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The first postulation of excited states in neutron-rich Zn is presented. We postulate the
levels in " Zn to be populated by high- and low-spin isomers of Cu with half-lives of 0.57 s
and 1.27 s, respectively. Of 12 p rays attributed to Zn decay, 11 are placed in a level scheme
for Zn with eight excited states up to 3 MeV. A shell-model calculation has been carried out
to reproduce the systematics of the neutron-rich Zn isotopes up to A=76. The model space
involves active protons in orbitals between Z=28 and 50 and neutrons in orbitals filling the
subshell between N=38 and 50.

I. INTRODUCTION

It is of fundamental interest to study the properties
of nuclei near 28Ni50 to determine to what extent the
magic numbers determined near stability are valid for
very neutron-rich regions. The properties of nuclei in this
region are also of interest for astrophysical calculations
since they lie at the beginning of the r-process path.

It is difficult to obtain information on Zn nuclei with
A & 74 since stable nuclei are not available to use as tar-
gets for simple transfer reactions. Therefore, information
on the structure of A & 74 Zn nuclei must be obtained
by studying the decay of A & 74 Cu nuclei. Cu nuclei
with A & 74 were first observed in the thermal neutron
fission of 2ssU. Bernas e$ al. i observed 74 7Cu using
the Lohengrin spectrometer and determined the yield of

Cu to be 7 x 10 s per fission. Using the OSIRIS sep-
arator, Lund et sl. observed Cu and reported
a half-life of 0.35 + 0.08 s and 7 rays at 598, 697, and
947 keV for sCu. Reeder et al observed de. layed neu-
tron activity at A=76 which they ascribed to Cu. The
half-life was measured to be 0.61 6 0.10 s and the de-

layed neutron emission probability P„was measured to
be 3 6 2'. Prior to the present study, no excited states
had been postulated for Zn or any Zn nuclide with
A) 74.

The excitation energy of the 2+& state for Zn isotopes
remains rather constant at about 1 MeV as neutrons fill

the (1fq~2, 2ps~2) subshell (%=28 to 38) but then rapidly
decreases in energy as the (lgg~q, 2p, ~q) subshells fill,
reaching a minimum of 605 keV for Zn. A similar
situation exists for the 2-proton hole states (in Fe iso-

topes) where-the excitation energy of the 2+i state is ap-

proximately constant at 0.85 MeV as the (l.fz(2, 2ps(2)
subshell fills. If the decrease in the 2+& energy for Zn nu-

clei is an effect of the filling of the (Igs~2, 2pi~2) subshells,

one might expect the 2+& energy to reach a minimum for
7 Zn, since this is the g9~2 mid-subshell region, and

then increase as N=50 is approached.
We have undertaken the study of the structure of Zn

to determine the behavior of the low-lying states as the

(Igs/2, 2pi~2) neutron subshells are filled. The experi-
mental results and resulting decay scheme are presented
in Sec. II and III. The results are compared in Sec. IV
with a shell-model calculation and the systematics of the
region are discussed. Preliminary results from this study
have been given at conferences.

II. EXPERIMENTAL METHODS
AND RESULTS

A. Source preparation

The sources of Cu were obtained using a high-
temperature plasma ion source containing 4 g of en-
riched 2ssU in a thermal neutron flux of 3 x 10isn/cm s

from the High-Flux Beam Reactor at Brookhaven Na-
tional Laboratory. The A=76 beam was mass-separated
using the TRISTAN on-line mass separator. The beam
of mass-separated ions was deposited on a movable
aluminum-coated Mylar tape. Isotopes of Cu, Zn, and
Ga were observed in the A=76 beam, but there was no
evidence for cross contamination from adjacent masses.
Also, no y rays were observed from nuclides that would
be present due to acceleration of doubly charged A=152
ions.
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FIG. 2. p-ray singles spectrum from the A=76 source with
data collection cycle set to emphasize short half-lives. The p
rays from " Cu decay are indicated by their energies in keV.
Strong p rays from " Zn and " Ga decay are labeled by Zn

and Ga, respectively. The peak at 947 keV is interpreted to
be a sum peak from Zn decay.
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FIG. 3. p-ray spectra in coincidence with the 598-keV

(upper curve) and 1337-keV (lower curve) 7 rays, respectively.
The Compton background has been subtracted.

The 7 energies, relative intensities, placements, and
coincidence relationships are summarized in Table I. The
uncertainties associated with the energies are due to sta-
tistical uncertainties in determining peak centroids and
system nonlinearities, while the uncertainties associated
with the relative intensities reflect uncertainties in the de-
termination of peak areas and detector efficiencies. Cor-
rections for coincidence summing were carried out. We
emphasize that the relative p-ray intensities presented
here are dependent on the relative populations of the two
isomers from our ion source and thus could differ under

other experimental conditions. They are based on the
long main run described in Sec. II B.

Prior to this work, Lund et at. reported three p rays
from 7sCu decay at 598, 697, and 947 keV but no rela-

tive intensities were given. The energies for the first two

correspond to the two strongest p rays observed in this
work at 598.68 and 697.78 keV. We also observed a peak
at 947 keV but interpret it as a sum peak from the 199.2-

and 748.72-keV y-ray cascade in Zn decay.

TABLE I. p transitions observed in Cu decay.

E~
(keV)

180.2(3)
34O.89(7)
419.50(7)
431.83(8)

464.42(21)
598.68(5)

697.78(5)
1053.4(5)'
1097.6(5)
1151.3(5)
1337.08(8)

1783.46(21)

3.2(ii)
16.4(12)
9.7(7)

9.5 (9)'
2.9(7)
100.(3)

52.9(20)
2.4(10)'
s.o(is)

6.(3)
so.2(2o)
7.0(11)

Placement
(keV)

2813-2633
2974-2633
1715-1296
1030-598

1760—1296
598-0

1296—598
2813-1760
2813-1715
unplaced

2633-1296
2813—1030

Coincident p rays
(keV)

598,697,1337
(419),(431),598,697,(1151),1337

(340),(598),697
(340),598,1783
598,697,(1053)

180,340, (419),431,(464),697,
1053,1151,1337

340,419,464, 598,(1053),1337
(464),598,697

598
(180),340,598,6 97

431,(598)

Normalized to 100 for the intensity of the 598-keV p ray. The relative intensities depend on the
relative population of the two Cu isomers in the source.

Possible coincidences are indicated by parentheses.
'Intensity from 598-keV coincidence gate. Peak contaminated. by 431-keV p ray from Ga decay.

Weak (possible) coincidences linking the 340-keV p ray with lower lying levels are observed, but
due to poor statistics possible linking p transitions were not observed.

Energy and intensity obtained from various coincidence spectra.
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III. THE 76Cu DECAY SCHEME

The level scheme for Zn populated in Cu decay
and shown in Fig. 4 is based on the p-ray singles and
coincidence measurements presented here. Of 12 y rays
ascribed to 7sCu decay, 11 were placed in the "sZn level

scheme. Analysis of the level scheme sho~s the largest
level energy errors to be 0.21 and 0.17 keV for the 1760-
and 2813-keV levels, respectively. All others have errors
less than 0.13 keV, therefore we present the level energies
to two significant figures beyond the decimal point. Due
to the predominance of higher Z members of the A=76
decay chain, we are very conservative in ascribing p rays
to sCu decay. The levels observed are discussed below.

A. 76Cu Isomers
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FIG. 4. Decay scheme for Cu with energies in keV. The
0.57 s half-life is probably from the decay of a high-spin isomer
while the 1.27s half-life is probably from the decay of a low-

spin isomer.

We postulate two long-lived Cu isomers based on the
coincidence between the strong 598- and 697-keV 7 rays,
the fact that their half-lives are definitely different (see
Fig. 1), and also that neither of these 7 rays has been ob-
served from longer-lived members ' of the A=76 decay
chain. Isomerism is not observed for low-mass (A ( 68)
even-A Cu nuclides in which the protons and neutrons
are filling the same (If5~q, 2pq~2) subshell. For A=68
and above, the neutrons fill the (2pq~2, 1gs~2) subshells
and isomerism has been observed' for Cu and OCu.

In each case the ground state is 1+ (presumably from

+2ps~2 8 &2p~~2), and the excited isomer has J ) 4 (pre-
sumably from x2ps~~ g vlgs~~ or nl.f5&2 i/Igg g). Al-
though isomerism has not been observed ~s for Cu and
4Cu, the same configurations producing isomerism in

ss7OCu could also produce both high- and low-spin iso-
mers in Cu. In P decay, the low-spin isomer in 6 Cu
populates only states with J & 2, whereas the high-spin
isomer populates by P decay only states with J ) 4. A
similar situation thus appears reasonable for Cu decay,
however, J=3 seems possible. No p transitions connect-
ing the Cu isomers were observed.

B. Levels in 7 Zn below' 1.5 MeV

We present here our proposed level scheme for Zn.
The first-excited state at 598 keV is postulated to be 2+
based on systematics and the fact that the 598-keV p
ray is the strongest observed. The level is also well es-
tablished by numerous coincidences. A striking feature of
the Cu decay scheme is a cascade of the four strongest

y rays of energy 340, 1337, 697, and 598 keV with respec-
tively larger intensities. The above p rays are in mutual
coincidence. This feature has also been observed in
the decay of the high-spin isomer of s 70Cu, and in each
case the state above the 2+, state in the cascade is pos-
tulated to be 4+&. We thus postulate a level at 1296 keV
and tentatively give it a model-dependent assignment of
J7r 4+

A y ray at 431 keV is in strong coincidence with the
598-keV transition but no other members of the "high-
spin" cascade. We thus postulate a level at 1030 keV.
From systematics this level is likely to be 0~+ or 22+. No

transition to the ground state was observed, thus we ten-
tatively give the 1030-keV level a model-dependent as-

signment of J = 0+. It is conceivable, considering the
errors of the intensity of the 431- and 1783-keV 7 rays,
that the order of the above two transitions is reversed

placing the "1030-keV level" at 2382 keV. From system-
atics a 2z level is expected that would populate both the
ground state and the 2& level. We do not have a good
candidate for the 2&+ level.

C. Levels in Zn above 1.5 MeV

A pair of levels are postulated at 1715 and 1760 keV.
Cascades from the 2813-keV level pass through the above
two levels on their way to the 1296-keV level. The depop-
ulating y rays from the pair are in coincidence with both
the 697- and 598-keV p rays. The order of the cascading

p rays from the 2813-keV level is determined solely by
relative intensities. For the 1053—464-keV cascade, the
order could certainly be inverted due to uncertainties in
the intensities and a lack of p rays observed to feed or de-
populate the intermediate level. This would give a level

at 2349 keV. The 1760-keV level is thus dashed in Fig. 4
to refiect this uncertainty.

A triplet of levels was inferred at 2633, 2813, and 2974
keV. Roughly half of the P feeding in this experiment
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IV. SYSTEMATICS AND SHELL-MODEL
CALCULATIONS FOR EVEN-A
NEUTRON-RICH Zn NUCLEI

In Fig. 5 the known energy systematics from 0 to 3
MeV for even-A Zn isotopes are shown. The systematics
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FIG. 5. Systematics for even-A Zn isotopes from A=60 to
76.

populates these three states. This situation is similar

to that observed for ~Zn in which a group of five lev-

els between 2.5 and 3.0 MeV receive almost half of the

P feeding. s The 2813-keV level is depopulated by four

y rays and confirmed by a number cf coincidences. Its
decay pattern is rather strange in that it apparently de-

excites to both a 0+ and 4+ level. This difhculty could
be resolved by postulating a closely spaced doublet in

which the low-spin member populates the 0&+ level. The
present data are not of high enough quality to justify
such an assumption and further experiments are needed
to clarify this point. The 2633- and 2974-keV levels are
involved in the "high-spin" cascade. Based on systemat-
ics for even-A Cu isomer decay and the absence of tran-
sitions to low-spin levels, we would expect the 2633- and
2976-keV levels to have J ) 4. From shell-model argu-
ments these levels would be fed by a negative parity state
in Cu. The P transition would thus be allowed if these

Zn levels had negative parity.
An alternative placement for the 340-keV transition

would be populating the level at 2813 keV. Such a place-
ment would account for some weak coincidence informa-
tion (see Table I, footnote d), but we do not observe
coincidences between the 340- and 180-keV p rays so we

choose instead to place the 340-keV p ray populating the
2633-keV level.

of the 2+i states are especially interesting. The 2i energy
is essentially constant at around 1 MeV from N=30 to
38 which corresponds in the simple shell-model picture
to the filling of the neutron If5~q and 2p3~2 subshells.
An interesting parallel is observed for the Fe isotopes
(two proton holes) with N=30 to 36 where the energy
of the 2+& state is roughly constant at about 0.85 MeV.
A striking feature of the Zn systematics is that the en-

ergy of the 2+& state drops from 1077 keV at 8Zn, where

the (If5/q, 2ps/q) neutron subshell is filled, to 598 keV
at Zn as the (2pi/2, 1gs/2) neutron subshells are filling.

The 0& and 4& states appear to follow a similar pattern.
These trends are discussed in more detail below. Calcu-
lations for even-A Zn nuclei have been extended to Zn.
Since the procedure was the same as that used earlier5

for Zn, we will not describe the calculation in detail
but will brieAy outline the major points. The calcula-
tion was performed with the code OXBASH. i~ The proton
model space was taken to be 1'/2, 2ps/2, 2pi/q, lgs/2 and

the neutron space was taken to be 2p&~2, 1g9~2 which cor-
responds to a closed core of &SNi~. The assumption that
N=38 is a good closed subshell is certainly not a good
assumption near A=66 but it is assumed here that as N
increases above 38 the orbitals below 38 fall rapidly below
the Fermi surface and soon become of minor importance.

For the protons, the Ji-Wildenthal interaction' con-
structed for the same proton model space as here, but
for N=50 isotones, was used as a start. However, the
single-particle energies (SPE) which they derived for a

Ni core were not appropriate for a Ni core. This is
expected because of the diAerence in neutron occupancy
of the (2pi/q, lgg/q) subshells. Our approach was to find
the best set of SPE for the A 66 region by considera-
tion of the spectra of Cu and sZn. It was then
assumed that these SPE vary linearly with N ending at
the Ji-Wildenthal values at N=50. In performing these
calculations it was found that the Ji-Wildenthal interac-
tion was too strong for the A 66 region. Better fits
were obtained by multiplying the Ji-Wildenthal proton
two-body matrix elements (TBME) by 0.7.

The neutron-neutron and proton-neutron interactions
are hybrids. Initially, the necessary TBM E were gener-
ated from the bare G-matrix potential of Hosaka et al. ,

is

then the pn and nn TBME involving the (2pi/2, 1g9/2)
subshells were replaced by a modification by Brown of
the "seniority-fit total-energy" TBME of Serduke, Law-

son, and Gloeckner. is As was the case with the protons,
it was found that the neutron SPE appropriate for the
A 90 region (where this neutron interaction was de-

signed to work) are not suitable for the A = 66 region.
Consequently, the two values of neutron SPE were cho-
sen to fit the binding energies of the first 1/2 and 9/2+
states of Zn, and then assumed to vary linearly with
proton number for Z=28 to 40 (where they were pre-
viously determined for the A=90 region). A listing of
the SPE and TBME is available from one of the authors
(E.I&.W.) .

In Fig. 6, the calculated 0+, 2+, and 4+ states for
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FIG. 6. Comparison of predicted and experimental 0+, 2+, and 4+ levels of Zn. All predicted 0+, 2+, 4+ levels below

2.4-MeV excitation are shown. For Zn all levels below 2.5-MeV excitation are shown.

Zn are compared to experiment, . "For Zn we in-

dicated all levels up to 2.5 MeV." It is worth noting that
the model indicates the 8& level to be at 3.163 MeV and
only two negative parity states between 2.5 and 3.0 MeV,
namely the 5& at 2.705 MeV and the 3, at 2.889 MeV.
The model gives 17 positive parity states between 2.0 and
3.0 MeV. Reasonable agreement is observed for the above
states up to about 2 MeV. The major occupancy of the
calculated wave functions for the 0+, , 2+, , 0~+, 22+, and 4+,

states are Ifsls and 2psis for the protons and 2pit2 and

Igsi2 for the neutrons (due to the restricted model space
for neutrons).

An important feature of the systematics shown in
Fig. 6 is that the 2+& states drop a factor of two in energy
from Zn to " Zn. Similar decreases in energy are also
noted for the 02+ and 4+& states These . features are also
somewhat evident in the calculated levels, but the energy
decrease is less dramatic than for the experimentally de-

termined levels.
A first attempt was made to extend the shell-model

calculations to all even-A Zn nuclei from Zn to Zn.
For these calculations, the shell-model space includes all

neutron orbitals for N between 28 and 50 and the proton
orbitals for Z between 28 and 40. In these calculations,

Ni is taken to be a doubly magic core about which
both neutrons and protons are coupled. In the initial
calculations, an SDI interaction was used to determine
the TBME while the SPE came from analysis of nearby

odd-A nuclei. The basic goal of these calculations is an
attempt to reproduce over the entire model space the
striking behavior of the 2z, 0&, and 4& energies seen
in systematics. Neither a simple linear variation of SPE
between the appropriate values at t;he extremes of the
model space nor a simple scaling of TBME have been
found to be satisfactory.

V. CONCLUSIONS

In this paper the postulation of excited states in Zn

is presented. Shell-model calculations of the even-A
neutron-rich Zn isotopes were carried out with the active
protons in the If512, 2psl2, 2pil2, and Igslq orbitals.
Reasonable agreement is obtained between experiment
and the calculation for states below 2.0 MeV in excita-
tion energy. The dominant proton components for states
below 2.3 MeV in sZn are almost entirely If&t2 and

2psls. Calculations involving the full shell between the
magic numbers 28 and 50 using a SDI do not, reproduce
the observed systematics in Zn nuclei indicating the need
for a more realistic interaction.
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