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2 Universitá degli Studi di Milano, I-20133 Milano, Italy
3 Institute of Experimental Physics, University of Warsaw, PL-00681 Warsaw, Poland
4 Laboratori Nazionali di Legnaro - INFN, I-35020 Legnaro, Italy
5 St. Petersburg Nuclear Physics Institute, RU-188-350 Gatchina, Russia
6 Department of Nuclear Fission, CIEMAT, E-28040 Madrid, Spain
7 Institut de Recherches Subatomiques (IN2P3-CNRS-Université Louis Pasteur), F-67037 Strasbourg Cedex 2, France
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Abstract. By using the fusion-evaporation reaction 28Si(36Ar,p3n) and spectroscopy of β-delayed γ-rays
and charged particles on mass-separated sources, β-decay properties of the neutron-deficient isotope 60Ga
were studied for the first time. The half-life of 60Ga was determined to be 70(15) ms, and, based on βγγ
coincidences, the isobaric-analogue state in 60Zn was identified at 4851.9(7) keV. A semiempirical proton
separation energy value of 40(70) keV was deduced for 60Ga. The experimental results on half-life, mass
excess, proton separation energy, and structure of the 60Zn daughter states are discussed in comparison
with various model predictions, including large-scale shell model calculations.

PACS. 21.10.-k Properties of nuclei; nuclear energy levels – 23.40.-s Beta decay; double beta decay;
electron and muon capture – 21.60.Cs Shell model

1 Introduction

The remarkable progress in experimental and theoreti-
cal investigations of N ∼ Z nuclei, achieved in recent
years, has been motivated by a multidisciplinary interest.
The disciplines involved are i) nuclear-structure physics,
in particular effects related to the occupation of identical
orbits by neutrons and protons in the vicinity of the pro-
ton drip-line (see e.g. [1]), ii) fundamental physics, e.g.,
tests of the standard model of weak interaction by preci-
sion measurements of superallowed 0+ → 0+β-decays [2],
and iii) astrophysics, concerning, e.g., the electron cap-
ture (EC) cooling of supernovae [3] or the astrophysical
rp-process [4]. A particularly interesting sample of N ∼ Z
nuclei is the series of N = Z−2 (TZ = −1) odd-odd nuclei
in the pf shell. This series includes 40Sc [5,6], 44V [7–9],
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48Mn [10,11], 52Co [8], and 56Cu [12,13], as far as ex-
perimental knowledge of β-decay properties is concerned.
The data on β-delayed emission of γ-rays, protons or α-
particles, obtained for these nuclei, have yielded valuable
contributions to the disciplines mentioned above. Further-
more, the observation of 60Ga [14,15] and 64As [14] in frag-
mentation reactions has given evidence that their ground
states are probably bound or weakly unbound against pro-
ton emission. Correspondingly, β-decay is expected to be
the dominant disintegration mode. However, these exper-
iments did not yield any decay properties for 60Ga and
64As.

This paper reports on the first measurement of decay
properties of 60Ga. We shall begin by a general discussion
of the decay properties of TZ = −1 odd-odd nuclei in the
pf shell and present then the experimental methods and
results, followed by a discussion of model predictions and
end with a summary and an outlook.
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Table 1. Beta-decay properties of TZ = −1 odd-odd nuclei in the pf shell: spin and parity of the β-decaying state (Iπ), half-life
(T1/2), electron-capture decay Q value (QEC), excitation energy (EIAS) of the lowest-lying daughter state with T = 1 and an Iπ

assignment identical to that of the β-decaying state (isobaric-analogue state), proton and α separation energy in the daughter
nucleus (Sp, Sα), β-decay branching ratio for the transition populating the isobaric-analogue state (bIAS

β ) and for transitions
leading to the emission of protons and α-particles (bβp, bβα). The QEC, Sp and Sα data stem from [17] whereas additional
literature data were included for 40Sc [5,6], 44V [7–9], 48Mn [10,11], 52gCo [8], and 56Cu [12,13].

Nucleus Iπ T1/2 QEC EIAS bIAS
β Sp bβp Sα bβα

(ms) (keV) (keV) (%) (keV) (10−3) (keV) (10−4)

40Sc 4− 182.3(7) 14320(4) 7658.23(5) 49.4(40) 8328.24(9) 4.4(7) 7040.6(4) 1.7(5)
44gV (2+) 111(7) 13700(80)(a) 6606.4(5) 30.1(50) 8649.6(20) – 5127.1(7) (b)

44mV (6+) 150(3) 14000(80)(a) 6848.84(22) 43.6(46) 8649.6(20) – 5127.1(7) –
48Mn 4+ 158.1(22) 13607(22) 5792.4(6) 57.5(35) 8103(7) 2.80(37) 7694(8) –
52gCo 6+ 115(23) 14409(70)(a) 5655.37(51) 100 7381(12) – 7939(13) –
56Cu 4+ 93(3) 15300(140)(a) 6431.7(7) 67.5(37) 7165(11) 4.0(12) 7995(15) –

(a) Values estimated from systematic trends [17].
(b) Beta-delayed α emission observed, corresponding branching ratio unknown [7].

2 Decay properties of TZ = −1 odd-odd
nuclei in the pf shell

Before presenting the experimental results obtained for
the 60Ga decay, we want to inspect the decay properties
of other TZ = −1 odd-odd nuclei in the pf shell, which
are listed in table 1. The following trends are observed
when going from 40Sc to 56Cu, the two nuclei representing
one-proton particle, one-neutron hole configurations with
respect to the core nuclei 40Ca and 56Ni, respectively:
i) Except for the particularly high QEC value and energy

(EIAS) of the isobaric-analogue state (IAS) of 40Sc and
56Cu, these energies show a smooth behaviour as a
function of the mass number for the other three nu-
clei. Correspondingly, the superallowed transition to
the IAS in the respective daughter nucleus represents
a strong part (30% to 100%, see table 1) of the β in-
tensity.

ii) Next to the superallowed transition, a sizeable fraction
of the β intensity originates in the Gamow-Teller decay
to the lowest-lying daughter level characterized by spin
and parity values identical to those of the β-decaying
state. The corresponding β intensities are 32(12)% for
44gV [8], 56.4(4.6)% for 44mV [8], 6.1(4.4)% for 48Mn
[10], ≤24% for 52gCo [8], and 36(14)% for 56Cu [12].

iii) The consequence of the features i) and ii) is that the
half-lives do not show much variation (93 to 182 ms,
see table 1), and that the γ-ray de-excitation of the
primarily populated states in the daughter nuclei yield
a strong E2 transition from the first excited 2+ level
to the 0+ ground state.

iv) As the IAS is either bound or only weakly unbound
against proton and α-decay, the emission of β-delayed
protons (βp) or β-delayed α-particles (βα) is a rare
process (branching ratios of 1.7 · 10−4 to 4.4 · 10−3, see
table 1), reflecting the low intensities of Gamow-Teller
transitions to high-lying daughter states.

We assume an assignment of 2+ for the ground state of
60Ga in analogy to the mirror nucleus 60Cu [16]. Further-
more, a value of QEC = 14183(111) keV was estimated in

ref. [17]. Based on these properties, we expect the decay
of 60Ga to be characterised by a half-life of the order of
100 ms, by the occurence of β-delayed γ-rays (βγ), includ-
ing the known [16] 1004.2(5) keV 2+ → 0+ transition, and
by weak βp and/or βα intensities.

Previously the Iπ = 2+, T = 1 IAS in 60Zn was
measured at 4.8(1) MeV in a two-nucleon stripping re-
action [18]. The IAS is bound against proton emission
(Sp = 5121(11) keV [17]) but unbound against α emission
by 2206(15) keV (Sα = 2708(15) keV [17]). Therefore, a
weak βα line of 2.2 MeV might be expected in the 60Ga
decay.

3 Experimental methods

60Ga nuclei were produced in 28Si(36Ar,p3n) fusion-evapo-
ration reactions, induced by a 4.71MeV · A, 85 particle-
nA 36Ar beam on a natural-silicon target. The targets,
whose thickness ranged from 2.1 to 2.5 mg/cm2 during
the different measurements, were mounted close to the
ion source of the GSI On-Line Mass Separator [19] in two
separate experiments:

1) A FEBIAD-E [20] ion source was used, which yielded a
mass-separated beam intensity of 1.8 ions/s for 60Ga,
based on the decay data obtained in this work. The
A = 60 beam contained, however, strong isobaric con-
taminants of 60Cu (T1/2 = 23.7 min [16]) and 60Zn
(T1/2 = 2.38 min [16]), produced by the 28Si(36Ar,3pn)
and 28Si(36Ar, 2p2n) reactions, respectively.

2) A TIS [20,21] ion source was employed to strongly sup-
press the A = 60 contaminants compared to the values
obtained during experiment 1. A suppression factor of
700 for the strongest contaminant 60Cu and an even
larger one for 60Zn were reached, while the separation
efficiency for 60Ga was reduced by only a factor of 6
(∼ 5% with TIS compared to ∼ 30% with FEBIAD)
because of the lower efficiency of thermoionization.
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In both experiments, the evaporation residues were
stopped in a 0.1 mm thick catcher of sinter-graphite
mounted inside the ion source and, after release from the
catcher and ionization, extracted as a 55 keV beam of
singly charged ions. For studying βγ properties of 60Ga,
the mass-separated A = 60 beam was implanted in a mov-
able tape remaining at rest for preset implantation peri-
ods during which the grow-in of the activity was mea-
sured by means of a βγ detector array. Subsequently, the
radioactive sources were removed from this position. In
experiment 1, which lasted 13 h, the implantation inter-
val amounted to 0.8 s in order to suppress the long-lived
isobaric contaminants. In experiment 2, longer implanta-
tion intervals of 4 s and 12 s were chosen for measuring
times of 12.8 and 9 h, respectively.

The βγ set-up consisted of a plastic scintillator for
positron detection, and two composite germanium (Ge)
detectors of Clover type [22] and Cluster type [23] dur-
ing experiment 1. For experiment 2, two additional detec-
tors with a relative efficiency of 70% were included in the
detector set-up. The efficiency of the plastic scintillator
was estimated to be about 83% by comparing the num-
ber of the γ-rays observed as β-gated and singles events.
The energies of the γ transitions, observed in the Ge de-
tectors, were determined by using the known energies of
the isobaric contaminants 60Cu and 60Zn [16], as well as
standard calibration sources. The latter were also used
to establish the energy-dependent efficiency. The photo-
peak efficiency of the Ge detector array amounted to about
2.8% [13] and 4.3% for experiment 1 and 2 respectively,
for 1.33 MeV γ-rays if signals from individual Ge crystals
were accumulated (single-hit mode). Summing the signals
from neighbouring Ge crystals (add-back mode) improved
the efficiency only by about 20%.

The search for βp and βα activities, was performed at
another beam line of the On-Line Mass Separator during
both experiments. The A = 60 beam was directed during
consecutive time intervals to two 29 µg/cm2 thick carbon
foils which were each viewed by a telescope (telescopes A
and B). Each of them covered 34% of 4π sr, and consisted
of two silicon surface barrier detectors for recording en-
ergy loss (∆E) and residual energy (E) of the β-delayed
particles. The thicknesses and areas of the detectors were
20.1 µm, 450 mm2 and 500 µm, 1200 mm2 for the tele-
scope A, and 22.5 µm, 450 mm2 and 500 µm, 1200 mm2

for the telescope B. The energy calibration of the ∆E and
E detectors was achieved by using 148Gd, 241Am, 239Pu
and 244Cm α sources. The energy resolution (FWHM) ob-
tained for 3184 keV α-particles in the ∆E and E detectors
amounted to about 100 and 50 keV, respectively, for the
telescope A, and about 90 and 60 keV, respectively, for
the telescope B. The combined action of the ∆E and E
detectors led to an effective energy resolution (FWHM)
of about 90 and 80 keV for the telescope A and B, re-
spectively, for 3 MeV protons. Due to summation with
positron (energy loss) signals, the response function of the
telescopes to β-delayed particles was asymmetric, with a
34% high-energy tail.

Fig. 1. Scatter plot of energy loss versus residual energy events
recorded for A = 60 in telescope B during experiment 1. The
areas used for selecting β-delayed protons and α-particles are
marked by “βp” and “βα”.

The distinction between positrons, protons and α-
particles was accomplished on the basis of ∆E−E scatter
plots. An example of data taken by means of telescope B
is displayed in fig. 1. For telescope A a similar identifi-
cation plot was obtained, the difference being due to the
different thicknesses of the two ∆E detectors. By choosing
selected areas on these plots (see fig. 1), energy spectra of
β-delayed particles were obtained by summation of coin-
cident ∆E and E signals, and grow-in-decay time spectra
of summed ∆E and E events were generated as a function
of the time elapsed within the implantation intervals. The
areas for identifying βα events were verified in a separate
on-line measurement of mass-separated 114Cs which has
well-known β-delayed particle properties [24]. Two differ-
ent implantation intervals were chosen, i.e. 1.0 and 0.4 s,
with total measurement times of about 10 h for each in-
terval. While events from both telescopes were added to
deduce the energy spectra, the time analysis was based on
the data accumulated by means of the telescope B only.
The latter restriction was imposed as occasional delays
occurred when the beam was deflected to the carbon foil
in front of telescope A.

4 Experimental results

4.1 Assignment of β-delayed radiation to the 60Ga
decay

For assigning experimental βγ and βp data to the decay of
the 60Ga ground state, we used the following arguments:

– the measurement was performed by using A = 60
sources;

– a 60Ge assignment is excluded due to the much lower
cross-section expected [25] for the 4n reaction channel
with respect to the p3n channel;
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– gallium is the only element in question with reasonable
thermoionization efficiency, and the decrease of the βp
events observed between the FEBIAD and the TIS ion
sources (experiments 1 and 2) is in agreement with that
expected from the respective efficiencies of ionization
(see sect. 3);

4.2 Beta-delayed γ-ray emission

Figure 2 shows part of the βγ data accumulated as the
sum of β-coincident single-hit events from experiment 2.
Three γ lines can clearly be observed, i.e. the known
1004 keV line corresponding to the 2+ → 0+ transition in
the daughter nucleus 60Zn, the 826 keV line of 60Cu [16],
and the 834 keV line of 72As [26]. The latter activity rep-
resents a long-lived contamination of the transport tape
from a previous A = 72 measurement. Moreover, a 3848
keV γ-ray has been identified, which shows an unambigu-
ous coincidence relationship with the 1004 keV line (see
fig. 3 and table 2). On the basis of these experimental data,
we assign the 3848–1004 keV cascade to the de-excitation
of the Iπ = 2+, T = 1 IAS in 60Zn. This consideration
positions the IAS at 4851.9(5) keV, as displayed in fig. 4
and table 2.
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Fig. 2. Sections of the γ-ray spectrum measured in single-hit
mode for A = 60. Energy intervals of 400–1250 keV, 1500–
2350 keV and 3200–4050 keV of the β-coincident γ spectrum,
obtained in experiment 2, are shown. The γ lines are marked
by their energies in keV.
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Fig. 3. Low-energy part of the γ spectrum taken in coincidence
with positrons and 3848.3 keV γ-rays. It represents the sum of
the data from experiments 1 and 2. The γ lines are marked by
their energies in keV.

Table 2. Energies of the levels (Elevel) and γ lines (Eγ) in
60Zn following the β-decay of 60Ga, relative intensity (Iγ) of
the lines and apparent β feeding (bβ) of the levels.

Elevel Eγ Coincident Iγ bβ

γ transitions
(keV) (keV) (keV) (%) (%)

1003.7(2) 1003.7(2) 511, 3848.3 100(17) 27(19)

2558.7(5) 1554.9(6) – 12(5) 13(8)
2559.0(8) – 13(5)

4851.9(5) 2293.0(10) – 10(5) 60(12)
3848.3(7) 511, 1003.7 57(13)

Moreover, an inspection of the β-gated γ-ray spectrum
(see fig. 2) revealed three additional γ lines at energies of
1555, 2293 and 2559 keV (see table 2). These transitions
are considered to be part of the βγ-decay branch of the
60Ga ground state, despite the fact that rigorous βγγ co-
incidences have not been observed due to their weak γ-ray
intensities. The assignment to the 60Ga decay is based on
the following reasons:

– the energies of the 2559 and 2293 keV lines match very
well the IAS energy, and the energy of the new level
at 2559 keV agrees with the sum of the 1555 keV line
with the known 1004 keV transition (see fig. 4);

– all three γ lines do not belong to the well-known con-
taminants 60Cu [16] and 72As [26], nor constitute sum-
mation and/or escape peaks from known βγ transi-
tions of 60Ga, 60Cu and 72As.

The new level at 2559 keV may correspond to the
2.65(20) MeV level observed in an early (3He,n) measure-
ment [27]. Furthermore, an indirect hint for such a level
can be obtained from another (3He,nγ) reaction study,
where the neutron-gated γ-ray spectrum (see fig. 7 in
ref. [28]) shows several unidentified γ-rays in an energy
range close to our 1555 keV transition. The β feeding con-
strains spin parity of this state to (1–3)+, whereas the
ground state γ-ray branch excludes 3+. We tentatively as-
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Fig. 4. Decay scheme of 60Zn following the β-decay of 60Ga
obtained in this work.

sign Iπ = (2+) to the state at 2259 keV on the following
grounds:
– in none of the even-even zinc isotopes, N = 30 isotones

and N = Z nuclei, a 1+ state is known to exist below
the 2+

2 state;
– in the 44V β+/EC-decay, which is identical to that of

60Ga with respect to half-life, QEC value, parent spin
(see table 1 and ref. [8]), and doubly magic + 2p2n
structure of the daughter nucleus, exclusively Iπ = 2+

states are fed.
The experimental γ-ray intensities yield the apparent

β feedings listed in table 2. The half-life analysis of the five
γ lines and of the 511 keV γ-ray was limited by poor sta-
tistical quality, but yielded agreement with the βp result
discussed below.

4.3 Beta-delayed proton emission

4.3.1 Selection and energy spectrum of β-delayed protons

We selected βp events by using the “βp area” of the
∆E − E scatter plot, as indicated in fig. 1. By applying
this procedure to the data obtained from the telescopes
A and B, the βp energy spectrum was obtained as shown
in fig. 5 for experiment 1. This spectrum contains 325
and 288 events in telescope A and B, respectively, hence
a total of 613. It extends from 1500 to 5500 keV, which
corresponds, assuming Sp = 5121(11) keV [17] and proton
emission to the ground state of 59Cu, to a range of 60Zn
excitation energies from 6600 to 10600 keV.

The βp-energy spectrum shown in fig. 5 is assigned to
the decay of 60Ga on the basis of the arguments given in
subsect. 4.1, and taking into account that
– the “βp window” QEC − Sp of 60Ga is estimated [17]

to be 9060(180) keV, whereas it is known [17] to be
negative for 60Cu and 60Zn and estimated [17] to be
considerably smaller for 60Ge;
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Fig. 5. Energy spectrum of βp events registered by the two
telescopes and assigned to the decay of 60Ga. The solid-line his-
togram shows events obtained by ∆E − E coincidence, while
the dashed-line spectrum is the sum of the events accumu-
lated in ∆E detector in anticoincidence with signals from the
E detector and those accumulated in coincidence, in the energy
range 600–2400 keV.

– the experimental half-life, discussed in subsub-
sect. 4.3.2, is considerably shorter than those known
[16] for the isobaric contaminants 60Cu (T1/2 = 23.7
min) and 60Zn (T1/2 = 2.38 min).

The βp spectrum, displayed in fig. 5 as a solid-line his-
togram, is influenced in its low-energy part by an experi-
mental threshold. This is due to the fact that protons up
to energies of 1200 to 2400 keV are completely stopped in
the ∆E detectors, and are thus not recorded as ∆E − E
coincidence events. This range of energies is related to the
variation of the effective thicknesses of the ∆E detectors
due to different angles of incidence, and to a lesser extent
from the difference in their thicknesses. The net effect is
that the spectrum displayed in fig. 5 by the solid-line his-
togram suffers from a low-energy threshold that sets in at
1200 keV and disappears at 2400 keV.

For further investigating the effect of the threshold in-
troduced by the ∆E detectors, we inspect the energy spec-
trum accumulated by using signals from these detectors in
anticoincidence with signals from the E detectors. The re-
sulting spectrum in the energy range from 600 to 2400 keV
is also shown in fig. 5. The 189 events, occurring in this
energy range, with weak indication for peak structures
around 1.5, 1.8 and 2.0 MeV, can be due either to exter-
nal background or A = 60 positron activity, or to βp or
βα emission. Unfortunately, we are unable to make a firm
distinction between such contributions. However, as will
be discussed in sect. 5, there are reasons to assign these
low-energy events to βp rather than βα emission. Corre-
spondingly, the total number of 613 βp events observed in
∆E − E coincidence has to be increased by 189, i.e. by
31%, if contributions from external background, positron
and βα emission, are neglected (see subsubsect. 4.3.2).
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4.3.2 Beta decay half-life

In order to determine the half-life of 60Ga, we used βp
events accumulated by means of telescope B and obtained
by ∆E − E coincidences during experiment 1. The re-
sulting data are plotted as a function of the time elapsed
within the implantation intervals in fig. 6. A total of
147 and 141 events were accumulated for the implanta-
tion cycles of 1.0 and 0.4 s, respectively. By assuming a
one-component exponential function for a least-squares fit
of the experimental grow-in/decay characteristics, we ob-
tained half-life values of 80(26) and 65(18) ms, respec-
tively, corresponding to a mean value of 70(15) ms. We
adopt this as the experimental β-decay half-life of 60Ga.

An analysis of the time dependence of the 113 βp
events that were recorded by operating the telescope B in
∆E anticoincidence mode (see subsubsect. 4.3.1), yielded
half-life values of 250(80) and 120(30) ms for the im-
plantation periods of 1.0 and 0.4 s, respectively. In view
of the contributions from external background and from
positrons which stem mostly from the longer-lived iso-
baric contaminants 60Zn and 60Cu, it is not surprising that

Fig. 6. Time dependence measured by means of telescope B for
grow-in and decay of the βp activity. The implantation period
amounted to 1 s (upper panel) and 0.4 s (lower panel).

these half-life results are somewhat larger than the value
of 70(15) ms deduced from ∆E − E coincident events.

4.3.3 Branching ratio for β-delayed proton emission

Experiment 2 allowed us to determine the branching ratio
for βp emission (bβp). We observed 30 βp events during
5 h, and an intensity of 268 counts for the 1004 keV line
during 12.8 h. By assuming the latter transition to have
an intensity of 89% per 60Ga decay (see fig. 4 and table 2),
and by taking the proton and γ detection efficiencies as
well as the incomplete saturation of the 60Ga activity in
the case of the γ measurement into account, we obtained
a bβp value of (1.6 ± 0.7)%. This estimate takes the 31%
contribution of low-energy βp events into account, and
includes also a systematic uncertainty of the same order of
magnitude due to the problem of background subtraction
(see subsubsect. 4.3.1).

4.4 Beta-delayed α emission

In the ∆E − E scatter plot displayed in fig. 1 one can
identify five events that are candidates for βα emission.
Together with the four βα candidate events observed in
the corresponding ∆E − E area of telescope A, this cor-
responds to a total of nine βα candidate events. Their
energies range from 7.3 to 8.9 MeV. The corresponding
range of excitation energies in 60Zn is 10.0 to 11.6 MeV if
α emission to the ground state of 56Ni is assumed. This
βα rate corresponds to a ratio of 70(43) between the βp
and βα intensities, and, together with the bβp value men-
tioned in subsubsect. 4.3.3, to an upper limit for the βα
branching ratio of 2.3(2.0) · 10−4. We shall return to the
question of additional low-energy βα events in sect. 5.

5 Discussion

5.1 Beta-delayed γ-ray emission

The excitation energy of 4851.9 keV, determined in this
work for the 2+, T = 1 IAS in 60Zn, is in agreement with
the value of 4.8(1) MeV found earlier [18], whereas we dis-
agree with the “probable” assignment [16] of the IAS to
the 4913.5(10) keV state. By using the semiempirical value
of QEC = 14180(60) keV (see subsect. 5.3) for 60Ga and
the apparent β feeding discussed in subsect. 4.2, we esti-
mated the sum of the Fermi and Gamow-Teller strengths
to be 1.8(5) for the IAS and 0.12(8) for the 2559 keV
state and 0.13(10) for the 1004 keV state. Considering the
uncertainty, the value of the experimental β strength for
the IAS is in agreement with the theoretical value of 2.0
for a pure Fermi transition, indicating that if part of the
β-delayed γ-rays remained unobserved in the experiment,
this will be only a minor fraction.
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5.2 Comparison of low-lying states of 60Zn and 62Zn
with shell-model predictions

The excitation energy of the newly assigned (2+
2 ) state

in 60Zn is higher by about 400 keV than that of the
corresponding level in neighbouring (A = 62–66) even-
even zinc isotopes. In order to interpret this unusual phe-
nomenon, we compare in fig. 7 the experimental energies
of the 2+

1 , 4+
1 and 2+

2 states in 60Zn and 62Zn with shell
model predictions. For the latter purpose, we have chosen
the KB3G [29] interaction (see [13] for a recent example
of using various interactions for calculating the β-decay
properties of 56Cu), and performed a large-scale calcula-
tion by using the code ANTOINE [30]. The truncation
level t of the calculation, given as abscissa in fig. 7, iden-
tifies the maximum number of nucleons which are excited
from the f7/2 orbital to other pf shell orbitals. At t = 6,
400 · 106 and 525 · 106 basis states are used for 60Zn and
62Zn, respectively.

The trend of the levels with increasing number of
particle-hole (ph) excitations indicates that the shell-
model calculation has converged with t = 6. This is also
born out by the fact that for the 60Zn ground state, which
can be calculated untruncated (2.3 · 109 basis states), the

Fig. 7. Excitation energies of the 2+
1 , 4+

1 and 2+
2 states in

60Zn and 62Zn: experimental values are compared with shell-
model predictions given as a function of the number of particle-
hole excitations taken into account (or truncation level t). For
clarity only even t values are shown.

t = 6 truncation level results only in a 25 keV deficiency in
the binding energy. The Iπ = 2+ states are nicely repro-
duced, especially the step in excitation energy of the 2+

2
level from 62Zn (and the heavier isotopes) to 60Zn. The 4+

state in 60Zn seems to be slightly overbound and it is not
clear whether this is due to a deficiency of the interaction,
or to the neglect of the g9/2 orbital.

As for the nature of the discontinuity of the 2+
2 state,

it is interesting to note that an identical effect is observed
in 20,22Ne. The nuclei 60,62Zn with respect to the doubly
magic 56Ni are the pair of nuclei corresponding to 20,22Ne
with respect to 16O. It has been pointed out earlier [31],
that the f5/2, p1/2, p3/2 orbitals correspond to the d5/2,
s1/2, d3/2 orbitals in a pseudo-spin scheme. It was shown a
long time ago [32] and studied systematically recently [33]
that SU(3) provides a viable truncation scheme to repro-
duce the trend in 20,22Ne. Especially the occurrence of
a low-lying 2+

2 state in 20Ne, which is assigned to the γ
vibrational band, is nicely reproduced in the schematic
calculation of ref. [32] as a consequence of SU(3) symme-
try in contrast to 22Ne. Therefore, we conclude that the
observed discontinuity in 60,62Zn is of similar microscopic
origin as in 20,22Ne. It is intriguing to infer from the ab-
sence of this 2+

1,2 behaviour in the 44,46Ti pair of isotopes
above the doubly magic 40Ca, situated in a pure f7/2 shell,
a supportive argument for the SU(3) structure above 16O
and 56Ni. It should be noted, however, that large-scale
and Monte Carlo shell model studies have shown that low-
lying states in 44,46Ti are strongly distorted by 40Ca core
excitations [34,35], as known since long from experiment.

5.3 Masses and mass differences

Coulomb-energy systematics [26] allow us to determine the
energy difference between the 2+, T = 1 ground state of
60Ga and the 2+, T = 1 IAS in 60Zn to be 9324(60) keV.
The uncertainty of this semiempirical value was ob-
tained as a mean-square deviation between experimentally
known 2+, T = 1 Coulomb displacement energies of A =
50–60 nuclei and the corresponding prediction according
to [26]. This result, together with the excitation energy of
4851.9(5) keV of the IAS yields a semiempirical QEC value
of 14180(60) keV for 60Ga. Furthermore, by using this re-
sult and the known mass excess values of −54183(11) keV
for 60Zn and −47260(40) keV for 59Zn [17], we deduced
the semiempirical results of −40010(60) keV for the mass
excess of 60Ga and 40(70) keV for its Sp value. As the
latter is compatible with zero, 60Ga can indeed be called
a proton drip-line nucleus.

The new experimental information that has been
gained on the 60Ga decay is confronted in table 3 with the-
oretical predictions. The semiempirical mass and mass dif-
ference data from this work agree with the corresponding
values extrapolated from systematic trends [17] or deter-
mined by calculating Coulomb-energy differences between
mirror nuclei on the basis of the shell model [36,37]. The
macroscopic-microscopic model, based on the finite-range
droplet model and the folded-Yukawa single-particle po-
tential, “underbinds” 60Ga, as can be seen from the less
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Table 3. Experimental and theoretical data on QEC, mass
excess, Sp and T1/2 values of 60Ga.

This work Predicted Ref.

QEC (keV) 14180(60) 14183(111) [17]
14130(67) [36]

14570 [38]

Mass excess (keV) −40010(60) −40000(110) [17]
−40050(66) [36]
−39200 [38]

Sp (keV) 40(70) 30(150) [17]
80(77) [36]
28(19) [37]
−490 [38]
−260 [39]

T1/2 (ms) 70(15) 59.2 [38]

48.5–73.0(a) [40]
> 0.0012 [17]

(a) Range of values due to different mass predictions.

negative mass excess and the negative Sp value [38]. The
same is true, even though to a lesser extent, for the predic-
tions obtained by using a relativistic Hartree-Bogoliubov
model [39]. The half-life of 60Ga agrees with the values
predicted by the macroscopic-microscopic model [38] and
the QRPA model [40].

5.4 Implications for the rp-process

The Sp values of neutron-deficient gallium isotopes are of
crucial importance for the rp-process as they determine
at which zinc isotope i) a captured proton is not removed
right away by strong photodisintegration of the weakly
proton-bound gallium isotone and ii) the rp-process can
proceed to heavier elements via fast proton captures. Of
special importance is the question to which degree the
β-decay of the potential long-lived waiting point nucleus
60Zn can be bypassed by proton captures on 59Zn or 60Zn.
This depends sensitively on the Sp values of 60Ga and
61Ga. Recent calculations [41], which assumed an Sp value
of 30(150) keV [17] for 60Ga in agreement with the result
obtained in this work, have shown that only a small frac-
tion of 10−4 [42] of the rp-process flow runs through 60Ga,
while its dominant part involves the β-decay of 59Zn. This
is due to the small Sp value of 60Ga. Furthermore, when
considering the neighbouring zinc isotope 60Zn as a can-
didate for an rp-process waiting point, one has to take
into account that its effective half-life is supposed to be
strongly reduced due to proton capture [42].

5.5 Beta-delayed particle emission

Considerations of spin and parity of the states involved
(see subsect. 4.3), and of the selection rules for βγ, βp

and βα-decay, allow us to restrict the 60Zn states that
contribute to α and proton emission. From the 1+, 2+

and 3+ states in 60Zn, populated by allowed β-decay of
60Ga, only the 2+ levels can emit α-particles. The an-
gular momentum carried by the emitted particle has to
be l = 2 for βα and l = 1 for βp emission. WKB cal-
culations performed for 0.9 MeV protons and 3.3 MeV
α-particles, emitted from a 60Zn level with an excitation
energy of about 6 MeV, show that the probability to ob-
serve βα is several orders of magnitude smaller than for
βp. Taking into account the observation of less than 10
“candidate” βα events observed at an energy of 1 MeV
(see subsect. 4.4), the observation of βα from the 60Ga
decay was evidently beyond the sensitivity of our mea-
surement. According to the angular-momentum selection
rules mentioned above, l = 2 α-particles could be emitted
also from the IAS. The corresponding α line, which would
have an energy of 2.0 MeV, was not unambiguously ob-
served in the ∆E spectra taken in anticoincidence with
the E detectors, except for a weak indication based on a
few events (see fig. 5). This is not surprising as the α-decay
of the IAS is forbidden due to isospin selection rules.

6 Summary and outlook

By combining heavy-ion–induced fusion-evaporation reac-
tions with on-line mass separation, we succeeded to study
the β-decay of the TZ = −1 odd-odd nucleus 60Ga for the
first time. Its half-life was measured to be 70(15) ms, and
information has been gained on its βp and βγ properties,
as well as on the QEC, the mass excess and the Sp value of
60Ga. The semiempirical estimate of 40(70) keV for the Sp

value indicates that 60Ga can indeed be considered to lie
right at the proton drip-line. The half-life value obtained
in this work agrees with that reported [43] at a recent
conference.

For other members of the TZ = −1 odd-odd nuclei,
such as 44gV [8], 48Mn [10] and 52gCo [8], experimen-
tal β-decay data were used to test predictions for exci-
tation energies in the daughter nuclei and Gamow-Teller
strengths, obtained by large-scale shell model calculations.
Such a comparison is of interest for probing the assump-
tions made in developing the interaction used in the cal-
culation, which is also relevant to astrophysical problems
related to the rp-process or the EC cooling of supernovae.
To reach this goal, however, a considerable increase of the
quality of the 60Ga data is needed, which involves further
experimental improvements.

The relative positions of the 2+
1,2 states in 60,62Zn show

a close resemblance to 20,22Ne, which can be traced back
to an equivalent microscopic structure in a pseudo-SU(3)
scheme. Whether this opens the possibility for a viable
truncation scheme in regions where untruncated large-
scale shell model calculations are impossible, as e.g., be-
yond 100Sn, is still an open question. The abundantly
available low- and high-spin data along the N = Z line
beyond 56Ni await a quantitative theoretical analysis in
terms of pseudo-SU(3) in comparison to a full shell model
calculation.
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