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Abstract

Beta decay of®Zn has been studied for the first time. A new laser ion-source concept has been
used to produce mass-separated sources for beta and gamma spectroscopy. The haffdife of

was determined to be 86(18) ms. Comparisons are made with previous data from charge-exchange
reactions. Our Gamow-Teller strength to tHestate at 1051 keV excitation MCu agrees well with

the value extracted from a recedHg, t) study. Extensive shell-model calculations are presented.
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1 Introduction

The study of beta decay provides a direct method to obtain information on the Gamow-Teller (GT)
strength, but it carries the limitation set by tQevalue. For this reason, charge-exchange reactions have
often been applied to extract GT strengths over a wider energy range. In particular, the cross section of a
charge-exchange reaction at small angles and intermediate energies yields the GT transition strength [1].
However, this method has not been tested widely enough in view of its importance to understanding the
fundamental problems of GT quenching and solar neutrinos [2, 3]. It is to be noted that so far charge-
exchange reactions have only been performed on stable target nuclei.

Various charge-exchange reactionsNi at intermediate energies have been studied in great
detail. They include®Ni(p, ny’**Cu [4], >*Ni(*He, tf3Cu [5, 6] and®®Ni(°Li, °He)’*Cu [7]. The lower-
lying region of the same states #iCu can be reached via beta decay’®Zn. Thus it is possible to
obtain a direct comparison between charge-exchange reactions and beta decay.

Taking into account that®Zn is not very far from stability and that the decays®&Zn [8] and
%Zn [9, 10] are known, it is surprising that so little is known about the beta deca§iZof. Seth et
al. have measured its mass with an accuracy of 50/k&With the double-charge-exchange reaction
BNi(rt, 77)%%Zn [11] leading toQrc = 9370(50) keV for °Zn [12]. The half-life of*®*Zn beta decay
has not been measured so far, but Honkanen et al. [13] have reported a short-lived delayed-proton activity
which agrees with the half-life limits of 50—80 ms set by the predictions [14].

2 Experimental method

The present study was performed at the ISOLDE on-line separator facility at CERN [15]. Isotopes
of interest were produced in spallation reactions on Nb induced by a pulsed 1 GeV proton beam from the
PS/Booster with an average beam intensity of;238 The effective target thickness was about 48 ¢/cm
The target was heated to 2000—-2100t0 speed up the release of Zn isotopes from it. A chemically
selective laser ion source (LIS) was employed to obtain a pl#e beam in spite of the much larger
production cross sections of isobaric contaminants sucfiGs and®®Mn. These two were observed
during the experiment, but with much lower yields than expected for a conventional surface ionizer.
More details of the new LIS scheme for Zn can be found in Ref. [16].

The Zn beam was implanted into a movable aluminized mylar tape surrounded by a detector setup.
The latter consisted of a large (70%) high-purity Ge detector for gamma rays, a beta telescope and a novel
charged-particle detector employing a ga& detector and a Si detector [17]. The data were stored in
list mode with each event tagged with the time from the last proton pulse hitting the target and with time
marks of each parameter counted from the master trigger. In addition, singles spectra were accumulated
in multispectrum mode.

A large fraction of the beam time was devoted to tests of the target and ion source, and to tuning
the new laser-ionization scheme shown in Fig. 1. The efficiency of laser ionizing stable Zn isotopes was
measured to be about 5%. Release-time measurements for the target and the ion source showed a fast
release of Zn with typical release parametgrs= 120 ms, 7+ = 500 ms, 7, = 13 s anda = 0.74 in
the notation of Lettry et al. [18]. These values correspond to a release fraction of 0.5% for a half-life of
65 ms.

The main4 = 58 contaminant iS*Mn. This is because its production rate is very high in spallation
of Nb and because Mn is easier to surface-ionize than Zn. In addition, the vapour pressure of Mn is high
compared to Cu at the operating temperatures of the target and ion source. With the LIS the amount of
%8Cu contamination was negligible and the amount®®fin was considerably reduced, although it was
still as high ast x 10* ions/s. This number is much higher than the production rate of Zn, 8 ions/s.
Fortunately it was possible to increase the ratio®@n activity to**Mn activity by making use of the
large difference between their half—livéEl[/2(58Mn) = 65.3 s]. In Table 1, the yields of Mn, Cu and Zn
isotopes from a plasma ion source and the laser ion source show enhancement faeg880énd 70
for the ratios Zn/Cu and Zn/Mn, respectively.



3 Results

The nucleus®Cu is unusual in that th& = 1, J™ = 0T isobaric analogue state (IAS) lies only
203 keV above th@ = 0, J™ = 17 ground state. The strong gamma transition between these states en-
abled us to measure the half-life of the beta deca{dh. The time behaviour of the beta-gated 203 keV
gamma transition is presented in Fig. 2. The half-life was fitted by assuming one-component decay and
no background. This first measurement of the half-life of the beta dec&3Zof gave 86(18) ms, in
good agreement with the value of 50-80 ms expected from systematics [14] and with the observation of
Honkanen et al. [13].

Because of the low yield 0fZn and the large fraction of beta feeding due to the Fermi transition
to the IAS, we could observe only one additional beta branch, namely the GT transition to an excited state
at 1051 keV. This GT transition was identified by observing an 848 keV gamma transition de-exciting
the 1051 keV level. From the intensity ratio of the 203 and 848 keV gamma transitions we found the
feeding ratio to the states at 1051 and 203 keV. The beta-gated gamma spectrum is shown in Fig. 3. No
beta-delayed proton decay was observed, which sets an upper limit of 3% on this decay branch.

To extract the beta strength we have used the formula

C

"= B®+BET)

1)
The reduced transition probabilities are related to the standard squared Fermi and Gamow-Teller matrix
elements [19] according to

B(F) = (Mp)*, B(GT) = (9a/9v)*(Mar)*. (2)

For the constants we usé= 6145(4) s [20] and|ga /gv| = 1.266(4) [21].

The partial half-lifet to the excited state at 1051 keV was deduced as follows. The transition to
the IAS is of pure Fermi character witB(F) = 2, whencelog ft = 3.48. With this value and Eq. (1)
we get, fromQgrc = 9370(50) keV [12] andT;,, = 86(18) ms, a 74(16)% feeding to the 203 keV
state. The experimental ratio of the beta feeding to the 1051 and 203 keV levels was deduced from the
measured intensities of the 848 and 203 keV gamma transitions. This ratio and the above beta feeding
of the IAS result in a 12(6)% beta feeding to the 1051 keV state. The corresponding GT strength from
Eq. (1) isB(GT;1051) = 0.54(26). We may assume that the remaining 14(17)% of the beta intensity
feeds the ground state, which giveg ft4.3 or B(GT)0.31. The partial decay scheme $Zn is shown
in Fig. 4.

4 Shell-model calculations

We undertook a series of shell-model calculations with the code OXBASH [22] applied to recent
numerical Hamiltonians [23, 24] fitted to the fp shell. Previous shell-model calculations on the relevant
A = 58 nuclei have been reported by Rapaport et al. [4] and Fujita et al. [5] in connection with their
studies of charge-exchange reactions. The latter theoretical results draw on large-scale calculations by
Nakada et al. [25]. All calculations are carried out in the isospin formalism.

Our shell-model space is based on an iffg€ta,, core and it includes the orbitals;1§, 2p; 2,
1f5,, and 2p /». The previous calculations have used the same orbitals, with their occupation structured

for the present casgiNis, 55 Cuigg, 35Zn5g) AS

(1f7/2)16_k(2p3/27 152, 2p1/2)2+k ) 3)

Rapaport et al. include all configurations with= 0 and 1, while Nakada et al. extend their space to
k= 2.

We performed preliminary calculations with the Hamiltonian of van der Merwe et al. [24] explic-
itly tailored tok = 0 and 1. The excitation spectrum fNi was well reproduced, but that 8fCu was
much too compressed.
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Our main shell-model calculations used the full-fp- space Hamiltonian FPD6 of Richter et al.
[23]. After trial calculations withk = 0,1, 2, we opted for a truncation scheme we believe to be more
consistent. This truncation scheme, due to Horoi et al. [26], is based on early work by French and Ratcliff
[27]. Init, anm-scheme average energy is calculated for each configuration, and all configurations up to
a user-chosen cutoff energy are included.

In our work the cutoff excitation energy was 21.2 MeV. This produced a list of 30 configurations,
which included most = 2 and twok = 3 configurations. The resultingT matrix dimensions were
only a few thousands, but convergence problems appeared with a higher cutoff. The excitation energies
were well reproduced; see Fig. 5. We also checkedte — Z) sum rule [28] for GT transitions from
%87n, with the result that 91% of the sum rule is carried by the final states included in the space.

5 Discussion

Beta decay of®Zn provides an excellent test of the validity of charge-exchange reactions as a
probe of GT strength in medium-heavy nuclei. Beta-decay half-lives deduced from GT strengths ob-
served in charge-exchange reactions are listed in Table 2 and can be compared with the measured beta-
decay half-life of 86(18) ms. The agreement is good between the reaction and decay studies, as expected
from the Fermi dominance.

Table 2 also shows our shell-model results for comparison. The well-known global trend is that
the shell-model overestimates GT strength by nearly a factor of two. This is indeed the case for the GT
transition to the 1051 keV level, whereas for the ground-state transition the shell-model prediction is a
factor of two toosmall Figure 6 shows our shell-model prediction up to 16 MeV excitatio @u, with
the (p, n) data [4] displayed for comparison; only the two lowest states are seen in beta decay. In spite of
the differences in detail, the cumulative strengths roughly parallel each other up to some 12 MeV. This
is seen in Fig. 7, which shows the cumulative GT strengths from the experiment [4] and the shell model.
Only in the high-energy region does the shell model display the expected overestimation.

The population of the first excitett™ state in®®Cu at 1051 keV agrees well with the results from
charge-exchange reactions, particulafiié, t), as seen from Table 2. The fact that G T) value for
the 1051 keV state from the (p, n) study is somewhat higher than those from beta deciyeyirhay
be due to differences in resolution. The relatively poor resolution of the (p, n) study makes it difficult to
extract individual strengths for thie™ ground state, the IAS at 203 keV and the state at 1051 keV.

It is known from an old {He, t) reaction study [29] that the transition to the excited state at
1051 keV involvesl = 2 transfer, which is required to explain the measured angular distribution of
tritons. Nevertheless the recefdtg, t) study at intermediate energies (150 MeV/u) [5] compares well
to our results, suggesting that this reaction at these bombarding energies provides an appropriate choice
for extracting GT strength. Contrariwise, a major difference was obtainedftobidden transitions
when comparing GT strength extracted from beta decalf©& and the reactio? Ar(p, n)**K [2]. It
was possible to describe the difference by means of an empirical (p, n) operator. This operator was first
introduced to explain cases where (p, n) GT strength was enhanced relative to beta decay [30].

The non-observation of protons in the present study corresponds to an upper limit of 3% on a
beta-delayed proton branch. This value agrees well with the 2.4% we deduce from the (p, n) GT strength
[4] above the proton binding energy and inside the beta-decay window. A future observation of protons
would be of interest for information on higher-lying GT strength. This is particularly important because
at higher"8Cu excitation energies the extraction of GT strength from charge-exchange reactions involves
subtraction of background due to higliealues. This background increases with an increasing excitation
energy, which makes its subtraction delicate.

Finally, it would be important to redetermine the fractio”®€u beta decays to ti&Ni ground
state. The strength of this transition, so far measured in only one experiment [31], is used for the calibra-
tion of B(GT) values from thé®Ni(p, n) and®*Ni(*He, t) reactions.
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Figure 1. New ionization scheme for Zn, used for the first time in this experiment to enhance the yield
of Zn over the copiously produced isobaric contaminants. The strong UV-laser beam needed for the first
resonant step of Zn is achieved via frequency tripling of the dye-laser light [32].
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Figure 2: Intensity of the beta-gated 203 keV gamma transition, measured as a function of the time
elapsed after closing the beam gate. One-component fitting resulted in a half-life of 86(18) ms.
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Figure 3: Gamma spectrum obtained in coincidence with beta decay in time interval 20-450 ms from the
preceding proton pulse. The beta window was restricted to enex@@66 keV to enhance the intensity

of gamma transitions following beta decay®$Zn. In addition to the 203 keV line originating from the

beta decay of®*Zn one can observe only gamma transitions from the beta dec&Muf. The insert
shows an enlargement of the spectrum in the region where the 848 keV transition was observed.
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Figure 4: Decay scheme &tZn as obtained in this study.
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Figure 5: Experimental [33] and calculated excitation energies of low-lying levéfQa.
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Figure 6: Gamow—Teller strength fotCu final states from the (p, n) reaction [4] and our shell model.
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Figure 7. Cumulative Gamow-Teller strength from the (p, n) reaction [4] and our shell model.
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Table 1: Production rates 6¥Zn, °*Cu and®*Mn in a hot-plasma ion source and our laser ion source
coupled to a Nb-foil target. For the plasma ion source, the Zn and Cu data are extrapolated from heavier
isotopes.

Nucleus Production rate [ions/s]

Hot plasma LIS

587n 2 8
58Cu 6 x 103 <8
58Mn 7 x 10° 4 x 104

Table 2: Gamow-Teller strengths to low-lying states’iCu and half-life for®zZn beta decay from
various sources:Ni(p, n)°**Cu [4], ®Ni(3He, tP®Cu [5], the present experiment and our shell-model
calculations (SM). For charge-exchange reactiBi&T; g.s.) is taken from the ground-state beta decay
of ®®Cu [31]. The half-lives from charge-exchange data were evaluated frof(G&) values by using
Qrc = 9370(50) keV [12].

Source  B(GT;gs.) B(GT;1051) T/, [ms]

(p, ) 0.264(6)  0.72(14) 82
(*He, 1) 0.264(6)  0.46(10) 86
587Zn(3+) 0.31 0.54(26) 86(18)
SM 0.144 1.122
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