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Abstract

Background: Isomeric states in atomic nuclei are a sensitive probe of their underlying microscopic
structure and can be used to study the evolution of shell structure far from stability. Recent studies
have identified and provided detailed spectroscopy of isomers in neutron-rich nuclei with Z = 28
- 50. Isomeric states in the odd-odd gallium isotopes have been reported for all gallium isotopes

from A =72 to A = 80 with the exception of %Ga.

Purpose: The purpose of this experiment was to observe short-lived isomeric states in the vicinity

of "8Ni.

Methods: In-beam fragmentation of a 86Kr primary beam at the National Superconducting Cy-
clotron Laboratory produced radioactive ions which were delivered to and deposited in a CeBrs
scintillator coupled to a position-sensitive photomultiplier tube. Beta-delayed ~ rays were measured

by ancillary HPGe clover and LaBrs detectors which surrounded the implantation detector.

Results: The previously observed J™ = 11, 199-keV level in "®Ga, populated following the 3 decay
of Zn, was identified as isomeric with a half-life of 34(1)stat.(8)sys. ns. Shell-model calculations
suggest this state is formed by the coupling of protons in negative-parity configurations to 1/2~
neutron configurations. Transition strengths assuming a ground-state spin of J = 2 and J = 3

were determined from the experimental data.

I. INTRODUCTION

The odd-odd, mid-shell gallium isotopes between A = 72 and A = 80 undergo an inversion
of ground-state spin due to the lowering of the w0f5/, orbital below the 7lps, orbital as
the v0gy/, orbital is filled [I, 2]. A change in ground-state spin/parity from J™ = (37) in
™Ga to J®™ = 27 in Ga occurs as the leading proton configuration in the ground state
switches from 0 fBl/2 1p3 /o t0 0 fg’/Q. Additionally, a number of isomeric excited states have
been identified in ™78Ga [3HI0]. Measuring the properties of these isomeric states can
clarify the mechanisms driving shell evolution approaching the N = 50 shell gap as they
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are sensitive to the underlying microscopic structure of the nuclei in which they appear.
Further studies on the evolution of shell structure approaching doubly magic "*Ni may also
shed light on the predicted fifth island of inversion located past “Ni [11].

Negative-parity J = 2 and J = 3 isomeric states with energies less than 60 keV appear
in 2Ga [3, 4], Ga [, 6], and 3°Ga [8-10], with half-lives ranging from 31(5) ns to 1.3(2) s.
In both ™#*Ga, neutrons coupled to protons in the 05/, orbit play a role in the appearance
of these isomeric states [3|, 8, [10]. Positive-parity J = 0 and J = 1 isomeric states formed
by coupling 0 f5/2 and 1pz/ protons to 1p;/s or 0fs/2 neutron hole configurations have been
identified in the same nuclei, with half-lives ranging from 0.59(3) ns to 9.5(10) s. The
excitation energies of the positive-parity isomers are higher on average than their negative-
parity counterparts: 119 and 161 keV in the case of ™Ga, 60 keV in "Ga, and 708 keV
in 8Ga. An isomeric state in ®Ga at 560 keV has been identified with a 500 ns upper
limit on the half-life though information regarding the spin and parity of the isomer are not
known [7]. A candidate isomeric state with a half-life of 110(3) ns and energy of either 499
or 499+x keV was observed in Ref. [12].

Notably absent are data on isomeric states in "*Ga. A detailed level scheme of Ga
following the 3 decay of the "Zn parent has been previously measured but no isomeric
states were reported [I3]. The present work has identified the J™ = 17, 199-keV state from
Ref. [13] as isomeric with a half-life of 34(1)gat.(8)sys. ns determined by a combination of
digital signal processing techniques and fast timing. Shell-model calculations, discussed in
further detail in Sec. [[V] suggest that the 17 isomeric state is highly mixed and arises due

to the coupling of negative-parity proton and 1/2~ neutron configurations.

II. EXPERIMENTAL DETAILS

The experimental setup has been described in a previous publication, see Ref. [I4], and
only the salient details are repeated here. Radioactive ions were produced by in-beam frag-
mentation of a 140-MeV /nucleon beam of **Kr on a 320-mg/cm? *Be target at the National
Superconducting Cyclotron Laboratory (NSCL). Ions of interest were separated following
the fragmentation reaction using the A1900 fragment separator [I5] at a momentum accep-
tance of 4.6%. The separated radioactive ion beam was delivered to an experimental end

station consisting of three silicon detectors for particle identification and light-ion rejection
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located approximately one meter upstream of a CeBrs scintillator detector. The beam was
implanted into the CeBrs scintillator which was optically coupled to a position-sensitive
photomultiplier tube (PSPMT) consisting of a single dynode and a 16 x 16 pixellated anode
grid consisting of 256 3 mm x 3 mm anode pixels [16].

Beam particles were identified event-by-event based on their energy deposition in one of
the silicon detectors and their time-of-flight between a position-sensitive scintillator located
at the dispersive plane of the A1900 and one of the silicon detectors upstream of the implan-
tation detector. Only a single A = 76 species, "®Cu, was identified from the implanted ions.
The "Ga nuclei of interest are the granddaughters of ““Cu and were produced following the
B decay of its daughter ®Zn. A particle-identification plot highlighting the implanted *Cu
ions is provided in Fig. [Il A combination of spatial and temporal information recorded by
the PSPMT was used to correlate S-decay events with the implanted ions.

Two ancillary detector systems were present to record [-delayed v rays: 16 HPGe clover
detectors for high-resolution spectroscopy were arranged in a rhombicuboctahedron around
the implantation detector and 15 LaBrs detectors [I7], in triangular groups of three, were
placed between the clover detectors. In order to minimize absorption of v rays in the
beamline and photomultiplier tube components downstream of the CeBrs scintillator, 12
LaBrs detectors were placed upstream of the center of the array while the remaining three
detectors were installed in a downstream opening. The NSCL Digital Data Acquisition
System (DDAS) [18] was used to process signals from all of the detector systems. For
optimal timing performance the PSPMT dynode and LaBrs detectors were instrumented
using a single 500 MSPS, 14-bit ADC. DDAS was used to record pulse shape traces for the
PSPMT dynode signal. The dynode traces had a total length of 400 ns and a 120-ns delay.

Recorded dynode traces were analyzed to identify isomeric transitions populated by 3
decay. Such traces contain two pulses that are separated in time. An example of a dynode
trace exhibiting this characteristic feature is shown in Fig. 2l A logistic function multiplied
by an exponential decay was used to model the detector response. Traces recorded by DDAS
were fit with both one and two model response functions plus a constant background term
and the best-fit parameters were determined using x? minimization. Double-pulse events
were identified by comparing the y? values of the two fits. An order-of-magnitude reduction
in the x* for the double-pulse fit, X310/ Xdoupie > 10, Was required to classify a recorded trace

as a double pulse. An example best-fit two-pulse model is superimposed on the recorded
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FIG. 1. (Color online). Particle-identification plot of ions implanted in the CeBrs detector. The
"6Cu ions are circled. The "®Ga isotopes of interest in this work are the granddaughters of *Cu
and were produced following the 3 decay of °Cu and its daughter nucleus "%Zn. This figure is

reproduced from Ref. [14].

trace shown in Fig.[2| The energies of the two pulses F; and E, and time difference between
the first and second pulse At = t, —t; were saved for further analysis. To facilitate selective
identification of double-pulse events, a minimum time difference between the first and second

pulse of 20 ns was required.

Excited states in "Ga were populated following the 3 decay of "*Zn, the daughter nucleus
of the implanted “®Cu ions. Beta-delayed ~ rays recorded in the clover and LaBrs detectors

up to 18 s following the detection of a Cu ion were correlated with that implanted ion.
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FIG. 2. (Color online). A recorded double-pulse signal from the PSPMT dynode characteristic
of an isomeric transition populated following 8 decay. The response function described in Sec. [[]]
which has been fit to the recorded trace is shown in red. Pulse energies F1 and EFy and the time
difference At = to — t1 between the two signals were determined from the best-fit parameters and

used for further analysis.

The long correlation window of 18 s was chosen to account for the half-lives of both "*Cu
[T1/2 = 0.641(6) s] and Zn [Ty, = 5.7(3) s] [19]. Two previously observed v rays from
™Ga, with energies of 199 and 366 keV [13], are present in the background-subtracted -
ray spectrum correlated with “®Cu implants along with transitions belonging to the "Zn

daughter nucleus [20] as shown in Fig. [3|
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FIG. 3. (Color online). Background-subtracted, S-delayed + rays detected within 18 s of a "Cu
implant. Two y-ray transitions previously observed in Ga from Ref. [I3] are labeled. The red
circles denote known v rays from the “°Zn daughter [20], which are also observed within the

correlation window.

III. ANALYSIS

[someric transitions following 3 decay have a unique signature in the energy spectrum of
double-pulse events. The first pulse and associated energy F; of the double-pulse signature
is attributed to the [B-decay electron and will have a broad distribution of energies. The
distribution in the second-pulse energy, FE,, arising from the isomeric transition will be
narrower, though it may be broadened as well if the isomeric transition lies above a ~-ray

cascade [I4]. A plot of E5 versus E; for double-pulse events is shown in Fig. [4] Also shown
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on Fig. 4] is the gating region for the 199-keV "®Ga isomeric transition of interest. The gap
in the E; energy distribution in Fig. ] is caused by an artifact of the trace fitting algorithm
when the dynode trace has overflowed the ADC.
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FIG. 4. (Color online). The double-pulse energy spectrum for pulses separated by more than 20
ns in the dynode trace. The energy of the second pulse, F», is plotted against the energy of the
first pulse, F/1. A gating region around the 199-keV transition of interest is given by the horizontal

black lines. For more details, refer to Sec. [[TI]

Analysis of y-ray transitions in coincidence with the isomeric transition recorded in the
double-pulse energy spectrum was used to identify the isomer as the 199-keV state in "°Ga.
The coincident y-ray energy spectrum measured in the clover detectors is shown in Fig.

All of the labeled transitions in Fig. [5| are known to be in coincidence with the 199-keV
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transition in ®Ga [13]. Only the 366-keV transition and unresolved 749-, 755-keV doublet
are visible in the coincident LaBrs spectrum shown in Fig. [6] due to the lower y-ray detection
efficiency. A level scheme of the observed transitions based on Ref. [13] is given in Fig.|7} The
previously observed 82-keV transition which connects the 281- and 199-keV states was not
seen in this work due to its low relative intensity and absorption in the CeBrs detector; the
same is true for the 95-keV transition connecting the 370- and 275-keV states. Coincidences

through both the 82- and 95-keV transitions were observed as shown in Figs.
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FIG. 5. (Color online). Gamma rays observed in coincidence with the double-pulse gate shown in
Fig. |4 measured by the clover array. The peaks labeled by their energies are v rays known to be in
coincidence with the 199-keV transition in "°Ga [13]. Background v rays from "5Zn (red circles),
LaBrs internal activity (blue diamonds), e*e~ annihilation, and “°K are also shown. Note that

the 199-keV ~ ray is absent in this spectrum.
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FIG. 6. Gamma rays coincident with the double-pulse gate shown in Fig. [4| measured by the LaBrs
detectors. The peaks labeled by their energies are v rays known to be in coincidence with the 199-
keV transition in “°Ga. The two peaks at 749 and 755 keV appear as one peak in this spectrum

due to the detector energy resolution.

Efficiency-corrected 7-ray intensities of the observed transitions relative to the number of
199-keV isomeric state decays are presented in Table[I. The relative intensity of the 76-keV
transition is not reported here because the large interaction probability in the CeBrs crystal
complicates the measurement of the clover efficiency using calibration sources. The relative
intensity of the 366-keV transition, which is the most intense observed peak in both the

clover and LaBrjs spectra is in agreement with the expected value.

The half-life of the 199-keV state was determined using two independent methods. The

first method utilized the dynode trace fit information to measure the distribution of time dif-
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FIG. 7. (Color online). A level scheme showing the transitions observed in coincidence with the
199-keV isomeric transition in ““Ga with energies given on the right in keV. The spin and parity
assignments of the ground state and excited states are taken from Refs. [2] and [I3] and are shown
on the left side of the level. Unobserved transitions at 82 and 95 keV are given by dashed arrows.

The 199-keV isomeric state and its depopulating transition identified in this work are shown in

red.
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TABLE I. Relative intensities of « rays observed in the clover and LaBrg spectra shown in Figs.
and [0} respectively, normalized to the intensity of the 199-keV isomeric transition. The reported
intensities, given in percent, have been corrected using the measured efficiency of the clover and
LaBrs detectors. Expected relative intensities taken from Ref. [I3] are shown in the third column.

Statistical uncertainties at 1o are shown in parentheses.

Energy [keV] Clover LaBrs Expected

366 8.8(12) 10(3) 9.7(4)
749 1.5(4) 3.7(4)
755 4.6(8) 5.3(3)
831 1.9(5) 2.2(2)
1264 0.9(3) 1.6(2)
1287  0.6(3) 0.73(5)
1346 2.6(6) 1.8(2)
1456 1.5(4) 1.1(2)
1469  0.9(3) 1.2(1)
1816 1.4(5) 0.88(5)

ferences between the first and second pulses recorded in double-pulse events. An exponential
fit to the distribution of time differences, gated on the observed transitions in coincidence
with the 199-keV transition, resulted in a measured half-life of 33.9(11) ns which is shown in
Fig. 8. The second method used to determine the half-life leveraged the fast-timing charac-
teristics of the CeBrs and LaBrs detectors. The timing response between the two detectors
was calibrated using a combination of prompt v rays emitted following 3 decay and a %Co
source. A level lifetime of greater than approximately 1 ns will manifest as an exponential
tail superimposed on the Gaussian prompt response peak. The time-difference spectrum
for events where a 199-keV 7 ray was detected in the LaBr3 detectors and a 3 particle was
detected in the CeBrj scintillator, again gated on transitions which feed the 199-keV level, is
given in Fig.[9] A background spectrum, shown by the dashed line on Fig. [0 was constructed
by averaging time profiles of energy regions located above and below the 199-keV transition.
A best-fit half-life of 30(4) ns was determined by fitting an exponentially-modified Gaussian
distribution (EMG) plus the background spectrum to the data. A systematic uncertainty
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of 6 ns was obtained for each analysis method used to measure the half-life by varying
the range over which the data was fit. The final reported half-life for the isomeric state is
34(1)stat.(8)sys. ns which was determined from the weighted average of these two methods

with the systematic uncertainties added in quadrature.

IV. DISCUSSION

Calculations were carried out in the jj44 model space with the jun45, jj44b, and jjd4c
Hamiltonians described in detail in the Appendix of Ref. [21]. The levels for Ga below 1
MeV are compared to experiment in Fig. [10] The blue lines are those with negative parity
and the red lines are those with positive parity. The J value of the level is indicated by
the length of the line. In this odd-odd nucleus there are about 35 states predicted below 1
MeV. Only a few of these have been observed experimentally, in particular, the 17 states
suggested by the 3 decay of Zn. While previous studies in "?8°Ga attributed the J = 1
isomeric states to the coupling of 0fs/2 and 1ps/, protons to 1p;ss or 0fs/ neutron hole
configurations [3, 8, [10], the shell-model calculations performed here indicate the positive-
parity states in "®Ga are highly mixed and are constructed through the coupling of negative-
parity proton and 1/27 neutron configurations. The energies of the positive-parity states
are correlated with the energy of the 1/2~ state in ™Ni, calculated to be at (0.80, 0.70,
0.27) MeV for (jj44b, jjd4c, jundb). The experimental energy of the 1/27 state in ™Ni is
not known. The observed energy of the lowest 17 state in Ga is (0.26, 0.29, 0.15) MeV
lower than predicted by the three Hamiltonians. Thus, if all positive-parity states would be
shifted down by that energy, the ground state could be J™ = 2%. However, the 2~ state,
lying at (0.072, 0.201, 0.071) MeV, has been firmly established as the ground state of °Ga
in Ref. [2].

The 1% state at 199 keV decays to the 27 ground state with a half-life of 34(1)stat.(8)sys.
ns. Thus, the B(E1) value is 1.60(5)star.(40)sys. X 107¢ €*fm?  which is in the range of
observed E1 strengths for this mass region [22]. It should be noted that though E1 decay
is forbidden in the jj44 model space, it does occur due to small admixtures from orbitals
outside of the model space, namely those with a 0f7/, proton hole or one neutron in the
lds/o or 2s;y/o orbitals. If the ground state would be assumed to have a positive parity,

then the B(M1) strength would be 1.50(5)stat. (40)sys. X 107 1%, which is smaller than the
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FIG. 8. (Color online). The distribution of time differences between the first (¢;) and second (t2)
pulses for double-pulse events contained in the gating region shown in Fig. 4] constructed from the
fit parameters of the model detector response described in Sec. [lI] (black). A gate on the observed
~ rays in coincidence with the 199-keV isomer was applied to the time-difference distribution.
The time difference was fit with an exponential function (red) resulting in a measured half life of

33.9(11) ns with the statistical uncertainty at lo given in parentheses.

calculated value of 24 x 10™* u%,. However, this could be consistent with theory given the

large theoretical uncertainties for small B(M1) values. The shell-model calculations indicate
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FIG. 9. (Color online). Time-difference distribution for events where a 199-keV 7 ray was detected
in a LaBrs detector and a /3 particle was detected in the CeBrjs scintillator (black). The distribution
was gated on the transitions which feed the 199-keV level. A background (blue dashed line) was
determined by averaging the time-difference distributions of energy regions located above and
below the 199-keV transition. The total fit to the data (green dotted line) incorporates both the
background and the EMG (red), which is sensitive to the half-life. The best-fit half-life determined

using this method is 30(4) ns with the statistical uncertainty at 1o given in parentheses.

that a J™ = 3~ ground state is also possible. The B(M2) value of this transition would
be 4900(160)stat.(1200)5ys. u?\,me, which is large compared to both the calculated value of
0.62 p%fm? as well as the recommended upper limit of 30 p3fm* based on a survey of
transition strength data for nuclei with A = 45-150 [23]. Based on the possible transition

strengths, the present result is in agreement with the previous assignment of a 2~ ground-
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FIG. 10. (Color online). Comparison of experimental levels from Ref. [I3] and calculated levels
using the jj44 interaction with J < 6 and energies up to 1 MeV. Negative-parity levels are shown
in blue and positive-parity levels in red. The spin of the level is given by the horizontal length of
the bar. Experimentally observed levels with unknown spin and parity are denoted by the black
dots. The observed energy of the lowest-lying, 199-keV 1% state in Ga is (0.26, 0.29, 0.15) MeV

lower than predicted by the three Hamiltonians.

state spin-parity for ®Ga [2]. A comparison of the transition rates to possible ground-state
spin/parity assignments from shell-model calculations is not sensitive enough to distinguish
between positive- and negative-parity ground states, although it is sensitive to the spin.
Known isomeric states in the odd-odd gallium isotopes from A = 72 to A = 80, including
previously observed 17 isomeric states in >*°Ga and the 199-keV isomeric state in "°Ga

identified in this work, are summarized on Fig.
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FIG. 11. (Color online) Systematics of known isomeric states in the odd-odd gallium isotopes from
Refs. [3HI0] with the present results for "®Ga shown in red. Energies in keV are given on the right
of the levels and their corresponding spin and parity assignments are shown on the left. The level
half-life is shown next to the spin/parity with the statistical uncertainty at 1o in parentheses. The
isomeric state in "8Ga is consistent with a 110(3) ns isomer observed in Ref. [12] if the state is

located above 499 keV.

V. CONCLUSIONS

The 199-keV state in "®Ga, populated following the 3 decay of "%Zn, has been identified as
isomeric with a half-life of 34(1)gtat.(8)sys. 11s. Shell-model calculations indicate this state has
a highly mixed character, formed from the coupling of negative-parity proton configurations
with 1/27 neutron configurations. Transition strengths for an E1 or M1 transition to
states with a spin J = 2 give values that are consistent with previous surveys of data,
while the transition strength to the theoretically observed spin J = 3 level results in an
unrealistic transition strength. While the parity cannot be firmly established from the
transition strengths, we can confirm that the ground state spin is J = 2, in agreement with
the established J™ = 27 from Ref. [2]. The observation and characterization of the 199-keV
isomeric state highlights the role that negative-parity proton and neutron orbitals have on
the evolution of nuclear shell structure in the neutron-rich gallium isotopes which lie near

the doubly-magic nucleus "®Ni.
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