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The (d, 2He) reaction on 96Mo and the double-β decay matrix elements for 96Zr
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The 96Mo(d, 2He)96Nb charge-exchange reaction was investigated at an incident energy of Ed = 183.5 MeV.
An excitation-energy resolution of 110 keV was achieved. The experiment was performed at KVI, Groningen,
using the magnetic spectrometer BBS at three angular positions: 0◦, 2.5◦, and 6◦. We found that below 6 MeV
almost the entire Gamow-Teller (GT+) strength is concentrated in a single state at 0.69 MeV excitation energy.
As 96Mo is the daughter of the ββ decay nucleus 96Zr, the present result provides information about the nuclear
matrix elements active in the 2νββ decay of 96Zr.
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I. Introduction. Intermediate energy (d, 2He) charge-
exchange reactions have become an established tool to study
Gamow-Teller (GT) transitions in the β+ direction [1–12].
Together with the intermediate energy (3He, t) reactions,
which are now being routinely performed with the highest
resolution at the Research Center for Nuclear Physics (RCNP),
Osaka [5,13,14], these two types of charge-exchange reactions
can rather effectively be used for a precise experimental
determination of 2νββ-decay matrix elements [2,3,5–7]. The
typical resolution of the (n, p)-type (d, 2He) reaction is of the
order of 100 keV, which, together with the 30 keV resolution
for the (p, n)-type (3He, t) reaction, constitutes more than
an order of magnitude improvement over past experiments
using the elementary (n, p) or (p, n) reactions performed
at the TRIUMF CHARGEX setup or the IUCF SWINGER
facility [15–18]. This high resolution is, in fact, an important
requirement for getting deeper insight into the physics of GT
transition, as was shown in recent studies performed in the
context of ββ decay [2,5–7]. Information about GT+ and
GT− strength distribution can give significant guidance to
theoretical models that are aimed at calculating ββ-decay
matrix elements, in this case foremost those involving the 2ν

decay and to a lesser extent those involving the neutrinoless
(0νββ) decay [19,20]. These matrix elements are needed for
the rates estimates of many of the large-scale experiments that
are presently operational or soon will be [21–28].
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Högskola, S-412 96, Göteborg, Sweden.
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The present charge-exchange experiment addresses the
nuclear matrix elements of the 96Zr ββ decay from the
(n, p)-type direction, i.e., starting from the ββ-decay daughter
96Mo. Recently, NEMO-3 [25–27] measured the 2νββ-decay
half-life of 96Zr to be T1/2 = [2.2 ± 0.4(stat)] · 1019 yr [29],
which is close to the mean of the half-life values from
geochemical methods of T1/2 = [3.9 ± 0.9] · 1019 yr and
T1/2 = [0.94 ± 0.32] · 1019 yr [30,31]. One may note that the
96Zr 2ν half-life is of the same size as those of many ββ

emitters in the mass A ∼ 100 region, like 82Se,100 Mo,116Cd,
and 150Nd [26,29,32–41]. On the other hand, theoretical
estimates for the alternative 0ν-decay variant show that 96Zr
represents a rather singular case, as nuclear structure models
based on the QRPA predict rather unfavorable matrix elements
for this decay [19,42]. Of course, the 0ν decay follows a path
that is quite different from that of the 2νββ decay. We will
show that the nuclear structure of 96Zr also exhibits some
remarkable features pertaining to the 2νββ-decay mode.

A sketch of the 2ν path is shown in Fig. 1 showing that the
GT− (p, n)-type and the GT+ (n, p)-type transitions are, in
usual jargon, the two “legs”, which provide the information
about, the matrix element that is active for the decay.
As the present experiment only addresses GT+ (n, p)-type
transitions, the final evaluation of the 2νββ-matrix element
will have to await further information about the GT− leg,
which necessitates an experiment of (p, n) type, like, e.g.,
96Zr(3He, t)96Nb, which, as was shown in Refs. [5] and [6],
can successfully be performed at the RCNP facility in Osaka.

II. Experiment. The (d, 2He) charge-exchange experiment
was performed at the AGOR cyclotron facility of the KVI,
Groningen [43–45], using a deuteron beam at an incident en-
ergy of Ed = 183.5 MeV. Outgoing protons were momentum
analyzed in coincidence by the BBS-ESN-setup [44,45]. The
ESN-detector consists of a focal-plane detection system with
two vertical drift chambers and a second detector with four
multiwire proportional chambers [46,47]. The momenta of the
two outgoing protons from the (d, 2He) reaction are usually

0556-2813/2008/78(4)/041602(5) 041602-1 ©2008 The American Physical Society

http://dx.doi.org/10.1103/PhysRevC.78.041602


RAPID COMMUNICATIONS

H. DOHMANN et al. PHYSICAL REVIEW C 78, 041602(R) (2008)

96Zr

Qββ=3348(2) keV

3+

1+

6+
5+

4+

7+

2-

0+

0+

96Mo

96Nb
β−β−

Qβ=3187(3) keV

44.2

146.1
184.6

511.9

233.

}{
GT+GT-

FIG. 1. Schematic representation of the 2νβ−β− decay of 96Zr
and the low-energy level scheme of the intermediate nucleus 96Nb.
The intermediate states in the 2ν decay mode are 1+ states only. GT+

refers to (n, p)-type reactions and GT− to (p, n)-type reactions. The
single β− decay to 96Nb is energetically possible but suppressed by
angular momentum. Excitation energies are given in keV.

of the same magnitude as the ones from the deuteron breakup,
whose cross section is larger by several orders of magnitude
and approximately scales with Z2. Although the breakup rate is
enormous, the coincident detection of the two protons from the
(d, 2He) reaction ensures largely background-free spectra and
the final offline analysis further reduces random correlations.
The details of the detection techniques and the offline analyses
are given in Ref. [43].

The target consisted of a self-supporting metallic Mo foil
enriched to 96.76% of 96Mo with a thickness of 2.67 mg/cm2.
The (d, 2He) reaction Q value on 96Mo is Q = −4.629 MeV,
ensuring that the (d, 2He) reaction on hydrogen—the latter
being an ever-present contamination in metals—is well sepa-
rated from the ground-state transition of the 96Zr(d, 2He)96Nb
reaction and appears at 0◦ at ∼ − 2.4 MeV in the excitation-
energy frame of 96Nb. Spectra were taken at spectrometer
angles of 0◦, 2.5◦, and 6◦. The data sets were divided into two
and three angle bins depending on statistics. Beam currents
were measured by a Faraday cup and ranged from 0.4 to 1.8 nA.
The total detection efficiency including the tracking efficiency
of the analysis software was evaluated to be 85%.

The energy calibration of the spectra was performed
using the reaction from the hydrogen contamination and its
kinematic shift as a function of the spectrometer setting.
Figure 2 shows the measured excitation-energy spectrum of
the 96Mo(d, 2He)96Nb reaction at �BBS = 0◦ and �BBS = 2.5◦
with an energy resolution 110 keV. The background level
below zero excitation energy gives an indication of the general
remaining instrumental background over the spectrum, whose
shape is independent of the excitation energies considered
here.

III. Data analysis. The zero-degree spectrum given in
Fig. 2 shows a remarkable feature. Only one strong transition
near 0.69 MeV is observed together with an indication of a
possible weak transition at its low energy tail and another
cluster of weak transitions near 2.2 MeV, which becomes
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FIG. 2. Excitation-energy spectra for 96Mo(d, 2He)96Nb. The
upper spectrum covers an angular range of 0◦ � �c.m. � 1.5◦ and the
lower one a range of 1.5◦ � �c.m. � 3.0◦. The peaks near excitation
energy of −2.3 MeV (top panel) and around −1.6 MeV (bottom
panel) are due to the 1H contamination and their width is due to
kinematic broadening. The energy resolution is 110 keV.

visible only at larger scattering angles. No further transitions
above the general reaction background are observed up to
an excitation energy of 15 MeV, neither in the spectra at
zero degree nor in those at larger angles. (Note that the
background above 1 MeV is a result of the high level density
in the odd-odd nucleus 96Nb and not of instrumental nature.)
The two components of the peak at 0.69 MeV clearly reveal
themselves when following the spectra to larger angles with
one state appearing at 0.51 MeV and the other at 0.69 MeV. The
two states exhibit different shapes of the angular distribution,
of which the one at 0.69 MeV is uniquely determined as a
Jπ = 1+, GT transition and the one at 0.51 MeV as a Jπ = 2−
transition. The transitions at higher excitation energies near
2.2 MeV exhibit a Jπ = 2− character.

Cross sections for the (d, 2He) reaction are defined as the
ε-integrated cross sections covering a relative pp energy range
0 � ε � 1 MeV. For further details about how to extract these
cross sections we refer to Refs. [1] and [43].

At intermediate energies the Jπ values of individual
transitions can be differentiated by the specific shape of the
cross-section angular distributions, of which the GT transitions
are unique, as they exhibit a characteristic fall-off with

041602-2



RAPID COMMUNICATIONS

THE (d, 2He) REACTION ON 96Mo AND THE . . . PHYSICAL REVIEW C 78, 041602(R) (2008)

increasing scattering angle. This property is quite robust and
largely independent of the underlying model wave functions.
Further, GT transitions are mediated by the στ component of
the effective interaction, which, at zero momentum transfer
qtr = 0, is by far the strongest component and thereby gives
rise to a high level of selectivity [18,48–50]. This is what is
observed in the spectrum in Fig. 2.

DWBA calculations were performed with the ACCBA code
of Okamura [51] using the adiabatic approximation. As input
we took the deuteron optical-model parameters interpolated
from Ref. [52]. The outgoing proton optical-model parameters
were taken from Ref. [53] and the t-matrix nucleon-nucleon
interaction from Love and Franey [54] for an extrapolated
projectile energy of 90 MeV. Transition amplitudes were
generated using the code NORMOD [55] with occupation
numbers based on the shell model with a smeared Fermi
surface.

In Figs. 3(a) and 3(b) experimental angular distributions
and DWBA model calculations are shown for the states at
Ex = 0.51 MeV and for Ex = 0.69 MeV indicating a Jπ = 2−
value for the state at 0.51 MeV and Jπ = 1+ for the one at
0.69 MeV. As the two states are rather closely spaced making
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FIG. 3. Angular distributions for the transitions to the levels at
0.69 MeV (a) and 0.51 MeV (b) and the cluster of levels around
2.2 MeV (d) in 96Nb. The top figures (a) and (b) show the attempt
of an individual analysis of the two states in the doublet at 0.51 and
0.69 MeV and the bottom left figure (c) shows a combined analysis.
The 2− strength of the 0.51 MeV transition in part (c) was slightly
scaled up compared to the one in the part (b), which could be an
indication of another 2− state appearing at the high-energy tail of the
0.69 MeV 1+ transition. For the cluster of states around 2.2 MeV a
bin size from 2.1 to 2.5 MeV was taken for the combined analysis.

a clear distinction difficult, we have also taken the approach
of analyzing them together. The result of the sum is shown in
Fig. 3(c). The angular-distribution analysis of the cluster of
states around 2.2 MeV is shown in Fig. 3(d), where we
attempted a multipole decomposition with a �L = 0 and a
�L = 1 component, which are the only ones to consider
near zero momentum transfer. The angular distribution is
reproduced by a Jπ = 2− transition with a small Jπ = 1+
component. The significance of the Jπ = 1+ component being
of GT type is, however, rather weak, given also the fact that at
this cross-section level weak tensor contributions may start to
play a role [56–59].

B(GT) transition-strength values were extracted from the
cross-section angular distributions at zero momentum transfer
according to [1–9]

(
dσ (qtr = 0)

d	

)
(d,2He)

= C

(
µ

πh̄2

)2
kf

ki

NDJ 2
στB(GT+). (1)

The distortion factor ND = 0.026 was derived (using the
ACCBA code) from the ratio of the distorted-wave (DW) to
plane-wave (PW) cross sections:

ND = σDW(qtr = 0)

σPW(qtr = 0)
, (2)

The scaling factor C was taken from previous (d, 2He) studies
to be C = 0.320 ± 0.027 [4,6]. This value also gives consistent
results for the pf shell nuclei 48Ti [2], 50V [8], and 51V [9].
The isovector spin-flip part of the effective interaction at an
incident energy of 90 MeV is Jστ = 165 MeV fm3. The strong
state at Ex = 0.69 MeV then exhibits a strength of B(GT+) =
0.29 ± 0.08. In quoting this value, some caution may be in
order. In many previous (d, 2He) experiments [1,2,4–6,8,9] the
scaling factor C of Eq. (1) could be confirmed independently,
either by employing isospin symmetry or known logft values
or by comparing with previous intermediate energy (n, p)
measurements. In the present analysis such an independent
cross-check is not possible. The high reaction cross section of
the deuteron breakup in the Coulomb field of a high-Z target
like 96Mo(Z = 42) may cause a lowering of this factor, thereby
leading to an increased value of the extracted B(GT+) strength.
On the other hand, in a recent analysis of the 64Zn(d, 2He)
reaction [6] this factor turned out to be a reliable quantity at
least up to masses A ∼ 65 and Z � 30; therefore, with some
caution in mind one may extrapolate to Z = 42.

In the present reaction on 96Mo the conversion of any
of the two g9/2 valence protons into a g7/2 neutron can
proceed largely unhindered and should, in fact, give rise to
several comparatively strong GT transitions. However, as this
is not observed, one is led to conclude that, if there is any
appreciable GT+ strength located at higher excitation energies,
it must be highly fragmented, with individual components
clearly carrying less strength than the present detection limit
of about 0.03 units. If this were in fact the case, one
would be left with the question as to why fragmentation
leaves the state at 0.69 MeV so largely unaffected. The
neutron separation threshold lies at 6.9 MeV, therefore a
coupling to the neutron-decay channel cannot be responsible
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for an enhanced spreading below this energy. An attempt to
perform a multipole decomposition of the energy-integrated
response does not provide evidence for weak GT transitions
either, but we also caution that, without a description of the
underlying background, a multipole decomposition remains
largely inconclusive.

IV. Occurrence of 2− states. Whereas the 2νββ-decay
path almost exclusively proceeds through GT transitions to
intermediate 1+ states in 96Nb, the 0νββ path is much more
complex as the virtual neutrino may now carry a substantial
momentum (∼0.5 fm−1). This allows many intermediate and
comparatively high J levels to contribute to the final 0νββ-
decay matrix element. Of course, the 0νββ-decay mode is the
more interesting one, as it would reveal the character of the
neutrino as being a Majorana particle and, at the same time,
it yields its effective mass. Many theoretical models indicate
that the intermediate 2− states could in fact provide the leading
contribution to the final 0νββ-decay matrix element [60]. It is
therefore interesting to note that apart from only one low-lying
1+ level at 0.69 MeV we observe quite a significant number
of low-lying 2− states at 0.51, 1.02, 1.66, 2.12, 2.24, and 2.37
MeV (cf. Fig. 2), which could well contribute to the matrix
elements for the 0νββ mode. Unfortunately, because of the
different operator active for exciting 2− states in hadronic
reactions, one cannot easily relate the strength observed in the
charge-exchange reaction with the one in the weak-interaction
process of ββ decay.

V. Corollary. In Fig. 1 the low-energy level scheme of
96Nb is shown. The presently observed state at 0.51 MeV is
consistent in energy with the known level at 511.9 keV, and our
analysis supports the still tentative spin-parity assignment of

Jπ = 2− quoted in the database of the National Nuclear Data
Center, Brookhaven [61]. The 0.69 MeV level, on the other
hand, matches the known 687.0 keV level, which has been
given a tentative Jπ = 3− assignment by Cochavi et al. [62]
in a 96Zr(p, nγ ) experiment. (Note that this level was slightly
corrected to 694.2 keV in Ref. [61].) Because the present
charge-exchange reaction is unambiguous as far as the GT
transition is concerned, we could suggest that the spin-parity of
the 687.0(694.2) keV level should rather be Jπ = 1+. Through
lifetime measurements Cochavi et al. [62] also deduced that
this state feeds the 2− state at 511.9 keV via a dipole transition,
which would be consistent with either spin assignment. Four
out of the five levels above 1 MeV, i.e., at 1.02, 2.12, 2.24,
and 2.37 MeV are known as well [61], but have not been given
any spin assignment. We suggest for all of them a Jπ = 2−
assignment.

IV. Conclusion. We have measured the GT+ strength
distribution in the 96Mo(d, 2He)96Nb reaction. The total GT
strength was found to be mainly concentrated in one level at
around 0.69 MeV containing a strength of B(GT+) = 0.29.
This surprising result certainly has an effect on the rate of
the 2νββ decay. An evaluation of this rate still requires an
experiment to measure the GT− distributions via a (p, n)-type
charge-exchange reaction to combine both distributions to a
nuclear matrix element for the 2νββ decay of 96Zr. Taking the
known 2ν-decay rate [32], one can as well predict a B(GT−)
value needed to arrive at this value, which would be about 0.18
units assuming an unquenched axial-vector coupling constant
gA. A number of low-lying 2− states were identified, which
could be important candidates for intermediate excitations in
the 0νββ-decay mode.
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[8] C. Bäumer et al., Phys. Rev. C 71, 024603 (2005).
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