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The two-neutrino double-b s2nbbd decay represents a test case for our knowledge about the nuclear struc-
ture of the involved isobars. The decay of48Ca is an especially interesting case because it holds an anomaly of
a uniquely highQbb value and a comparatively long half-life, which points to a peculiar nuclear structure
situation. The nuclear matrix element relevant forbb decay can be calculated, if the complete set of Gamow-
Teller (GT) matrix elements for the two virtual transitions in the perturbative description are known. Using the
high-resolutionsd,2Hed probe, we have measured the GT+ strength distribution in48Sc, which is the interme-
diate nucleus in the48Ca bb decay. By combining our measured GT distribution with data from a48Casp,nd
experiment and taking into account relative phases between individual matrix elements, which can be gained
from theoretical models, one can compute the double-GT matrix element and deduce the half-life of the
48Ca 2nbb decay.
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The nuclear double-b sbbd decay continues to be a sub-
ject of fascination, both in the experimental and the theoret-
ical sense. It proceeds as a second-order transition of the
weak interaction. Two reaction modes are at the center of
attention, the neutrinolesss0nbbd and the two-neutrino
s2nbbd decay. The neutrinoless mode is kinematically fa-
vored, but violates lepton-number conservation and is, thus,
forbidden in the standard model. The two-neutrino decay
mode, in contrast, is kinematically suppressed but allowed
by all selection rules and has even directly been observed in
a few cases[1].

The double-b decay not only represents a stringent test of
our knowledge about the nuclear wave functions, but, even
more, it is a test of our fundamental understanding of quan-
tum mechanics. The decay mechanism is believed to be a
combination of two sequential virtual decays, from a parent
nucleus to the adjacent intermediate nucleus, to which ordi-
nary b decay is either energetically forbidden or suppressed
by angular momentum considerations, followed by the tran-
sition to the daughter nucleus, which then lies energetically
below the parent.

Decay rates for the allowed second-order 2nbb mode can
be deduced assuming that[2]

(i) the leptons are in ans-wave state,
(ii ) the leptons share the phase space equally, and
(iii ) a complete set of virtual excitations of the intermedi-

ate odd-odd nucleus is included in the second-order pertur-
bative matrix element. Approximations over average energy
denominators should be avoided[2].

One obtains for the 2nbb decay half-life

fT 1/2
s2ndg−1 = Gs2nduMDGT

s2nd u2, s1d

whereGs2nd includes the weak coupling and the phase space
factor. If the initial and final states both areJp=0+ states, the
double-Gamow-Teller(DGT) matrix element is given by
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+ d−E0 is the energy difference between themth interme-

diate 1+ state and the initial ground state, and the sumok
runs over all the neutrons of the decaying nucleus.

Contributions from Fermi-type virtual transitions are neg-
ligible [3], because initial and final states belong to different
isospin multiplets. In fact, the transition matrix is essentially
a product of two ordinaryb-decay Gamow-Teller matrix el-
ements between the initial and intermediate state, and be-
tween the intermediate and the final ground state, respec-
tively.

The 48Ca nucleus is an especially interesting test case, as
it has the highest decay energyQbb=4.27 MeV of all
bb-decaying nuclei. This means that the half-life ought to be
accordingly short, asT1/2~ sQbbd−11. Surprisingly however,
the measured half-life is about the same as, e.g., the one of
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116Cd [1], for which Qbb=2.80 MeV. Clearly, this anomaly
can only originate from the different nuclear structure in-
volved.

An elegant way to determine the matrix elements of Eq.
(2) experimentally, and thereby the half-life of the nucleus, is
offered by hadronic charge-exchange reactions. At interme-
diate energiessE*100 MeVd, charge-exchange reactions
proceed mainly through the isovector spin-flip component of
the effective interaction, and at low momentum transfer, i.e.,
at forward scattering angles, these transitions are governed
by the above mentioned Gamow-Teller transition operator.
Charge-exchange reactions likesp,nd or sn,pd are well-
established tools for the extraction of GT strength distribu-
tions in a nucleus[4–7]. Though the measurements presented
here have been performed using a bombarding energy of
only 90 MeV per nucleon, the dominance of the centralst
interaction and thus the proportionality between B(GT) and
the cross section is still given, as has been shown in previous
publications[8–10].

Experimentally, the first virtual transition of thebb decay
can be accessed bysp,nd-type reactions on the parent
nucleus, whereas the matrix elements of the second virtual
transition can be obtained fromsn,pd-type reactions on the
bb decay daughter nucleus. A48Casp,nd experiment at inci-
dent energies of 134 and 160 MeV was carried out by Ander-
son et al. [11], which yielded a GT− strength distribution
with a resolution of about 400 keV(full width at half maxi-
mum). It was observed that almost all GT− strength in the
low excitation energy regime(i.e., 0,Ex,6 MeV) was con-
centrated in oneJp=1+ state at 2.52 MeV. As shown in Fig.
1, several other low-lying 1+ states above the 2.52 MeV state
exist, but these are only weakly excited and can only barely
be resolved from thesp,nd data alone.

Alford et al. have performed the complementarysn,pd
measurement[13] and combined theirBsGT+d values with
the sp,nd data. However, energy resolution was poorsDE
<1.3 MeVd and, further, the use of an oxide target led to16O
contamination in the spectrum at energies above 5 MeV.
Thus, a fitting procedure was necessary to relate the GT
strength to the states in the intermediate48Sc nucleus. In the
fitting, the positions of the possible 1+ states were taken from
low-energy spectroscopic46Cas3He,pd [14] or 48Tist ,3Hed
[15] information.

From the combinedsp,nd and sn,pd cross sections the
48Casbbd decay half-life was evaluated to 0.7531019 yr. As
this result is at variance with the most recent experimental
values published in Refs. [16,17], T 1/2

s2nd=4.3−1.1−1.4
+2.4+1.4

31019 yr andT1/2
s2nd=4.3−1.3

+3.331019 yr, respectively, the ques-
tion why 48Ca is so stable against double-b decay still re-
mains unresolved.

Theoretical shell-model calculations for both virtualb de-
cays may give guidance to the understanding of this puzzle.
Model calculations have been carried out, e.g., by Caurieret
al. [18] in a full 0"v model space, and by Zhaoet al. [19] in
a slightly truncated 0"v model space. In both calculations
one observes that the centroids of the GT strength distribu-
tions for the48Tisb +d and 48Casb −d directions are displaced
by about 4–5 MeV, and neither the regions nor any two
strong excitations for the two directions would overlap. The

calculations give half-lives ofT1/2
s2nd=3.731019 yr and T1/2

s2nd

=1.931019 yr, respectively, which both seem to be in the
right range. Reference[20] gives a comparative study of cal-
culations for the48Ca bb decay, employing shell model and
quasiparticle random phase approximation(QRPA) methods.
In recent overview articles, Elliott and Vogel deplore a lack
of detailed nuclear spectroscopy predictions[1], and Su-
honen and Civitarese[2] point out that for all double-b nu-
clei experimental data is highly demanded for tuning theo-
retical models, even though experimental data may be
restricted to excited states below the continuum(in this case
Ex,5 MeV).

Meanwhile, the shortcomings of the limited resolution of
the sn,pd experiments have been overcome by usingsd,2Hed
reactions[8,21]. With such reactions, energy resolutions in
the order of 100 keV are now routinely achieved[9]. As in
the sn,pd or sp,nd cases, zero-degree cross sections scale
linearly with the GT strength[4,5], and the extraction of
BsGT+d values is relatively straightforward, as shown in Ref.

FIG. 1. (Color online) Excitation energy spectra for
48Tisd,2Hed48Sc (upper panel) and 48Casp,nd48Sc (lower panel,
from Ref. [11]). The sd,2Hed spectrum was taken at a spectrometer
setting of 0° covering a center-of-mass angular range between 0°
and 1.5°. The excitation energies of 1+ levels obtained from the
sd,2Hed measurement, together with spectroscopic information
from Ref. [12], were used to fit thesp,nd spectrum. Levels visibly
excited by both reactions are connected by the vertical lines. The
dashed line connects a level excited by a higher multipole
transition.
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[8]. The only difference with thesn,pd case is the appearance
of an additional scaling factor that connectsBsGT+d values
with the measuredsd,2Hed cross section. In the case of light-
and medium-mass nuclei, this scaling factor is found to be
largely mass independent[21,10].

In this paper we present a48Tisd,2Hed measurement,
which allows a high-precision determination of the GT+

transition strength distribution connecting the intermediate
and the final nucleus in the48Ca double-b decay. We used a
183 MeV deuteron beam from the AGOR cyclotron at KVI,
Groningen. A metallic, self-supporting48Ti target with
4.9 mg/cm2 thickness and an enrichment of 99% was used.
Diprotons from the2He ejectiles were detected in coinci-
dence using the Big-Bite Spectrometer(BBS) [22] and the
EuroSuperNova(ESN) detector[23]. A full account of how
sd,2Hed experiments are carried out and analyzed can be
found in Ref. [8]. The achieved resolution was about
120 keV. Together with the measured angular distributions, a
reliable selection of theJp=1+ states excited by GT+ transi-
tions was possible.

To confirm the purity of the48Ti target, we performed a
separate48Tisd,pd49Ti measurement atQ=8°. The experi-
mental setup is flexible enough to accommodate this by sim-
ply changing the data-acquisition software from two-proton
to single-proton detection, and by using a different magnetic
field in the spectrometer. In the final49Ti spectrum, all the
low-lying 49Ti levels were present and no significant con-
tamination was observed.

A sd,2Hed spectrum at a center of mass angle interval
Qc.m.=f0° . . .1.5°g is shown in Fig. 1(upper part). The en-
ergy scale was calibrated using the peak position of
1Hsd,2Hed and some known 1+ levels in48Sc[12]. Hydrogen
is an ever-present contaminant and the1Hsd,2Hedn sQ=
−2.224 MeVd signal appears in the spectrum at an equivalent
negative excitation energy of −3.20 MeV. Excitation ener-
gies are accurate to<20 keV. The fitting of structures in the
spectra was done manually, aided by spectroscopic informa-
tion from Ref.[12]. A Gaussian peak shape of constant width
turned out to be suitable for the entire energy range consid-
ered. The 1+ assignments of the states were made on the
basis of their distinct angular distributions.

As predicted by the shell-model calculations[18,19], the
overall GT+ strength is small and concentrated at low exci-
tation energiessEx,5 MeVd. The cross section above
5 MeV is dominated by higher multipole excitations. Be-
cause of the small GT+ strength, higher-multipole excitations
yield cross sections of comparable size even atQ=0°, nota-
bly clear in the spectrum for the 2− level at 1.40 MeV.

Figure 1 also shows the comparison with thesp,nd spec-
trum at Ep=134 MeV [11]. The most striking feature is the
fact that the strongest GT transition(at 2.52 MeV) in the
direction ofsp,nd is correlated with the weakest transition in
the direction ofsn,pd, respectively,sd,2Hed, and similarly,
the strongest transitions appearing in thesd,2Hed data(here
the structures at<3 MeV and 4.14 MeV) are barely visible
in the sp,nd data. In a medium-energy resolution experiment
one would likely not recognize that these states are only
weakly connected and consequently arrive at too low a half-
life, as seemed to be the case in thesn,pd experiment by
Alford et al. [13].

In order to perform an accurate estimate of the double-b
decay half-life, we converted thesp,nd and sd,2Hed cross
sections into the respectiveBsGT±d values. TheBsGT−d val-
ues were extracted by assuming that all Fermi strength
BsFd=N−Z=8 is concentrated in the isobaric analog state
(IAS) at 6.67 MeV, whose cross section is published in Ref.
[27], and by applying the common relation between Fermi
and GT unit cross sections,ŝGT/ ŝF=sEp/E0d2 [5] with E0

=s55±1.7d MeV. For thesd,2Hed case, a unit cross section
was determined using the prescription from Refs.[21,10]
and a distortion factorND=0.073 from a distorted wave Born
approximation(DWBA) calculation [24] with appropriate
proton and deuteron optical-model parameters[25,26]. The
systematic errors are 20% for thesd,2Hed case and 12% for
the sp,nd case[27]. For the latter, we have added a further
25% error for the weakly excited states(i.e., all states be-
sides the strong 2.52 MeV level) in order to account for fit-
ting errors and uncertainties in theBsGT−d extraction, which
is less safe for weak excitations. Table I shows the detailed
comparison.

The summed GT+ strength for excitation energiesEx

ø5 MeV is SsGT+d=0.427±0.108. This is in agreement
with the sn,pd result, which yieldedSsGT+d=0.54±0.09,
and with the result from the shell-model calculation pre-
sented in Ref.[19], which givesSsGT+d=0.53. The shell-
model calculation in Ref.[18] yields a slightly higher
summed GT strengthSsGT+d=0.69. Both model calculations
use effective operatorsst̃=0.77st.

Of course, the correlation of levels suffers from the
400 keV resolution in thesp,nd spectrum. As an example,
the known doublet at 2.98 and 3.05 MeV can barely be re-
solved in thesd,2Hed spectrum, and not at all in thesp,nd
case. We tried different possible combinations other than
those listed in Table I, but the resultingMDGT

s2nd varied by less
than 10%.

The summation over the combined matrix elements is per-
formed under the naive assumption that all matrix elements
add constructively. This assumption may be too simple.
However, the shell-model calculations of Refs.[18,19] sug-
gest that, except for one level, all matrix elements below
5 MeV indeed contribute constructively, whereas levels
above 5 MeV, which are not resolved in any of the charge-
exchange reactions, would generally contribute destructively
[19] and thereby lower the overallMDGT

s2nd by about 24%. The
only low-lying and destructively contributing level would be
located atEx=2.76 MeV[19] or Ex=3.0 MeV [18], depend-
ing on the underlying model. Experimentally, around 3 MeV
there is an unresolved cluster of three levels existent. How-
ever, any further information about possible negative inter-
ference effects would at least require a much higher resolu-
tion of sp,nd-type data, which could be possible by using the
alternatives3He,td reaction[28] on 48Ca.

Combining our measurement with the results from the
sp,nd experiment yields for thebb matrix elementMDGT

s2nd

=0.0740±0.0150. Adopting the phase space factor from Ref.
[29], Gs2nd=1.1310−17 yr−1sMeVd2, was also used in Refs.
[13,18,19], we deduce a half-life of
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T1/2
s2nd = s1.66 ± 0.67d 3 1019 yr.

The central value is lower than the most recent result from
counting experiments[16,17], T1/2

s2nd=4.3−1.1−1.4
+2.4+1.431019 yr.

However, all matrix elements are summed constructively,
and contributions from levels withEx.5 MeV are not ac-
counted for. If one applies the reduction of thebb matrix
elementMDGT

s2nd by the aforementioned 24% originating from
destructive contributions of higher(and unresolved) levels,
as the shell-model calculation[19] suggests, one would de-
duce

T1/2
s2nd = s2.87 ± 0.51d 3 1019 yr.

In summary, we have carried out a48Tisd,2Hed48Sc ex-
periment atQ=0° with an excitation energy resolution of
DE=120 keV.BsGT+d values were extracted and compared
to BsGT−d values from a complementary48Casp,nd reaction,
which excites the same levels in48Sc. Owing to the high
resolution of thesd,2Hed probe, it was possible to combine
the matrix elements of the excited states and deduce the
double-GT matrix element for the48Ca two-neutrino double-
b decay. The half-life resulting from a pure constructive
summation is about a factor of 2 shorter than the one ob-

served in counting experiments, yet still within the given
confidence limits. A shell-model calculation suggests a re-
duction of the matrix element by about 24% arising from
destructive contributions from high-lying, unresolved levels.
The application of the reduction raises the half-life closer to
the central value obtained by counting experiments. The GT+

distribution from our high-resolution experimental data is in
good agreement with theoretical findings. Further measure-
ments, e.g., for theA=76 isobar will follow. We stress that
experimental data should be exploited in fine tuning the pa-
rameters of nuclear models.
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