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Overview 

o Basic premises (ground-state nucleon occupancies, pairing)
o Experiments (now a 10-year project, 4 candidates ‘done’)
o Analysis techniques
o Normalizations
o Quenching
o An overview of results, compared with theory
o Comments on pairing
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devices, and new computing techniques are themselves 

great achievements (see Sidebar 5.1). Several 

experiments are currently operational or about to come 

online with half-life sensitivities for the neutrinoless 

decay mode in the range of 1025–1026 years; they will 

also provide us with critical guidance about how best to 

take the next steps.

Next-generation neutrinoless double beta decay 

experiments have enormous potential to discover 

this process. With masses of isotope on the scale of 

tons, expected improvements in half-life sensitivity 

are two orders of magnitude or more over existing 

limits (i.e., 1027–1028 years). Results from solar, reactor, 

and atmospheric neutrino oscillation experiments 

have shown that there must be a neutrino mass 

state of at least 50 meV. When interpreted within the 

simplest lepton-number-violating mechanism (i.e., the 

exchange of light Majorana neutrinos), such “ton-scale” 

experiments can discover neutrinoless double beta 

decay if the lightest neutrino mass is above 50 meV or 

if the spectrum of neutrino masses is “inverted” (see 

Figure 5.2). Even if neither condition is realized in nature, 

a discovery is possible if other mechanisms beyond the 

simplest one contribute to the decay. Well motivated 

alternative mechanisms involving new super-heavy 

particles more than 10 times heavier than weak force 

carriers (the W and Z particles) provide additional strong 

motivation for next-generation experiments.

Within the simplest mechanism (light Majorana neutrino 

exchange), the measurement of the decay half-life 

of the neutrinoless mode combined with input from 

nuclear theory allows a determination of the effective 

neutrino mass. This effective neutrino mass is a special 

quantum mechanical sum of all of the neutrino masses 

and is distinct from the individual neutrino masses. In 

this context, then, the search for neutrinoless double 

beta decay not only tests the fundamental law of lepton-

number conservation but also provides quantitative 

information about the absolute scale of neutrino mass, 

complementing direct neutrino mass and cosmological 

measurements. In combination with these probes, 

the absence of a signal in the ton-scale search for 

neutrinoless double beta decay would imply the 

presence of a Dirac component of the neutrino masses, 

with significant ramifications for our understanding of the 

origin of neutrino masses.

Figure 5.2: Effective average neutrino mass from neutrinoless double beta decay vs. the mass of the lightest neutrino. Current limits and expected limits 
from ongoing experiments are shown as gray and blue horizontal bands. The green (for inverted hierarchy) and red (for normal hierarchy) bands show the 
expected ranges within the light Majorana neutrino exchange mechanism. Next-generation ton-scale experiments aim to probe effective Majorana neutrino 
masses down to 15 meV, shown as the horizontal dashed line.
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Figure 5.3:  Possible timeline for the development of a ton-scale neutrinoless double beta decay experiment.

Neutrino Mass, Mixing, and Other Puzzles
Neutrino mass can be directly measured via a careful 

study of the spectrum of electrons emitted in ordinary 

beta decay. Such measurements are independent of 

the Majorana nature of the neutrino and are more direct 

than measurements inferred from studies of the cosmic 

microwave background radiation. The U.S. has joined 

Germany and three other nations to build the KATRIN 

experiment to measure the mass of the neutrino from 

the beta decay of tritium. This experiment is expected to 

be complete within the duration of this Long Range Plan. 

Although KATRIN will be sensitive to masses as small as 

0.2 eV, a factor of 10 below current limits, the mass could 

be smaller still, down to the oscillation limit of 0.02 eV 

(the smallest possible average mass of the 3 neutrino 

states). A new idea is being explored, called Project 8, 

which uses cyclotron radiation to measure the beta 

spectrum of tritium. The basic concept was successfully 

demonstrated in 2014.

The neutrino mass hierarchy is one of the key remaining 

unknowns in the neutrino sector, with important 

implications for a number of nuclear physics problems. 

Prospects for answering the open questions of the 

hierarchy and the possible violation of time-reversal 

invariance by neutrinos were dramatically advanced 

in 2012 when experiments using reactor antineutrinos 

at Chooz in France, Daya Bay in China, and Hanbit 

(RENO collaboration) in Korea measured the previously 

unknown neutrino “mixing angle” known as q
13

. A 

number of groups are proposing to use atmospheric 

neutrinos to determine the mass hierarchy, for example 

PINGU in the Antarctic ice cap, leveraging major 

U.S. investment in IceCube.

The value of the q
13

 mixing angle has also made it 

possible to complete designs for the future long-baseline 

neutrino oscillation experiments. A major U.S. initiative 

in high energy physics is DUNE, the Deep Underground 

Neutrino Experiment at the new Sanford Underground 

Research Facility in South Dakota. The expertise of 

nuclear theorists will be called on to calculate the 

interactions of neutrinos with nuclei, using input from 

several experiments focused on neutrino cross sections.

Improved knowledge of neutrino interactions is also 

needed at lower energies, for example in the regime 

of relevance for understanding of supernova neutrinos. 

Additionally, the elastic scattering of neutrinos from 

nuclei is expected to be enhanced by quantum 

mechanical interference effects, but this has never been 

seen experimentally. New experiments, CENNS and 

COHERENT, are planned to test this prediction.

Neutrinos from the sun and neutrinos produced by 

cosmic rays in the earth’s atmosphere were the key to 

the discovery of neutrino oscillations. They continue to 

provide an unparalleled resource for scientific discovery. 

Over the past decade the Borexino experiment, a 

100-ton liquid scintillation detector located in Italy’s 

Gran Sasso underground laboratory, has detected 

neutrinos from specific nuclear processes in the sun’s 

core, the pp reaction, the pep reaction, and the decay 

of 7Be, confirming for the first time explicit predictions 

“The second recommendation specifically targets 
the development and deployment of a ton-scale 
neutrino- less double beta decay experiment. 
Demonstration experiments at the scale of 100 kg 
are currently underway to identify the requirements 
and candidate technologies for a larger, next-
generation experiment, which is needed to be 
sensitive to postulated new physics. An ongoing 
NSAC subcommittee is helping to guide the 
process of the down-select, from several current 
options to one U.S.-led ton-scale experiment.” 

Since neutrinoless double beta decay 
measurements use the atomic nucleus as a 
laboratory, nuclear theory is critical in connecting 
experimental results to the underlying lepton-
number violating interactions and parameters 
through nuclear matrix elements, which account for 
the strong interactions of neutrons and protons. 
Currently, there exists about a factor of two 
uncertainty in the relevant matrix elements, but by 
the time a ton-scale experiment is ready to take 
data, we expect reduced uncertainties as a result 
of the application to this problem of improved 
methods to solve the nuclear many-body physics. 

“Construction of this flagship experiment is 
expected to require five years, with capital 
investment peaking at about $50M/year during this 
period.”

2015 NSAC Long Range Plan “Reaching for the Horizon”
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Quenching of gA and its impact in double beta decay F. Iachello
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Figure 5: Current limits to ⟨mν⟩ from EXO [20] and most recent IBM-2 Argonne SRC nuclear matrix

elements [3] and with different values gA = 1.269, gA = 1 and gA = 0.5 . The figure is in logarithmic scale.

gA = 1.269, is from (EXO/KamLAND-Zen)

⟨g⟩2 = 6.2×10−5. (6.4)

Another scenario, currently being extensively discussed, is the mixing of additional “sterile”

neutrinos. The NME for sterile neutrinos of arbitrary mass can be calculated using a transition

operator in scenarios 1 and 2 but with

f =
mνI

me
, v(p) =

2

π

1
√

p2 +m2
νI

(
√

p2 +m2
νI + Ã

) , (6.5)

where mνI is the mass of the sterile neutrino. The PSF for this scenario is the same as for scenarios

1 and 2. IBM-2 NME have just been calculated [33]. Several types of sterile neutrinos have

been suggested. (a )Scenario 4a: Light sterile neutrinos with masses mνI ∼ 1eV. These neutrinos

account for the reactor anomaly in oscillation experiments and for the Ga anomaly, as suggested

in [30].(b) Scenario 4b: Heavy sterile neutrinos with masses mνI ≫ 1eV. Possible values of sterile

neutrino masses in the keV-GeV range have been suggested in [31, 32]. Limits on sterile neutrino

contributions obtained from double beta decay are being calculated at the present time and will be

presented in a forthcoming publication.
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Connecting half-life and mass 
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Engel and Menéndez, Rep. Prog. Phys. 80, 046301 (2017)



Nuclear matrix elements
[T 0⌫
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Experimental searches are often 
discussed in terms of their sensitivity to a 
given half life, accounting for enrichment, 
efficiency, backgrounds, resolution, and 
mass, though NP has a significant role …

Jason Detwiler

Testing the Inverted Hierarchy
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Figure taken from one of Jason Detwiler’s talks found online



Mechanism, rationale



Ground states
• Single- and two-particle properties should be important:

§ How do the protons and neutrons rearrange 
themselves going from the initial to final state? (we can 
probe that)

§ Are the ground states ’simple’ BCS like states? (we can 
probe that too)

• Can knowledge of the above inform or constrain theoretical 
calculations?

• How well are the uncertainties (in the analysis of the experimental data)

understood?

• (Are all these things not already known (after all, these are 
[essentially] stable isotopes?)

Bernadette Rebeiro talked about this earlier in the week



Series of experiments
Single-nucleon and two-nucleon transfer on nuclei involved in the 76Ge➝76Se, 
100Mo➝100Ru, 130Te➝130Xe, and 136Xe➝136Ba decays

Original works, including cross sections and analyzed data:

S. J. Freeman et al., Phys. Rev. C 75, 051301(R) (2007): A = 76 neutron pairing
J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008): A = 76neutron occupancies
B. P. Kay et al., Phys. Rev. C 79, 021301(R) (2009): A = 76 proton occupancies
T. Bloxham et al., Phys. Rev. C 82, 027308 (2010): A = 130 neutron (and proton) pairing
J. S. Thomas et al., Phys. Rev. C 86, 047304 (2012): A = 100 neutron pairing
B. P. Kay et al., Phys. Rev. C 87, 011302(R) (2013): A = 130 neutron occupancies
A. Roberts et al., Phys. Rev. C 87, 051305(R) (2013): A = 76 proton pairing 
J. P. Entwisle et al., Phys. Rev. C 93, 064312 (2016): A = 130 and A = 136 proton occupancies
S. V. Szwec et al., Phys. Rev. C 94, 054314 (2016): A = 136 neutron occupancies
S. J. Freeman et al., Phys. Rev. C 96, 054325 (2017): A = 100 proton and neutron occupancies

--

D. K. Sharp et al., upcoming works on A = 116, 124, and 150 neutron occupancies



Collaborators
Initiative led by Argonne and Manchester groups
Experiments at MLL (Munich), WNSL (Yale), RCNP (Osaka), and IPN (Orsay)
[Tandem facilities (except of RCNP), with beams around 10 MeV/u, high-resolution magnetic spectrographs. They are 
among the few facilities left in the world where these measurements are possible.]

J. P. Schiffer, S. J. Freeman, J. A. Clark, C. Deibel, C. R. Fitzpatrick, S. Gros, A. Heinz, D. Hirata, 
C. L. Jiang, B. P. Kay, A. Parikh, P. D. Parker, K. E. Rehm, A. C. C. Villari, V. Werner, C. Wrede, T. Adachi, 
H. Fujita, Y. Fujita, P. Grabmayr, K. Hatanaka, D. Ishikawa, H. Matsubara, Y. Meada, H. Okamura, 
Y. Sakemi, Y. Shimizu, H. Shimoda, K. Suda, Y. Tameshige, A. Tamii, T. Bloxham, S. A. McAllister, 
S. J. Freedman, K. Han, A. M. Howard, A. J. Mitchell, D. K. Sharp, J. S. Thomas, J. P. Entwisle, A. Tamii, 
S. Adachi, N. Aoi, T. Furuno, T. Hashimoto, C. R. Hoffman, E. Ideguchi, T. Ito, C. Iwamoto, T. Kawabata, 
B. Liu, M. Miura, H. J. Ong, G. Süsoy, T. Suzuki, S. V. Szwec, M. Takaki, M. Tsumura, T. Yamamoto 
T. E. Cocolios, L. P. Gaffney, V. Guimarães, F. Hammache, P. P. McKee, E. Parr, C. Portail, N. de 
Séréville, J. F. Smith, I. Stefan, ++ 

Now more 70 collaborators as participants in the various experiments



Focus of this talk 

76Se 77Se 78Se

75As 76As 77As

74Ge 75Ge 76Ge

! = # ! = #
130Xe 131Xe 132Xe

129I 130I 131I

128Te 129Te 130Te

136Ba 137Ba 138Ba

135Cs 136Cs 137Cs

134Xe 135Xe 136Xe

! = #
100Ru 101Ru 102Ru

99Tc 100Tc 101Tc

98Mo 99Mo 100Mo

! ≠ #



Transfer reactions (what is measured)

2.1 Theory of single-nucleon transfer reactions 32

dependence on the matrix element of the interaction. The reaction process

can be described by three stages, illustrated in Fig 2.1:

• The motion of the projectile in the potential of the target nucleus.

• The transfer of a single neutron to the target nucleus in a single-step.

• The motion of the ejectile in the potential of the target nucleus plus a

neutron.
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Figure 2.1: Illustration of a single-neutron adding transfer reaction.

A reaction A(a, b)B can be described in terms of partitions, with a tran-

sition from partition ↵ = a + A to � = b + B. The wavefuntion describing

the internal states of a partition is a product of the internal wavefunctions

for each element of the partition

 ↵(x↵) ⌘  a(xa) A(xA), (2.1)

where xi are the internal coordinates and  i are eigenfunctions of the corre-

sponding internal Hamiltonian, Hi with energies ✏i:

H↵ ↵ ⌘ (Ha +HA) )↵ = "↵ ↵, (2.2)

Ha a = "a a, HA A = "A A. (2.3)

Yield
(Cross section)

Momentum
(Energy)

Around 10 MeV/u (direct reactions)
Variety of reactions (momentum matching)

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



Transfer reactions (what is inferred)
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spectra below about 3 MeV in excitation energy include
a 7/2+ ground state accounting for about half to three
quarters of the proton occupancy above Z = 50 followed
by two weaker ` = 2 states, which in most cases appear to
be of spin and parity 5/2+, though some assignments of
3/2+ have been made in the literature. This is referred
to as ` = 2 or 1d strength in the subsequent analysis.
Common to all isotopes is that these first three states
carry ⇠80% of the proton occupancy above Z = 50. The
remaining strength is shared between 2s1/2 and 0h11/2

orbitals, and some additional weak fragments of 1d and
0g7/2 strength.

The cross sections were extracted from the yields,
which were normalized to the integrated beam current
and the product of the target-thickness and the aperture.
Taking into account the sources of uncertainty discussed
in Section II, it is estimated that the systematic uncer-
tainty on the absolute cross sections, dominated by the
reliance on optical-model calculations, are .10%. The
systematic uncertainty on the relative cross sections, tar-
get to target, are estimated to be .6%. The cross sec-
tions are tabulated in the Appendix. For cross sections
larger than ⇠50 µb/sr, the uncertainty is dominated by
systematic uncertainty. Below that, the uncertainties are
governed by statistics.

A. DWBA and optical-model parameters

Figure 2 shows angular distributions for low-lying ` =
0, 2, 4, and 5 transitions in 130Te(d,3He)129Sb reaction,
where cross sections were measured at six angles. Rel-
atively good agreement is seen between the calculated
angular distributions and the experimental data. In this
case the deuteron optical-model parameters of An and
Cai [35] were used coupled with those of Becchetti and
Greenless [44] for 3He ions. Similar fits were achieved us-
ing the 3He optical model potentials of Trost et al. [42].
Poorer fits were obtained using 3He parameterizations
of Refs [40, 41, 43]. Numerous deuteron parameteri-
zations [36–38] were explored and little sensitivity was
seen. The projectile wave function used the Green’s func-
tion Monte Carlo derived parameterizations of Brida et
al. [45], and the target wave function was generated using
a Woods-Saxon potential with depth varied to reproduce
the binding energy of the transferred nucleon, a radial
parameter of r0 = 1.25 fm, a di↵useness a = 0.65 fm,
and a spin-orbit potential characterized by Vso = 6 MeV,
rso0 = 1.1 fm, and aso = 0.65 fm.

With the high energy of the incident beam there is
good angular-momentum matching for high-` transfer.
For the first time the ` = 5 strength was seen in each
residual nucleus. For the 2s1/2 states that were seen,
it is clear that at this high energy ` = 0 transfer is not
well-matched in angular momentum. However, there was
good agreement with the DWBA-calculated angular dis-
tribution as shown in Fig. 2. The 5.8� data lies close to
a minimum and so is not a reliable angle to extract the
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FIG. 2. (color online). Angular distributions for the out-
going 3He ions following the 130Te(d,3He)129Sb reaction at
101.2 MeV. The curves are DWBA calculations normalized
to fit the data. Examples of ` = 0 (triangles [blue online]), 2
(squares [orange]), 4 (circles [grey]), and 5 (diamonds [green])
transfer are shown. Those for ` = 0, 2, and 5 are scaled by fac-
tors of 0.1, 0.5, and 0.2, respectively. The three arrows mark
the angles at which measurements were made for the other
targets. The error bars represent the statistical uncertainty
only.

spectroscopic strength. A variation of between 20-40% in
summed 2s1/2 strength was seen depending on whether
the 2.5 or 5.8� yields were used. The 2.5� data were used
to extract the s-state spectroscopic factors. Though the
fluctuations are larger for 2s1/2 strength, ` = 0 only con-
tributes at most 10% to the total summed strength for
any of the targets used.

A common normalization was used to determine
the proton occupancies. For each isotope, 128,130Te,
130,132,134,136Xe, and 136,138Ba, the spectroscopic factor
was extracted for each state. The results were summed
and divided by the total proton occupancy expected
above Z = 50, namely two for the Te isotopes, four for
Xe, and six for Ba. This produced eight independent
normalization factors. Using the deuteron optical-model
parameterizations of An and Cai [35] and 3He param-
eterizations of Becchetti and Greenlees [44], these were
0.87, 0.92, 0.80, 0.84, 0.94, 0.88, 0.89, and 1.02, yield-
ing an average of 0.90 with a rms spread of 0.08 for the
targets as listed above. Similar results were obtained for
other optical-model parameterizations. A reanalysis of a
previous work [7, 46] studying the 76Ge(d,3He) reaction
at an energy of 80 MeV also resulted in a normalization
factor close to the one seen in this work. This di↵ers
somewhat from the typical values about 0.5-0.6 that one
obtains from transfer reactions on stable isotopes [46] in
the regime where the transfer reaction was carried out at
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Nuclear structure (a parameterized model)
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• >50 years experience / refinement
• Parameterized (Wood-Saxon potentials, derivatives)
• Lots of logical check points (e.g., parameters are consistent with those derived 

from electron scattering … radii, etc.), a wealth of nucleon-scattering data
• The spectroscopic factor is a ‘reduced cross section’ — modest corrections to 

account for kinematics and spins

Spectroscopic factor: a measure of the 
overlap between the final state and the initial 
state plus/minus one nucleon

Distorted-wave Born 
Approximation, requires 
several ingredients and 
experimental consideration.
ISPM cross sections.



Does it work? / model dependency? etc.
• Need a normalization
• Typical uncertainty is between 

+/-0.1-0.2 nucleons
• Demonstrated in many systems 

(groups of isotopes/isotones) 
across the chart of nuclides

in excitation energy, as well as the spin-orbit splitting, are
ignored; both of these would have the effect of slightly
broadening the plotted distribution. In the lower part of
the figure, the strengths are binned, taking both particle and
hole strengths as positive excitations, and fit to a
Lorentzian shape. The area under this curve above
3.5-MeV excitation is 2:8% of the total, providing an
estimate of the strength that would have been missed in
the present measurement.

For neutrons, we define the normalization Nj ! S0=S,
where S0 ! !exp=!DWBA:

Nj ! ð!Gþ S
0
adding þ !G$ S

0
removingÞ=ð2j þ 1Þ: (2)

The values of the normalization are listed in the second
column of Table I for the combined ‘ ¼ 1 strengths, since
some of the spin assignments are ambiguous. They are
consistent to a few percent, even though the occupancies
are changing for these orbits. Since the ratio of ‘ ¼ 1 and
‘ ¼ 3 cross sections depends slightly on the choice of radii
for the bound state, the normalizations for the two values
were considered separately. The sensitivity to changes in
the parameters specifying the bound state, including the
spin-orbit term, was explored, particularly that of the ratios
of DWBA cross sections for different j values. These ratios
vary slightly within the range of radii used to specify the
bound-state potential; for reasonable parameter choices,
the variation is less than about 10%. The column labeled
N‘¼ 3;" refers to the normalization factor for the " and
3He-induced reactions for 5=2$ states.

There is some sensitivity with different distorting poten-
tials. For ‘ ¼ 1, the normalization required to satisfy the
sum rule with the first choice parameters for the distorting
optical potentials [7,8] is 0.550(15), while it is 0.641(45)
for the Perey global potentials [10] or 0.567(36) for the
combination of the proton parameters from Ref. [7] and
deuterons from Ref. [11]. However, the relative spectro-
scopic factors derived from each of these different sets of
optical potentials are consistent within a few percent. The
various normalizations themselves are all around 0.5–0.6,
which is gratifyingly close to the quenching deduced from
ðe;e0pÞ measurements [2].

Neutron occupancies.—Using the above procedure, the
mean normalizations listed in Table I were used to obtain
the occupancies and vacancies from the neutron-removing
and neutron-adding reactions, and the results are shown in

Fig. 2 for the ‘ ¼ 1 and 3 transitions. The filling of the
orbits is evident, while the sums of these two separate
measurements remain constant across the isotopes.
The 0g9=2 orbit is somewhat problematic because these

states appear around 3-MeV excitation energy, where the
level density is relatively high and the admixture of unob-
served fragments into more complicated states is likely. No
clear ‘ ¼ 4 transitions are observed in neutron removal
from 58Ni or 60Ni, while the summed strength for adding a
g9=2 neutron changes from 6.0 in 58Ni to 9.5 in 64Ni,
suggesting that a substantial fraction of the strength is
missing, at least in the lighter Ni isotopes.
Occupancies can be extracted in two ways, either from

the neutron-removing reactions directly or from an inde-
pendent set of measurements from the vacancies obtained
using the neutron-removing reactions and the subtraction
of these from the 2j þ 1 degeneracy of the orbit. We took
the average of the two, which amounts to taking the
difference. The occupancies derived from our data are
summarized in Fig. 3 and Table II. The g9=2 occupancies
given are derived only from the removal reaction, using the
normalization obtained for the 5=2$ states from the "- and
3He-induced reactions.
Proton vacancies.—The measurements of the proton-

adding ð3He;dÞ and ð";tÞ reactions were carried out in the

TABLE I. Normalization factors for neutron transfer.

Nucleus N‘¼ 1 N‘¼ 3 N‘¼ 3;"

58Ni 0.527 0.528 0.518
60Ni 0.548 0.503 0.464
62Ni 0.558 0.554 0.471
64Ni 0.566 0.480 0.433
Mean 0:550 ' 0:015 0:517 ' 0:028 0:471 ' 0:030
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FIG. 2 (color online). The strengths for the total ‘ ¼ 1 (j ¼
1=2$ and 3=2$ ) and 3 (j ¼ 5=2$ ) spectroscopic factors for
neutron-adding and removing reactions summed according to
Eq. (1). Spectroscopic factors from neutron transfer are shown in
the upper and lower boxes, respectively. The partition between
the occupancy (blue, dark gray) from neutron removal and
vacancy (red, light gray) from neutron adding is shown.
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Nj ⌘ S0/S

S0 ⌘ �exp/�DWBA

• But is the normalization just arbitrary?

Ni occupancies from J. P. Schiffer et al., Phys. Rev. Lett. 108, 022501 (2012) 



Analysis, e.g., 76Ge,Se

ββ

76Se 77Se 78Se

75As 77As

74Ge 75Ge 76Ge



Analysis – sum rules and normalization 
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

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

Nj ⌘ [
X

S0
removing +

X
(2j + 1)S0

adding]/(2j + 1)

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
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What’s the significance of the normalization 

Target wave function.—The potential depth was varied
to match the binding energy of the transferred nucleon for
the state in question. The radial parameters were chosen
to be consistent with the values obtained in the (e,e0p)
work of Ref. [7] with a radius parameter r0 ¼ 1:28 fm and
diffuseness a¼ 0:65 fm, representing the average values.
The spin-orbit potential depth was Vso ¼ 6 MeV, with
rso0 ¼ 1:1 fm, and aso ¼ 0:65 fm.

Optical-model potentials.—For protons we used the
global potentials of Koning and Delaroche [10]. Similarly
for deuterons, we used the global potentials of Ref. [9], and
for 3He, the recent study of Ref. [11]. The latter was also
used for tritons, though it is less clear how appropriate it is.
For ! particles, we used the fixed potential of Ref. [25] that
was derived from theA ¼ 90mass region. Other reasonable
choices for potentials give similar results [2,4].

The values of "exp="DW were used with Eq. (1) or (2)

to obtain quenching factors Fq that are summarized in

Table I, categorized by reaction. A complete table of the
data is in the Supplemental Material [26]. The quenching
factors obtained in this analysis are also plotted in Fig. 1,

along with those from (e,e0p), as a function of mass
number. The value appears to be independent of target
mass and reaction, with a mean value of 0.55 and an rms
variation of 0.10. It is also comparable to that seen in the
(e,e0p) data. Figure 2 shows the data emphasizing that
the quenching factor is independent of the accessible ‘
value.
The uncertainties in the Fq values are difficult to esti-

mate. As noted previously (e.g., Ref. [2]), systematic
effects dominate the uncertainties including errors in
absolute cross sections, missed (or misassigned) states,
the robustness of assumed shell closures, the effects of
multistep mechanisms, and the choice of parameters in
the DWBA analysis, and indeed in the assumptions inher-
ent in DWBA. For a global average value for Fq of 0.55

we find the rms variations amongst all the individual
determinations to be 18%.
The only data that our group had obtained in the past

decade that do not fit this pattern are a measurement with
the (d,3He) reaction [27], taken at much higher energies
than the rest of the results included here, "35 MeV=u
above the Coulomb barrier instead of the "2– 5 MeV=u
for the rest. The value of Fq obtained for the high energy

data set, using the global optical-model potentials adopted
in this analysis, was found to be internally consistent but
Fq # 1 instead of 0.55. We found that at the higher ener-

gies, the sensitivity to the choice of optical-model distor-
tions amongst various global parameterizations is much
larger (" 60%) than at the lower energies. For the rest of
the data represented here, the corresponding sensitivity for
all reactions was <10%, apart from the (3He,d) reaction
which is <20%. The higher energy data are therefore not
included in the present analysis. The sensitivity to parame-
ters perhaps points to problems with the parameterizations
in the global potentials for energies far above the barrier.
Gade et al. [28] plotted a ‘‘reduction factor,’’ which is

the spectroscopic factor derived from measured cross

TABLE I. Mean quenching factor by reaction type.

Reaction, ‘ transfer
Number of

determinations Fq

rms
spread

(e,e0p), all ‘ 16 0.55 0.07
(d,p), (p,d), ‘ ¼ 0– 2 40 0.53 0.09
(d,p), (p,d), ‘ ¼ 0– 3 46 0.53 0.10
(!,3He), (3He,!), ‘ ¼ 4–7 26 0.50 0.09
(!,3He), (3He,!), ‘ ¼ 3–7 34 0.52 0.09
(3He,d), ‘ ¼ 0– 2 18 0.54 0.10
(3He,d), ‘ ¼ 0–4 26 0.54 0.09
(!,t), ‘ ¼ 4– 5 14 0.64 0.04
(!,t), ‘ ¼ 3– 5 18 0.64 0.04
All transfer dataa 124 0.55 0.10

aRows 3, 5, 7, and 9.
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FIG. 1 (color online). The quenching factor Fq versus target mass A. The (e,e0p) data in panel (a) are from Refs. [7,35]. The grey
band represents the mean $2" of the (e,e0p) data to guide the eye. The data in panels (b), (c), (d) are from this analysis and are
tabulated in the Supplemental Material [26]. Solid symbols are from adding and removing reactions while the empty ones are from just
adding or just removing.
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The normalization appears meaningful, 
a ubiquitous feature of low-lying single-
particle strength, independent of A, l, 
nucleon type, reaction, N-Z.

BPK et al., Phys. Rev. Lett. 111, 042502 (2013) 



Quenching of s. p. cross sections
“Thus at any time only 2/3 of the nucleons 
in the nucleus act as independent particles
moving in the nuclear mean field. The 
remaining third of the nucleons are 
correlated.”*

J. Phys. G: Nucl. Part. Phys. 37 (2010) 064007 W H Dickhoff
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Figure 2. Schematic illustration of the distribution of the single-particle strength in stable closed-
shell nuclei.

propagation to low-lying more complicated states. A comparison of the FRPA method with a
large-scale shell-model diagonalization in the same space further confirms the notion that in
some nuclei shell-model correlations can further reduce the spectroscopic factors of protons
by as much as 10–15% (48Ca) but in other cases and for neutrons do not generate very different
results.

The above analysis is illustrated in figure 2. The schematic level scheme illustrates
mean-field proton (or neutron) levels with the traditional occupied states, a few empty bound
single-particle states, and a continuum of scattering states that includes high-momentum states.
Several generic diagrams are indicated that have the properties to admix high-momentum
components in the ground state (top left), deplete the Fermi sea (middle), and fragment the
strength below the Fermi energy (bottom). The right column of the figure identifies where the
strength of a valence proton hole states ends up in a correlated nucleus like 208Pb. The main part

4

Key points:
• Academic in terms of change in 

occupancies
• Arguably essential in terms of 

trusting the data
• How does theory handle it?

*V. R. Pandharipande, I. Sick, P. K. A de Witt Huberts, Rev. Mod. Phys. 69, 981 (1997)
W. H. Dickhoff, J. Phys. G: Nucl. Part. Phys. 37, 064007 (2010) 



Quenching factor (a bit more)
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There are a handful of isotopes where reliable experimentally determined cross 
sections exist from numerous ‘equivalent’ probes, e.g., proton removal from 12C.
A consistent picture emerges.
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Quenching factor, theory
• Tempting to conclude it is well understood
• Not captured in, e.g., shell model (SM does not explicitly include SRC)
• Ab initio calculations do capture it (in light nuclei)

VOLUME 82, NUMBER 22 P HY S I CA L REV I EW LE T T ER S 31 MAY 1999

FIG. 2. Same as Fig. 1 but for the transition to the first
excited state. The MFT wave function is pure 1p1y2, the total
VMC wave function (circles) contains 1p and 1f (crosses)
components.

VMC wave function is appreciably larger due to the in-
clusion of short-range and tensor correlations, which are
absent in MFT. The transition to the first excited state
contains both 1p and 1f components, as shown in Fig. 2.
Here the deviation between the VMC and MFT wave func-
tion already starts at 250 MeVyc because in MFT the wave
function is purely 1p1y2, whereas the VMC overlap con-
tains four components (1p1y2, 1p3y2, 1f5y2, 1f7y2). In ad-
dition to the effect of correlations, these extra components
cause an appreciable enhancement of the VMC wave func-
tion at high momentum relative to the MFT wave function.
The experiment was performed with the 1% duty factor

electron beam from the NIKHEF medium-energy accel-
erator and the high-resolution two-spectrometer setup
in the EMIN end station [33]. The data were taken
concurrently with those for the reaction 32Sse, e0

pd [1,2]
for which purpose a self-supporting disk of Li2S was
used as a target (thickness roughly 25 mgycm2). The
target could withstand maximum average currents of
6 mA when rotated continuously. The target thickness
was monitored via frequent measurements of elastic
scattering. The measurements were carried out in parallel
kinematics for an outgoing proton energy of 90 MeV.
As a result we needed two incident energies (329.7
and 454.7 MeV) to cover the missing momentum range
of 270 to 260 MeVyc. Since the beam was tuned in
dispersion matching mode [34] we could achieve an Em

resolution of 180 keV (FWHM), sufficient to separate the
discrete transitions from the two reactions.
The data analysis was performed in a standard way

described in detail elsewhere [35]. From the measured
cross sections we determined momentum distributions
by integrating over the appropriate missing-energy peak

and by dividing out Ksep , for which we used the
current-conserving expression scc1

ep of de Forest [22]. The
resulting experimental momentum distributions are shown
in Fig. 3, where only the statistical errors are shown. The
experimental systematic uncertainty on these data is 5%.
In the only earlier reported [36] study of the reaction

7Lise, e0
pd6He the missing-energy resolution of 7 MeV

was insufficient to separate the two transitions presented in
this Letter. However, when corrected for the presence of
some unresolved 1s knockout strength and the difference
in ejected proton energy, their momentum distribution,
integrated over the regionEm ≠ 6 15 MeV, agrees within
error bars with that for the sum of the two transitions
studied here.
In order to compare the theoretical calculations with

the data we carried out CDWIA calculations with the
MFT and VMC wave functions as input. For the mean-
field calculations we treated the normalization, i.e., the
spectroscopic factor S, and the radius of the WS potential
(that fixes the rms radius kr2l1y2 of the wave function) as
free parameters to be determined from a least squares fit to
the data. The resulting values are listed in Table I. The
summed spectroscopic strength for 1p knockout is 0.58 6
0.05, where we have included the experimental systematic
uncertainty and the uncertainty due to the choice of the
optical potential. The observed reduction of the single-
particle strength to 58% of the MFT value (which is unity
for a single proton in the 1p shell) is in good agreement
with the reduction found for a large number of other
complex nuclei [13].

FIG. 3. Experimental momentum distributions for the transi-
tions to the ground state (circles) and first excited state (crosses)
in the reaction 7Lise, e0

pd6He, compared to CDWIA calcula-
tions with MFT (solid) and VMC (dashed) wave functions.
The dot-dot-dashed curve represents the 1f contribution to the
full VMC curve for the transition to the 21 state. The error
bars on the data are statistical only. For clarity data and curves
for the ground-state transition have been scaled by 10.

4406
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TABLE I. Spectroscopic factors (S) and rms radii deduced in the present experiment for
the transitions to the 01 and 21 states in 6He (first row). The listed errors include statistical,
systematic, and model uncertainties. The second (third) row presents the corresponding values
for the VMC calculation with 1p (1p 1 1f) wave function components.

S S S rms (fm) rms (fm)
Model 01 21 01 1 21 01 21

Expt. s1pd 0.42(4) 0.16(2) 0.58(5) 3.17(6) 3.47(9)
VMC s1pd 0.41 0.18 0.59 3.16 3.14
VMC s1p 1 1fd 0.41 0.19 0.60 3.16 3.16

Figure 3 also shows the calculated momentum distri-
butions with the VMC wave functions, which are essen-
tially parameter-free. The agreement with the data is very
good as shown in Table I where the calculated spectro-
scopic factors with these wave functions are given. The
summed strength (0.60) for both transitions agrees within
error bars perfectly with the value 0.58 6 0.05 deduced
from the MFT analysis.
The VMC rms radius for the ground-state transition

agrees with the value deduced from the MFT analysis,
showing that the calculated VMC ground-state wave
functions for 6He and 7Li have the correct shape. For
the transition to the first excited state the rms radius
of the VMC wave function is smaller than that found
in the MFT analysis. This is caused by the different
structure for both overlaps: the MFT wave function was
assumed to be pure 1p1y2, whereas the VMC wave
function contains 1p3y2, 1f5y2, and 1f7y2 components in
addition. The contributions of the 1f components, which
depend sensitively on the details of the nucleon-nucleon
interaction employed, would show up in measurements at
higher pm and could thereby serve as a further accurate
test of the VMC wave functions.
In summary, we conclude that for the first time struc-

ture calculations for a complex nucleus, based on a re-
alistic nucleon-nucleon force, have been performed and
compared to (new) experimental data for the reaction
7Lise, e0

pd. The calculated spectroscopic strength (0.60)
explains the reduction of the strength to 0.58 6 0.05
found in a MFT analysis of the data, while the calcu-
lated shape of the momentum distributions for 1p transi-
tions nearly coincides with the experimental data. Thus
we have confirmed the necessity of including full correla-
tions in the nuclear wave functions.
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Quenching factor (…)
• No obvious change with neutron excess (np dominates) or binding energy (at 

least near stability) [though new results about high mtm fractions … and N/Z ratio]

• Note, there are very good (e,e’p) 
and (e,e’n) data on 48Ca

• Arguably not necessary to explore 
(e,e’p) [no obvious facilities … results agree 
with nucleon transfer]

• Does it relate to quenching of gA? In the sense that there is missing physics / 
model space, and correlations, in the calculations

/ http://www.sciencemag.org/content/early/recent / 16 October 2014 / Page 7 / 10.1126/science.1256785 
 

 
 

Fig. 3. The extracted fractions of np (top) and pp 
(bottom) SRC pairs from the sum of pp and np pairs in 
nuclei. The green and yellow bands reflect 68% and 95% 
confidence levels, respectively (9). np-SRC pairs dominate 
over pp-SRC pairs in all measured nuclei. 

Fig. 2. Illustration of the CLAS detector with a reconstructed two-proton knockout event. For clarity, not all CLAS 
detectors and sectors are shown. The inset shows the reaction in which an incident electron scatters from a proton-proton pair 
via the exchange of a virtual photon. The human figure is shown for scale. 

O. Hen et al., Science 346, 614 (2014)



Aside: the gA problem 
PHYSICAL REVIEW C 97, 022501(R) (2018)
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Quantum Monte Carlo calculations of weak transitions in A = 6–10 nuclei

S. Pastore,1 A. Baroni,2,3 J. Carlson,1 S. Gandolfi,1 Steven C. Pieper,4 R. Schiavilla,3,5 and R. B. Wiringa4

1Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
2Department of Physics and Astronomy University of South Carolina, Columbia, South Carolina 29208, USA

3Department of Physics, Old Dominion University, Norfolk, Virginia 23529, USA
4Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

5Theory Center, Jefferson Lab, Newport News, Virginia 23606, USA

(Received 11 September 2017; revised manuscript received 30 November 2017; published 26 February 2018)

Ab initio calculations of the Gamow-Teller (GT) matrix elements in the β decays of 6He and 10C and electron
captures in 7Be are carried out using both variational and Green’s function Monte Carlo wave functions obtained
from the Argonne v18 two-nucleon and Illinois-7 three-nucleon interactions, and axial many-body currents derived
from either meson-exchange phenomenology or chiral effective field theory. The agreement with experimental
data is excellent for the electron captures in 7Be, while theory overestimates the 6He and 10C data by ∼2% and
∼10%, respectively. We show that for these systems correlations in the nuclear wave functions are crucial to
explaining the data, while many-body currents increase by ∼2–3% the one-body GT contributions.

DOI: 10.1103/PhysRevC.97.022501

A major objective of nuclear theory is to explain the struc-
ture and dynamics of nuclei in a fully microscopic approach.
In such an approach the nucleons interact with each other in
terms of many-body (primarily two- and three-body) effective
interactions, and with external electroweak probes via effective
currents describing the coupling of these probes to individual
nucleons and many-body clusters of them. We will refer below
to this approach as the basic model of nuclear theory.

For light nuclei (s- and p-shell nuclei up to 12C), quantum
Monte Carlo (QMC) and, in particular, Green’s function
Monte Carlo (GFMC) methods allow us to carry out accurate
first-principles calculations of a variety of nuclear properties
[1–3] within the basic model. These calculations retain the
full complexity of the many-body correlations induced by
the Hamiltonians and currents, which have an intricate spin-
isospin operator structure. When coupled to the numerically
accurate QMC methods, the deceptively simple picture put
forward in the basic model provides a quantitative and accurate
description of the structure and dynamics of light nuclei over
a broad energy range, from the keV’s relevant in nuclear
astrophysical contexts [3–5], to the MeV’s of low-lying nuclear
spectra [3,6] and radiative decay processes [2,7], to the GeV’s
probing the short-range structure of nuclei and the limits of the
basic model itself [2,8–10].

In the present study we focus on low-energy weak
transitions in nuclei with mass number A = 6–10. In this mass
range there are few microscopic calculations of Gamow-Teller
(GT) matrix elements. Calculations based on the one-body GT
operator have been performed, e.g., in Refs. [11,12]. To the best
of our knowledge, calculations that account for many-body
terms in addition to the one-body GT operator have been
carried out in Refs. [13,14] (discussed below) and Refs. [15,16]
which report on the 6He β decay. However, most of the
calculations of β decays and electron-capture processes in this
mass range have mainly relied on relatively simple shell-model

or cluster descriptions of the nuclear states involved in the
transitions.

The shell model—itself an approximation of the basic
model—has typically failed to reproduce the measured GT
matrix elements governing these weak transitions, unless use
is made of an effective one-body GT operator, in which the
nucleon axial coupling constant gA is quenched relative to
its free value [17–19] (ranging from geff

A ≃ 0.85 gA in the
light nuclei under consideration here to geff

A ≃ 0.7 gA in heavy
nuclei). More phenomenological models have been based on
α-nucleon-nucleon (for A = 6) or α-3H and α-3He (for A = 7)
or α-α-nucleon-nucleon (for A = 10) clusterization, and have
used Faddeev techniques with a separable representation of
the nucleon-nucleon and α-nucleon interactions [20] or the
resonating-group method [21] or rather crude potential wells
[22]. While these studies provide useful insights into the
structure of these light systems, nevertheless their connection
to the basic model is rather tenuous. In particular, they do not
explain whether the required quenching of gA in shell-model
calculations reflects deficiencies in the corresponding wave
functions—possibly due to the lack of correlations and/or to
limitations in model space—or in the model adopted for the
nuclear axial current, in which many-body terms are typically
neglected.

The first QMC calculation of the A = 6–7 weak transitions
in the basic model was carried out with the variational Monte
Carlo (VMC) method in Ref. [13]. It used nuclear axial currents
including, apart from the (one-body) GT operator, two-body
operators, which arise naturally in a meson-exchange picture
(π - and ρ-exchange, and ρπ -transition mechanisms) and
when excitations of nucleon resonances (notably the % isobar)
are taken into account. These two-body operators, multiplied
by hadronic form factors so as to regularize their short-range
behavior in configuration space, were then constrained to
reproduce the GT matrix element contributing to tritium β

2469-9985/2018/97(2)/022501(5) 022501-1 ©2018 American Physical Society
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… old results

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



Change in occupancy

J. P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008) [neutrons]
BPK et al., Phys. Rev. C 79, 021301(R) (2009) [protons]
Rodin et al., Nucl. Phys. A 766, 107 (2006) [A]
Suhonen et al., Phys. Lett. B 668, 277 (2006) [B]
Caurier et al., Phys. Rev. Lett.100, 052503 (2008) [C]

Error bars are dominated by the systematic 
uncertainties relating to the analysis
(Does not include more recent IBM results) 

QRPA QRPA SM



Impact?

Yes, some. Much discussed. A 40-70% reduction in the well-known gap between QRPA and the ISM, 
resulted. This predated recent IBM work and newer calculations.
Šimkovic et al., Phys. Rev. C 79, 055501 (2009) [quote]



How to tackle the rest (without boring you)?
Each case presents its 
own challenges, 
demands on facilities
(Others in progress:
[82Se], 116Cd, 124Sn, 150Nd)

100Mo➝100Ru, MLL

130Te➝130Xe, Yale/RCNP

136Xe➝136Ba, IPN, RCNP! = #

! = #

! ≠ #



A = 100 occupancies

S. J. FREEMAN et al. PHYSICAL REVIEW C 96, 054325 (2017)

TABLE I. List of laboratory angles at which mea-
surements were made for each of the reactions used.
Due to target problems, data were not measured for the
98Mo(3He,d) reaction at 14◦ and 22◦.

Reaction Laboratory angles

(p,d) 6◦, 18◦, 31◦, 40◦

(d,p) 8◦, 18◦, 27◦, 33◦

(3He,α) 10◦, 15◦, 20◦, 25◦

(3He,d) 6◦, 10◦, 14◦, 18◦, 22◦

the angular distributions and the differences in cross section
assisted some of the ℓ assignments, as discussed below.

Given the large number of cross-section measurements
made to states populated over a range of several MeV in
excitation, in four different reactions at several angles and
on four different targets, the state-by-state cross-section data
is given in the Supplemental Material [46].

A. Neutron transfer reactions

The neutron-removal reactions, (3He,α) and (p,d), were
carried out with beams of 3He ions at an energy of 36 MeV

FIG. 1. Spectra of protons from the (d,p) reaction on targets of
98Mo, 100Mo, 100Ru, and 102Ru at a laboratory angle of 8◦ as a function
of the excitation energy in the residual nucleus. The portions of the
spectra to the right of the dotted line have been scaled up by a factor
of five. The broader peaks that appear in these spectra are reactions
on light target contaminants, the strongest of which are marked by an
asterisk.

and protons at 24 MeV, respectively. The (d,p) neutron-adding
reaction was also performed using a deuteron beam at 15 MeV.
Data were recorded up to excitation energies of at least 3 MeV
in each residual nucleus. For the (d,p) and (p,d) reactions, this
was achieved using three different magnet settings, arranged
so that the subsequent spectra overlapped in excitation by at
least 100 keV. The lower dispersion associated with the magnet
settings for the (3He,α) reaction enabled data to be recorded
at one magnet setting. Figures 1, 2, and 3 show typical energy
spectra of outgoing ions from these reactions. The spectra were
calibrated using previously observed strongly populated final
states [49– 52].

Excitation energies were estimated to be accurate to better
than ∼ 3 keV for the (d,p) reaction and around ∼ 2 keV for the
(p,d) reaction. For the (3He,α) reaction, low-lying states are
accurate to ∼ 5 keV, rising to ∼ 10 keV at the higher excitation
energies measured. Typical energy resolutions obtained were
∼ 30 keV FWHM for (3He,α) and ∼ 8 keV FWHM for (p,d)
and (d,p) reactions.

Peaks corresponding to reactions on carbon and oxygen
target contaminants are present in the (d,p) spectra with
larger widths than those from the main target material due to
their larger kinematic shift. These contaminant peaks obscured
groups of interest at some angles, but the difference in their
kinematic shifts meant that angles were always available where

FIG. 2. Spectra of deuterons from the (p,d) reaction on targets
of 98Mo, 100Mo, 100Ru, and 102Ru at a laboratory angle of 6◦ as a
function of the excitation energy in the residual nucleus. The portions
of the spectra to the right of the dotted line have been scaled up by a
factor of five.
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FIG. 13. Left: Changes in the occupancy of valence nucleon orbitals during a double-β decay of 100Mo deduced from experimentally
measured occupancies (EXP) compared to those predicted by a number of different theoretical calculations of double-β decay, where the same
labeling as Fig. 12 has been used (see text for details). The signs are chosen such that a reduction in the number of neutrons and a gain in the
number of protons are positive numbers. Right: The difference between the theoretical calculations and experimental numbers plotted with
experimental errors.

of a couple of tenths of a nucleon and probably within
the uncertainties in the experiments. For the WS results,
the overall picture is similar, but discrepancies are slightly
larger. However, in the case of the adjusted Woods-Saxon
calculations, the comparison with the experimental vacancies
is worse than the other calculations, particularly for 100Mo,
where there is significant over-prediction of the vacancy of the
0g9/2 orbital.

For neutrons, the comparisons are more mixed. The IBM
calculations appear to slightly overestimate the neutron occu-
pancy of the positive-parity orbitals at the expense of the 0h11/2
orbit, which is predicted to have significantly lower occupation
than the current data suggests. The underestimation of the
occupancy of this intruder orbit persists in the WS calculations
but results in over-prediction for 1d neutrons. The adjusted WS
calculations do have a better reproduction of the experimental
0h11/2 occupancy but fail to reproduce the numbers of neutrons
in the 1d and 0g9/2 orbitals; these discrepancies appear to be
more dramatic in the case of 100Mo. The larger discrepancies
referred to here are significant compared to the experimental
uncertainties, accompanied by less significant issues with 2s1/2
neutrons. None of the calculations fare as well with the neutron
occupancies as they do with the predictions of the arrangement
of protons in the valence orbits.

The changes in nucleon occupancies during a potential
double-β decay of 100Mo are also given in the Tables III and IV
and displayed graphically in Fig. 13. For convenience, changes
in the numbers of neutrons and protons are both quoted as
positive numbers and therefore indicate the number of neutrons
lost and the number of protons gained in the decay process.
The neutron occupancy measurements indicate that the 1d
(mainly the j = 5/2 spin-orbit partner, assuming estimates
above using existing assignments are correct) and 0h11/2 orbits
participate strongly in a double-β decay process between the
ground states of the parent and daughter. There are smaller
contributions from the 2s1/2 and 0g7/2 orbitals. The number of
protons increases during the decay mainly in the 0g9/2 orbital,
with the 1p protons (presumably with j = 1/2) playing a
lesser role and a much smaller contribution from the 0f5/2
orbital.

Since the distribution of protons amongst the valence
orbitals in the parent and daughter nuclei are fairly well
reproduced in the WS and IBM calculations, the picture of
rearrangements of protons in such a decay are also reasonably
well predicted overall, with some small differences in the
contributions from different proton orbits as shown in Fig. 13.
The adjusted Woods-Saxon results appear to exaggerate the
rearrangement of protons during a decay; increases in 0g9/2
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Freeman et al., Phys. Rev. C 96, 054325 (2017)

High level density, Munich Q3D (as good as 8-keV FWHM resolution

J. Suhonen and O. Civitarese, Nucl. Phys. A 924, 1 (2014) [WS, WS ADJ]
J. Kotila and J. Barea, Phys. Rev. C 94, 034320 (2016) [IBM]



A = 130 occupancies
Cryogenic targets, gas targets

BPK et al., Phys. Rev. C 87, 011302(R) (2013)
J. P. Entwisle et al., Phys. Rev. C 93, 064312 (2016)
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Valence neutron properties relevant to the neutrinoless double-β decay of 130 Te
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The valence neutron composition of the 130Te and 130Xe ground states has been studied with a view to
constraining calculations of the nuclear matrix element for the neutrinoless double-β decay of 130Te. Single-
neutron adding and removing reactions on 128,130Te and 130,132Xe have been used to probe the vacancy of the
0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2 orbitals. The change in the vacancy of these orbitals, obtained through a self-
consistent determination of spectroscopic factors utilizing the Macfarlane-French sum rules, for 130Te → 130Xe is
shared only between the d , s1/2, and h11/2 orbitals, with the g7/2 playing no significant role. This is in disagreement
with recent calculations within both the quasiparticle random-phase approximation and shell-model frameworks,
which show a role for the g7/2 orbital that should have been observable. The neutron pairing properties of 130Xe
have also been explored through the 132Xe(p,t) reaction showing no evidence for pairing vibrations.

DOI: 10.1103/PhysRevC.87.011302 PACS number(s): 23.40.Hc, 25.40.Hs, 21.10.Jx, 27.60.+j

Considerable experimental efforts are being made to
observe neutrinoless double-β decay (0ν2β). An observation
of this process would confirm that the neutrino is indeed its
own antiparticle and subsequently yield information on the
absolute value of the neutrino mass which no other experiment
has done to date. A major obstacle in extracting the neutrino
mass from the half-life of this decay is the uncertainty in the
nuclear matrix element.

The last decade has seen significant progress in the calcu-
lation of nuclear matrix elements for 0ν2β decay. In a 2004
article [1], a summary of matrix element calculations for the
76Ge → 76Se decay showed variation of just over two orders
of magnitude. Today the various approaches agree to within
a factor of ∼2–4.1 Obtaining an experimental benchmark for
these calculations is not trivial, but there are experimental
constraints from other observables that may be placed on the
calculations.

There is no direct probe which connects the initial and final
states of 0ν2β decay, other than the process itself, and so
one needs to use other probes to gather the best information
possible. Single-nucleon transfer reactions can be used to
probe the occupancy and vacancy of valence orbitals which
can help characterize the ground-state wave functions. Some
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‡Present address: Department of Physics, University of Notre Dame,
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1There are numerous recent review articles that summarize matrix-

element calculations [2].

aspects of the correlations between nucleons, in particular
the BCS-like correlations between zero-coupled nucleon pairs
[which is assumed as a starting point in quasiparticle random-
phase approximation (QRPA)], can be probed by two-nucleon
transfer. The relationship between observable properties of
ground states from transfer reactions and the matrix elements
has been discussed in Ref. [3] in more detail.

Recent studies of single- and two-nucleon transfer were
carried out on isotopes in the A = 76 system, where 76Ge
is a candidate for 0ν2β decay. Data from neutron-adding
and -removing reactions, along with proton-adding reactions,
allowed for a detailed description of the energy and vacancy
of the ground-state valence orbitals [4,5]. Neutron pairing
correlations were studied at the same time, indicating no
breaking of the BCS description of the ground state [6].
Within the QRPA framework, subsequent calculations for
76Ge with an adjusted mean field led to a reduction of the
matrix element M0ν by ∼20–30% [7–9]. Calculations using
the shell model with modified interactions found a 15%
increase in the nuclear matrix elements [10]. This reduced the
discrepancy between the two approaches by approximately a
factor of two. Such approaches have not been applied to other
0ν2β decay candidates. Here we present the first systematic
study of neutron transfer reactions on isotopes involved in
the 130Te → 130Xe decay. Where possible, reactions on the
respective isotones, 128Te and 132Xe, are also studied as cross
checks.

The neutron-adding 128,130Te(d,p)129,131Te reaction has
been studied before [11,12] along with the (t ,d) reaction [13].
Neutron-removal reactions have been probed via (p,d) [14],
(d,t) [15], and (3He,α) [16]. Only some of these studies
resulted in published cross sections. Further, they were done
at different times, using different apparatus and beam energies
and varied prescriptions for the analyses, making a systematic

011302-10556-2813/2013/87(1)/011302(6) ©2013 American Physical Society
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approximation (DWBA) calculations. For all other targets,
three angles were measured. These were θlab = 2.5◦, 5.8◦,
and 18◦. The two most forward angles are close to the first
maxima in the angular distributions for ℓ = 0, 2, 4, and 5
transfers, while the θlab = 18◦ data point provided additional
discrimination between the different ℓ transfers. These an-
gles were chosen from the exploration of several DWBA
calculations using the finite-range DWBA code PTOLEMY
[38]. Different global optical-model parametrizations for both
deuterons [34–37] and A = 3 ions [39–43] were explored.
As has been observed in previous works at comparably high
energies [7], the angular distributions are less distinctive in
shape than at energies nearer the Coulomb barrier.

Two different Faraday cups were used to integrate the beam
current, depending on the angle of the GR spectrometer. At the
most forward GR angle of θlab = 2.5◦, the spectrometer aper-
ture was obscured by the Faraday cup in the scattering chamber
and so an alternative cup was used, located downstream of the
scattering chamber. Several checks were made to ensure the
two Faraday cups yielded consistent results. The transmission
between the two Faraday cups was compared to a reference
cup upstream in the beam line, which typically agreed at the
5% level. Further, the Large Acceptance Spectrometer (LAS),
also coupled to the scattering chamber with an aperture of
9 msr, was positioned at 60◦ throughout all measurements. This
acted as a monitor detector for elastically scattered deuterons,
independent of the choice of Faraday cup used for beam current
integration. The LAS data were only used in longer runs where
the statistics were sufficient; the typical count rate was of the
order of ∼ 1 Hz. The fluctuations between the ratio of integrated
beam current using different Faraday cups and the deuteron
yield recorded in the LAS were less than 5%.

III. ANALYSIS AND RESULTS

The outgoing 3He spectra are shown in Fig. 1 for the
(d,3He) reaction on 128,130Te, 130,132,134,136Xe, and 136,138Ba.
The Q-value resolution was around 100 keV full width at half
maximum, both for the solid and the Xe targets, and varied
little over the angular range covered in these measurements.
In all cases, excitation energy spectra were measured over
a range of approximately 0–8 MeV; however, the states of
interest are predominantly confined to the first 3 MeV in
excitation energy. The states corresponding to excitations from
below Z = 50, initially with fragments of the π0g9/2 strength,
appear at excitation energies around 2–4 MeV. Strong peaks
due to reactions on carbon and oxygen also appear in this
region, and above. The characteristic features of the spectra
below about 2 MeV in excitation energy include a 7/2+

ground state, accounting for about half to three quarters of
the proton occupancy above Z = 50, followed by two weaker
ℓ = 2 states, which in most cases appear to be of spin and parity
5/2+, though some assignments of 3/2+ have been made in
the literature. This is referred to as ℓ = 2 or π1d strength in the
subsequent analysis. Common to all isotopes is that these first
three states account for ∼ 80% of the proton occupancy above
Z = 50. The remaining strength is shared between 2s1/2 and
0h11/2 proton orbitals, and some additional weak fragments of
1d and 0g7/2 strength.

FIG. 1. (a)–(h) Outgoing 3He spectra following the (d,3He)
reaction at an incident energy of 101 MeV on isotopes of 128,130Te,
130,132,134,136Xe, and 136,138Ba at θlab = 5.8◦. The dominant peaks
carrying proton strength corresponding to orbitals above Z = 50 are
labeled by their energy in keV and ℓ value.

The cross sections were extracted from the yields, which
were normalized to the integrated beam current and the product
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FIG. 4. The bar charts to the left show the change in nucleon occupancies between the ground states for the 0ν2β-decay of 130Te → 130Xe
and 136Xe → 136Ba. The experimental data are denoted EXP. The proton data are from the current work, while the neutron data for the
130Te → 130Xe system are from Ref. [22]. The experimental data are compared to four different calculations: SM1 [47]; SM2 [48] (both
shell-model calculations); IBM [50] (interacting-boson model); and QRPA [49] (quasiparticle random-phase approximation). The plots to the
right show a comparison of the theoretical calculations to the experimental data, for 2s1/2 (blue triangles, dotted line), 1d (orange squares,
dashed), 0g7/2 (gray circles, solid), and 0h11/2 (green diamonds, dot-dashed) strength. The error bars reflect the uncertainty in the experimental
data.

nucleon occupancies for the 130Te → 130Xe system. This
allows us to quantitatively describe the change in neutron
and proton occupancy in the 0ν2β-decay process. Any viable
calculation of the nuclear matrix element should also describe
these changes.

Several theoretical calculations exist predicting both the
neutron and proton occupancies of 130Te, 130Xe, 136Xe, and
136Ba. Figure 4 shows a summary of experimental data and
theoretical calculations describing the change in proton occu-
pancies in the 0ν2β-decay process for the 130Te → 130Xe and
136Xe → 136Ba systems. Additionally, neutron vacancies from
the experimental data from Ref. [22] are also shown for the
130Te → 130Xe system. The shell-model (SM) calculations are
from Neacsu and Horoi (SM1) [47] and from Menéndez et al.
(SM2) [48]. The quasiparticle random-phase approximation
(QRPA) results refer to those denoted “BCS+Adj.” in Suhonen
and Civitarese [49]. Results of a recent calculation using the
interacting-boson model (IBM) by Kotila et al. [50] are shown
also. The figure shows the difference between the theoretical
calculations and the experimental data with the uncertainties
in the experimental data included. This is to emphasize the
discrepancies where present. These calculations were carried

out before the experimental data was available, with the
exception of the recent shell-model calculations (SM1) of
Ref. [47] and the IBM calculations of Ref. [50], both of
which were carried out after experimental data for the neutron
vacancies were published, but before the current proton data
were available.

A. Proton occupancies

Focusing on the change in proton occupancies, we ob-
serve that the experimental changes between the parent and
the daughter is mostly in the π0g7/2 and π1d orbitals,
with the latter presumably being mostly the πd5/2 strength.
This is the same for both the 130Te → 130Xe and 136Xe →
136Ba decays, where the change in proton occupancies are,
not surprisingly, similar. This is generally reflected in the
calculations where there is, at least, a qualitative agreement.
Both shell-model calculations, SM1 and SM2, overestimate
the change in the π1d orbital, with corresponding underesti-
mate in the change of the π0g7/2 orbital. The opposite is true
of the IBM calculations. The SM2 results appear to provide a
better description of the experimental data over the more recent
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FIG. 4. The bar charts to the left show the change in nucleon occupancies between the ground states for the 0ν2β-decay of 130Te → 130Xe
and 136Xe → 136Ba. The experimental data are denoted EXP. The proton data are from the current work, while the neutron data for the
130Te → 130Xe system are from Ref. [22]. The experimental data are compared to four different calculations: SM1 [47]; SM2 [48] (both
shell-model calculations); IBM [50] (interacting-boson model); and QRPA [49] (quasiparticle random-phase approximation). The plots to the
right show a comparison of the theoretical calculations to the experimental data, for 2s1/2 (blue triangles, dotted line), 1d (orange squares,
dashed), 0g7/2 (gray circles, solid), and 0h11/2 (green diamonds, dot-dashed) strength. The error bars reflect the uncertainty in the experimental
data.

nucleon occupancies for the 130Te → 130Xe system. This
allows us to quantitatively describe the change in neutron
and proton occupancy in the 0ν2β-decay process. Any viable
calculation of the nuclear matrix element should also describe
these changes.

Several theoretical calculations exist predicting both the
neutron and proton occupancies of 130Te, 130Xe, 136Xe, and
136Ba. Figure 4 shows a summary of experimental data and
theoretical calculations describing the change in proton occu-
pancies in the 0ν2β-decay process for the 130Te → 130Xe and
136Xe → 136Ba systems. Additionally, neutron vacancies from
the experimental data from Ref. [22] are also shown for the
130Te → 130Xe system. The shell-model (SM) calculations are
from Neacsu and Horoi (SM1) [47] and from Menéndez et al.
(SM2) [48]. The quasiparticle random-phase approximation
(QRPA) results refer to those denoted “BCS+Adj.” in Suhonen
and Civitarese [49]. Results of a recent calculation using the
interacting-boson model (IBM) by Kotila et al. [50] are shown
also. The figure shows the difference between the theoretical
calculations and the experimental data with the uncertainties
in the experimental data included. This is to emphasize the
discrepancies where present. These calculations were carried

out before the experimental data was available, with the
exception of the recent shell-model calculations (SM1) of
Ref. [47] and the IBM calculations of Ref. [50], both of
which were carried out after experimental data for the neutron
vacancies were published, but before the current proton data
were available.

A. Proton occupancies

Focusing on the change in proton occupancies, we ob-
serve that the experimental changes between the parent and
the daughter is mostly in the π0g7/2 and π1d orbitals,
with the latter presumably being mostly the πd5/2 strength.
This is the same for both the 130Te → 130Xe and 136Xe →
136Ba decays, where the change in proton occupancies are,
not surprisingly, similar. This is generally reflected in the
calculations where there is, at least, a qualitative agreement.
Both shell-model calculations, SM1 and SM2, overestimate
the change in the π1d orbital, with corresponding underesti-
mate in the change of the π0g7/2 orbital. The opposite is true
of the IBM calculations. The SM2 results appear to provide a
better description of the experimental data over the more recent
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A = 136 occupancies
Taking advantage of 136Xe being a good closed shell for neutrons

REARRANGEMENT OF VALENCE NEUTRONS IN THE . . . PHYSICAL REVIEW C 94, 054314 (2016)

TABLE I. Neutron vacancies from this analysis.

Isotope ν0g7/2 ν1d ν2s1/2 ν0h11/2 Totala

134Ba 0.00+0.15
−0.00 1.12 ± 0.15 0.50 ± 0.15 2.38 ± 0.15 4.00

136Ba 0.00+0.15
−0.00 0.24 ± 0.05 0.08 ± 0.02 1.68 ± 0.13 2.00

136Xe 0.00 0.00 0.00 0.00 0.00
136Ba −136Xe 0.00+0.15

−0.00 0.24 ± 0.05 0.08 ± 0.02 1.68 ± 0.13 2.00

aThe sums are defined as 4.00 and 2.00 for 134,136Ba, respectively, and the vacancies for 136Xe defined as 0.00, as discussed in the text.

very low cross sections and poor momentum matching, we
only assign an upper limit to the vacancy of the ν0g7/2 orbit.

The vacancies for both 134Ba and 136Ba are given in Table I.
For 136Ba the change in neutron vacancy with respect to
136Xe is shown in Fig. 3 along with recent data on the
proton occupancies [8]. The cross sections, in absolute units
for the (α,3He) and (3He ,α) reactions and in arbitrary units
for the (p,d) and (d,p) reactions, and spectra for each
reaction, are provided in the Supplemental Material [52].
The uncertainties in this work hinge on those associated
with the extraction of the 0h11/2 strength. The systematic
uncertainties on the absolute cross sections for the (α,3He)
and (3He ,α) are most likely dominated by uncertainties in
the angle of the spectrometer, the uniformity of the targets,
and the implementation of the Faraday cup and beam current
integrator. These are not trivial to estimate, and so we place
a conservative estimate of ∼20%. The relative uncertainties
on the cross sections, target-to-target, are smaller because all
variables were kept the same except the targets themselves.
There were estimated to be around 5%. Statistical uncertainties
on the large peaks, the 11/2−, were ∼1% for the neutron
removing and ∼5% for the neutron adding, becoming > 10%

for peaks with cross sections !20 µb/sr. For the (d,p) and
(p,d) reactions, the statistical uncertainties were less than 5%
for peaks with cross sections > 0.2–4 mb/sr. The uncertainties
in the summed strength is driven largely by the DWBA
analysis, which yielded a spread of around ±0.15 nucleons
in the ν0h11/2 strength. The rms spread in the ℓ = 0 and 2
vacancies based on the DWBA analysis is ≪0.1 nucleons and
is thus dominated by the uncertainties in the ν0h11/2 derived
from the (α,3He) and (3He ,α) data. Because of the relatively
small values of the ν2s1/2 and ν1d strength, we adopt the
same uncertainty as the ν0h11/2 orbitals for vacancies > 0.5
nucleons, and assume 20% for values < 0.5 nucleons. The
ν0g7/2 vacancy is left as an upper limit and is not included in
the sums.

IV. DISCUSSION

With 136Ba lying just two neutrons away from N = 82, it is
not surprising that the ν0h11/2 accounts for a large fraction of
the vacancy as shown in Fig. 3. Two of the three calculations
also show that the ν0h11/2 accounts for most of the vacancy.
It is, however, underestimated in all cases, most notably in the
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FIG. 1. (a) Outgoing deuteron spectrum measured at θlab = 5.9◦

following the 136Ba(p,d)135Ba reaction at an incident proton energy
of 23 MeV and (b) the outgoing 4He spectrum measured at the same
angle following the 136Ba(3He ,α)135Ba reaction at 32 MeV. Some
relevant states are labeled by their energies in keV and spin-parity
assignments.

134Ba, and 5.9◦ and 10.9◦ for 136Ba. The forward-most angle of
5.9◦ was a compromise between the high rate in the focal-plane
detector and being close to the maximum in the ℓ = 4 and
5 angular distributions—where the spectroscopic factors are
most reliably extracted. A second angle was chosen for 136Ba
to reveal peaks that were otherwise obscured by contaminants.
This was not necessary in the case of 134Ba.

The spins and parities of the states of interest in this
study are generally well known with robust assignments. For
example, a detailed high-resolution study of the (d⃗,p) reaction
on 132Ba [32] has been carried out. While this does not provide
the required information for this work, it does provide confir-
mation of spin and parity assignments for many of the same
states probed in the present study of 133Ba. Similar is true of
(p,d)-reaction studies on 138Ba [19] for states in 137Ba. In both
cases, they reinforce the assignments made in other measure-
ments, such as β decay. The only case where new assignments
may be made in the present work is for the high-j states, which
would have been weakly populated in previous studies.

The neutron-adding reaction probes the vacancy below
N = 82, and the targets are only two and four neutrons short
of this. This means that for a given percentage accuracy the
adding reactions, determining a smaller quantity, provide a
more sensitive measure of the shortfall from N = 82. Given
that the spins and parities are known, we opted to run only
at the angle(s) close to the peak of the angular distribution
in the neutron-adding measurements. The inverse is true of
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FIG. 2. Example angular distributions demonstrating (a) ℓ = 4
and (b) ℓ = 5 discrimination in the (3He ,α) reaction on 136Ba. The
solid black lines show DWBA calculations for the assigned ℓ value,
while the dashed lines show the distribution associated with the
alternative ℓ value.

the neutron-removing (3He ,α) reaction, whose yields are
proportional to the occupancy, which being 28 and 30 neutrons
above N = 50 results in significant yields for this reaction.
This measurement was again at angles corresponding to
the cross-section maxima for the high-j states, but also at
additional angles of 15.9◦ and 20.9◦ to help discriminate
between the similar ℓ = 4 and 5 shapes. An example of this is
shown in Fig. 2.

In the second experiment, a similar approach was taken with
the (d,p) and (p,d) reactions. The experimental conditions,
such as the spectrometer aperture and beam current integrator,
were set to the same values as the previous experiment. The
neutron-adding (d,p) reaction was carried out at θlab = 5.9◦

and 18.9◦ on both 134,136Ba. These angles correspond to the
maxima of the ℓ = 0 and 2 angular distributions (ℓ = 0 is
peaked at 0◦; however, 5.9◦ was the most forward angle at
which we could practically run). For the neutron-removing
(p,d) reaction, the same angles were used, again correspond-
ing to maxima in the ℓ = 0 and 2 angular distributions.
Mechanical failure of the target prohibited a measurement of
the (p,d) reaction on 134Ba. During the (d,p) measurements,
a gradual degradation of the targets was noted when the data
were analyzed; the counting rate per integrated beam current
for a given region of excitation changed as a function of time.
The rate of loss of target material for a measurement at a given
angle was about 10–20% per hour. This means that for each
target, only the relative yields for the different states at a given
angle are meaningful for this part of the experiment and an
absolute normalization was not acquired. The implications of
this are discussed below.

III. ANALYSIS AND RESULTS

In all of the nuclei studied here, the spectra are charac-
terized by a low-lying sequence of 3/2+, 1/2+, and 11/2−

states, which to a large degree define the vacancies in the
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Overview of all results
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Comment on occupancies

• The agreement is perhaps qualitatively okay, in some instances within the 
uncertainties (but not for both protons and neutrons), but quite poor on the whole

Ø We can ask whether it matters? … it does, regardless of how 
(in)sensitive the NME is to the change in occupancies

While likely challenging theoretically, it would be interesting to know what the 
consequence of ‘shutting off’ part of the model-space would be (e.g. the g7/2
neutrons above tin, or comparing e.g. JUN45 and GXPF1A – or even more 
simplistic approaches)



Pairing properties
Can the ground states of the 
candidates be described as 
‘seas’ of correlated 0+ paired 
protons and neutrons?

e.g. works of Freeman, Bloxham, Thomas, Roberts, etc
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Pairing around A ~ 76 
Pair-transfer reactions are a simple and effective probe of pairing correlations
No evidence of ‘pairing vibrations’ in the A = 76 region

S. J. Freeman et al., Phys. Rev. C 75, 051301(R) (2007) [neutrons]
A. Roberts et al., Phys. Rev. C 87, 051305(R) (2013) [protons]
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PAIR CORRELATIONS IN NUCLEI INVOLVED IN . . . PHYSICAL REVIEW C 75, 051301(R) (2007)
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FIG. 2. (Color online) Spectra of tritons at 3◦ measured withYale
split-pole spectrograph, normalized to 100 for the ground-state peak,
and labeled in each case by the target nuclide. Peaks corresponding
to L = 0 transitions are identified by a pointer. Peaks due to isotopic
impurities are marked by an x. Despite evidence in 74Ge(p, t)72Ge of
substantial strength in a low-lying excited 0+ state, there are no large
admixtures seen for 76Ge and 76Se targets.

Excited 0+ states stand out in the ratio between the 3◦ and 22◦

yields, which is an order of magnitude larger than for any other
excited state. With the exception of the 74Ge target, none of

TABLE I. Summary of (p, t) cross sections at 3◦ and ratio
(in %) of these to the 22◦ values. Transitions consistent with L = 0
are shown in boldface.

Excitation energy (keV) (σ/σgs)3◦ Ratio(3◦/22◦)

74Ge(p, t)72Ge σgs(lab) = 6.4 mb/sr
0 100 86

691 29 280
834 2.8 0.9

1464 0.5 1.5
2024 0.5 4
2762 0.9 130
76Ge(p, t)74Ge σgs(lab) = 6.7 mb/sr

0 100 50
596 3.2 1.0

1204 1.1 1.6
1463 2.2 0.8
2198 2.9 3
2833 1.7 6
76Se(p, t)74Se σgs(lab) = 6.0 mb/sr

0 100 115
635 1.0 0.4
854 1.4 80

78Se(p, t)76Se σgs(lab) = 7.1 mb/sr
0 100 150

559 1.2 0.4
1121 0.8 4
1220 0.7 1.0

TABLE II. 3◦ laboratory cross sections and ratios to DWBA.
Cross sections are for the ground-state to ground-state transitions.

Target σexp(lab) σDWBA σexp/σDWBA

(mb/sr) (mb/sr)

74Ge 6.4 0.0438 147
76Ge 6.7 0.0499 135
76Se 6.0 0.0437 137
78Se 7.1 0.0431 164

these excited 0+ states is populated with a cross section at 3◦

that is more than 2% of that leading to the ground states. In the
74Ge(p, t)72Ge reaction, the cross section to the first excited
0+ state is 1.9 mb/sr. This feature is well known [4] as an
example of a pairing vibration. The case of 74Ge is illustrative
of effects that can be problematic; however, the context of the
current work is related only to the 76Ge/76Se double β decay
system.

DWBA calculations were carried out with the program
PTOLEMY [10] to correct the dependence of the reaction on
Q values. The consideration of the details of nuclear structure
is beyond the scope of this study, even though 76Ge and 78Se
have six neutron vacancies in the N = 50 shell, 74Ge and
76Se have eight. The form factor for the neutron pair was
calculated assuming a mass-2, ℓ = 0 dineutron bound in a
Woods-Saxon potential with the appropriate binding energy
and having three nodes in its wave function. The proton
potentials were those of Ref. [13], and the triton potential
that of Ref. [12]. The measured cross sections at 3◦ are given
in Table II, together with the ratio of the experimental cross
sections to the calculated values. The absolute magnitude of
the DWBA cross section is very sensitive to the choice of
distorting potential (with the proton potential of Ref. [11] the
average ratio changes from 136 to 217), as is the location of
the first minimum in the angular distribution. However, all

-11 -10 -9 -8 -7
0

2

4

6

8

10

Q-value (MeV)

σ 3 
de

g.
(m

b/
sr

)

76Ge76Se 74Ge78Se

Experiment

DWBA Becchetti
DWBA Perey

FIG. 3. (Color online) Ground-state 0+ to 0+ cross sections at
3◦ are plotted as a function of Q value, for convenience in display.
Also shown are the DWBA cross sections multiplied by one average
normalization factor for each proton potential. Estimated relative
errors are shown on the experimental points.
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FIG. 1. (Color online) Neutron time-of-flight spectra for (a)
74Ge(3He,n)76Se and (b) 76Ge(3He,n)78Se. Summed spectra from the
three most-forward and -backward scintillator bars are shown, each
covering a total angular range of ∼2◦ centered around the angle
indicated. The back-angle spectra are uniformly reduced by 500 and
300 counts in (a) and (b), respectively, for ease of display. The arrival
of neutrons from contaminant groups occurs above 10 MeV excitation
in both cases.

Low-lying 2+ states are known in both 76,78Se at ∼600 keV
excitation. Neither of these states are resolved, however, due to
the far greater yield, and broadened base, of the ground-state
transition. Yields are therefore extracted for the unresolved
0+

g.s. + 2+ doublet. The time-independent background upon
which the peak sits is well constrained by the region of the TOF
spectra between the arrival of the γ flash and the ground-state
neutrons. The total number of counts is then the integrated
yield of the peak, less the background contribution, with an
overall uncertainty dominated by the statistical fluctuation of
the background.

Translating the extracted yield into a cross section requires
the neutron detection efficiency to be known. Efficiencies for
the scintillator bars have been calculated up to energies of
28 MeV using a Monte Carlo approach described in Ref. [16].
These calculations require the PMT threshold and resolution
as input and have been verified against known cross sections
in the d(d, n) reaction for energies up to 12 MeV and against
28 MeV neutrons from the 26Mg(3He,n) reaction [14]. In both
cases the efficiency calculated was in agreement with that
measured to within 10% percent.

Cross sections for the 0+
g.s. + 2+ doublet are given as

a function of angle in Table I. A systematic uncertainty
in the cross section of ∼10% is estimated, dominated by
the uncertainty in detection efficiency (<10%) and target
thickness (<2%). At more backward angles groups of four
scintillator bars are summed to improve the peak statistics.
The same data are presented as angular distributions in Fig. 2,
together with DWBA predictions for a ℓ = 0 + 2 doublet.
DWBA calculations were performed using the finite-range
code FRESCO [17] assuming the nonlocal transfer of a bound

TABLE I. Measured cross sections for population of the 0+
g.s. + 2+

doublet in 76,78Se. The uncertainties given are statistical only. An
additional systematic uncertainty of ∼10% is estimated.

c.m. angle (deg) 76Se (mb/sr) 78Se (mb/sr)

6.2 259 ± 13 187 ± 23
7.0 242 ± 13 175 ± 22
7.8 239 ± 15 146 ± 25
8.6 185 ± 16 126 ± 26
10.8 139 ± 14 76 ± 24
11.5 127 ± 13 113 ± 22
12.2 112 ± 15 123 ± 25
12.9 72 ± 11 43 ± 19
16.4 39 ± 14 55 ± 12
21.0 32 ± 13 18 ± 11

diproton and use a postform with no remnant. The 3He optical
potential of Ref. [18] was used, and for the outgoing neutron
the potential of Ref. [19] was adopted. The diproton wave
function was assumed to have a single node in 3He and four
nodes when bound in Se. Both the optical and bound-state
potentials are summarized in Table II.

Only a single excited state is clearly resolved in either
nucleus, occurring at an excitation of 4.1(1) MeV in 76Se.
With reference to Fig. 1, the peak is observed to persist, and
indeed strengthen, toward more backward angles indicating
dominant ℓ ! 1 character. The observation of additional states
is clearly limited, however, by statistical fluctuations within the
background. An assessment of the sensitivity to excited states
has been performed by considering the yield required for a
peak to have a significance of at least 2σ above the background.
The background level was determined by stepping a 7 ns
integration window, within which 95% of the ground-state
yield can be encompassed, across the TOF spectra formed
from the three forward-most scintillator bars.
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FIG. 2. (Color online) Comparison of measured ground-state and
first-excited-state doublet cross section with DWBA calculations for
a 0+ plus 2+ transition for reactions on (a) 74Ge and (b) 76Ge. Details
of the DWBA calculations are in the text. Note that the two most-
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Pairing around A ~ 100 

J. S. Thomas et al., Phys. Rev. C 86, 047304 (2012)

BRIEF REPORTS PHYSICAL REVIEW C 86, 047304 (2012)

studies [10– 12]. The objective was to identify 0+ final states
and to accurately measure their populating cross sections with
high energy resolution. Any significant differences between the
reactions on 100Mo and 100Ru would indicate different pairing
properties of the nuclei connected through the 0ν2β decay
matrix element, which must be accounted for in theoretical
calculations. The (p, t) reaction was also measured on a target
of 102Ru as the ground state of 100Ru is populated, with a target
of 98Mo serving as a consistency check.

The (p, t) reaction was measured on four isotopically
enriched targets of 100Mo (97.39%), 98Mo (97.18%), 100Ru
(96.95%), and 102Ru (99.38%). The proton beam was deliv-
ered by the MP tandem accelerator of the Maier-Leibnitz-
Laboratorium (MLL) of the Ludwig-Maximilians-Universität
and Technische Universität München at an energy of 24 MeV.
The typical beam current on target was ∼450 nA and was
recorded by a Faraday cup. The tritons were momentum
analyzed using a one quadrupole lens and three dipole (Q3D)
magnetic spectrograph. Separate elastic scattering measure-
ments, at a laboratory angle of θlab = 25◦, were performed
on each target with a 12 MeV 3He beam to determine the
product of target thickness and the solid angle subtended by
the spectrograph aperture. Such a measurement is within the
energy regime of Rutherford elastic scattering and is necessary
to convert triton yields from the (p, t) reaction to absolute cross
sections.

Charged particles were detected at the focal plane of
the spectrometer by a multiwire gas proportional counter
backed by a scintillator, providing measurements of focal-
plane position, energy loss, and residual energy. Particle
identification was accomplished with the combination of the
magnetic-field settings of the spectrograph—the tritons and
charged particles from competing reactions have sufficiently
different rigidities—and the focal-plane energy signals. The
focal-plane position was determined from the readout of 255
cathode pads on the gas proportional counter. Each pad has
an individual preamplifier and shaper, and adjacent pads have
a pitch of 3.5 mm. A requirement of 3 to 7 adjacent cathode
pads with signals above threshold must be met for an event to
be registered. The digitized signals on the active pads were fit
with a Gaussian line shape providing the position measurement
to better than 0.1 mm [13].

Triton yields were measured at two spectrograph angle
settings (θlab = 6◦ and θlab = 15◦). For each target and an-
gle, at least three magnetic-field settings were needed to
cover excitation energies up to Ex ∼ 3 MeV. The focal-
plane positions were calibrated to triton momenta with a
quadratic polynomial and the excitation energies of known
states were reconstructed. An excitation-energy resolution
of $Ex ≈ 7 keV was observed. Care was taken to ensure
that suitable overlaps in the corresponding excitation energies
between field settings existed. The resulting excitation-energy
spectra at θlab = 6◦ are shown in Fig. 1. The triton yields are
normalized across the different experimental settings by the
corresponding integrated beam currents and target thicknesses.
The background just above the ground states in the spectra for
the 100Ru(p, t)98Ru and 100Mo(p, t)98Mo reactions was not
identified, but did not hamper the extraction of yields in this
excitation-energy region.
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studies [10– 12]. The objective was to identify 0+ final states
and to accurately measure their populating cross sections with
high energy resolution. Any significant differences between the
reactions on 100Mo and 100Ru would indicate different pairing
properties of the nuclei connected through the 0ν2β decay
matrix element, which must be accounted for in theoretical
calculations. The (p, t) reaction was also measured on a target
of 102Ru as the ground state of 100Ru is populated, with a target
of 98Mo serving as a consistency check.

The (p, t) reaction was measured on four isotopically
enriched targets of 100Mo (97.39%), 98Mo (97.18%), 100Ru
(96.95%), and 102Ru (99.38%). The proton beam was deliv-
ered by the MP tandem accelerator of the Maier-Leibnitz-
Laboratorium (MLL) of the Ludwig-Maximilians-Universität
and Technische Universität München at an energy of 24 MeV.
The typical beam current on target was ∼450 nA and was
recorded by a Faraday cup. The tritons were momentum
analyzed using a one quadrupole lens and three dipole (Q3D)
magnetic spectrograph. Separate elastic scattering measure-
ments, at a laboratory angle of θlab = 25◦, were performed
on each target with a 12 MeV 3He beam to determine the
product of target thickness and the solid angle subtended by
the spectrograph aperture. Such a measurement is within the
energy regime of Rutherford elastic scattering and is necessary
to convert triton yields from the (p, t) reaction to absolute cross
sections.

Charged particles were detected at the focal plane of
the spectrometer by a multiwire gas proportional counter
backed by a scintillator, providing measurements of focal-
plane position, energy loss, and residual energy. Particle
identification was accomplished with the combination of the
magnetic-field settings of the spectrograph—the tritons and
charged particles from competing reactions have sufficiently
different rigidities—and the focal-plane energy signals. The
focal-plane position was determined from the readout of 255
cathode pads on the gas proportional counter. Each pad has
an individual preamplifier and shaper, and adjacent pads have
a pitch of 3.5 mm. A requirement of 3 to 7 adjacent cathode
pads with signals above threshold must be met for an event to
be registered. The digitized signals on the active pads were fit
with a Gaussian line shape providing the position measurement
to better than 0.1 mm [13].

Triton yields were measured at two spectrograph angle
settings (θlab = 6◦ and θlab = 15◦). For each target and an-
gle, at least three magnetic-field settings were needed to
cover excitation energies up to Ex ∼ 3 MeV. The focal-
plane positions were calibrated to triton momenta with a
quadratic polynomial and the excitation energies of known
states were reconstructed. An excitation-energy resolution
of $Ex ≈ 7 keV was observed. Care was taken to ensure
that suitable overlaps in the corresponding excitation energies
between field settings existed. The resulting excitation-energy
spectra at θlab = 6◦ are shown in Fig. 1. The triton yields are
normalized across the different experimental settings by the
corresponding integrated beam currents and target thicknesses.
The background just above the ground states in the spectra for
the 100Ru(p, t)98Ru and 100Mo(p, t)98Mo reactions was not
identified, but did not hamper the extraction of yields in this
excitation-energy region.
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FIG. 3. Systematics of the low-lying first 2+, 0+, and 3− states.
The L = 0 transition strength has been normalized to 100 units for
the transitions of 100Mo.

30% of the ground-state strength in the present (t,p) reaction.
The behavior of the first excited 0+state might indicate that
this 0+ state becomes the bandhead of a deformed band, which
in the heavier Mo nuclei becomes the ground state [8,22]. The
deformation can be attributed to the isoscalar n − p interaction
when protons occupy the 1g9/2 orbital and neutrons occupy

its spin orbit partner 1g7/2 orbital [9,10]. The deformation
parameter β2 increases with neutron number. It is 0.175 for
98Mo, 0.217 for 100Mo, 0.311 for 102Mo, and 0.33 for 104Mo
[2,23]. It may therefore be noted that the 102Mo nucleus exists
at the edge of a region of well-deformed shape.

V. CONCLUSIONS

The nuclear properties of the levels in 102Mo have been
studied with the 100Mo(t, p)102Mo reaction. A number of new
energy levels have been found, and spin assignments were
made for many of them. The present results are in good
agreement with the previous results. The systematics of the
first 2+, 0+, and 3− states in Fig. 3 and the appearance
of the low-lying 0+ state as the bandhead of a deformed
band that becomes the ground state in the heavier 104,106Mo
nuclei suggest that the 102Mo nucleus exists at the end of the
transitional region. Theoretical calculation of the level scheme
of 102Mo60 is not yet available. It will be useful to have further
experimental and theoretical investigations of 102Mo.
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A transitional region with deformation playing a role in the nuclear structure:

• Reactions leading to and from 100Ru show ~95% of the L=0(p,t) strength is in the g.s. (on the spherical side of the 
transitional region)

• For 100Mo about 20% of the L=0(p,t) strength is an excited 0+,  a shape-transitional nucleus

• No evidence for pairing vibrations, but structure is complicated (proton work remains to be done)
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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 likely a consequence of a sub-shell gap at Z = 64
Consequences for QRPA? (Does the shell-model include this feature also?)

T. Bloxham et al., Phys. Rev. C 82, 027308 (2010) [neutrons]
W. P. Alford et al., Nucl. Phys. A 323, 339 (1979) [protons]

BRIEF REPORTS PHYSICAL REVIEW C 82, 027308 (2010)

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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Summary
Experimental nuclear-structure data is an essential part of the story of the NME 
challenge

The candidates are not ‘generically similar’ systems (pairing, e.g. Z = 64, closed 
shells, deformation, etc., all different in each case)

‘Traditional’ calculations do not reliably reproduce information extracted from 
experiments (what level of agreement should we expect?)

New ab initio calculations likely essential (model space, interactions, 
Hamiltonians, correlations, weak currents, all still being worked on)

E0 lifetimes, Ge and Se (approved exp. at TRIUMF)
Revisiting two-proton transfer [Xe(3He,n) at ANL]
Other programs (e.g. RCNPs CE reactions, Catania DCE)
And … many more (most covered this week)


