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Background: The evolution of nuclear shell structure far from stability can be explored by identifying and
measuring the properties of isomers. Neutron-rich nuclei between the Z = 28 and Z = 50 closed shells have
been the subject of recent studies which have identified a number of 0.1 - 10 us isomers and measured detailed
spectroscopic properties.

Purpose: The purpose of this analysis was to identify and measure the properties of short-lived isomeric states
populated following 8 decay in Z ~ 30, N ~ 50 nuclei near the doubly magic nucleus "Ni.

Methods: Radioactive ions produced by beam fragmentation at the National Superconducting Cyclotron Lab-
oratory were implanted into a CeBrs scintillator coupled to a pixelated photomultiplier tube. Ancillary arrays of
HPGe clover and LaBrs detectors were positioned around the implantation detector to measure -delayed  rays.

Results: The previously observed 2634-keV level in "®Zn, populated following the 8 decay of "®Cu, was identified
as isomeric with a half-life of 25.4(4) ns. A combination of timing and ~-ray spectroscopy was used to confirm
this assignment. Shell-model calculations were performed and indicate that this state may be a negative-parity
state formed by the occupation of the v0gg /> orbital.

Conclusions: A new isomeric state in "°Zn has been identified and its half-life was measured. Ambiguity about

the structure of this state could be resolved with further experiments.

I. INTRODUCTION

Nuclear isomers are a useful laboratory to study shell
evolution because of their sensitivity to changes in nu-
clear structure. For example, the occupancy of the v0gg /2
orbital in neutron-rich Ni and Zn isotopes gives rise to the
seniority isomers “ONi™ [I], "*Ni™ [2] and "®Zn™ [3]. The
unexpected disappearance of analogous seniority isomers
in the mid-shell nuclei ">74Ni [4] provides additional in-
sight into the microscopic structure of the Ni isotopes,
as proton excitations across the Z = 28 shell gap cause
nearly-degenerate non-isomeric excited states with dif-
ferent 10gqg/, configurations to become yrast [4} [5]. Shell
effects leading to low-lying intruder states can also cause
isomerism, such as in %7Co, where a deformed intruder
configuration is nearly degenerate with the ground state
predicted by the spherical shell model [6]. Isomerism
driven by complex nuclear structure effects has been ob-
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served in "°Cu, where three 3-decaying isomeric states
have been identified which arise due to a combination of
one-proton, one-neutron interactions and neutron two-
particle, two-hole excitations across the N = 40 shell
gap [7]. Shape isomerism, where nearly degenerate states
with different shapes exist within the same nucleus, has
also been observed along the Ni isotopic chain [8HI2] as
well as in the nearby neutron-rich Mn isotopes [13].

Large-scale survey experiments have identified a num-
ber of isomers in the vicinity of "®Ni from in-flight fis-
sion of 238U [I4]. Beta decay is an attractive alternative
method for isomer identification as daughter nuclei can
be populated in an excited state which subsequently de-
cays to the ground state through one or more isomeric
transitions. In the present work, a new isomeric tran-
sition was identified in 7°Zn following the S decay of
"6Cu. Previous experiments for “5Zn built detailed level
schemes [I5, [16] and determined B(E2,2] — 07) and
B(E2,4f — 27) values [I7, [I8] but did not report the
presence of any isomeric states. The goal of this work
was to measure the properties of the newly identified iso-
meric state and place it within the level scheme of "%Zn.
Shell-model calculations, discussed in further detail in
Sec. [[V] suggest the isomeric state is a negative-parity
state formed by the excitation of neutrons into the 0gg /o
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orbital following 8 decay.

II. EXPERIMENTAL DETAILS

An experiment to study the properties of isomeric
states near the Z = 28 and N = 50 shell gaps was per-
formed at the National Superconducting Cyclotron Lab-
oratory (NSCL). Radioactive ions were produced at the
NSCL’s Coupled Cyclotron Facility following the frag-
mentation of a 140 MeV/nucleon beam of 8Kr on a
320 mg/cm? °Be target. Nuclei of interest, including
"6Cu, were separated using the A1900 fragment separa-
tor [19] at a momentum acceptance of 4.6% and deliv-
ered to an experimental end station consisting of three
Si PIN detectors for particle identification and light ion
rejection located approximately one meter upstream of
a CeBrs detector. Ions were implanted into the CeBrs
scintillator (dimensions 51 mm x 51 mm x 3 mm) which
was coupled to a position-sensitive photomultiplier tube
(PSPMT) consisting of a single dynode and 256 anodes
arranged in a 16 x 16 grid of 3 mm x 3 mm pixels [20].
Implanted ions were identified event-by-event with the
AE-TOF method similar to that described in Ref. [9],
where beam particles are identified by examining the en-
ergy deposited in one of the Si PIN detectors and the
time-of-flight between a position-sensitive scintillator lo-
cated at the dispersive plane of the A1900 and one of
the PIN detectors upstream of the CeBrs scintillator. A
particle identification plot of the implanted ions is shown
in Fig. [[] Correlations between j-decay events and im-
planted ions were established with a combination of spa-
tial and temporal information recorded by the PSPMT.
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FIG. 1. (Color online). Particle identification plot of ions
implanted in the CeBrs detector. The "6Cu ions of interest
are circled.

Beta-delayed ~ rays were measured by two ancillary
detector systems which surrounded the implantation de-

tector: an array of 16 HPGe clover detectors arranged
in the squares of a rhombicuboctahedron frame (with
two squares reserved for the beamline components) and
an array of 15 LaBrz detectors [21], grouped in clusters
of three and placed in the triangular openings between
clovers. Twelve LaBrs detectors were installed upstream
and three were installed downstream of the center of the
array. This configuration of LaBrs detectors was chosen
to minimize the absorption of v rays by beamline com-
ponents downstream of the CeBrs implantation detector.
The entire suite of detectors was instrumented with the
NSCL Digital Data Acquisition System (DDAS) [22]. To
achieve the best timing performance, the PSPMT dyn-
ode and LaBrs detectors were instrumented on a single
500 MHz, 14-bit ADC. DDAS was configured to capture
pulse shape traces for the PSPMT dynode signal. The
trace length was set to 400 ns with a 120 ns delay.

Dynode traces recorded by DDAS were analyzed to
selectively identify isomeric transitions with a technique
similar to that described in Ref. [9]. The key experi-
mental feature of a short-lived isomeric transition popu-
lated by 8 decay is the presence of two pulses recorded
in the same dynode trace slightly separated in time, an
example of which is shown in Fig. 2] The detector re-
sponse was modeled using a logistic risetime and an ex-
ponential decay. Recorded traces were fit with both one
and two model response functions along with a constant
background term and the best-fit parameters were deter-
mined using x? minimization. Identification of double-
pulse events was achieved by comparing the y? values
of the two fits. Traces where X%, g0/ X3oupte > 10 were
identified as double-pulse events; the result of the best-
fit two-pulse model to an experimental trace is shown in
Fig. [2l Features of the signals such as their energies and
the time difference between the two pulses were deter-
mined from the fit results for further analysis. In order
to increase the selectivity of identifying double pulses, an
additional requirement that the two pulses in the double-
pulse fit were separated by at least 20 ns in time was
imposed.

Excited states in "5Zn were populated following the /-
decay of "Cu. Beta-delayed v rays recorded in the two
ancillary photon detector arrays up to 3.2 seconds fol-
lowing the detection of a “Cu ion were correlated with
that implantation event. The 3.2 second time window
for correlation was chosen to be approximately five "Cu
ground-state half-lives [I6]. The 341-, 599-, 698-, and
1337-keV ~ rays previously observed in "5Zn [15] [16] were
identified in the decay spectra correlated with "Cu im-
plants through a combination of - coincidences and
background-subtracted «-ray spectra; an example of the
latter is shown in Fig. [3

IIT. ANALYSIS

The energy spectrum of double-pulse events identified
using the procedure described in Sec. [[T/is shown in Fig. [
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FIG. 2. (Color online). An example of a double-pulse signal
from the PSPMT dynode recorded by DDAS. These signals
are characteristic of an isomeric transition populated follow-
ing 8 decay. The best-fit detector response function described
in Sec. [[I] is shown in red. Features such as the energies and
the time difference between the two signals were determined
from the fit.
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FIG. 3. Background-subtracted, §-delayed ~ rays detected
within 3.2 s of a "“Cu implant. The ~-ray transitions at 341,
599, 698, and 1337 keV are the strongest transitions observed
in "Zn following the B decay of "°Cu from Refs. [I5] [16].
The closed circles designate known transitions from "®Ga, the
granddaughter of "®Cu, which are present due to "°Zn S decay
occurring within the 3.2 second correlation window.

where the energy of the second pulse, Fs, is plotted
against the energy of the first, F;. Isomeric transitions
following /3 decay leave a unique signature in this spec-
trum: a broad distribution of energies in E; arising from
the 3 particle plus contributions from any prompt ~y rays
which scatter out of the CeBrs crystal, and a narrower

distribution of energy in Fs due to the isomeric transi-
tion. The narrower Fy distribution may be broadened if
the isomeric transition lies above a ~-ray cascade due to
the addition of incomplete energy deposits from 7 rays
which scatter out of the CeBrs crystal.
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FIG. 4. (Color online). The E;-FE> energy spectrum of
double-pulse events separated by more than 20 ns identified
following the procedure described in Sec.[[I] A gating region
identified for further analysis is given by the horizontal black
lines. For more details, refer to Sec. [[TI}

Isomeric transitions can be assigned to a particular nu-
cleus by examining their coincident «-ray energy spectra.
Coincident ~-ray energy spectra measured in the clover
array and the LaBrs detectors for the gate on the double-
pulse spectrum from Fig. [] are shown in Fig. The
presence of the 341-, 599-, 698-, and 1337-keV transitions
were used to place this isomer in "°Zn. A previously un-
observed 7 ray at 2225.4(3) keV, shown in Fig. @ was seen
in coincidence with the “Zn double pulses with insuffi-
cient statistics to place in the level scheme. The half-life
of the isomeric state, determined from the distribution
of the time differences between the first and second pulse
was found to be 25.4(4) ns as shown in Fig. Iﬂ

Timing information between ~ rays detected in the
LaBrs array and the double-pulse signals measured in
the PSPMT dynode was used to place the isomeric de-
cay within the 7®Zn level scheme. A plot of the LaBrs-
PSPMT time difference for "Zn double-pulse events is
shown in Fig. Prompt ~« rays which occur following
the 8 decay of ““Cu but prior to the isomeric transi-
tion are associated with the first of the two recorded
pulses and thus have a time difference centered around
tLaBrs — tpspmT = O because the first pulse defines the
trigger time of the PSPMT dynode signal. Conversely, ~y
rays which depopulate the isomeric state are delayed due
to the lifetime of the isomer and possess a time difference
tLaBrs — tpspmT > 0. A requirement that the two pulses
in the recorded dynode trace are separated by at least
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FIG. 5. Gamma rays measured with the clover array (top)
and the LaBrs detectors (bottom) in coincidence with double
pulses falling in the gating region shown in Fig. [ where the
coincident double pulses were separated by at least 20 ns in
the dynode trace. The strongest transitions at 341, 599, 698,
and 1337 keV have been observed previously in “®Zn following
"6Cu B decay and were used to place the isomeric transition
in "Zn.

50 ns has been imposed in order to distinguish the peak
centered at trapr, — tpspmr = 0 from the decay-curve
distribution at trapr, — tpspmr > 0.

Coincident ~-ray spectra gated on the peak in Fig.
centered around frapr, — tpspmT = 0 ns and tpapr, —
tpspmT > 50 ns are shown in Fig. [0] The 341-keV tran-
sition, which is in coincidence with the peak centered
around trapr, — tpspmT = 0 1S, must occur prior to the
isomeric transition; the 599-, 698- and 1337-keV ~ rays
are delayed and found in coincidence with the second
pulse. This implies the isomeric state of interest is an
intermediate state located below the state which is de-
populated by the 341-keV ~ ray.
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FIG. 6. Previously unobserved 2225.4(3)-keV ~-ray transition
in coincidence with the double-pulse gate in the Fi-F> spec-
trum shown in Fig. This ~ ray is in coincidence with the
isomeric transition in "®Zn, however it could not be placed in
the level scheme due to insufficient statistics.
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FIG. 7. (Color online). Distribution of time differences be-
tween the first (E1) and second (F2) pulses determined from
the fit parameters of the model detector response (black).
The time difference was fit with an exponential decay plus a
constant background (red) resulting in a measured half life of
25.4(4) ns. The contributions to the total fit from the expo-
nential decay and constant background are shown in blue and
green, respectively.
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FIG. 8. The distribution of time differences between the
LaBrs and PSPMT dynode signals for “°Zn double-pulse
events where the first and second pulses in the dynode trace
are separated by at least 50 ns. Prompt « rays which occur
following the 8 decay of "®Cu have a time difference centered
around traBr; —tpspmT = 0 while 7y rays which occur following
the isomeric state are delayed and possess a time difference
tLaBrs — tpspmT > 0.

The v-ray cascade depopulating the isomeric state
makes a precise energy measurement from this data dif-
ficult, as scattered 7 rays in the CeBrjs crystal smear out
the otherwise discrete energy which generates the second
pulse signal as discussed previously. Gamma rays emit-
ted following (B decay travel some distance away from
the decaying nucleus without interacting before deposit-
ing a fraction of their energy in, and scattering out of,
the CeBrs crystal. This process manifests as a second,
distinct local maximum in the spatial distribution of an-
ode energies. Many of the double-pulse events associated
with the "®Zn isomer have coincident anode energy spa-
tial distributions containing two such local maxima, as
shown in Fig. caused by these scattered v rays. Ob-
servation of the “Zn isomer in the current work but not
in the previous in-flight fission-fragment study presented
in Ref. [14] is likely due to its half-life of 25.4(4) ns being
too short to survive the 600 - 700 ns flight path through
the fragment separator prior to implantation at the ex-
perimental end station.

Taken together, the evidence suggests a short-lived iso-
meric state which decays by vy-ray emission, and further
emits a cascade of v rays to the 7Zn ground state. No
new 7 rays were identified from the “Cu-correlated y-y
coincidence matrix. As such, the most likely candidate
for the isomeric state is the 2634-keV state which de-
cays by emission of the 1337-keV v ray, leading to the
level scheme shown in Fig. [L1] where the 2634-keV state
is identified as isomeric. Efficiency-corrected v-ray inten-
sities of the observed transitions relative to the 1337-keV
isomeric state are presented in Table[[] The cause of the
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FIG. 9. LaBrs v-ray spectra in coincidence with the dou-
ble pulses in the gating region shown in Fig. E| for the
peak centered around trapr; — tpspmr = 0 ns (top) and
tLaBrs — tpspmT > 50 ns (bottom). The coincidence rela-
tionships were used to place the isomeric state in the "°Zn
decay scheme below the 341-keV transition.

discrepancy between the measured and expected relative
intensities at 341 keV is not known.

IV. DISCUSSION

In Fig. we compare the experimental decay
scheme with those from three Hamiltonians that
have been designed for protons and neutrons in the
(0fs/2, 1p3/2, 1p1/2,099/2) (jj44) model space.  The
Hamiltonians and their origins are described in the Ap-
pendix of Ref. [23]. For the initial nucleus “°Cu, these
Hamiltonians predict that states with J™ = (2,3,4,6)~
all lie within 100 keV. Thus, all of these are possible
ground state J™ and we expect to populate negative-
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FIG. 10. (Color online). An anode energy distribution for
a double-pulse event attributed to the decay of the isomeric
state in "°Zn. The two discrete local maxima located at ap-
proximately (4,6) and (6,13) are generated by a S-decay elec-
tron followed by a v ray scattering out of the CeBrs crystal.
This suggests that the isomeric state lies above a v-ray cas-
cade and explains the broadened Fs distribution shown in
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FIG. 11. (Color online). Level scheme showing the states of
interest and observed transitions in 7%Zn for the current work
with energies given in keV. The assignment of 27 and 47 for
the first two excited states is taken from Refs. [17) [I8]. Spins
and parities could not be assigned to other states observed in
the present work. The 2634-keV state which has been newly
identified as isomeric in this work is shown in red.

TABLE I. Relative intensities of « rays visible in the clover
and LaBrs spectra shown in Fig. [5] normalized to the inten-
sity of the 1337-keV isomeric transition. The reported in-
tensities have been corrected to account for geometric and
energy-dependent efficiencies of the detectors. Expected rel-
ative intensities based on Ref. [16] are shown in the third
column. Uncertainties at 1o are given in parentheses.

Energy [keV] Clover LaBrs Expected
180 0.12(2) 0.127(16)
258 0.10(3) 0.067(14)
341 0.68(5) 0.67(14) 0.53(5)
419 0.088(19) 0.113(15)
599 1.03(6) 1.0(2) 1.00(9)
698 0.99(6) 1.1(2) 1.00(9)
1337 1.00(7)  1.0(2)  1.00(9)

parity states in “5Zn.

To understand the origin of the isomer we first cal-
culate M1 and E2 transition strengths. For positive-
parity states, the longest lifetime comes from the first 8+
state that has a half-life of 30 - 510 ps as predicted using
the three Hamiltonians. Since the observed half-life is
25.4(4) ns, we therefore turn to F1 and M2 transition
strengths from negative parity to lower-lying, positive-
parity states. In this model space all E'1 transitions are
forbidden. For pure M2 transitions, the lifetimes of the
lowest-energy negative-parity states are on the order of a
few ps, which is much longer than observed. All higher
multipolarities would be expected to have even longer
half-lives, thus an F1 transition is the most plausible
candidate. For the E1 v decay we start by using the
most likely value of 1074 e2fm? observed for other E1
transitions in the 1979 evaluation of this mass region, see
Fig. 1 in Ref. [24]; the longest lifetime for the negative-
parity states in this case was about 15 ps. The only way
to produce a half-life comparable to experiment is to use
B(FE1) = 10~8 ¢*fm? where we obtain the lifetimes shown
in Fig. This is an order of magnitude smaller than
the weakest E1 strength observed in this mass region
in the 1979 compilation. All three Hamiltonians predict
lower-energy transitions feeding the E'1 isomer.

A recent hyperfine-structure study determined the
ground-state spin of the °Cu parent to be J = 3 [25],
which is consistent with previous (-decay studies that
suggested a J = (3,4) ground state spin [16] and with
the calculations presented here. In the case of a J™ =
3~ ground state for “Cu, a significant population of
negative-parity states with J = 2 to J = 4 in "%Zn would
be expected. The shell-model calculations predict a num-
ber of negative-parity states with energies greater than
2600 keV which feed negative-parity isomeric states with
J =4,5,6 and half-lives ranging from approximately 2 -
30 ns. States with J™ = 37 are also present in the calcu-
lations; the lowest-lying 3~ states have half-lives ranging
from approximately 130 - 220 ps, which is two orders
of magnitude smaller than the observed half-life of the
2634-keV state. The predicted J = 4,5, 6 isomeric states
involve the excitation of a neutron into the Ogg /o orbital.
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(Color online). Comparison between the experimentally-observed level scheme and partial level schemes determined

using the shell-model calculations and their associated Hamiltonians described in Sec. [[V] The experimental level scheme is
presented the same as in Fig. Negative-parity states with half-lives longer than 1 ns from the shell-model calculations are
shown using blue dotted lines; their depopulating transitions are also shown in blue. Half-lives of isomeric states assuming a
B(E1) value of 1078 e*fm? are given in parentheses to the left of the level spin and parity. Levels up to 4 MeV and ~ rays with
branching ratios > 20% which decay through the yrast 4-2-0 cascade are shown for the calculations.

In the case of the 47 and 57 states the excitation occurs
primarily from 1p; /o to 0gg /2, while for the 6~ states, the
excitation is primarily 0fs/2 to 0gg 2. The 67 states also
have a larger occupancy of the w1psz,5 and wlp; /o orbitals
relative to the 4~ and 5~ states. Occupancy numbers for
the isomeric states of interest are given in Table [

The presence of negative-parity isomeric states in the
calculations with half-lives and energies comparable to
the experimental data offer an explanation for the ob-
served decay pattern. The 2634-keV isomeric state is
populated by some combination of direct feeding from
the °Cu parent plus 3 decay into negative-parity states
in "Zn which decay by 7-ray emission and feed the
negative-parity isomer. The isomeric state subsequently
decays by emission of a 1337-keV ~ ray followed by the
698 - 599-keV cascade to the ®Zn ground state, which is
in good agreement with all of the calculations presented
in this work. More knowledge of the spins and parities
of excited states in "Zn would allow for more detailed
conclusions to be drawn between theory and experiment.

V. CONCLUSIONS

The 2634-keV state in 7%Zn, populated following the
B decay of "Cu, has been identified as isomeric with
a half-life of 25.4(4) ns. Shell-model calculations were
performed which identified candidate negative-parity iso-
meric states arising from neutron excitations into the
0gg/2 orbital. The presence of the isomer indicates that

the E'1 transition strength involved in the decay is very
weak, about 1078 e2fm?, which is an order of magni-
tude weaker than any of the transition strengths in this
mass region reported in Ref. [24]. Resolving the ambi-
guity of the spin of the observed isomeric state, as well
as the identification and characterization of other short-
lived isomeric states in the region, will shed light on nu-
clear shell structure near doubly-magic “®Ni. The result
also demonstrates the value of this experimental tech-
nique for identifying isomeric states populated following
[ decay and is a promising method for future radioactive
ion beam experiments.
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