.675) m
1

+ 0.301 m
2

ei↵21 + 0.0234 (0.0239) m
3

ei↵31
�� (9)

5 Since the best fitted values of mass squared di↵erence for atmospheric neutrino oscillation, �m2,
shown in Table I of Ref. [80], is defined as �m2 ⌘ m2

3 � (m2
1 +m2

2)/2, the values of �m2
32 in Eq. (8)

were obtained by using the relation �m2
32 = �m2 ��m2

21/2.

7/25

[T 0⌫
1/2]

�1
= (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2

http://ctp.berkeley.edu/neutrino/neutrino5.html
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[T 0⌫
1/2]

�1
= (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2

Double beta decay on the Segré chart
Which isotopes are candidates? What are the best candidates?

Z

N
Ca

Ni

Sn
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Moving in the β– direction there are 
35 double-β-decay candidates, with Q 
values ranging from 0.1-4.3 MeV, with 
natural abundances of 0.004-35%*.

Z

Figure of 2β– spectrum from Elliott and Vogel, Annu. Rev. Nucl. Part. Sci. 52, 115 (2002) 
*Excluding the alpha emitters (232Th and 238U, which are ~100%) 
For 11 of these, the 2ν mode has been observed. 
Also, 2v mode to excited 0+ states seen in 100Mo and 150Nd.

10 Oct 2002 10:51 AR AR172-NS52-04.tex AR172-NS52-04.SGM LaTeX2e(2002/01/18) P1: IBC

DOUBLE BETA DECAY 119

Figure 1 Illustration of the spectra of the sumof the electron kinetic energies Ke (Q is
the endpoint) for the ��(2⌫) normalized to 1 (dotted curve) and ��(0⌫) decays (solid
curve). The ��(0⌫) spectrum is normalized to 10�2 (10�6 in the inset). All spectra
are convolved with an energy resolution of 5%, representative of several experiments.
However, some experiments, notably Ge, have a much better energy resolution.

in Figure 2, which shows an essentially exponential improvement, by more than a
factor of four per decade, of the corresponding limits. If this trend continues, we
expect to reach the neutrino mass scale suggested by the oscillation experiments in
10–20 years. Given the typical lead time of the large particle physics experiments,
the relevant double beta decay experiments should begin the “incubation” process
now.

2. NEUTRINO MASS: THEORETICAL ASPECTS

2.1. Majorana and Dirac Neutrinos

Empirically, neutrino masses are much smaller than the masses of the charged
leptons with which they form weak isodoublets. Even the mass of the lightest
charged lepton, the electron, is at least 105 times larger than the neutrino mass
constrained by the tritium beta decay experiments. The existence of such large
factors is difficult to explain unless one invokes some symmetry principle. The
assumption that neutrinos are Majorana particles is often used in this context.
Moreover, many theoretical constructs invoked to explain neutrino masses lead to
the conclusion that neutrinos are massive Majorana fermions.
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Double beta decay on the Segré chart

Ca

Ni

Sn

N

Which isotopes are candidates? What are the best candidates?
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A large Q value (greater than 2 MeV) is 
desired because puts the signal above 
background from natural radioactivity. 
Additionally, the decay probability 
scales with ~Q5. The rest is a 
compromise between natural 
abundance, detector technology, 
economics, and nuclear structure

[T 0⌫
1/2]

�1
= (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2

Double beta decay on the Segré chart
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SHELL MODEL STUDIES OF THE 130Te . . . PHYSICAL REVIEW C 91, 024309 (2015)

FIG. 13. (Color online) Comparison of light neutrino exchange
0νββ NME obtained with different nuclear structure methods.
Columns left to right correspond to down to up in the legend box.

potentials) [26], or the unitary correlation operator method
(UCOM) [72]. In the case of the light neutrino exchange
mechanism, the choice of SRC parametrization plays a smaller
role in the final values of the NME, offering a variation usually
up to 10%, while in the heavy neutrino exchange scenario, its
range is increased up to 30%, because of the short-range nature
of the transition operator. Regarding the influence of the gA

strength value, in our calculations, the differences in the NME
values are less than a half percent when changing from the
usual value of 1.254 to the latest experimentally determined
value of 1.269 [42].

We also notice the new light neutrino QRPA results for
130Te and 136Xe reported in [29], which are very close to our
shell model calculations. As a general trait, the ISM light
neutrino results are different, usually by a factor of two, from
other methods. In the case of the heavy neutrino, our shell
model results are much closer to the IBM-2 ones, but still
different from QRPA calculations by a factor of two. Because
of the short-range nature of the heavy neutrino operator,

FIG. 14. (Color online) Comparison of heavy neutrino exchange
0νββ NME obtained with different nuclear structure methods.
Columns left to right correspond to down to up in the legend box.

we find an increased dependency of the results on the SRC
parametrization employed.

In Fig. 13 we show a comparison of the different light
neutrino NME recently reported by different groups using the
most recent update of their calculation. ISM-CMU are the
shell model results of our group obtained with Argonne-V18
and CD-Bonn SRC. For 48Ca, the results are taken from [37]
and [73]. The 76Ge NME are from [66], while the 82Se results
are from [39]. The 130Te values are from this work. 136Xe NME
results are from [38] and from Table II. ISM-StMa denote the
interacting shell model results of the Strasbourg-Madrid group
published in [33], which were obtained using UCOM SRC.
QRPA-Tu are the QRPA results of the Tuebingen group and
the NME are selected from the very recent paper [30], for
Argonne-V18 and CD-Bonn SRC parametrizations. QRPA-Jy
represent the QRPA calculations of the Jyvaskyla group, and
their results are taken from [27], where SRC is taken into
account using UCOM. QRPA-UNC show the QRPA results
of the University of North Carolina group [29], where SRC is
omitted. The IBM-2 are NME from the Yale group [43], for
Argonne-V18 and CD-Bonn SRC parametrizations.

Figure 14 presents the heavy neutrino NME obtained with
three different methods. The results use the same conventions
and parameters as those presented in Fig. 13. ISM-CMU results
are from Ref. [37] for 48Ca, Ref. [66] for 76Ge, Ref. [39] for
82Se, present work for 130Te, and present work and [38] for
136Xe. ISM-StMa results are chosen from [74], QRPA-Tu are
results from [30], and IBM-2 are results from [43].

Table III shows the NME displayed in Fig. 13 for the
the light neutrino exchange. The references and notations
correspond to those in the figure. Displayed in Fig. 13, but
not presented in Table III, are the ISM-CMU values 1.30 for
48Ca [73] obtained with an effective 0νββ operator, and 1.46
for 136Xe [38] calculated in the larger jj77 model space. One
should also mention that for 76Ge the ISM-StMa group fixed
their effective Hamiltonian to describe the experimental proton
and neutron occupancies, and their NME for Argonne-V18 and
CD-Bonn SRC are 3.33 and 3.52, respectively [75], in good
agreement with our values in Table III.

In Table IV we list the NME displayed used in Fig. 14 for the
heavy neutrino exchange. The choice of parametrizations and
ingredients is identical to the one in Table III. There are less
reported results for the heavy neutrino exchange mechanism

TABLE III. The calculated light neutrino 0νββ decay NME
obtained with different nuclear structure methods. Two NME values
separated by the slash sign denote the results obtained with Argonne-
V18 and with CD-Bonn SRC, respectively. A single NME value
means that it was calculated using UCOM SRC.

48Ca 76Ge 82Se 130Te 136Xe

IBM-2 2.28/2.38 5.98/6.16 4.84/4.99 4.47/4.61 3.67/3.79
QRPA-UNC 5.09/5.53 1.37/1.38 1.55/1.68
QRPA-Jy 5.52 4.57 5.12 3.35
QRPA-Tu 0.54/0.59 5.16/5.56 4.64/5.02 3.89/4.37 2.18/2.46
ISM-StMa 0.85 2.81 2.64 2.65 2.19
ISM-CMU 0.80/0.88 3.37/3.57 3.19/3.39 1.79/1.93 1.63/1.76

024309-7

Figure: A. Neacsu and M. Horoi, Phys. Rev. C 91, 024309 (2015)
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Nuclear matrix elements (uncertainties here)

Tremendous efforts have been put into the exploration of what may remedy this uncertainty. 
Our focus is on experimental nuclear-structure data to constrain the calculations.
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What experimentally accessible nuclear-structure properties can be useful? First a look at the 
process … and start with what is known (and observed) in 2v2β

2v2β

Dominated by Gamow-Teller 
transitions via 1+ states in the 
intermediate nucleus, confined to 
low excitation energy

76Ge

76As

76Se

E

T = 6

T = 6

0+ ias

0+ g.s.

0+ dasT = 5

T = 6

T = 40+ g.s.

Dominated by GT transitions via 1+ 
states in the intermediate nucleus.


Nuclear structure effects key 
(excitation energy and strength of 1+ 
states) AND can be probed 
experimentally via charge exchange 
reactions e.g.:

76Ge(3He,t)76As, 76Se(t,3He)76As.

NMEs for 2ν2β reasonably well established
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What experimentally accessible nuclear-structure properties can be useful? Not quite so 
straight forward with 0v2β

0v2β

Probes all intermediate states up to 
10s of MeV, any spin, up to 5 to 6h

76Ge

76As

76Se

E

0+ g.s. T=6

T=40+ g.s.

Energy of intermediate states can be 
large, 10’s of MeV cf. a few for 2v2β … 
Angular momentum can be large, 5-6 
hbar cf. 1 hbar for 2v2β


So … it probes essentially all states, 
and is somewhat insensitive to the 
details … closure approximation used*


Not related to 2v2β, so no short cuts. 
No obvious probes that connect the 
initial and final ground states e.g., 
76Ge(18Ne,18O)76Se.

(Mediation by a virtual neutrino 
gives different features:)

NMEs for 0ν2β less so

*Often considered good to 10% or better, see e.g., Sen’kov and Horoi, Phys. Rev. C 90, 051301(R) (2014)
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The 76Ge➞76Se system (a recap)

28 42 44 50

28

32

34

Z

N

What is the occupancy and vacancy of the active orbitals? How does it CHANGE from initial to 
final state?—the MICROSCOPIC anatomy can be probed with NUCLEON TRANSFER reactions.

28

50
0g9/2

1p3/2

0f5/2

0f7/2

0g7/2

1p1/2

8

6

14

16
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optimal and thus the cross sections are rather weak.
Therefore, helium-induced reactions were used to obtain
data with improved momentum matching and larger cross
sections for the higher-‘ transitions. This selectivity is
illustrated in Fig. 1.

Deuteron, proton, 4He, and 3He beams from the Yale
tandem accelerator were used to bombard isotopically
enriched Ge and Se targets of about 200–300 !g=cm2

evaporated on thin, 50 !g=cm2 C foils. The momenta of
the reaction products were determined and the particles
identified with the Yale Enge spectrograph and gas-filled
focal-plane detector backed by a scintillator.

The product of target thickness and spectrometer solid
angle was found by measuring elastic scattering in the
Coulomb regime at 30! for each target used. The beam
energies used for this calibration were 6-MeV protons and
10-MeV " particles. For the transfer reactions, the same
spectrometer aperture and beam integrator settings were
used to minimize potential systematic errors. The beam
energies chosen were 15 MeV for the (d;p) reaction and
23 MeV for the (p;d) to keep the energies in each channel
comparable. Similarly, (",3He) was studied at 40 MeVand
(3He,") at 26 MeV. Measurements were also carried out on
targets of 74Ge and 78Se to provide an additional check.
The energy resolution obtained was "40 keV for the
deuteron and proton-induced reactions, and "70 keV for
the 3;4He reactions.

The (d;p) angular distributions have been studied pre-
viously and ‘ values were assigned [6,7]. In the current
work, the yields were therefore measured only at the angles
that correspond to the peaks in the angular distributions for
the ‘ values of interest: 11!, 28!, and 37! for ‘ # 1, 3 and
4, respectively. The helium-induced reactions are forward
peaked, and so the most practical forwardmost angles were
chosen: 8! for (", 3He) and 5! for its inverse. The previous

‘-value assignments [6,7] were confirmed, as may be seen
in Fig. 2. Our results also agree approximately with the
previous relative spectroscopic factors for states populated
with a particular target.

We used the finite-range code PTOLEMY [8] for the
DWBA calculations. The normalization depends on the
choice of the distorting potentials and the bound-state
parameters. The extracted relative spectroscopic factors
also vary with these choices, but by a smaller amount,
and this is a source of some of the uncertainty at the level
of a few percent. For the projectile bound-state wave
function, the Reid potential was used for the deuteron
and a Woods-Saxon one for the " particle and for the
various target bound states.

Absolute spectroscopic factors are notoriously difficult
to obtain. The values of spectroscopic factors for ‘‘good’’
single-particle states in doubly-magic nuclei are usually

-0.2 0 0.2 0.4 0.6 0.8 1
0
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76Se(p,d)
76Se(3He,α)

FIG. 1 (color online). Energy spectra for the neutron-removal
reactions for 76Se to 75Se. The ‘ # 1 transitions appear strongly
in the 11! (p;d) spectrum (points) while the ‘ # 3 and in
particular ‘ # 4 are most prominent in (3He;") (line) where
the resolution is worse because of the higher energy. The ‘
values are indicated by numbers above the peaks.
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FIG. 2 (color online). Ratios of cross sections,
#d;p$28!%=#d;p$37!% vs. #d;p$11!%=#d;p$37!% on top and
#";3He=#d;p$28!% vs. #d;p$11!%=#d;p$37!% below, are shown for
different ‘ values and reactions. The symbols, one for each state,
indicate the ‘-value assignments from previous work: triangles
(black) are ‘ # 1, circles (green online) are ‘ # 3, and stars (red
online) are ‘ # 4. In addition, states not included in the analysis
are ‘ # 2 transitions indicated by & and ‘ # 0 by ' signs.
States with unknown ‘ values are indicated by hollow circles.
The size of the symbols is a rough measure of the cross sections.
The dashed lines indicate the loci of the ratios for well-
established ‘ values. The & surrounded by a circle, between
the ‘ # 2 and 3 islands in the lower box, is the 500-keV
5=2'-5=2( doublet in 77Ge discussed in the text.

PRL 100, 112501 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
21 MARCH 2008

112501-2

Tools of the trade — transfer reactions

28

50
0g9/2

1p3/2

0f5/2

0f7/2

0g7/2

1p1/2

Approach 
• Careful choice of reactions for 

adding and removing protons and 
neutrons


• Consistent experimental 
approaches


• Consistent analyses (DWBA)


The facilities 
• MLL Munich (tandem, Q3D)

• IPN Orsay (tandem, Enge split 

pole)

• RCNP Osaka (cyclotron, Grand 

Raiden)  
• WNSL Yale (tandem, Enge split 

pole)

A well-understood probe of nuclear structure, much of the formalism developed in the late 
50s / early 60s. Exploited to great effect, and recently reevaluated extensively.
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Sum rules, normalization (cross sections➞occupancy)

E ℓ (2j+1)S’ (2j+1)S
160 1 0.44 0.82
225 4
421 2
505 2
629 1 0.15 0.28
884 2
1021 1 0.12 0.22
1048 1 0.04 0.07
1250 0
1385 2

E ℓ S’ S
0 1 0.45 0.85

191 4
248 1 0.12 0.23
317 3
457 3
575 1 1.29 2.43
651 3
885 1 0.10 0.19

1137 1 0.11 0.21
1250 3
1410 0
1451 1 0.37 0.70
1580 3

76Ge(p,d) 76Ge(d,p)

The value of this normalization is not arbitrary (reflects quenching of single-particle motion). 
Normalizing is essential compare experiment data to calculations.

Nj ⌘ [(0.45 + 0.12 + 1.29 + 0.10 + 0.11 + 0.37) + (0.44 + 0.15 + 0.12 + 0.04)]/(2 + 4) = 0.53

Nj ⌘ [
X

S0
removing

+
X

(2j + 1)S0
adding

]/(2j + 1)

Nj ⌘ S0/S
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A look back at the Ge/Se results (WNSL Yale, 2006/7, RCNP 2007)

Isotope 0f5/2 1p1/2,3/2 0g9/2 Sum Expect

74Ge 1.8(4) 1.1(2) 4.3(3) 7.2(5)  8

76Ge 1.4(3) 1.1(2) 3.5(2) 6.0(5) 6

76Se 2.2(3) 1.6(2) 4.2(2) 8.0(5) 8

78Se 2.3(4) 0.9(2) 2.8(3) 6.1(5) 6

J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008); BPK et al., Phys. Rev. C 79, 021301(R) (2009)

The (d,p) and (p,d) reactions used for the 1p 
strength and the (α,3He)+(3He,α) used for the 
0f5/2 and 0g9/2.


A similar table can be made for the proton 
occupancies.

e.g., Neutron occupancies
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This rearrangement must occur in 
the decay process 

For neutrons, significant changes in 
the vacancy of all ‘active’ orbitals—
seemingly described quite well 


What about uncertainties? 

(N.B. no data from IBM at this point)

CHANGE in vacancy/occupancy: A = 76
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EXP — J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008); BPK et al., Phys. Rev. C 79, 021301(R) (2009)

A — QRPA by Rodin et al., priv. com., Nucl .Phys. A 766, 107 (2006)

B — QRPA by Suhonen et al., priv. com., Phys. Lett. B 668, 277 (2008)

C — ISM by Caurier et al., priv. com., Phys. Rev. Lett. 100, 052503 (2008)
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2009

2006 
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2008 
SM
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2008 
QRPA

(E292)
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CHANGE in vacancy/occupancy: A = 76
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EXP — J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008); BPK et al., Phys. Rev. C 79, 021301(R) (2009)

A — QRPA by Rodin et al., priv. com., Nucl .Phys. A 766, 107 (2006)

B — QRPA by Suhonen et al., priv. com., Phys. Lett. B 668, 277 (2008)

C — ISM by Caurier et al., priv. com., Phys. Rev. Lett. 100, 052503 (2008)
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Errors bars from 
experimental data

1p occupancy poorly described in all cases for 
the proton data
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2

3

4

5

6

7
QRPA(Tu)
RQRPA(Tu)
QRPA(Jy)
ISM

A=76 decay: NME’s
before (black) and after (red)  enforcing Schiffer’s occupancies

Figure 3. The evolution of the NME’s of the A=76 decay when the ISM and QRPA calculations
are modified so as to reproduce the experimental occupancies

Table 6. Values of the NME (M0νββ) for the 76Ge → 76Se decay and occupation numbers at
different seniority truncations

Neutrons Protons NME
76Ge

1p 0f5/2 0g9/2 1p 0f5/2 0g9/2
sm = 0 4.8 5.2 6.1 1.3 2.1 0.6
sm = 4 4.8 5.0 6.2 1.3 2.0 0.7
sm = 10 4.8 4.8 6.4 1.3 2.0 0.7

76Se
1p 0f5/2 0g9/2 1p 0f5/2 0g9/2

sm = 0 3.9 4.6 5.5 1.8 3.3 0.9 11.85
sm = 4 4.3 4.4 5.3 2.1 2.6 1.3 7.99
sm = 14 4.1 4.1 5.9 2.1 2.8 1.1 3.26

is, obtaining them from the regularization of the bare operator in the same way that the bare
interaction is regularized into the effective one within the nuclear medium. In both papers the
effect of the short range correlations in the 0νββ process is found to be negligible, (less than
5%) once the dipole form factor is taken into account in the operators.

Table 7. Values of the NME for the 76Ge → 76Se decay for ISM interactions, using the SRC’s
proposed in Ref. [16].

Interaction Mno SRC M0νββ
Argonne M0νββ

Bonn

gcn28.50 2.89 2.82 3.00
RG 3.40 3.33 3.52

8

M
ag

ni
tu

de
 o

f N
M

E

Modified figure from Menéndez, Poves, Caurier, Nowacki, J. Phys.: Conf. Ser. 312, 072005 (2011)

The Ge system: impact on the NMEs?

QRPA (Tu) RQRPA (Tu) QRPA (Jy) ISM

Yes, some. Though much discussed, a 40-70% reduction in the well-known “gap” between 
QRPA and the ISM, resulted. This predated recent IBM work.

~40%
~50%

~70%
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50

82
0h11/2

0g7/2

1d5/2

0g9/2

1h9/2

1d3/2
2s1/2

The 130Te➞130Xe neutron vacancies (a recap)

Z

N

4

626

28

Would one expect the 0g7/2 orbit to play a role? It is deeply bound at N = 76/78 …
Challenges  
Both 130Te→130Xe and  136Xe→136Ba involve a gaseous species—complex targets

Progress with CUORICINO then 
CUORE-0/CUORE (130Te) and 
EXO-200 and KamLAND-Zen (136Xe) 
have been excellent. 


Opted to characterize the ground 
states of these systems using the 
approach taken with 76Ge.
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Used a frozen Xe target for the 130,132Xe isotopes. Conventional solid targets for the 
128,130Te isotopes.


The 130Te➞130Xe neutron vacancies (WNSL Yale, 2013)

BPK et al., Phys. Rev. C 87, 011302(R) (2013)

RAPID COMMUNICATIONS

VALENCE NEUTRON PROPERTIES RELEVANT TO THE . . . PHYSICAL REVIEW C 87, 011302(R) (2013)
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FIG. 2. Spectra from the neutron-adding (d ,p) reaction at 15 MeV
and θlab = 29◦ (a) and (α,3He) reaction at 50 MeV and θlab = 10◦ (b)
on the frozen 130Xe target along with the outgoing triton spectrum
from the 132Xe(p,t)130Xe reaction at 23 MeV and θlab = 5◦ (c). The 0+

states following L = 0 transfer are labeled. States are labeled in keV.

foil. For (d,p) and (p,t) reactions, the Q-value resolution was
about 60 keV at FWHM and ∼100 keV for (α,3He).

Several steps were taken to ensure the Xe target thickness
was well calibrated and monitored to account for any loss of
material. Rutherford elastic scattering was measured at 8 MeV
and 25◦, then immediately followed by another measurement
of (d,d) scattering at the energy where we ran the (d,p)
reaction, 15 MeV, but at the same angle of 25◦. This provided
a normalization between (d,d) scattering in the Rutherford
regime and at higher energies. Simultaneous measurements
of scattered deuterons were made at the focal plane of the
split-pole spectrograph and in the Si monitor detector. The ratio
of the counts in the peak from elastic scattering in the monitor
detector to the integrated beam current was determined and
scaled to the same data in the (d,p) measurement. A similar
procedure was performed for each reaction.

Two-neutron transfer. A recent publication [18] reported
on the two-neutron removal (p,t) reaction on 128,130Te. The
(p,t) reaction shows particularly large cross sections for
transfer to a coherent state in the final nucleus in which
BCS-like correlations cause zero-coupled pairs of neutrons to
be well localized and have strong overlaps with the singlet
s state in the triton, thus providing an excellent probe of
pairing correlations. The characterization of the ground state
as a simple BCS condensate is a starting point in QRPA
calculations, and this assumption may not always reflect
reality [3]. Large cross sections for neutron-pair transfer to
excited states are evidence of pair vibrations and a breakdown
of the BCS approximation. For the Te isotopes, the proton-pair
adding (3He,n) reaction is clear evidence that for protons
the simple BCS approximation is not valid in this region
of nuclei [21]. However, for neutrons, in the measurement
reported here on 132Xe, shown in Fig. 2, and on 128,130Te in [18],
essentially all the ℓ = 0 neutron-pair-removal cross section is
to the ground state and excited 0+ states have only a few percent
of the ground-state cross section. This is an indication that, for
neutrons, the simple BCS approximation is reasonable.

Single-neutron adding and removing. Spectroscopic fac-
tors were extracted from the absolute cross sections at the
respective maxima in the angular distributions for a given
jπ using the expression S ′ ≡ σexp/σDWBA, where S ′ is the
absolute or un-normalized spectroscopic factor and σDWBA is
from DWBA calculations carried out using the finite-range
code PTOLEMY [22]. Absolute spectroscopic factors have to
be treated with caution as they are sensitive to reaction-model
parameters, particularly the bound-state radii used. However,
relative spectroscopic factors are typically more robust. They
can be normalized utilizing the Macfarlane-French sum rules
[23] such that Nj ≡ S ′/S, where

Nj ≡ [&(2j + 1)C2S ′
adding + &C2S ′

removing]/(2j + 1). (1)

C2 is the isospin-coupling Clebsch-Gordan coefficient. This
prescription has been demonstrated to yield self-consistent,
quantitative nuclear-structure information, both in the mea-
surements on Ge and Se [4,5] and in recent studies with the
Ni isotopes [24]. This suggests that while, strictly speaking,
spectroscopic factors are not “observables,” their properties
are reflected in the occupancies and vacancies extracted from
experimental data, and satisfy simple consistency checks. For
the jπ = 1/2+, 3/2+, and 5/2+ states the spectroscopic factors
from the neutron-adding (d,p) reaction and neutron-removing
(p,d) reaction on the 128,130Te isotopes were used to calculate
the normalization Nj . Owing to ambiguities in assigning jπ

for the ℓ = 2 transitions they were analyzed as the sum of
both, though they most likely belong to the 1d3/2 orbital. For
the high-j states, spectroscopic factors from the (α,3He) and
(3He,α) reactions on 130Te were used for the normalization.
The normalizations derived from both the adding and the
removing reactions on the Te isotopes were then applied to
the spectroscopic factors extracted from the Xe data using the
same bound-state and optical-model parametrizations.

In the DWBA calculations for the (d,p) and (p,d) reactions,
the deuteron was characterized by a Reid wave function
while for the (α,3He) and (3He,α) reactions, the projectile

011302-3
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consideration of valence occupancies difficult. For the Xe
isotopes of interest here, only the neutron-adding (d,p)
reaction has been performed on 132Xe in inverse kinematics
[17]. Given the lack of data for Xe isotopes and the difficulties
in using existing information on the Te isotopes, we carried
out a set of consistent, systematic measurements on these
targets. The relevant active orbitals between N = 50 and
N = 82 are 0g7/2, 1d, 2s1/2, and 0h11/2. States are populated
through ℓ = 4, 2, 0, and 5 transfer, respectively. To be able
to extract reliable information it is important to consider
angular-momentum matching conditions. The (d,p) and (p,d)
reactions are better matched for ℓ = 0 and 2 transfer, while the
(α,3He) and (3He,α) reactions are better matched for ℓ = 4 and
5 transfer.

The measurements were carried out at the A. W. Wright
Nuclear Structure Laboratory at Yale University in two
separate experiments. The beams were delivered by the Yale
tandem accelerator and outgoing ions analyzed by a split-pole
spectrograph. A gas-filled position-sensitive detector at the
focal plane provided particle identification through #E-E
measurements and the final momentum of the outgoing ions.
Identical approaches to several aspects of the experiments were
adopted. These include a fixed 2.8-msr aperture setting for
the spectrograph; beam current integration determined from
a Faraday cup at zero degrees; and monitoring of the beam
and targets using a Si detector at 30◦. The details of each
experiment are given below.

The Te isotopes. The first measurement concerned the
properties of the 128,130Te isotopes. The targets used were
self-supporting and of thicknesses 436 and 671 µg/cm2 for
128Te and 130Te. They were isotopically enriched to 99.2%
and 99.4%, respectively. The beam energies were chosen
to be well above the Coulomb barrier in both the entrance
and the exit channels. The (d,p) reaction was carried out at
15 MeV at angles θlab = 7◦, 18◦, 34◦, and 42◦. The (p,d)
reaction was measured at a beam energy of 23 MeV with
θlab = 5◦, 20◦, 35◦, and 42◦. The energies were chosen such
that the protons and deuterons from each reaction were at
approximately the same energy, allowing a common set of
optical-model-potential parameters to be used in the analysis.
The angles were chosen to be at the peak of the calculated
cross sections for ℓ = 0, 2, 4, and 5 transfer determined from
distorted-wave Born approximation (DWBA) calculations. For
ℓ = 0, the maximum cross section is 0◦, but 7◦ was as far
forward as practical.

For the high-ℓ states, the (α,3He) reaction was measured
at 50 MeV and angles of θlab = 5◦ and 22.5◦, and similarly
for the (3He,α) reaction at 40 MeV at 5◦ and 22.5◦ for 130Te.
The 128,130Te(p,t) reaction was also measured in the same
experiment and the results have been published in Ref. [18].
Typical beam currents of 50–100 nA for protons and 30–60 nA
for deuterons were used. For 3,4He beams, the currents were
around 10–20 pnA. To obtain absolute cross sections, the
product of the spectrograph aperture and target thickness was
calibrated using α scattering at 15 MeV at a spectrograph angle
of 20◦. Optical-model calculations show that at this energy
and angle, the α-scattering cross section is within 3% of the
Rutherford scattering cross section. Typical neutron-adding
(d,p) and (α,3He) spectra can be seen in Fig. 1. For these
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FIG. 1. Spectra from the neutron-adding (d ,p) reaction at 15 MeV
and θlab = 34◦ (a) and (α,3He) reaction at 50 MeV and θlab = 5◦ (b)
on the 130Te target. States are labeled in keV.

reactions, the Q-value resolution was approximately 30 and
70 keV at FWHM, respectively.

As with previous work [4,5], detailed angular distributions
were not sought. For Te, ℓ values were well known from pre-
vious transfer-reaction studies (e.g., [11,12]), where DWBA
calculations reliably reproduced the experimental angular
distributions, and for the Xe isotopes the ℓ values of the
low-lying states were well known from various studies such as
β decay [19]. The ratios of cross sections measured at different
angles confirmed previous assignments, as in Ref. [4].

The Xe isotopes. For the Xe isotopes, a cryogenically
cooled, solid Xe target was developed for use at the target
position of the Yale split-pole spectrograph [20]. Isotopically
enriched 130,132Xe gas (99.9% for both) was “sprayed” onto a
∼360 µg/cm2 diamond foil, where a layer froze. Diamond was
chosen because of its high thermal conductivity. The typical
thicknesses of Xe layers were from 200 to 1000 µg/cm2,
determined by scattering measurements for each freezing
process as described below. The reactions measured were
(d,p) at 15 MeV and angles θlab = 5◦, 18◦, and 29◦ along with
the (α,3He) reaction at 10◦ and 50 MeV. The (p,t) reaction
was also measured on the 132Xe target at 5◦ and 23◦ with a
proton beam energy of 23 MeV. Typically, the beam currents
were 2–10 nA for protons and deuterons and 1–3 nA for α
particles—lower than that for the Te targets—to minimize
heat deposition in the frozen Xe and reduce loss of material.
Examples of neutron-adding (d,p) and (α,3He) spectra along
with the outgoing triton spectrum for the (p,t) reaction are
shown in Fig. 2. The Q-value resolution was slightly worse
than that for the reactions on Te isotopes owing to the diamond

011302-2

130Te(d,p)130Xe(d,p)

130Te(α,3He)130Xe(α,3He)
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The 130Te➞130Xe neutron vacancies (WNSL Yale, 2013)

Isotope 0g7/2 1d 2s1/2 0h11/2 Sum Expect

128Te 0.0(2) 2.1(2) 0.7(2) 3.3(3) 6.1(5) 6

130Te 0.0(2) 1.5(2) 0.5(2) 2.2(3) 4.2(5) 4

130Xe 0.0(2) 2.7(2) 0.6(2) 3.0(3) 6.3(5) 6

132Xe 0.0(2) 2.0(2) 0.3(2) 1.8(3) 4.0(5) 4

Neutron vacancies
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Key point: we saw no evidence for the 0g7/2 in the adding reaction which probes 
the vacancy.
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Detailed comparison
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Can the 0g7/2 be “turned off”?

Beyond this, the main discrepancies between theory and calculations are the 1d, the 
vacancy changing too little, and the 0h11/2, the vacancy changing too much.

There must be a quantitative impact on the NMEs were the calculations to be modified to 
reproduce the experimental data.

New 
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Errors bars from 
experimental data 2013 2010 
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EXP — BPK et al., Phys. Rev. C 87, 011302(R) (2013)

A,B — J. Suhonen and O. Civitarese, Nucl. Phys. A 847, 207 (2010)

C — A. Neacsu, priv. com.; A. Neascu and M. Horoi, Phys. Rev. C 91, 024309 (2015)

D — J. Menéndez, priv. com.; J. Menéndez, A. Poves, E. Caurier, and F. Nowacki, Nucl. Phys. A 818, 139 (2009)
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Comment on PAIRING

T. Bloxham et al., Phys. Rev. C 82, 027308 (2010) 

W. P. Alford et al., Nucl.Phys. A 323, 339 (1979)
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TABLE I. Cross sections for 0+ states populated in neutron-pair
removing and proton-pair adding reactions on 128Te and 130Te. Those
quoted for neutron-pair removal are for θlab = 5◦ and have systematic
uncertainty of ∼7%, while those quoted for proton-pair addition are
at θlab = 0◦ and are taken from Ref. [12]. Energies are taken from
Ref. [19] unless otherwise stated.

Reaction E (MeV) σ (mb/sr) Ratioa Normalized strengthb

128Te(p,t) 0 4.21 90 1.21
1.873 0.06 20 0.02
2.579 0.15 21 0.04

130Te(p,t) 0 3.49 89 1.00
1.979 0.05 50 0.01
2.313(4)c 0.05 >20 0.01

128Te(3He,n) 0 0.24 – 0.96
2.13 0.095 – 0.32

130Te(3He,n) 0 0.26 – 1.00
1.85 0.098 – 0.34
2.49 0.062 – 0.21

aRatio of 5◦ to 17◦ cross sections, for the (p,t) reaction only.
bCross sections corrected for the DWBA dependence and normalized
to the ground-state transition from 130Te.
cState newly identified in this work and assigned as 0+. The ratio is a
lower limit as this peak is obscured by the adjacent one at 17◦.

calculation of double-β decay matrix elements. The only
observed cross sections from reactions on 128Te to 0+ excited
states are transitions to the 1.873-MeV excited state of 126Te
and another to one at 2.579 MeV; they are less than 4% of the
ground-state strength. Both of these states have been reported
previously, though the only available data are the energies
and cross sections at 30◦ [13,19]. There are also similarly
weak transitions in the reaction on 130Te to states at 1.979
and 2.313(4) MeV; the latter is tentatively identified as having
spin-parity 0+ in this work. The cross sections at 5◦ are listed
in Table I, along with the ratios to the cross sections at 17◦.
The latter angle is near the minimum of the ℓ = 0 angular
distribution and the ratio therefore is a useful signature of ℓ = 0
transitions. The systematic uncertainties in cross sections are
estimated as ∼7% with statistical errors becoming significant
(>10%) only below ∼0.06 mb/sr.

The ratio of cross sections for these peaks between 5◦ and
17◦ is much larger than 1.0 which is the signature for ℓ = 0
transitions and therefore of 0+ states. Because all the excited
0+ states are weakly excited, they do not represent a significant
breaking of the BCS symmetry.

For protons the situation is very different. The proton-pair
adding reaction Te(3He,n) had been studied [12] and a strong
(∼30%) transition is seen to excited 0+ states at approximately
2.6-MeV excitation in all the Te isotopes. This appears to be a
classic case of a pair vibration [10] and is likely a consequence
of the subshell gap at proton number Z = 64, separating the

14 protons in the g7/2 and d5/2 orbits from the 18 in h11/2, s1/2,
and d3/2.

Such a proton pair vibration is not consistent with the
assumptions of QRPA. The implication of this splitting could
therefore be substantial for the matrix element for neutrinoless
double-β decay. We note that there are 28 neutrons in 130Te
in the major oscillator shell between N = 50 and 82, leaving
a vacancy of 4. At the same time there are two protons above
Z = 50, leaving 30 vacancies. If the proton orbits above Z =
64 do not participate in the corrrelated final ground state then,
assuming all orbits are equally important, this would reduce the
number of vacancies by a factor of (82 − 52)/(64 − 52) = 2.5.
Shell-model calculations have been used to describe the
A = 130 double-β decay candidates [20], but it has not been
demonstrated whether these calculations successfully describe
the observed pair transfer strength to excited 0+ states.

IV. CONCLUSIONS

There is ample experimental evidence for the existence of a
subshell at Z = 64 for protons, but no comparable gap exists
for the neutron orbits. The connection between this subshell
and pairing vibrations for protons has apparently not been
previously emphasized and the effect of such a splitting of a
simple BCS state on the double-β decay matrix elements is
unexplored.

There is a need for more experimental work in this
mass region and we are planning to perform quantitative
measurements of the populations of the valence orbits in 130Te
and 130Xe by one-nucleon transfer [21], similar to those that
were done for 76Ge [22].

From the overall pair-transfer data available on these
tellurium isotopes, it appears that there may be a serious
problem with the approximations inherent in QRPA in the mass
130 region (i.e., transitions are observed to occur that QRPA
forbids from its basic assumptions). This could significantly
affect the matrix elements predicted for the decay of tellurium,
and needs clarification for the extraction of information on the
effective neutrino mass, when and if results become available
from the experiments searching for neutrinoless double-β
decay.

A summary of these data are available online in the
Experimental Unevaluated Nuclear Data List (XUNDL)
database [23].
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From the proton-pair adding Te(3He,n) reactions by Alford et al., significant strength is seen in ℓ= 0 
transitions to excited states 

A classic case of pair vibration and possibly a consequence of a sub-shell gap at Z = 64 
Consequences for QRPA? (Does the shell model include this feature also?)
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2s1/2

The 136Xe➞136Ba neutrons

Experiments completed, but not discussed here.

BPK, S. V. Szwec et al., preliminary; under analysis (experiment in May and Oct 2015)


Key question 
Is N = 82 a ‘good’ closed shell?  
Yes. There is reasonable 
evidence to support this.*
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The A = 130 and 136 protons (RCNP, Oct/Nov 2014)

Being close to the start of a major shell, only the proton-removing (d,3He) reaction used 
(probing the 2, 4, and 6, proton occupancies above N = 50).
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Z

N

Made use of the RCNP Osaka 
gas-cell target and studied 
eight different targets.



No dispersion matching, Grand Raiden and RCNP gas target, beam energy of 101 MeV, spectra at 5.8°

H. Matsubara et al., Nucl. Instrum.  Methods Phys. Res. A 678, 122 (2012). 
P. Puppe et al., Phys. Rev. C 84, 051305(R) (2011).
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The A = 130 and 136 protons (RCNP, Oct 2014)

EXP — J. P. Entwisle, BPK et al., preliminary (experiment in Oct 2014).
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The A = 130 and 136 protons (RCNP, Oct 2014)

EXP — J. P. Entwisle, BPK et al., preliminary (experiment in Oct 2014).

At a glance … consistent results across all targets with the exception of 138Ba, where there 
were some anomalies with the electronics set up.
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CHANGE in proton occupancies (A = 130)

EXP — J. P. Entwisle, BPK et al., preliminary: under analysis (experiment in Oct 2014)

A — A. Neacsu, priv. com.; A. Neascu and M. Horoi, Phys. Rev. C 91, 024309 (2015)

B — J. Menéndez, priv. com.; J. Menéndez, A. Poves, E. Caurier, and F. Nowacki, Nucl. Phys. A 818, 139 (2009)

C — J. Suhonen and O. Civitarese, Nucl. Phys. A 847, 207 (2010)

A = 130


Most notable is the 
large change in the 1d 
strength in the theory, 
contrasting with the 
experimental data.
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EXP — J. P. Entwisle, BPK et al., preliminary: under analysis (experiment in Oct 2014)

A — A. Neacsu, priv. com.; A. Neascu and M. Horoi, Phys. Rev. C 91, 024309 (2015)

B — J. Menéndez, priv. com.; J. Menéndez, A. Poves, E. Caurier, and F. Nowacki, Nucl. Phys. A 818, 139 (2009)

C — J. Suhonen and O. Civitarese, Nucl. Phys. A 847, 207 (2010)

CHANGE in proton occupancies (A = 136)

A = 136


Moving further away 
from Z = 50 seems to 
result in a more 
‘diffuse’ change. 
Seems intuitive.


The Menéndez et al. 
results seem to be in 
close(r) agreement.


2015 
SM

2009 
SM

(E399)



A B

–1

0

1

Pr
ot
on

s
Th

eo
ry
–e

xp
er
im

en
t

Pr
ot
on

s
Th

eo
ry
–e

xp
er
im

en
t

A B C

–1

0

1

0

1

2

Pr
ot

on
 o

cc
up

an
cy

 (13
6 Ba

–13
6 Xe

)

0

1

2

0

1

2

A BEXP
0h11/2
2s1/2

1d
0g7/2

0

1

2

Pr
ot

on
 o

cc
up

an
cy

 (13
0 Xe

–13
0 Te

)

0

1

2

0

1

2

0

1

2

A B CEXP
0h11/2
2s1/2
1d
0g7/2

30

Detailed comparison
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2015 
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2015 
SM

2009 
SM

2010 
QRPA

EXP — J. P. Entwisle, BPK et al., preliminary: under analysis (experiment in Oct 2014)

A — A. Neacsu, priv. com.; A. Neascu and M. Horoi, Phys. Rev. C 91, 024309 (2015)

B — J. Menéndez, priv. com.; J. Menéndez, A. Poves, E. Caurier, and F. Nowacki, Nucl. Phys. A 818, 139 (2009)

C — J. Suhonen and O. Civitarese, Nucl. Phys. A 847, 207 (2010)

2015 
SM

2009 
SM

(E399)



31

Summary Part I

76Ge➞76Se

Complete


Yale/RCNP

2008/2009

100Mo➞100Ru

Complete


MLL Munich

To be published

136Xe➞136Ba

Complete


Yale/RCNP

To be published130Te➞130Xe


Complete

Yale/RCNP


Published (neutrons)

To be published
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Summary Part I

76Ge➞76Se

Complete


Yale/RCNP

2008/2009

82Se➞82Kr

Just started


ANL

RCNP future? 

2015—
100Mo➞100Ru


Complete

MLL Munich


To be published

124Sn➞124Te

To begin


IPN Orsay

RCNP future? 

2016?

150Nd➞150Sm

Just started


Munich/IPN Orsay

RCNP future? 

2014—

32

136Xe➞136Ba

Complete


Yale/RCNP

To be published130Te➞130Xe


Complete

Yale/RCNP


Published (neutrons)

To be published
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Summary Part II
All data, when analysis is complete, is published either in papers or at NNDC. Cross 
sections, energies, etc.


We are close to having four key systems complete in 76Ge, 100Mo, 130Te, and 136Xe — a 
wealth of data collected over the last decade. Work on 82Se and 150Nd in the early stages.


Ge was explored very closely by theorists—the impact appears quite significant though no 
real conclusions … yet.


Comparisons of recent calculations with the A = 130 and 136 shows significant 
disagreement (role the g7/2, dominant changes at odds with data) 


Other recent discussion suggest a closer exploration of pairing / knockout / etc. Interesting 
avenues to pursue.


In several cases the calculations cannot describe the experimental data, at least 
within the experimental uncertainties.  

It has to be important, as this is precisely what changes in the decay. Can a reassessment 
of some of the calculations be made in light of these data? How does it effect the lifetimes 
(NMEs)?
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This work, initiated by John Schiffer, has been going on for just shy of 10 years now, with 
measurements made at several labs (WNSL, RCNP, Munich, Orsay, Notre Dame) involving lots 
of people. (In most instances, targets prepared by J. P. Greene.) (Several people have changed institution.)

J. A. Clark, C. M. Deibel, C. R. Hoffman, and K. E. Rehm 
Argonne National Laboratory, Illinois, USA 

S. J. Freeman, S. A. McAllister, A. J. Mitchell, A. M. Howard, D. K. Sharp, and J. S. Thomas 
Schuster Laboratory, University of Manchester, UK 

A. Heinz, A. Parikh, P. D. Parker, V. Werner, C. Wrede 
WNSL, Yale University, Connecticut, USA 

A. C. C. Villari, D. Hirata, GANIL, France,  
P. Grabmayr, Universitat Tubingen, Germany 

K. Hatanaka, A. Tamii, T. Adachi, H. Fujita, Y. Fujita, M. Hirata, Y. Meada, H. Matsubara, H. 
Okumura, Y. Sakemi, Y. Shimizu, H. Shimoda, K. Suda, Y. Tameshige  
RCNP, Osaka University, Japan  

T. Bloxham, K. Han, S. J. Freedman 
Lawrence Berkeley National Laboratory, California, USA 

T. Faestermann, H.-F. Wirth 
Technische Universitat Munchen 

A. Roberts, A. M. Howard, J. J. Kolata, Notre Dame 
I. Stefan, N. de Serevile, IPN Orsay

Collaborators (from earlier works and the [not discussed] 100Mo and 150Nd)

(E292)
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Collaborators (from more recent runs)

The RCNP Osaka Runs (A = 130 and 136 Protons, Oct 2014) (E399) 
S. Adachi, N. Aoi, J. A. Clark, J. P. Entwisle, S. J. Freeman, H. Fujita, Y. Fujita, T. Furuno, 
T. Hashimoto, C. R. Hoffman, O. H. Jin, E. Ideguchi, T. Ito, C. Iwamoto, T. Kawabata, B. Liu, 
M. Miura, J. P. Schiffer, D. K. Sharp, G. Süsoy, T. Suzuki, S. V. Szwec, M. Takaki, A. Tamii, M. 
Tsumura, T. Yamamoto.

Argonne National Laboratory, RCNP-Osaka, University of Manchester

The IPN Orsay Runs (A = 136 Neutrons, May and Oct 2015) 
T. E. Cocolios, J. P. Entwisle, S. J. Freeman, L. P. Gaffney, V. Guimaraes, F. Hammache, 
P. P. McKee, E. Parr, C. Portail, J. P. Schiffer, N. de Séréville, D. K. Sharp, J. F. Smith, I. Stefan, 
S. V. Szwec.

Argonne National Laboratory, University of Manchester, IPN-Orsay, University of the West of Scotland

Thank you to Andrei Neascu for theoretical data for A = 130 and 136 data and J. Menéndez for data on A = 76, 82, 130, and 136.

The WNSL Yale Runs (A = 130 Neutrons, May 2011) 
T. Bloxham, S. A. McAllister, J. A. Clark, C. M. Deibel, S. J. Freedman, S. J. Freeman, K. Han, A. 
M. Howard, A. J. Mitchell, P. D. Parker, J. P. Schiffer, D. K. Sharp, J. S. Thomas.

Argonne National Laboratory, Lawrence Berkeley National Laboratory, University of Manchester


