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Preliminary results of an experimental study of the β-decay of the exotic
Tz = −2, 56Zn nucleus and other proton-rich Tz = −1 nuclei are presented.
The ions were produced at GANIL using fragmentation reactions, sepa-
rated by the LISE3 spectrometer and implanted in a double-sided silicon
strip detector surrounded by Ge detectors. The half-lives of 56Zn and four
Tz = −1 nuclei in the fp-shell have been measured. While the decay of
the Tz = −1 nuclei proceeds essentially by β-delayed gamma emission, in
the case of 56Zn β-delayed proton emission is also observed. Moreover,
the exotic β-delayed gamma-proton decay is seen for the first time. The
information from the decay study has been used to determine the absolute
Fermi and Gamow–Teller transition strengths. The results for 56Zn have
been compared with the mirror Charge Exchange process, the (3He,t) re-
action on the Tz = +2, 56Fe target nucleus. This comparison is important
for understanding the 56Zn decay data.
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1. Introduction

The beta decay is a weak interaction process, where the well-known τ
and στ operators govern the Fermi (F) and Gamow–Teller (GT) transitions,
respectively. The GT transitions are the most common weak interaction pro-
cesses of στ type in atomic nuclei. Due to their simple (∆L = 0, ∆S = 1)
nature, they are an important tool for the investigation of nuclear structure,
especially for unstable nuclei. Charge-Exchange (CE) reactions are a strong
interaction process, however, under some experimental conditions, they also
proceed by F and GT transitions [1, 2]. Under the assumption of isospin
symmetry, the β-decay of proton-rich nuclei and CE reactions on the mirror
stable target nuclei complement each other. Therefore, the combined anal-
ysis of these mirror processes [1, 3] allows the determination of the absolute
GT strengths up to high excitation energies.

Based on these ideas, a series of β-decay experiments and CE reactions
starting from mirror nuclei were carried out. The β+ decays of the Tz = −1
42Ti, 46Cr, 50Fe and 54Ni nuclei were studied at GSI [3–5]. The results
motivated further investigations on more exotic Tz = −1, fp-shell nuclei
and the Tz = −2, 56Zn nucleus, which have been studied at GANIL. The
β−-type mirror CE reaction on the Tz = +2, 56Fe target nucleus was carried
out at RCNP Osaka [6] using the (3He,t) reaction at 140 MeV/u and θ = 0◦.

2. The experiment

The experiment was mainly focused on 56Zn. Data were also taken for
the Tz = −1, 58Zn nucleus, of astrophysics interest since it constitutes a
waiting point in the rp-process. The experiment was performed in 2010
at the LISE3 facility of GANIL [7]. A 74.5 MeV/u 58Ni26+ primary beam
with average intensity of 3.7 e µA was fragmented on a 200 µm natNi tar-
get. The fragments were selected by the LISE3 separator and implanted
into a Double-Sided Silicon Strip Detector (DSSSD), surrounded by four Ge
EXOGAM clovers for gamma (γ) detection. The 300 µm thick DSSSD, with
16×16 strips and a pitch of 3 mm, was used both as an implantation detector
and to detect the subsequent decays, using two parallel electronic chains with
different gains. The implanted nuclei were identified on an event-by-event
basis thanks to the measurement of the energy loss ∆E in a silicon detector
before the DSSSD, and the Time-of-Flight (TOF) measured between the cy-
clotron RF and the ∆E detector. Implantation events were those triggering
the ∆E detector. Decay events were triggered by a signal above threshold
(typically 50–90 keV) in the DSSSD, with no coincident signal in the first
∆E detector.
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3. The half-life analysis

The identification of the implanted nuclei on an event-by-event basis
using the two dimensional ∆E–TOF matrix makes possible the selection
of the ion of interest by applying off-line gates on such a matrix. The
implantation signals were recorded in the X and Y strips of the DSSSD,
which define the implantation pixel for each event. A low gain amplification
was used for the implanted ions, while high gain amplification was used for
the decay signals. The correlation time was defined as the time difference
between a decay event in a given pixel of the DSSSD and all the implantation
events that occurred before and after it in the same pixel that satisfied
the appropriate conditions to select the nuclear species. This procedure
ensured that true correlations were taken into account. However, many
random correlations were also included and, as expected, they produced a
large constant background that had to be accounted for when performing
the half-life analysis. Finally, the half-life value of the nucleus of interest
was obtained by fitting the correlation-time spectrum with a function which
included the radioactive decay of the nucleus of interest, the growth and
decay activity of the daughter nucleus, and a constant background.

3.1. Half-life results for the Tz = −1 nuclei

The half-lives obtained with the above procedure for the Tz = −1 nuclei,
produced with magnetic settings optimized for 58Zn, are shown in Table I.
In these nuclei, the β-delayed proton (p) emission is not important and,
essentially, only β-delayed γ decay is observed. Usually, the β decay of the
daughter leads to a stable or long-lived nucleus. The half-lives measured for
the Tz = −1 nuclei are in agreement with the results of a previous GANIL
experiment [8] and the literature values.

TABLE I

Experimental T1/2 values of various Tz = −1 proton-rich nuclei produced in the
58Zn setting.

Nucleus T1/2[ms] Number of implantations
58Zn 88± 5 82138
56Cu 82± 2 554374
54Ni 115± 4 263497
52Co 124± 23 19483
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3.2. Half-life of the Tz = −2, 56Zn nucleus

The decay of the Tz = −2, 56Zn nucleus is more complex than the
Tz = −1 cases discussed above, because both β-delayed γ rays and β-delayed
p-emission are present (see the discussion in Section 4). The 56Zn half-life was
determined by correlating the 56Zn implantations with the protons (DSSSD
energy above 800 keV, see the next section). The half-life was then ob-
tained by fitting the correlation-time spectrum with a function including
the β decay of 56Zn and a constant background to account for the random
correlations. A half-life T1/2 = 32.9 ± 0.8 ms was obtained for 56Zn.

4. The exotic decay of 56Zn

Preliminary results of the study of the Tz = −2→ −1, β+ decay of 56Zn
to 56Cu are summarized in Fig. 4. How we reach this stage will be presented
step-by-step. The decay will populate two kinds of state in the daughter
56Cu nucleus: the 0+ Isobaric Analogue State (IAS) and 1+ excited states,
populated by the Fermi and GT transitions, respectively. Since all of these
states are expected to lie well above 1 MeV [9] and the proton separation
energy is Sp = 560± 140 keV in 56Cu (from systematics [10]), it is expected
that these levels will decay via p-emission. The 56Zn β decay was already
explored in Ref. [9], where the β-delayed protons were observed and no
γ-ray de-excitation was observed. In the present experiment, a thinner
DSSSD detector was used than in the previous measurement and a better
energy resolution for the protons, 70 keV FWHM, was achieved.

The charged-particle spectrum for decay events correlated with the 56Zn
implantations, after subtraction of the random background, is shown in
Fig. 1. Most of the strength can be attributed to β-delayed proton de-
cay to the 55Ni ground state (g.s.), in accord with the very low Sp value.
The bump observed in the spectrum below 800 keV could be attributed to
β particles which are not in coincidence with protons. Four intense and two
weaker proton peaks are identified above 800 keV, which are labeled in Fig. 1
according to the corresponding excitation energies in 56Cu (in MeV). The
0+ IAS is clearly identified as the strong peak at 3508 keV (in agreement
with Ref. [9]). Most of the other levels correspond to the excitation of 1+

states in 56Cu via GT transitions.
The mirror Tz = +2 → +1 Fermi and GT transitions can be studied in

the β−-type CE reaction on the stable 56Fe target. Figure 2 shows the spec-
trum obtained from the high resolution 56Fe(3He,t)56Co reaction, performed
at RCNP Osaka [6], where the peaks are labeled by the excitation energies in
the final 56Co nucleus. A good correspondence is observed between the states
in the two mirror nuclei, 56Cu and 56Co, with the energies differing by less
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Fig. 1. Charged-particle spectrum measured in the DSSSD for decay events corre-
lated with the 56Zn implants. The peaks are labeled according to the corresponding
excitation energies in 56Cu (in MeV).

than 100 keV. Here, Ref. [10] was used for the estimation of Qβ and Sp, and
not the latest values given in Ref. [11]. Using the latter values [11], the same
comparison gives energy differences of ∼ 400 keV.

From the 56Cu spectrum in Fig. 1, one can notice that the proton peak
labeled as 3423 keV is wider than the others. The comparison with the
mirror 56Co spectrum in Fig. 2 suggests that the 3423 keV peak in 56Cu
probably contains three (or at least two) proton peaks corresponding to the
three levels observed in the mirror 56Co spectrum. Moreover, one of these
levels probably corresponds to the 0+ level observed in 56Co at 3531 keV
and is also fed by the Fermi transition, like the IAS. The fragmentation of
the IAS has been observed in this mass region and in the case of 56Co it is
attributed to the isospin mixing of the T = 2 and T = 1 states [6, 12].
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Fig. 2. 56Fe(3He,t)56Co reaction spectrum [6]. Peaks are labeled by the excitation
energies in 56Co.
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The proton decay of the 3508 keV, T = 2 IAS in 56Cu to the T = 1/2,
55Nigs is isospin forbidden, making the competing γ de-excitation possible.
Indeed, a γ line of 1834.5± 1.0 keV was observed (see Fig. 3) in coincidence
with the charged-particle decays correlated with the 56Zn implantations.
This energy agrees with the difference between the 3508 and 1691 keV states,
namely 1817± 15 keV, therefore this γ line is attributed to the electromag-
netic transition connecting these levels. Further confirmation arises from the
fact that the 1835 keV line is in coincidence with the p-decay from the level
at 1691 keV. Moreover, the half-life of the 1835 keV peak is T1/2 = 27±8 ms,
in good agreement with the 56Zn half-life. Since the 1691 keV level is also
particle-unbound (with an estimated width Γ ∼ 10−8 MeV), we have ob-
served a rare and exotic decay process, namely a beta-delayed gamma-proton
decay for the first time.
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Fig. 3. γ-ray observed at 1835 keV in coincidence with the charged-particle decays
correlated with the 56Zn implants.

Imposing coincidence conditions on the various proton peaks in Fig. 1,
two additional γ rays are observed. The first one is seen at 861 keV and
corresponds to the de-excitation from the 3508 keV IAS to the 2661 keV
state. The second lies at 309 keV and is related to the electromagnetic
transition connecting the 1691 and 1391 keV states. Thus, the level at
1391 keV could correspond to the 0+ anti-analogue state [13] at 1451 keV in
the mirror 56Co nucleus and could be indirectly populated by the γ decay
from the 1691 keV state, as occurs in 56Co. Finally, the small proton peak
seen at 2537 keV in 56Cu (Fig. 1) could correspond to the 2635 keV, 1+ level
in the mirror (Fig. 2). Since the latter is only weakly populated by CE at 0◦,
it is expected that the 56Cu, 2537 keV level receives indirect γ feeding from
the IAS at 3508 keV and only a small amount of direct β feeding.
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The 56Zn decay scheme summarizing all of the observations from the
present experiment is shown in Fig. 4. The 56Cu level energies have an
accuracy of ∼ 10 keV from the determination of the proton peak centroids,
the larger error indicated in Fig. 4 is due to the uncertainty in Sp [10].
Solid and dashed lines represent experimental observations and transitions
observed in the mirror 56Co nucleus, respectively. Three cases of β-delayed
γ-proton emission are seen experimentally, involving the levels at 2661, 1691
and 1391 keV and the γ rays at 861, 1835 and 309 keV.
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Fig. 4. The 56Zn decay scheme deduced from the present experiment. Solid lines
correspond to observed proton or γ decays. Dashed lines indicate transitions ob-
served in the mirror 56Co nucleus. The level energies are deduced from our data,
having an intrinsic uncertainty of ∼ 10 keV. The larger error comes from the un-
certainty in the proton separation energy.

Assuming 100% DSSSD efficiency for both implants and protons [9], a to-
tal proton branching ratio of 88.5±0.9% is obtained by comparing the total
number of 56Zn implantations with the number of protons observed above
800 keV (Fig. 1), where the uncertainty originates from reasonable assump-
tions in determining the integration limits for the protons. The missing
11.5 ± 0.9% is attributed to the β-delayed γ emission from the 1691 keV
level, where the estimated partial proton half-life is t1/2 ∼ 10−14 s, thus the
γ de-excitation can compete with the p-emission. A preliminary estimate
for such competition indicates that the γ decays are 56% and 66% of the
total decays from the IAS and 1691 keV state, respectively. The β feeding to
each level populated in 56Cu is estimated from the area of the proton peaks
and γ peaks, corrected for the amount of indirect feeding produced by the
γ de-excitation, which comes from the intensity of the observed γ lines and
estimations using the de-excitation pattern in the mirror 56Co nucleus [13].
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A preliminary value for the Fermi strength of the 3508 keV IAS state is
B(F) = 2.7± 0.5 units, instead of the expected value of 4. This is an addi-
tional confirmation that the 56Cu IAS is fragmented and thus the missing
Fermi strength goes to the lower state close to the observed 3423 keV peak
(value to be compared with 3527 keV in the mirror nucleus [13]).

This work was supported by the Spanish MICINN grants FPA2008-
06419-C02-01, FPA2011-24553; CPAN Consolider-Ingenio 2010 Programme
CSD2007-00042; MEXT, Japan 18540270 and 22540310; Japan–Spain Coll.
program of JSPS and CSIC; Istanbul Univ. Scientific Research Projects,
Num. 5808. We acknowledge the EXOGAM Collaboration for the use of
their clover detectors.

REFERENCES

[1] Y. Fujita et al., Phys. Rev. Lett. 95, 212501 (2005).
[2] T.N. Taddeucci et al., Nucl. Phys. A469, 125 (1987).
[3] Y. Fujita, B. Rubio, W. Gelletly, Prog. Part. Nucl. Phys. 66, 549 (2011).
[4] F. Molina et al., AIP Conf. Proc. 1265, 49 (2010).
[5] F. Molina, Ph.D. Thesis, Valencia University (2011).
[6] H. Fujita et al., Phys. Rev. C88, 054329 (2013).
[7] A.C. Mueller, R. Anne, Nucl. Instrum. Methods B56-57, 559 (1991).
[8] B. Rubio et al., Proc. of the Int. Conf. on Nuclear Data for Science and

Technology, New York 2013, in press.
[9] C. Dossat et al., Nucl. Phys. A792, 18 (2007).
[10] G. Audi et al., Nucl. Phys. A729, 3 (2003).
[11] G. Audi et al., Chin. Phys. C36, 1157 (2012).
[12] T.D. Dzubay et al., Nucl. Phys. A142, 488 (1970).
[13] W.D. Kampp et al., Z. Phys. A288, 167 (1978).

http://dx.doi.org/10.1103/PhysRevLett.95.212501
http://dx.doi.org/10.1016/0375-9474(87)90089-3
http://dx.doi.org/10.1016/j.ppnp.2011.01.056
http://dx.doi.org/10.1063/1.3480250
http://dx.doi.org/10.1103/PhysRevC.88.054329
http://dx.doi.org/10.1016/0168-583X(91)96095-3
http://dx.doi.org/10.1016/j.nuclphysa.2007.05.004
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.001
http://dx.doi.org/10.1088/1674-1137/36/12/001
http://dx.doi.org/10.1016/0375-9474(70)90807-9
http://dx.doi.org/10.1007/BF01408646

	1 Introduction
	2 The experiment
	3 The half-life analysis
	3.1 Half-life results for the Tz = -1 nuclei
	3.2 Half-life of the Tz = -2, 56Zn nucleus

	4 The exotic decay of 56Zn

