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The (d, 2He) reaction on 76Se and the double-β-decay matrix elements for A = 76
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The (d, 2He) charge-exchange reaction on 76Se was studied at an incident energy of 183 MeV. The outgoing two
protons in the 1S0 state, referred to as 2He, were both momentum analyzed and detected by the same spectrometer
and detector. The experiment was performed at KVI, Groningen, using the magnetic spectrometer BBS at three
angular positions: 0◦, 2.5◦, and 5◦. Excitation-energy spectra of the residual nucleus 76As were obtained with an
energy resolution of about 120 keV (FWHM). Gamow-Teller (GT+) transition strengths were extracted up to
5 MeV and compared with those from an (n, p) experiment at low resolution. Together with the GT− transition
strengths from the 76Ge(p, n) experiment leading to the same intermediate nucleus, the nuclear matrix element
of the two-neutrino double-β decay of 76Ge was evaluated.
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I. INTRODUCTION

Charge-exchange reactions of (p, n) and (n, p) type at
intermediate energies and at low momentum transfers (qtr ∼ 0)
feature a high selectivity for Gamow-Teller (GT) transitions.
The selectivity is a direct consequence of the strong Vστ

component of the effective interaction [1–4] in this particular
kinematic window. Because the same στ operator is active
in the weak process of nuclear β decay, the GT+ and GT−
transition strengths extracted from the (n, p)- and (p, n)-type
charge-exchange reactions can therefore also be used to
construct the two “legs” of the two-neutrino double-β (2νββ)-
decay matrix element, thereby providing an important input to
nuclear models aimed at describing foremost the 2ν and, to a
lesser extent, the 0νββ decay. The virtues of charge-exchange
reactions and, in particular, those of the high resolution that
can be obtained via the (d, 2He) and the (3He, t) reactions
have recently been demonstrated for the ββ-decay nuclei
48Ca, 64Zn, and 116Cd [5–7].

The present article focuses on the GT transition to 76As via
the 76Se(d, 2He)76As reaction. 76Se is the final nucleus in the
ββ decay of 76Ge, for which the two-neutrino decay has been
observed and for which the neutrinoless mode is presently the
subject of two large-scale counting experiments, GERDA [8]
and Majorana [9].
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The decay scheme of 76Ge is sketched in Fig. 1. One may
note that the ground state of 76As has a spin-parity of Jπ =
2−, and therefore the 2ν decay path of the ββ decay only
involves excited states in 76As, unlike the 0νββ decay, for
which the ground-state path may be quite relevant [10,11].
Of course, the 0ν decay involves a multitude of levels of many
multipolarities up to considerable momentum transfers (q ∼
0.5 fm−1), of which those that are mediated by the GT operator
of the 2ν decay are only a small subset. Certainly, charge-
exchange reactions cannot completely unravel them.

The 2νββ-decay half-life of 76Ge has been determined by
several counting experiments. In Refs. [13–16] half-life values
have been reported, which are all close to T

(2ν)
1/2 ≈ 1 × 1021 yr.

The Heidelberg-Moscow group, on the other hand, reported
a value of about T

(2ν)
1/2 ≈ 1.7 × 1021 yr [17–20]. This has led

to an average value of T
(2ν)

1/2 = (1.5 ± 0.1) × 1021 yr recently
recommended by Barabash [21].

From the theory side, the 76Ge ββ decay has been the subject
of numerous calculations, using either the shell model as the
underlying basis or various types of the quasiparticle random-
phase-approximation (QRPA). By and large, the models also
seem to converge to a value of 1.5 × 1021 yr [22–29], with
a few marked exceptions showing deviations as large as an
order of magnitude [30–32]. We do not want to enter into a
debate of the various differences, except that the issue of the
nuclear matrix elements always seems to be at the center of
the discussion [10,11,33–35].

Early experiments to measure the 2νββ-decay matrix
elements from which to evaluate the 2νββ-decay half-life
have been presented in Refs. [36,37]. Here, the relevant
(p, n) measurements were performed at the IUCF SWINGER
facility [37,38] and the (n, p) measurements at the TRIUMF
CHARGEX setup [36,39]. Unfortunately, in all of these
measurements the energy resolution was a rather limiting
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FIG. 1. Schematic representation of the ββ decay of 76Ge [12].
Whereas in the 2νββ mode only the intermediate 1+ states are
relevant, there is a multitude of J π states involved in the neutrinoless
mode.

factor, which in the case of the (n, p) experiments was about
1.8 MeV and in the (p, n) experiments of order 350 keV.

In this article, we present results from a (n, p)-type
76Se(d, 2He)76As charge-exchange experiment, which was
performed at an incident deuteron energy of 183 MeV with
120 keV resolution. The high-resolution GT+ strength distri-
bution extracted from this experiment is then compared with
the early (n, p) measurement performed by Helmer et al. [36].
To further construct the 2νββ-decay matrix element, the GT−
distribution deduced from the (p, n) experiment on 76Ge by
Madey et al. [37] is employed, by which the half-life for the
76Ge 2νββ decay can be evaluated.

II. EXPERIMENT

The (d, 2He) experiment was performed at the AGOR
facility of the KVI, Groningen [40,41], where the deuterons
were accelerated up to 183 MeV. Outgoing two protons in
a 1S0 state denoted as 2He were both momentum analyzed
in the Big-Bite magnetic spectrometer (BBS) and detected
in coincidence by the EUROSUPERNOVA detector (ESN
detector) [41–43].

Beam line and BBS were set up in dispersion-matched
mode for optimum energy resolution. Beam currents were
measured by a Faraday cup inside the spectrometer and ranged
between 0.4 and 1.5 nA. The BBS was set to �BBS = 0◦, 2.5◦,
and 5◦ to obtain angular distributions. The ESN detector
consisted of a focal-plane detection system (FPDS) with
two vertical-drift chambers (VDCs) located near the focal
plane of the BBS. The standard setup for particle tracking
consists of an additional set of four multiwire proportional
chambers (MWPCs) [44]. The tracking is part of the trigger
decision in order to suppress the contribution from the
overwhelming deuteron breakup. It ensures a rather clean 2He
two-proton sample in the final data set. The target consisted of
enriched 76Se (99.7%) with a thickness of 2.3 ± 0.2 mg/cm2.
The material was sandwiched between two carbon foils of
0.2 mg/cm2 thickness. A final-state energy resolution of about
�E = 120 keV was achieved.

Data acquisition and data analysis proceeded in the way as
described in Refs. [5,7,45–53].
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FIG. 2. Excitation-energy spectrum from the reaction
76Se(d, 2He) 76As. The spectrum was taken at a spectrometer
angle of 0◦ and covers an angular range in the center-of-mass
system between 0◦ and 1.3◦. The J π values of individual levels (or
of a conglomerate of levels) were determined by the shape of the
angular distributions. In the inset, the spectrum is shown for a wider
excitation-energy range to show the dominating peaks resulting from
the reactions 1H(d, 2He)n and 12C(d, 2He)12B(g.s.).

III. ANALYSIS

The �BBS = 0◦ excitation-energy spectrum of the
76Se(d, 2He)(76As) reaction is shown in Fig. 2. The ground-
state (g.s.) transition from 12C, as well as the signal from the
hydrogen contamination, which is frequently present in metal
targets, were used for energy calibration. The 1H(d, 2He)n
transition appears in the 0◦ spectrum at Ex ≈ −2.2 MeV in
the excitation frame of 76As. The associated peak quickly
moves to higher excitation energies with increasing scattering
angle and broadens. Therefore, the yield extraction for certain
transitions and for certain scattering angles was not always
possible, causing occasional gaps in the angular distributions.

A. DWBA analysis

To identify the Jπ values of individual states, calculations of
angular distributions were performed with the ACCBA code of
Okamura [54] in distored-wave Born approximation (DWBA).
The ACCBA code treats the (d, 2He) reaction in an ordinary DW
formalism and the three-body problem in the exit channel in
an adiabatic approximation.

Further, an optical model is needed to describe the deuteron
and proton wave functions in the entrance and exit chan-
nels. The deuteron optical-model parameters (OMPs) for the
entrance channel were interpolated from global parameters
derived for various nuclei up to A = 116 by Korff et al. [55],
while proton OMPs were taken from Ref. [56]. It may be worth
noting that the extraction of the B(GT) values does not depend
on the OMPs to within reasonable bounds. The effective
interaction was interpolated from the free NN t-matrix
parametrizations of Franey and Love [57] to fit the projectile
energy of 90 MeV/nucleon. The shell-model code NORMOD

[58,59] was used to generate nuclear wave functions and
one-body transition densities (OBTDs) assuming occupation
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FIG. 3. Angular distributions of the levels excited in 76As sorted
by excitation energy. DWBA calculations are represented by solid
lines. The error bars reflect the statistical errors and an additional
10% systematic error.

numbers deduced from a shell model with a smeared Fermi
surface.

In the case of overlapping states a multipole-decomposition
analysis was performed. This analysis was restricted to 1+ and
2− transitions only, as it was found that any higher multipoles
did not significantly contribute to the cross section near zero
degree. Angular distributions for Jπ = 1+ transitions can
then easily be distinguished from those with Jπ = 2−, as
the cross section rapidly decreases with increasing angle,
which is opposite to the behavior of a Jπ = 2− transition (cf.
Fig. 3). Contributions from �L = 2 to the 1+ transitions are
also possible, as these are mediated by the tensor-τ component
of the effective interaction. However, this component is
rather weak near zero momentum transfer [57]. Usually,
such contributions are estimated to account for an extra
systematic error for comparatively weakly excited transitions
only [60–63]. Of course, tensor contributions are not connected
to the ordinary β decay.

The excitation-energy spectrum of the 76Se(d, 2He)76As
reaction presented in Fig. 2 shows that a substantial fraction
of the total GT strength seems to be shared among five strong
transitions below 3 MeV. Above 3 MeV no isolated levels
could be identified.

For all transitions indicated in Fig. 2 angular distributions
were extracted and analyzed according to the above pre-
scription. Examples are shown in Fig. 3, where we present
the results for some well isolated levels. In some cases the
procedure was also applied to wider energy bins, especially
when nearby levels of different spins could not be resolved. For
instance, the ground state of 76As has a spin-parity Jπ = 2−,
whereas the first excited Jπ = 1+ state lies at 0.044 MeV and
two further Jπ = 1+ states are known at 0.086 and 0.128 MeV.
Clearly, the present resolution is insufficient to resolve these
levels, and we have therefore performed a combined analysis
as is shown in the upper left part of Fig. 3. Judging from the
peak shape in the 0◦ spectrum, we assume that most of the
GT strength in the 0–0.1 MeV energy bin resides in the lower
states at 0.044 and/or 0.086 MeV. The energies of the various
other states and their spin-parity assignments are shown in
Fig. 2. Note that the 1+ level at 2.22 MeV has a close-by level.
The level could not be analyzed at every angular setting, but
the angular distribution features a flat characteristic, indicating
a �L �= 0 transition.

To assess possible contributions from weakly excited GT
transitions at the level of the detection limit, we performed a
multipole decomposition of the angular distributions of two
wide excitation-energy bins, one ranging from 0 to 5 MeV and
the other from 5 to 10 MeV. These were described by a sum of
1+, 2−, and 3+ transitions, though the analysis showed again
that contributions from 3+ transitions were not significant. The
GT strength in the first bin from 0 to 5 MeV was evaluated to be
B (GT) = 0.7 ± 0.2, which is slightly higher than the summed
individual strengths of

∑
0−4 MeV B (GT) = 0.54 ± 0.1 given

in Table I. In the second energy bin from 5 to 10 MeV, where in
the zero degree spectrum no individual levels appear above the

TABLE I. Experimental cross sections at qtr = 0 and extracted
B(GT+) values. The errors in column 2 are evaluated from the
counting rate and from a 10% uncertainty arising form the procedure
of cross section extraction from angular distributions, both added
in quadrature. The percentage of the non-GT cross sections at
qtr = 0, which we identify as 2− contributions from the multipole
decomposition, is quoted in column 3. In column 4 we took the
approach of ascribing 50% of this non-GT contribution to an
additional uncertainty of the GT strength (added in quadrature).
The results from the multipole decomposition of the energy bins
(0–5 MeV) and (5–10 MeV) are quoted in the lower section of the
table. Statistical and systematic uncertainties are indicated where
appropriate.

Ex (MeV) dσ (qtr = 0)/d� non-GT B(GT+)
(mb/sr) (2−)

0.04/0.08 0.087 ± 0.011 6% 0.102 ± 0.013
0.5±0.3 0.062 ± 0.008 14% 0.066 ± 0.012
1.03 0.070 ± 0.009 12% 0.076 ± 0.011
1.63 0.071 ± 0.009 13% 0.077 ± 0.011
1.86 0.114 ± 0.013 – 0.141 ± 0.016
2.22 0.063 ± 0.007 – 0.078 ± 0.009

	 0.467 ±0.024(stat)
±0.05(sys) 0.54 ±0.03(stat)

±0.08(sys)

0–5 MeV 0.73 ± 0.18(sys) 15% 0.7 ± 0.2
5–10 MeV 0.35 ± 0.19(sys) 22% 0.3 ± 0.2
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detections limit of B (GT) = 0.05, the summed GT strength
was about 0.3 ± 0.2 units. Some caution may be in order,
because for weakly excited states the tensor contributions may
not be negligible [60–63]. These could reduce the above given
values by a fair fraction.

B. Determination of Gamow-Teller strength

The GT strength was determined from the measured cross
sections σexp(�, qtr) extrapolated to zero momentum transfer
(i.e., qtr = 0) according to

dσ (qtr = 0)

d�
= σDWBA(qtr = 0)

σDWBA(�, qtr)
× dσexp(�, qtr)

d�
, (1)

with the zero-momentum transfer cross section related to the
B(GT+) value via [3]

dσ (qtr = 0)

d�
= C ·

(
µ

πh̄2

)2
kf

ki

NDJ 2
στB(GT+). (2)

The parameter C is special to the (d, 2He) reaction, as the
cross section depends on the range of integration over the 2He
internal energy ε, and further includes possible effects of the
more complicated nature of the (d, 2He) reaction mechanism.
It has been introduced as a constant scaling factor in nearly
all (d, 2He) analyses so far with a mean value of C = 0.320 ±
0.027 [45–49], which was recently reconfirmed independently
for the case of 64Zn [7].

The distortion factor ND in Eq. (2) is obtained from the
ratio of the distorted-wave (DW) to plane-wave (PW) cross
sections (see Ref. [47]):

ND = σDW(qtr = 0)

σPW(qtr = 0)
, (3)

which is ND = 0.042 for the 76Se(d, 2He)76As reaction. The
volume integral of the effective central Vστ interaction is taken
as |Jστ | = 165 MeV fm3 [64].

The GT+ strength values extracted according to this
prescription are given in Table I.

C. Comparison with the 76Se(n, p) reaction

Despite the much better resolution of the (d, 2He) measure-
ments, it may be instructive to compare the nuclear response
of this reaction to the elementary 76Se(n, p)76As reaction,
which was performed at TRIUMF with an energy resolution
of 1.8 MeV [36]. To extract the �L = 0, GT contribution
from the (n, p) cross section two different methods were
presented by the authors: the multipole decomposition of
the total spectral response and the 6◦-subtraction method. In
the first case, angular distributions of 1 MeV energy bins
up to 15◦ were described by a sum of calculated �L =
0, 1, 2, and 3 transitions. The resulting �L = 0 components
were then transformed into B(GT) values from which a
summed value 	B (GT) = 0.86 ± 0.03 for excitations up to
6 MeV was obtained. In the 6◦-subtraction method one takes
advantage of the fact that the �L = 0 cross section decreases
rapidly up to 6◦, while the �L = 1 cross section remains nearly

FIG. 4. (Color online) The �L = 0, GT contribution to the
76Se(n, p) cross section deduced from (n, p) data using the 6◦-
subtraction method (histogram). The GT strength distribution from
the present (d, 2He) analysis was folded with a 1.8 MeV energy
resolution to compare with the (n, p) analysis. The (d, 2He) data were
scaled to match the summed GT+ strength included in the shaded area
of the (n, p) data (refer to Table II). The (n, p) data were taken from
Ref. [36].

constant. The �L = 1 contribution at 6◦ was then subtracted
from the total 0◦ cross section. The summed GT strength up to
6 MeV resulting from this method was B(GT) = 0.35 ± 0.06.
It was noted, though, that this method has the tendency to
estimate GT values, which are consistently smaller than those
of the previous one [36,66].

The extracted �L = 0 spectral component evaluated from
the 6◦-subtraction method is shown in Fig. 4. The full curve
represents the GT+ strength distribution deduced from the
(d, 2He) reaction on 76Se folded with a 1.8 MeV resolution
function to match the resolution of the (n, p) data. For this
comparison, the GT strength, i.e., the �L = 0 component from
the 76Se(d, 2He) cross section was appropriately scaled using
the values from Table II. The comparison gives credibility to

TABLE II. Comparison of the summed B(GT+) strength de-
duced from the (d, 2He) and (n, p) reactions on 76Se. For the two
methods of extracting GT strength from the (n, p) cross section one
may refer to the text or Ref. [36]. Further, the experimental data are
compared to a QRPA calculation by Engel et al. [65] with different
values for gpp . The theoretical summed GT strength includes levels
up to Ex � 10 MeV.

Method of analysis 	B(GT+)

(d, 2He) Individual level cross sections 0.54 ± 0.11
(d, 2He) (0–5 MeV) Integrated cross section 0.7 ± 0.2
(n, p) 6◦-subtraction 0.35 ± 0.06
(n, p) Multipole decomposition 0.86 ± 0.03
QRPA gpp (min)a = 130 0.7
QRPA gpp (max)a =144 0.2

aThe authors of Ref. [65] use a δ interaction which has no ab initio
microscopic background. The gpp values are therefore different from
those that appear in more recent QRPA calculations on the basis of
more realistic NN potentials.
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the various analyses and further indicates a high degree of
similarity between the two (n, p)-type reactions.

In Ref. [36] the extracted GT strength was further compared
to QRPA calculations by Engel et al. [65]. The calculations
were performed using two extremes of the particle-particle
interaction parameter gpp. The two values of gpp(min) = 130
and gpp(max) = 144 were established by comparing calcu-
lated with experimental β+-decay rates [65]. The resulting
summed GT strength values for energies Ex � 10 MeV were
	B(GT) = 0.7 (lower limit of gpp) and 	B(GT) = 0.2 (upper
limit of gpp).

IV. APPLICATION TO 2νββ DECAY

Because the 2νββ-decay matrix element is a sum of
products of two ordinary single GT matrix elements—one
from the direction of β+ and the other from β−—according to

M
(2ν)
DGT =

∑
m

〈
0(f )

g.s.

∥∥∑
k σkτ

−
k ‖1+

m〉〈1+
m‖∑

k σkτ
−
k

∥∥0(i)
g.s.

〉
1/2Qββ

[
0(f )

g.s.
] + Ex(1+

m) − E0

=
∑
m

Mm(GT+) · Mm(GT−)
1/2Qββ

[
0(f )

g.s.
] + Ex(1+

m) − E0

, (4)

with

Bm(GT±)= 1

Ji + 1
· |Mm(GT±)|2, (5)

we now examine the GT− strength distribution obtained from
the (p, n) experiment on 76Ge performed by Madey et al. [37]
at IUCF leading to the same intermediate nucleus 76As. A
comparison of the two spectral responses, i.e., the one through
the 76Ge(p, n) reaction and the other through the 76Se(d, 2He)
reaction, is shown in Fig. 5. We note that in the (d, 2He)
spectrum no isolated levels above Ex = 2.5 MeV can be
identified above a general background response, while in the
(p, n) spectrum 1+ dominated structures were identified up
to 3.5 MeV. An attempt was made to connect the levels
in the two spectra by vertical lines, although we notice a
slight energy-calibration mismatch between the two spectra. In
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FIG. 5. (Color online) Excitation-energy spectra from the
76Ge(p, n) and 76Se(d, 2He) reactions populating the same lev-
els in the intermediate nucleus 76As. The shaded areas indicate
predominant 1+ transitions. The (p, n) spectrum was taken from
Fig. 1 in Ref. [37].

Table III we present the extracted single- and double-β-decay
matrix elements.

The final 2νββ-decay matrix element is connected with the
2νββ-decay rate via

� 2ν
(β−β−) = G2ν(Q,Z)

∣∣M (2ν)
DGT

∣∣2
, (6)

with G2ν(Q,Z) the phase-space factor depending on the
weak-interaction coupling constant, the Qββ value of the
decay, and the Z value of the decaying nucleus. With Qββ =
2.039 MeV, the phase-space factor is calculated to be
G(2ν)ln2 = 1.3 × 10−19 yr−1 [33] in units of the electron

TABLE III. B(GT) values and M(GT) matrix elements extracted from the 76Se(d, 2He) and the
76Ge(p, n) charge-exchange reactions. Levels excited from both directions were used to determine an
experimental 2νββ matrix element. The excitation energy is given in MeV and the matrix element in
MeV−1. Errors are indicated in parentheses and refer to the uncertainty in the last digits. The summed
values have the statistical error as a superscript and the systematic error as a subscript. For the B(GT−)
values, the authors of Ref. [37] provide a statistical error of 3% and a systematic one of 13%.

Ex (MeV) B(GT+) M(GT+) B(GT−) M(GT−) M
(2ν)
DGT (MeV−1)

0.04/0.08 0.102(13) 0.32(2) 0.150(5) 0.387(6) 0.062(5)
0.5(3) 0.066(12) 0.26(2) – – –
1.03 0.076(11) 0.28(2) 0.320(10) 0.566(8) 0.053(5)
1.63 0.077(11) 0.28(2) – – –
1.86 0.141(16) 0.38(2) 0.180(5) 0.424(6) 0.044(3)
2.22 0.078(9) 0.28(2) – – –
– – – 0.440(13) 0.663(10) –
– – – 0.430(13) 0.656(10) –
	 0.54 (3)

(8) 1.79(5)
(13) 1.52(2)

(20) 2.70(2)
(18) 0.159(7)

(22)
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mass squared and with an unquenched axial-vector coupling
constant gA.

Assuming equal phases for each individual 2νββ-decay
matrix element in Eq. (4), one arrives at a total 2νββ-
decay matrix element of M

(2ν)
DGT = (0.159 ± 0.007(stat) ±

0.022 (sys)) MeV−1, from which the half-life of T
(2ν)

1/2 =
(1.17 ± 0.11 ± 0.33) × 1021 yr can be evaluated and com-
pared with the recommended average experimental value of
T

(2ν)
1/2 = (1.5 ± 0.1) × 1021 yr [21]. Given the coarse anal-

ysis due to the limited energy resolution of the (p, n)
data (only three levels could be uniquely correlated, cf.
Table III), the result is reassuring and seems to indicate
that at least for the 2νββ decay the low-energy nuclear-
structure part provides the leading contribution to the decay.
Of course, phase cancellations among any of the individual ma-
trix elements can change this picture dramatically. However, as
GT+ transitions are significantly Pauli-blocked for N > Z nu-
clei (N − Z = 8 for 76Se), one does not expect significant GT+
strength at higher excitation energies, in accordance with what
is observed. Clearly, high-resolution (3He, t) measurements
on 76Ge would allow a much more detailed level-by-level
comparison and thereby shed even more light on the size and
the structure of the 2νββ-decay matrix elements.

V. CONCLUSIONS

The present experimental study was aimed at contributing
to the knowledge of nuclear matrix elements that are essential

to the 2νββ decay but also have a role in the neutrinoless
mode. The study focused on the mass-76 system, where
the (n, p)-type 76Se(d, 2He 76As charge-exchange reaction at
intermediate energies yielded GT+ transitions to a number of
individual low-lying levels. The GT+ transitions define one of
the two “legs” for the construction of the total nuclear matrix
element that is active exclusively in the 2νββ-decay mode
and partially in the 0νββ-decay mode. Although information
about the second GT− “leg” from earlier (p, n)-type charge-
exchange reactions lacks the resolution, an attempt to combine
both distributions yielded a half-life value for the 2νββ decay,
which turned out to be in remarkably good agreement with
the value known from the direct counting experiment. Special
emphasis may be placed on the fact that the low-lying states
(i.e., Ex <∼ 2 MeV) seem to exhaust most of the strength
needed to construct the full 2νββ matrix element. In fact, in
the (n, p)-type direction no significant GT+ strength could be
detected at higher excitation energies, indicating that the higher
excitation energy region may be of rather low importance at
least for the 2ν-decay path.
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