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The β decay of 76 Ga was studied using the technique of total absorption spectroscopy for the first time. The
experiment was performed at the National Superconducting Cyclotron Laboratory using the Summing NaI(Tl)
detector. The extracted β-decay feeding intensity distribution and Gamow-Teller transition strength distribution
are compared to shell-model calculations to help constrain nuclear matrix elements relevant to the neutrinoless
double-β decay of 76 Ge.
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I. INTRODUCTION

Nuclear masses and the pairing interaction conspire in
certain isobaric chains to create a scenario in which single-β
decay is energetically forbidden while double-β decay is
energetically allowed. If, in the latter process, two electrons
and no neutrinos are emitted, this process is called neutrinoless
A
double-β (0νββ) decay and denoted as A
Z XN →Z+2 YN−2 +
−
2e . An observation of 0νββ decay would demonstrate the
violation of conservation of total lepton number and establish
that neutrinos are Majorana particles as opposed to Dirac
particles [1,2].
The even-even nucleus 76 Ge is a promising 0νββ-decay
candidate for many experimental reasons. The Qββ value
(Qββ = 2039.061 ± 0.007 keV) [3] of this nucleus places
the region of interest above many, but not all, sources of
background. In addition, this nucleus is easily compatible
with the existing experimental technique of using high-purity
germanium detectors, which increases the signal-to-noise ratio
due to the excellent energy resolution provided by these types
of detectors. While 0νββ decay has never been observed in
any nucleus, the search for this process remains steadfast.
Highly sensitive experiments performed by multinational
collaborations such as the Heidelberg-Moscow experiment [4],
the International Germanium Experiment (IGEX) [5,6], and
the Germanium Detector Array (GERDA) phase I [7] have
placed lower limits on the half-life of 76 Ge 0νββ decay. The
next generation of experiments of GERDA phase II [8] and
MAJORANA [9] are devoted to observing and measuring the
half-life of 0νββ decay in 76 Ge, or, if no observation is made,
placing a strong lower limit on the half-life.
Together with experimental efforts, theory has focused on
calculating nuclear matrix elements necessary for 0νββ decay
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in 76 Ge [1]. The nuclear matrix elements are important because
they are needed to calculate the decay rate for 0νββ decay,
0ν −1
) , assuming the theoretical description is
denoted as (T1/2
given by light neutrino exchange, as [1]
 0ν −1
T1/2
= G0ν |M0ν |2 mββ 2 ,
(1)
where G0ν is the phase space factor [10–13], M0ν is the nuclear
matrix element, and mββ  is the effective mass of the neutrino.
According to Eq. (1), the nuclear matrix elements can be used
with current lower limits on the half-life to provide upper
limits on mββ  or extract mββ  if the half-life is eventually
measured.
The nuclear matrix elements have been calculated using
different nuclear structure models, and for a given nucleus can
be quite uncertain [14,15]. Three models which have provided
recent calculations relevant to 76 Ge are the shell model [16],
quasiparticle random-phase approximation (QRPA) [17], and
the interacting boson model (IBM-2) [18]. These three models
were recently compared to one another for the case of 76 Ge
and deficiencies were found in all three models [19], a problem
that is common to all 0νββ-decay candidates.
In this paper, we provide new experimental data in the
A = 76 mass chain that can be compared to some of the
aforementioned theoretical calculations. This is done by
measuring the β-decay feeding intensity distribution of 76 Ga
as a function of excitation energy in the daughter nucleus 76 Ge.
Since the β-decay feeding intensity distribution is sensitive to
the wave functions of the ground state of the parent and those
of the populated daughter states, the measurement can be used
to test the nuclear structure models which are used to calculate
the nuclear matrix elements. We extract the β-decay feeding
intensity distribution using the technique of total absorption
spectroscopy (TAS) [20], which avoids problems posed by the
Pandemonium effect [21]. The Pandemonium effect appears
when attempting to measure the β-decay feeding intensity
distribution using detectors that are designed for good energy
resolution but suffer from poor efficiency. These detectors may
miss some of the low-intensity and/or high-energy γ rays
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and as a result the β-decay feeding intensity distribution is
artificially enhanced at low excitation energies. The method of
using total absorption spectroscopy to learn about the structure
of the ground state of the parent nucleus has been successfully
performed in the past (for example, Refs. [22–26]).
In addition to β-decay studies with the TAS technique,
charge-exchange reactions can also be used for the study
of the Gamow-Teller transition strength distribution. One
recent experiment relevant to the A = 76 mass chain used
the 76 Ge(3 He,t)76 As charge-exchange reaction to extract the
Gamow-Teller transition strength distribution of 76 Ge as a
function of excitation energy in 76 As [27]. The extracted
Gamow-Teller transition strength distribution was highly
fragmented, which was interpreted as resulting from nuclear
structure effects of the A = 76 system. In Ref. [28], this
experimental distribution was compared to that obtained from
a theoretical model in order to validate their calculations of
nuclear matrix elements relevant to 0νββ decay.
In the present work, the β-decay feeding intensity distribution and Gamow-Teller transition strength distribution were
measured through the β decay of 76 Ga. The experimental
details are presented in Sec. II, the analysis procedure is
described in Sec. III, and the results and comparison to theory
are presented in Sec. IV.
II. EXPERIMENTAL DETAILS

The experiment was performed at the National Superconducting Cyclotron Laboratory (NSCL) at Michigan State University. The Coupled Cyclotron Facility produced a primary
beam of 76 Ge 32+ with an energy of 130 MeV/u, which was
impinged on a 9 Be production target that had a thickness of
399 mg/cm2 . Using a 184 mg/cm2 Al wedge, the A1900
fragment separator [29] created a secondary beam with a
momentum acceptance of 0.5% of approximately 73% of
76
Ga 31+ (the isotope of interest) and 27% of 74 Zn 30+ .
After the A1900 fragment separator, the secondary beam
was sent to the NSCL gas stopping station [30], which partly
consists of a solid degrader system, linear gas cell or gas
catcher, and extraction system. The solid degrader system
consisted of a 1555-μm Al degrader and a 1045-μm silicon
dioxide wedge to remove nearly all of the kinetic energy
and spread in kinetic energy of the secondary beam before
entering the gas cell, respectively. By changing the angle of the
degrader, primarily 76 Ga 31+ was stopped in the gas cell after
passing through a thin Al window. The secondary beam was
thermalized in the gas cell and subsequently extracted. A scan
of the activity as a function of mass of the ions extracted from
the gas cell revealed the molecular ion [76 Ga(H2 O)]+ to be the
most common, and this was delivered to the experimental end
station.
The experimental end station consisted of the Summing
NaI(Tl) (SuN) detector [31] and a small silicon surface barrier
detector installed inside the bore hole of SuN. SuN is a
segmented total absorption spectrometer that is optimized for
geometric and intrinsic efficiency and is an ideal detector
for performing total absorption spectroscopy. SuN is a rightcircular cylindrical detector that is 16 in. in diameter and
16 in. in length, has a 1.8-in.-diameter bore hole along the

beam axis, and can separate into a top half and bottom half
in order to fit around the beam line. Each half consists of
four optically isolated segments, and each segment contains
a large NaI crystal that is read out by three photomultiplier
tubes (PMTs). The NSCL Digital Data Acquisition System
(DDAS) [32] is used to record signals in SuN. Together,
the large summing efficiency and relatively good energy
resolution for a scintillator [85(2)% efficiency and an average
segment resolution of 6.1(2)% for the 661-keV γ ray from
the decay of 137 Cs] make SuN ideally suited for these types of
experiments. In front of the silicon surface barrier detector was
a rectangular aluminum frame that was 0.5 mm thick, which
held a thin aluminum foil. The 76 Ga ions, which had an energy
of approximately 40 keV and intensity of approximately 500
particles per second, were implanted into the aluminum target
foil. The electrons from the β decay of 76 Ga were detected
in the silicon surface barrier detector in coincidence with the
β-delayed γ rays in SuN.
First results from this experiment were already published
in Ref. [33] where the so-called β-Oslo technique was
introduced.
III. ANALYSIS

Before the start of the experiment, the PMTs of SuN were
gain matched by adjusting the high voltage applied to each
PMT. The high voltage was adjusted until the 1460.8-keV
γ ray from the decay of 40 K that is present in the room
background appeared at the same channel number for each
PMT. Then the PMTs and segments of SuN were further
gain matched and calibrated, respectively, in software with
the following procedure. First, the PMTs were gain matched
by applying a multiplication factor to the energy of each outer
PMT so that the 40 K peak appeared at the same channel number
as the corresponding peak in the central PMT within a given
segment. Then the energy of all three PMTs for a given segment
were added together to determine the energy deposition within
that segment. An individualized quadratic calibration was then
applied to each segment so that γ rays were located at the
correct energy. For this analysis, the calibration used the 563-,
1108-, and 3952-keV γ rays, which are emitted following the
β decay of 76 Ga. Finally, the energy of all eight segments
were added together to create the TAS spectrum (an energy
threshold of 80 keV was applied to each segment before being
added to the TAS spectrum). Due to the energy threshold
applied to each segment, the TAS spectrum will naturally
have an energy threshold of 80 keV as well. Because the
location of a so-called sum peak in the TAS spectrum has
a dependence on the multiplicity of the γ -ray decay cascade
(due to the nonproportional light yield in a NaI(Tl) crystal
[34]), a multiplicity-dependent correction factor was applied
to the TAS spectrum.
In addition to the TAS spectrum, the segmentation of SuN
provides two additional spectra that can be used to extract
the β-decay feeding intensity distribution. The first spectrum
is the so-called sum-of-segments spectrum, which is created
by treating each segment of SuN as an independent detector
that detects the individual γ rays in a decay cascade. For each
event, the counts from all eight segments are added together (as
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FIG. 1. The TAS spectrum of SuN for the β decay of 76 Ga in
singles (green, dashed line), normalized room background (blue,
dotted line), and with a coincidence requirement with the silicon
surface barrier detector (black, solid line). The energies of prominent
sum peaks are labeled in the coincidence spectrum. There is also a
label for the Q value for the β decay of 76 Ga at 6916.2(2.0) keV [35].

opposed to the TAS spectrum, which is created by adding the
energy of all eight segments for an event). The second spectrum
is the multiplicity spectrum (also referred to as the hit pattern
[31]), which is the number of segments that detect energy during the decay cascade. A lower (higher) γ multiplicity of the
actual decay cascade corresponds to a lower (higher) number
of segments that detected energy in the multiplicity spectrum.
There were no external trigger requirements to record data
in the experiment. Comparing the TAS spectrum of normalized
room background (blue, dotted line in Fig. 1) to the TAS
spectrum of the β decay of 76 Ga in singles mode (green,
dashed line in Fig. 1) reveals that the lower energies are
dominated by room background. Subtracting the two spectra
to create a TAS spectrum corresponding purely to the β
decay of 76 Ga would create significant statistical fluctuations.
Instead, the background radiation was removed by adding a
coincidence requirement between a β-decay electron in the
silicon surface barrier detector and β-delayed γ rays in SuN,
producing a so-called β-gated TAS spectrum (black, solid line
in Fig. 1). The TAS spectrum with the coincidence requirement
shows significant suppression of the background radiation,
no issues from beam-induced background, and clearly visible
sum peaks. For example, the first excited state in 76 Ge occurs
at 563 keV, the second excited state occurs at 1108 keV, and
some of the higher-energy excited states that have a relatively
large β-decay feeding intensity occur at 2920, 3142, 3182, and
3952 keV.
The β-gated TAS spectrum was used to extract the βdecay feeding intensity distribution. The distribution was
extracted with a combination of a folding procedure and
χ 2 minimization. The folding procedure used the detector
response function of SuN, which was modeled with GEANT4
[36]. The detector response function of SuN has been verified
by comparing experimental and simulated spectra for standard
calibration sources such as 60 Co and 137 Cs [31], and resonances
for the 27 Al(p,γ )28 Si reaction [31].

The detector response function of SuN was used to simulate
each decay cascade from the existing decay scheme for
the β decay of 76 Ga [37] from the National Nuclear Data
Center (NNDC). Each decay cascade had a corresponding
TAS spectrum, sum-of-segments spectrum, and multiplicity
spectrum. The conditions imposed on the simulated spectra of
these decay cascades were identical to those imposed on the experimental spectra, such as the energy threshold applied to each
SuN segment, as well as the same coincidence requirement
with the silicon surface barrier detector by including β-decay
electrons that have a kinetic energy distribution modified by a
Fermi function [38].
The simulated spectra from all the decay cascades were
used to minimize the global χ 2 :
   eij − sij 2
2
,
(2)
χglobal =
√
eij
i
j
where the index i runs over all spectra included in the fit, the
index j runs over all bins included in the fit, and eij and sij
are the contents of spectrum i at bin j for experiment and
simulation, respectively. The TAS spectrum, sum-of-segments
spectrum, and multiplicity spectrum were fit simultaneously.
Including these two latter spectra is important because the
efficiency of SuN to produce a count in the TAS spectrum
depends on the energy of the individual γ rays and multiplicity
of the decay cascade, information that is contained in the sumof-segments spectrum and multiplicity spectrum, respectively.
The quantity sij is affected by many different decay cascades
and therefore, for a given i, is defined as

sij =
pk cj k ,
(3)
k

where the index k runs over all simulated decay cascades, pk
is the probability for a particular decay cascade, and cj k is the
content of bin j produced by decay cascade k. The probabilities
2
was minimized. Note that
were continuously varied until χglobal
the probabilities in Eq. (3) are the β-decay feeding intensity
to a particular level multiplied by the probability for a specific
decay cascade from that level to the ground state. Because the
probabilities of all decay cascades from a level to the ground
state must sum to unity, the sum of pk for a given level is the
β-decay feeding intensity to that level.
If the experimental spectra were not reproduced with the
χ 2 minimization procedure using decay cascades from the
existing decay scheme, then modifications were made by
adding so-called pseudo levels to the existing decay scheme. In
theory, a pseudo level is placed at a specific excitation energy in
the existing decay scheme, but in reality acts as a representative
for all nearby levels within the energy resolution of SuN.
Since all the possible ways that a pseudo level can de-excite
to the ground state are unknown, transitions to all levels in the
existing decay scheme were included in the fitting process.
Comparing the experimental and simulated spectra using
the existing decay scheme reveals that even though 76 Ga is
only one unit away from stability, the existing decay scheme
is not well known (Fig. 2). Indeed, the existing decay scheme
suffers from typical symptoms of the Pandemonium effect:
In general, there is an overestimation of the β-decay feeding

064317-3

A. C. DOMBOS et al.

PHYSICAL REVIEW C 93, 064317 (2016)

800

Experiment

3

10

2

10

Qβ

10

600
500
400

35
34
33
32
31
30
29
28
27

300

1000

2000

3000 4000 5000
Energy (keV)

6000

7000

Ref. [39]

50

100

150
200
Time (s)

250

300

350

FIG. 3. The experimental decay curve for the β decay of 76 Ga
(black, solid line) and the exponential fit from 0 to 300 s (red, dashed
line). The extracted half-life is 30.6(3) s. The inset show the history
of measurements of the half-life of 76 Ga.
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FIG. 2. Comparison of experimental (black, solid line) and
simulated (red, dashed-dotted line) spectra using the existing decay
scheme [37] to illustrate the discrepancy with the measurements
reported in the present work. The spectra are (a) the TAS spectrum, (b)
sum-of-segments spectrum, and (c) multiplicity spectrum. All three
spectra were created with an energy threshold of 80 keV applied to
each SuN segment. There is a label for Q value in the TAS spectrum
for the β decay of 76 Ga at 6916.2(2.0) keV [35].

intensity at lower excitation energies and an underestimation of
the β-decay feeding intensity at higher excitation energies; in
particular, the 1539-keV level that was previously observed in

The β-decay half-life of 76 Ga was measured by turning the
beam off and measuring the implanted activity as a function of
time. This allows one to create a decay curve, shown in Fig. 3,
from which the half-life can be extracted. The decay curve is
a histogram of time differences between the beginning of the
run (beam off) and when a β-decay electron is registered in
the silicon surface barrier detector. The decay curve between 0
and 300 s was fit using an exponential function. A half-life of
30.6(3) s was obtained for the β decay of 76 Ga, in reasonably
good agreement with previous measurements. The half-life of
76
Ga has been measured four times in the past: Ref. [40] used
fast neutron bombardment on natural Ge to produce 76 Ga via
a (n,p) reaction and obtained a half-life of 32(3) s; Ref. [39]
used a (n,p) reaction on a GeO2 target (enriched to 73.89%
in 76 Ge) to produce 76 Ga and obtained a half-life of 27.1(2) s;
Ref. [41] produced 76 Ga from fission and obtained a half-life of
29.8(4) s; and Ref. [42] created 76 Ga with a (n,p) reaction on
Ge metal (enriched to 92.82% in 76 Ge) and obtained a half-life
of 32.6(6) s.
B. Total absorption spectroscopy

The TAS spectrum, sum-of-segments spectrum, and multiplicity spectrum were fit simultaneously in order to extract
the β-decay feeding intensity distribution. Systematic uncertainties coming from the energy calibration and binning were
taken into account and the final β-decay feeding intensity
distribution in Table I is an average of all the fits with
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TABLE I. The β-decay feeding intensity distribution of 76 Ga as a
function of excitation energy in the daughter nucleus 76 Ge. Intensity
values below 10−4 % are set to 0.
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the aforementioned different fitting conditions of the energy
calibration and binning. An example of one of those fitting
conditions with a specific energy calibration and binning is
shown in Fig. 4.
Three different sources of uncertainty contribute to the total
uncertainty that is reported in Table I. The first source of
uncertainty comes from fitting with different conditions. For
each excitation energy, the minimum, average, and maximum
intensity of the different fitting conditions was calculated. The
difference between the average and the minimum (maximum)
intensity contributes to the lower (upper) bound on the
uncertainty. The weighted average of the uncertainty from
different fitting conditions was 6%. The second source of
uncertainty comes from the statistics of the TAS spectrum.
The inherent statistical uncertainty in the number of counts per
bin in the TAS spectrum is directly related to the uncertainty
in the extracted β-decay feeding intensity distribution. The
weighted average of the uncertainty from statistics was also
6%. The third source of uncertainty is from the efficiency of
SuN. The efficiency of SuN depends on the multiplicity of the
γ decay cascade and on the energy of the individual γ rays.
The procedure described in Ref. [31] was used to estimate
the uncertainty in the efficiency. The weighted average of the
uncertainty from summing efficiency was 9%.
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FIG. 4. Comparison of experimental (black, solid line) and
simulated (red, dash-dotted line) spectra after fitting all three spectra
simultaneously with the decay scheme modifications for (a) the
TAS spectrum, (b) sum-of-segments spectrum, and (c) multiplicity
spectrum. This is an example of one of the different fitting conditions
with a specific energy calibration and binning. All three spectra were
created with an energy threshold of 80 keV applied to each SuN
segment. There is a label for Q value in the TAS spectrum for the β
decay of 76 Ga at 6916.2(2.0) keV [35].

The ground state and β-decay properties of 76 Ga were calculated with the shell model. The calculations were performed
with the NUSHELLX@MSU code [43]. The jj44 model space

was used, which has an inert core of 56 Ni and active nucleons
in the 0f5/2 ,1p1/2 ,1p3/2 , and 0g9/2 single-particle orbitals for
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FIG. 5. Cumulative β-decay feeding intensity of 76 Ga as a function of excitation energy in the daughter nucleus 76 Ge for the present work
(blue, solid line, with uncertainty in light-blue shading) and calculations with different Hamiltonians and different assumptions of the spin and
parity of the ground state of 76 Ga. Panel (a) contains calculations using the jj44b Hamiltonian and panel (b) contains calculations using the
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intensity. See text for an explanation of why the 2− calculation and the present work are identical at relatively low excitation energy.

both protons and neutrons. Two Hamiltonians were used: the
JUN45 Hamiltonian [44] and the jj44b Hamiltonian [45].
The NNDC [37] lists (2+ , 3+ ) for the spin and parity of the
ground state of 76 Ga, while a measurement of the magnetic
moment [46] prefers a 2− assignment when compared to shellmodel calculations. With the JUN45 Hamiltonian there are 11
states below 300 keV in 76 Ga with spins (1–5)− and 2+ . Due
to the uncertainty in the energy of the states, the Hamiltonians
are unable to predict the spin and parity of the ground state in
this situation. Thus, the theoretical β decay for (2+ , 3+ ) and 2−
were considered and compared with the experiment. Shown in
Fig. 5 is the cumulative β-decay feeding intensity of 76 Ga as
a function of excitation energy in the daughter nucleus 76 Ge.
Figure 5 contains the measurement from the present work,
along with theoretical calculations using the two Hamiltonians
and different assumptions of the spin and parity of the ground
state of 76 Ga. Calculating the first-forbidden (FF) β-decay
transitions in the jj44 model space is not practical since most
of the FF one-body transitions lie outside the model space
(only the 0f5/2 to 0g9/2 is inside). The results for the two
Hamiltonians in Fig. 5 generally agree with each other but
differ on the detailed spectra for the daughter nucleus 76 Ge.
Based on a comparison of experimental β − -decay half-lives
with those calculated with these Hamiltonians in the jj44
model space a quenching factor of gA = 0.4gA0 is required
[47]. This quenching factor of gA = 0.4gA0 was applied to
both Hamiltonians. This is a larger quenching than the typical
value of gA ≈ 0.7gA0 found for the sd and pf model spaces.
The larger quenching is related to the fact that a large fraction
of the β − giant Gamow-Teller resonance lies outside jj44
model space. The larger quenching approximately takes into
account the coupling between the low-lying GT transitions to
the missing part of the GT giant resonance.
The β-decay feeding intensity distribution can be converted
to a Gamow-Teller transition strength distribution, B(GT),

according to the equation,

B(GT)(E) = K

gV
gA

2

Iβ (E)
,
f (Qβ − E)T1/2

(4)

where E is the excitation energy, K = 6143.6(17) s [48],
gA /gV = −1.270(3) [49], Iβ is the β-decay feeding intensity
to a particular excitation energy, f is the Fermi integral
corresponding to a particular excitation energy, Qβ is the
ground state to ground state Qβ value, and T1/2 is the half-life.
The units of B(GT) using Eq. (4) are gA2 /4π . In Eq. (4), the
β-decay feeding intensity distribution from the present work
was used for Iβ , the half-life from the present work was used
for T1/2 , and the Qβ value was taken from the 2012 Atomic
Mass Evaluation [35]. The Fermi integrals were calculated
numerically as explained in Ref. [50]. A comparison of the
present work to shell-model calculations is shown in Fig. 6.
With these Hamiltonians, the states with negative parity in
76
Ge lie above 2.5 MeV. If the ground state of 76 Ga has positive
parity, then the β-decay to states in 76 Ge below 2.5 MeV is
GT. With a quenching factor of gA = 0.4gA0 there is good
agreement with the experimental half-life especially for the
JUN45 interaction (see Figs. 5 and 6). When the ground
state of 76 Ga has negative parity, all of the transitions to
the low-lying positive parity states in 76 Ge are FF. In this
case the experimental values of the β-decay feeding intensity
and Gamow-Teller transition strength were used in place of
a theoretical estimate up to a threshold of 2.8 MeV for the
jj44b interaction and a threshold of 3 MeV for the JUN45
interaction. With this method the half-life for the 2− decay
obtained with the jj44b Hamiltonian agrees with experiment,
bearing in mind that there may also be FF transitions above
the thresholds. After combining the results of this work and
that in Ref. [46], the jj44b Hamiltonian is somewhat preferred
and the ground state of 76 Ga is likely 2− .
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FIG. 6. Same as Fig. 5, but for cumulative B(GT). The inset shows a closeup view of the low-excitation energy region.
V. CONCLUSIONS

In an effort to provide experimental data that can be
compared to theoretical models that are used to calculate
nuclear matrix elements relevant to the neutrinoless double-β
decay of 76 Ge, the β decay of 76 Ga was studied for the first
time using the technique of total absorption spectroscopy with
the SuN detector at the National Superconducting Cyclotron
Laboratory. The measurement revises current values for the
β-decay feeding intensity distribution found in the existing
decay scheme at the National Nuclear Data Center since the
existing decay scheme appears to have suffered from the
Pandemonium effect. Regarding the theoretical calculations,
the jj44b Hamiltonian does better than JUN45 for this
particular decay for the assumed spin and parity of the ground
state of 76 Ga. This is evident by the comparison to the

[1] F. T. Avignone, S. R. Elliott, and J. Engel, Rev. Mod. Phys. 80,
481 (2008).
[2] J. D. Vergados, H. Ejiri, and F. Šimkovic, Rep. Prog. Phys. 75,
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