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The -decay properties of neutron-rich ssion fragments of Cu, 4, and
Ga isotopes were studied at the Holi eld Radioactive lon Bean Facility.
Beams of”® °Cu, ® 81zn, and 8 8Ga were formed and delivered to two
new end-stations at the facility. The Low-energy Radioactve lon Beam
Spectroscopy Station is a traditional on-line low energy (D0 keV) beam
line with 4 clover Ge detectors, two half-cylindrical plastic -detectors, and
a moving tape collector. In addition, many of the beams were acelerated
to above 2 MeV/u and delivered to a micro-channel plate and tansmission
ion chamber located just in front of the same detector setup.In both cases,
ne adjustment of an isobar separator was used to enhance thésotope of
interest. Excited levels in the daughters and -delayed neutron branching
ratios were measured and used to con rm isotope identi cation. The decays
from "°Cu and 8Ga were observed for the rst time as was the®*Ge 2]
level populated by and n decay channels.
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1. Introduction

The decay properties of nuclei around doubly magid®Ni are an impor-
tant testing ground for the shell model in regions far from sability. Single
particle levels shift as more neutrons are added in isotopichains. This may
be caused by the tensor interaction weakening the spin-orbisplitting and
can lead to smaller shell gaps as well as changes in the groustéite spin and
parities of an isotopic chain. A recent theoretical study byOtsuka et al. [1]
indicated this change to occur in the copper isotopes arounéd =75 where
the f5-, proton orbital is lowered below the ps—, orbital. In addition, the
rising f,—, orbital may cause the reduction of the in uence of theN = 50
shell gap in heavier Cu isotopes. Other orbitals which may ba ected sim-
ilarly are the neutron orbitals above the N = 50 where the s;-, orbital is
lowered relative to the ds-, and g,—, orbitals. This region of nuclei also bor-
ders the isotopes involved in the astrophysical r-processnd their half-lives,
masses, and decay properties can in uence the rate at whicheavier masses
are produced.

The isotopes in the present study are indicated in Fig. 1 and@me results
have been reported [2 5] previously. They are most easily mduced through
the asymmetric ssion of 228U and separated by the isotope separator on-
line (ISOL) method [6]. These methods are able to produce beas with
intensities ranging from less than one to several thousancbns per second
from which the decay of these isotopes may be studied.
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Fig.1. Chart of nuclei indicating the isotopes studied in this work.
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The copper isotopes lie just above th& = 28 closed shell nickel isotopes
and can be used to track changes in the proton orbital energyelels. Zinc iso-
topes lie just above copper and thei2* energies can be used to track nuclear
collectivity changes across the isotopic chain. Gallium istopes lie slightly
higher and border the r-process boulevard the route of wigh depends on
neutron density. Beta-delayed neutrons provide mass changdg decay events
and a ect the nal isotopic mix during the cool-down stage of the r-process
as well as in reactors and other ssion-process devices. Thudecay studies
of these very neutron-rich nuclei provide information impatant to a wide
range of physical processes.

2. Experimental setup

Beams of neutron-rich ssion fragments were provided by the fdli eld
Radioactive lon Beam Facility. A 54 MeV beam of protons with intensity
of 1015 A bombarded a pressed-powdered uranium carbide target. Fis
sion products were released from the target, positively iadmed, and formed
into a beam which was subsequently passed through two-stagef magnetic
mass ltration and an optional charge exchange cell locatedbetween the two
stages. The last stage is a two-sector dipole magnet (isobaeparator) with
nominal resolving power of 20,000. In practice, beam emittace limits its
mass resolution toM= M = 5000 10000.

Two di erent experimental set-ups were used and are illustated in the
sketches of Fig. 2. In the Low-energy Radioactive lon Beam Sp&oscopy
Station (LeRIBSS) set-up [7], a 200 keV mixed isotope beam, éanced in
purity by the upstream isobar separator, is implanted into a moving tape
(MTC) which is used to transport the activity to and/or fromt he measuring
station which is comprised of Ge detectors and plastic -counters. In the

Fig.2. Sketches of the experimental set-ups for LeRIBSS (f§ and ranging out
(right). Two of the four clover Ge are not shown. The MCP was na used in the
LeRIBSS data. See text for details.
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ranging out data, the negatively charged beam is acceleratieto 2 3 MeV/ u
by the HRIBF tandem accelerator, passed through a microchangl-plate-
plus-thin-foil detector (MCP) and a transmission ion chamber (IC) [8]. If
the moving tape is in position 1, the gas pressure in the IC is@usted to
range out heavierZ components of the beam. The lowerZ components
pass though the detector and are implanted on the tape whichransports
them to the Ge measuring station. In position 2, the pressurés lower and
all components are tagged and identi ed by their energy-los signals. For
very short-lived decay events Ti—», < 200 ms), implantation rates can be
low enough that time correlations with the MCP may be used to @mhance
identi cation of events. Note that the MCP was not used in the LeRIBSS
data.

The two set-ups each have advantages over the other. LeRIBSSam
make use of positive ions and hence, does not require chargeckeange or
acceleration by the tandem. Both processes can cause largesses of inten-
sity. Charge exchange, while helpful in some cases for isgte selectivity,
also increases emittance and degrades the performance oktisobar sepa-
rator. Thus, the highest beam intensities are available at ERIBSS. The
advantage of ranging out is the higher energy of the beam whHicallows
technigues such as individual beam particle tagging and id#i cation. This
is dicult, if not impossible, at 200 keV. Thus, despite the overall lower
intensity of the beam and poorer isobar separator performare, essentially
pure and counted samples of the desired neutron-rich isot@pare possible.
The sample is then transported to the measuring station whes its decay
and that of its daughters can be observed. In both techniquesve can mea-
sure absolute -delayed neutron branching ratios by detecting transitions
in the A 1 daughters, knowing the -ray e ciency of our experiment,
tracking the subsequent daughter decays in order to correcany direct
feeding (unobserved) to the ground state, and knowing an almute decay
branch/intensity in a daughter. Ranging-out allows a consstency check as
one knows the number of ions deposited in the sample.

This paper reports on data collected with both set-ups. LeRBSS was
used to study ® 7“°Cu and 7° 81zn. Ranging out was used to study
76 Cu and  ®Ga. In this report, we con ne ourselves to presenting
data only on the most neutron-rich isotopes.

3. Experimental results

3.1. Decay of ”® "9Cu isotopes

The decays of’® 7’Cu were studied at LeRIBSS primarily with negative
ions in order to suppress the nearby Zn isotopes as they do nédrm negative
ions. Positive ions of’°Cu were attempted but the much larger yield of"°Zn
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dominated the spectrum. This was the rst attempt at using positive ion
beams at 200 keV and illustrates that we must better understad what is
coming out of the ion source with positive charge, as well ade tune through
the isobar separator as we explore these new capabilities.h€& ranging out
set-up was used to study’® "°Cu.
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Fig. 3. Partial decay schemes deduced in the present work. aration energies and
Q -values are from [9]. Not all states indicated in the neutrorrbranch daughters
were necessarily observed via-delayed neutron decay.

The decay of "°Cu, shown in Fig. 3, was only observed through the -
delayed neutron branch which must be large. The 730 ke\2* state in 78Zn
was the only state observed. The beam rate was on the order 0f100.2
per second. The limit on the branching ratio is determined bythe number
of Cu ions observed in the ionization chamber and the -ray e ciency as
determined by calibration sources. We cannot accurately dermine any
direct ground state feeding in this decay because of low statics.

The decay of8Cu was observed through both and the large ,, decay
channels. Our data con rm the level scheme proposed by Daugeet al., [10]
although we did not populate the 8" state. However, we do observe an ad-
ditional state at 2.675 MeV. Previous -decay studies [11] reported only the
4* and 2" states and as a result, proposed & ground state for “8Cu. Our
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data coupled with the theoretical analysis from Ref. [11] sggest a6 ground

state arising from the coupling of f 5-»  gg-». This coupling indicates that

in the very neutron-rich Cu isotopes the f 5, level has moved below the
P 53—, level. Otsuka predicts [1] this to occur at°Cu. The prediction was

reportedly con rmed a week after this conference in a talk onground state

magnetic moments [12] measured with -NMR. In light of this con rmation,

a suggested second -decaying state in ’’Cu which decays strongly to the
positive parity states in 7’Zn is doubtful. The data could be explained by
a large rst-forbidden decay branch from a5=2 ground state to the levels
feeding the low-energy9=2* and 7=2" states.

3.2. Decay of® 817Zn isotopes

The decays of’® 81Zn were studied at LeRIBSS with positive ions only
one month prior to this conference. As such, we only presentraon-line
spectrum to illustrate the capabilities of our LeRIBSS beam ine. Yields
were large and data on all isotopes were taken in less than 24trs. Fig. 4
illustrates the power of the high resolution isobar separatr. The majority
of counts in the transitions from 81Ga are attributed to the decay of 81zZn
even though the mass di erence is expected to be only one paih 6300. The
expected beam intensity of*Ga on the LeRIBSS beam line is expected [13]
to be on the order of 1P ions per second while that of1Zn is on the order
of 10 ions per second. We can conclude therefore, that the isar separator
is suppressing the neighboring'Ga by about 10°. We have observed many
new transitions in the decays of’%8%81zn and are able to con rm the 351
and 452 keV transitions assigned [14] t6Zn decay.
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Fig.4. On-line spectrum from the decay of®1Zn taken in about 5 hours. The
81Ga transitions are mostly from the decay of'Zn and illustrate an estimated 10°

suppression factor attributed to the isobar separator. Themass di erence between
817n and 8 Ga is estimated [9] to be of the order of 1 part in 4600.
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3.3. Decay of% 8Ga isotopes

The decays of® 8Ga were studied using the ranging out set-up at
low pressure. This allowed the tagging of each individual bam ion, and
through time correlations with the MCP, enhanced decays assciated with
short-lived (70-80 ms)®48Ga. Partial decay schemes od#*8°Ga are shown in
Fig. 3 and time-correlated -ray spectra of®Ga decays are shown in Fig. 5.
The overlap of the two time-correlated spectra reveal an exass of counts at
248, 624, 765 and 1045 keV. The 1045 keV transition has not be@laced
in the level schemes shown in Fig. 3. The 624 keV transition iassigned to
the rst 2* state in ®Ge and is the rst time any excited state has been
observed in this nucleus.

Fig.5. Two time-correlated -ray spectra overlaid on each other. Peaks labeled by
energy are enhanced in the early € 300ms after implantation) spectrum and are
assigned to the decay of*Ga. The late spectra are those decays recorded in the
300-900 ms time interval after implantation. The 624 keV -ray is assigned to the
2* 1 0" transition in 8 Ge. The 248 keV transition is the 1=2* | 5=2" transition
in 8Ga populated by -delayed neutrons.

The -delayed neutron branches in these nuclei are large and dondte
the decays observed in the present data. In Fig. 6 we presenhé energy
level systematics of the s 1, state as a function of atomic number. As the
Z = 28 shell closure is approached, this level is approaching thergund
state and is found at 248 keV in®Ge. Note that the present study has
more precisely determined this energy which was previouslseported to be
280(20) keV [15]. One possible explanation for the large viation in energy
is the changing proton neutron tensor interaction pushing the ds-, and
g 7= levels above the s 1, state.
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Fig.6. The energy of the s,-, level relative to the N = 51 ground state as
a function of atomic number. The large energy dependence mig be attributed to
the tensor interaction [1]. The data are from the ENSDF database at
http://www.nndc.bnl.gov/ensdf/

4. Summary and conclusions

The neutron-rich Cu, Zn, and Ga isotopes have been studied tlough
their -decays. These nuclei lie near the doubly closed nucle!®\i and their
nuclear structures provide data to better constrain shell nodel calculations.
Decays from several of these isotopes have been observedtfor rst time.
Our data on the Cu isotopes support a recent study at ISOLDE trat the
ground state spins of these nuclei change fronp 3, to f 5, in the heavier
isotopes. The data in neutron-rich Ga isotopes have been uddo identi ed
the rst 2* state in 84Ge and have better established the energy of thes ;-,
state in 8Ge. We have measured -delayed neutron branching ratios by
observing the population of excited states in theA 1 daughter nuclei.

Two measurement techniques have been used to take these datara-
ditional low-energy implantation-and-measure technique are used on the
new HRIBF LeRIBSS end station. This addition to the facility al lows us to
use positively charged beams and take advantage of the inased yields by
not requiring charge exchange and the resulting better beanemittance re-
sults in improved isobar separation provided by our high-reolution magnet.
However, by using acceleration (negatively charged ions &y) we are able
to use an ionization chamber to tag and identify isotopes by heir di ering
loss of energy. In addition, time correlations can be used timprove our
identi cation for very short-lived decay events. The ionization chamber can
also be operated at high pressure which results in the ranggnout of high-Z
isotopes and we are able to produce pure samples of neutroith isotopes.
These samples are then transported to a traditional -decay measurement
station.
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