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Neutron pair correlations in A = 100 nuclei involved in neutrinoless double-β decay
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The pairing properties of the neutrinoless double-β decay (0ν2β) candidate 100 Mo have been studied, along
with its daughter 100 Ru, to provide input for nuclear matrix element calculations relevant to the decay. The (p, t)
two-neutron transfer reaction was measured on nuclei of 102,100 Ru and 100,98 Mo. The experiment was designed
to have particular sensitivity to 0+ states up to excitation energies of ∼3 MeV with high energy resolution.
Measurements were made at two angles and L = 0 transitions identiﬁed by the ratio of yields between the two
angles. For the reactions leading to and from 100 Ru, greater than 95% of the L = 0 (p, t) strength was in the
ground state, but in 100 Mo about 20% was in excited 0+ states. The measured (p, t) data, together with existing
(t, p) data, suggest that 100 Mo is a shape-transitional nucleus while 100 Ru is closer to the spherical side of that
transition. Theoretical calculations of the 0ν2β nuclear matrix element may be complicated by this difference in
shape.
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If the process of neutrinoless double-β decay (0ν2β) were
to be observed, neutrinos would be established as their own
antiparticles (Majorana particles) and progress could be made
toward determining an absolute scale for the neutrino-mass
eigenstates [1]. That neutrinos have mass is established by
the observation of neutrino-ﬂavor oscillations [2–4]. However,
such work only establishes differences between the squares of
the mass eigenstates. A determination of the lifetime of the
0ν2β decay process would allow access to the absolute mass
scale, provided the mechanism responsible for the decay is
driven by light Majorana-neutrino exchange [1]. The rate of
the 0ν2β decay is sensitive to nuclear-structure inputs, with
the half-life given by
1
= G0ν (Qββ , Z)|M0ν |2 mββ 2 .
0ν
T1/2

(1)

Here, G0ν (Qββ , Z) is a phase-space factor for the emission of
the two electrons in the decay; mββ  is the effective Majorana
mass of the electron neutrino,





2
(2)
mββ  ≡ 
mk Uek
,


k

where mk is the neutrino mass eigenvalues and Uek is the
“electron” row of the neutrino mixing matrix; M0ν is the
nuclear matrix element describing the decay.
A proper understanding of the nuclear matrix element
M0ν is necessary if fundamental questions of the properties
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of neutrinos are to be answered. This is a difﬁcult problem
as there is no experimental probe, apart from the elusive
decay itself, that is directly sensitive to the matrix element.
Theoretical input is a necessity. The matrix element depends
on the contributions from a large number of virtual states in the
intermediate nucleus in a wide range of spin (up to ∼8h̄) and
excitation energy (up to ∼100 MeV) [1,5]. Speciﬁc nuclear
structure in this system therefore might not be so important.
However, the wave functions of the parent and daughter must
be important, and one aspect characterizing them is their
pairing properties. Theoretical approaches to describe the
matrix element usually employ the quasiparticle random-phase
approximation (QRPA), incorporating both sums of the virtual
intermediate states and general pairing properties of the nuclei
involved [1,5]. The introduction of like-particle pairing is
accomplished through the use of BCS pair correlations [1].
Analysis of QRPA methods shows the importance of J π = 0+
pairs in the decay with J π = 0+ contributions that are small
or have phases that result in cancellations [5].
In this Brief Report we discuss results relevant to the
0ν2β decay candidate 100 Mo. Molybdenum-100 as a decay
candidate has advantages for observing the 0ν2β decay that
experimental groups are exploiting; the high Z and large
Q value (Qββ = 3.034 MeV) provide a large phase-space
factor (G0ν ∼ Q5ββ ), enhancing the 0ν2β decay rate. The
large energy sum of the electrons, E1 + E2 = Qββ , places
signals above most backgrounds [6,7]. Following previous
work on similar decay candidates in the A = 130 [8] and
A = 76 [9] regions, we here examine the pairing properties of
100
Mo and its daughter nucleus 100 Ru through the use of the
(p, t) neutron pair transfer reaction, with higher resolution and
across a wider region in excitation when compared to previous
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FIG. 1. The θlab = 6◦ excitation-energy spectra from all spectrograph ﬁeld settings, combined by normalizing to the relative integrated beams and target thicknesses for, respectively, (a) 102 Ru(p, t),
(b) 100 Ru(p, t), (c) 100 Mo(p, t), and (d) 98 Mo(p, t).

For even-even nuclei, only the transfer of a pair of nucleons
with relative angular momentum L = 0 is possible to reach
0+ ﬁnal states. Such a transfer is characterized by a forwardpeaked angular distribution, at θcm = 0◦ , with all other L
1

10

o

o

σ(6 )/σ(15 )

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 100 Mo and 100 Ru 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 102 Ru as the ground state of 100 Ru is populated, with a target
of 98 Mo serving as a consistency check.
The (p, t) reaction was measured on four isotopically
enriched targets of 100 Mo (97.39%), 98 Mo (97.18%), 100 Ru
(96.95%), and 102 Ru (99.38%). The proton beam was delivered by the MP tandem accelerator of the Maier-LeibnitzLaboratorium (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 measurements, at a laboratory angle of θlab = 25◦ , were performed
on each target with a 12 MeV 3 He 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 focalplane 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 angle, at least three magnetic-ﬁeld settings were needed to
cover excitation energies up to Ex ∼ 3 MeV. The focalplane 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 100 Ru(p, t)98 Ru and 100 Mo(p, t)98 Mo reactions was not
identiﬁed, but did not hamper the extraction of yields in this
excitation-energy region.
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FIG. 2. (Color online) Cross-section ratios of the states populated
in the (p, t) reaction as a function of excitation energy. The states with
ratio larger than 2 (ﬁlled symbols) are assigned J π = 0+ in this work.
Unﬁlled symbols are for L > 0. Previously unassigned J π states are
circled, and those assigned a different spin (that may perhaps indicate
that the state populated is not the same as in the compilation [14]) are
surrounded by a square.
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TABLE I. The states assigned in the present work as J π = 0+ . The previous excitation energies and J π assignments are taken from the
Nuclear Data Sheets [14]. There is the possibility where assignments differ from previous work that the state populated here may not be
the same as in the compilation. The measured differential cross sections at θlab = 6◦ are listed with statistical uncertainties only. Systematic
uncertainties in the absolute cross sections are estimated at ∼5%. The relative strength in the last column is computed from the θlab = 6◦
differential cross section, adjusted for Q-value dependence by DWBA calculations, and normalized to the 102 Ru(p, t)100 Ru, DWBA-adjusted
ground-state cross section.
Reaction
102

Ru(p, t)100 Ru

Ex (keV) current

Ex (keV) previous

J π previous

0
1130.6 (3)
1742.0 (2)
1828 (2)
2049 (4)
2388.3 (3)
2833.1 (3)

0
1130.317
1741.013
1828
2051.66a
2387.38
2832.8

0+
0+
0+
0+
0+

σ (6◦ ) (mb/sr)

Relative strength

4.50 (1)
2.72 (6) × 10−2
1.29 (2) × 10−1
1.2 (2) × 10−3
4.7 (13) × 10−4
5.0 (1) × 10−2
3.5 (1) × 10−2

≡100
0.602
2.97
0.028
0.011
1.2
0.93

100

Ru(p, t)98 Ru

0
1322.1 (6)
2373.9 (8)

0
1322.14
2374.5

0+
0+
+
(0 to 4+ )

4.15 (1)
1.53 (5) × 10−2
1.30 (6) × 10−2

85.1
0.353
0.359

100

Mo(p, t)98 Mo

0
734.6 (9)
1962.3 (3)
2034.7 (5)
2611.3 (2)
2799.6 (5)
3264.9 (5)

0
734.75
1963.08
2037.53
2608.4
2803
3265

0+
0+
0+
(0+ , 1+ , 2+ )
0+
(0+ )
(0+ )

3.44 (1)
6.43 (5) × 10−1
4.57 (9) × 10−2
1.37 (5) × 10−2
1.65(3) × 10−1
2.5 (1) × 10−2
4.8 (1) × 10−2

79.4
13.5
0.883
0.264
3.17
0.49
0.94

0
1148.0 (8)
2624.2 (6)
2751 (1)
3023.9(8)
3178.9 (8)
3185 (1)
3255 (2)

0
1148.13
2622.51
2748.65b
3024.58
3178.69
3186.81
3255.63

0+
0+
(0+ )
(0+ )
2+
3−
4+

4.17 (1)
1.27 (6) × 10−2
4.8 (2) × 10−2
8.6(8) × 10−3
2.2 (1) × 10−2
2.3 (1) × 10−2
1.1 (1) × 10−2
1.9 (4) × 10−3

78.7
0.228
0.91
0.16
0.43
0.47
0.22
0.039

98

Mo(p, t)96 Mo

Observed at θlab = 6◦ but not at θlab = 15◦ . The ratio plotted in Fig. 2 is therefore a lower limit.
The Nuclear Data Sheets list 0+ states at two energies, 2742 and 2748.65(7) keV [14]. Reference [15], from which the adopted 2742 keV
arises, lists an energy of 2.75 MeV.
a

b

transfers peaking at larger angles. In the BCS model of pairing,
nearly all of the pair-transfer strength should be evident in
the transition between ground states. For this reason, and
to optimize the L = 0 detection, our measurements were
taken as far forward in angle as allowable by focal-plane rate
considerations.
The ratio of the yields at θlab = 6◦ to θlab = 15◦ is sufﬁcient
to distinguish pair transfers of neutrons with relative angular
momentum of L = 0 from those with higher L. Figure 2 is a
scatter plot of the ratio of measured differential cross sections
as a function of excitation energy. There is a clustering of
states involving L = 0 transfer with σ (6◦ )/σ (15◦ ) > 2. In the
measured ranges of excitation energy and with this criterion
alone, we are able to identify previously assigned J π = 0+
states; conﬁrm six tentatively assigned 0+ states; make three
0+ assignments to previously unassigned states; and alter the
assignments of three states that are in conﬂict with the present
results [14]. Table I summarizes the J π = 0+ states measured
in this work, along with the previous information [14].
The largest θlab = 6◦ yields are seen for populating ground
states for all targets. In the (p, t) reactions on 102 Ru, 100 Ru,

and 98 Mo, the next-largest yields to 0+ states are no more than
3% of the respective ground-state yields. The (p, t) yield from
the 100 Mo target is more fragmented, with yields at 6◦ of 19%
(Ex = 735 keV) and 5% (Ex = 2608 keV) of the ground-state
transition.
There is a signiﬁcant Q-value dependence on the cross sections for (p, t) reactions. To account for this effect in strength
comparisons, the measured cross sections were divided by
distorted-wave Born approximation (DWBA) calculations at
the corresponding excitation energy. The DWBA calculations
were performed in a simple, simultaneous-transfer model of
the reaction with the code PTOLEMY [16]. Global optical-model
parameters were used for both the protons [17] and tritons [18].
The L = 0 neutron pair is bound to the proton, or target-like
core, with an energy equal to the respective two-neutron
separation energy. For the purposes of accounting for the
Q-value dependence, the conﬁguration of the neutron pair
is chosen such that the “bound-state” form factor has an
appropriate number of nodes consistent with pair removal from
the sdg shell—only the binding energy changes between form
factors for different Q values, not the pairing conﬁguration.
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The last column of Table I shows the relative strength of
each transition compared to the ground-state transition with
the 102 Ru target, after accounting for the Q-value dependence
with the DWBA calculations. The three targets of 102 Ru, 100 Ru,
and 98 Mo are consistent with 95% of the (p, t) strength
contained in the transfer between ground states. In contrast,
the ground-state transfer is only ≈80% of the (p, t) strength
to the observed 0+ states with the 100 Mo target.
The A ∼ 100 region near Zr is well known for a dramatic
shape change at N = 60 [19]. However, in the molybdenum
isotopes the change is more gradual, as evidenced by changes
in nuclear charge radii [20]. The transition near 100 Mo is
characterized by shape-coexistence behavior, with particular
consequences for the population patterns observed in (p, t)
and (t, p) reactions.
The (t, p) strength for L = 0 transitions from 96 Mo to states
in 98 Mo is concentrated in the ground state, with only 1.5%
and 10% fragments of this strength found in the states at Ex =
735 keV and Ex = 2608 keV, respectively [21,22]. In (t, p)
reactions to 100 Mo and 102 Mo, it has been observed that an
excited 0+ state near 700 keV carries ≈20–30% of the strength
of the ground-state transitions [21,23]. Larger fragmentation
of the (p, t) strength is observed in the current high-resolution
measurement with the 100 Mo target, in common with previous
studies [10,12]. The population patterns of (p, t) and (t, p)
reactions are consistent with the transitional nature of the
region and can be understood as the reactions are strong
between states of similar deformation. Both 96 Mo and 98 Mo
ground states are approximately spherical in this picture,
but the ﬁrst-excited 0+ state of 98 Mo could be deformed. If
the 100 Mo ground-state wave function contains amplitudes
for both spherical and deformed states, a strong overlap
is possible with the 0+ excited state in a (p, t) reaction.
Likewise, the A > 100 molybdenum nuclei are gradually
more deformed, splitting the (t, p) strength to more states
than just the ground state. A similar situation exists in
the Sm isotopes with the (p, t) reaction on the transitional
nucleus 150 Sm leading to an excited 0+ state with 58%
the strength of the ground state transition, while the corresponding 148 Sm(t, p)150 Sm reaction does not populate that
state [24].
The ruthenium isotopes also undergo a gradual shape
change near N = 60. Measurements of the 102,104 Ru(t, p)
reactions were previously performed to investigate the onset
of deformation in these nuclei [25]. The transitions to the
0+ states near 990 keV in both 104 Ru and 106 Ru carry
≈20% of strength of the ground-state transitions [25]. The
(p, t) reactions on targets of 100,102,104 Ru were previously
measured with limited energy resolution (Ex ≈ 100 keV)
and excitation-energy range (up to Ex = 1.5 MeV) [11].
An excited 0+ state was observed at 944 keV in 102 Ru
with ≈8% of the ground-state strength—the largest such
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and J. Äystö, Phys. Lett. B 674, 23 (2009).
[21] E. R. Flynn, F. Ajzenberg-Selove, R. E. Brown, J. A. Cizewski,
and J. W. Sunier, Phys. Rev. C 24, 2475 (1981).
[22] E. R. Flynn, R. E. Brown, J. A. Cizewski, J. W. Sunier, W. P.
Alford, E. Sugarbaker, and D. Ardouin, Phys. Rev. C 22, 43
(1980).
[23] M. A. Rahman and M. S. Chowdhury, Phys. Rev. C 73, 054311
(2006).
[24] P. Debenham and N. M. Hintz, Nucl. Phys. A 195, 385 (1972).
[25] R. Casten, E. Flynn, O. Hansen, and T. Mulligan, Nucl. Phys. A
184, 357 (1972).
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