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Isomeric states in neutron-deficient A ~ 80-90 nuclei populated in the fragmentation of 'Y’Ag
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The relativistic projectile fragmentation of a 750 MeV per nucleon beam of %7 Ag was used to populate isomeric
states in neutron-deficient nuclei around A = 80-90. Reaction products were separated and unambiguously
identified using the GSI FRagment Separator (FRS) and its ancillary detectors. At the final focal plane, the
fragments were slowed from relativistic energies by means of an aluminium degrader and implanted in a passive
stopper in the center of the high-efficiency, high-granularity Stopped Rare Isotope Spectroscopic INvestigation
at GSI (RISING) germanium array. This allowed the identification of excited states in the N = Z nuclei §3Tc
and, for the first time, fibe. Isomeric states have also been identified for the first time in 8% Tc, and a previously
unreported isomer was observed in 3¥Nb. Experimental results are presented along with a discussion on the

structure of these nuclei based on interpretations provided by several theoretical models.
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I. INTRODUCTION

The region of nuclei close to the N = Z line between
%Ni and 'Sn is a region containing a diverse mixture of
nuclear structure features. A low density of single-particle
energy levels between the spherical magic numbers 28 and
50 leads to the appearance of prominent shell gaps at oblate
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(N, Z = 34, 36), spherical (40), and prolate (34, 38) shapes
[1]. In nuclei close to N = Z, neutrons and protons occupy
the same single-particle levels. This feature reinforces the
tendency for the nucleus to assume a deformed shape and
leads to dramatic shape changes with the addition of only a
few nucleons [2] or a few hundred keV of excitation [3]. This
situation produces several opportunities for excited nuclear
states to become long-lived. Shape isomers are possible in
this region [3], and the presence of both low-j (2p1/2, 2p3/2)
and high-j (f5/2, g9/2) orbitals can lead to spin-trap isomeric
states [4,5]. Toward the top of the shell, nuclear shapes become
softer and the N = Z line moves through a transitional region.
The proximity now to the N and Z = 50 shell closures also
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makes seniority isomers an important consideration [6]. The
identification and interpretation of isomeric states in this region
can lead to important insights into the wide variety of nuclear
structure features at play.

The study of N ~ Z nuclei also has important implications
in the understanding of explosive nucleosynthesis in nuclear
astrophysics. It has been suggested that in x-ray emitting
binary systems, nuclei are synthesized via the rapid proton
capture process (rp-process) [7] in which a sequence of
proton captures and 8 decays is responsible for the burning
of hydrogen into heavier elements. The rp-process proceeds
through the exotic mass region with N ~ Z above °Ni close to
the proton dripline. Modern reaction network calculations [8]
have suggested that the rp-process can extend up to the heavy
Sn-Te mass region, involving nuclei of interest in the current
study. Because the detailed reaction rates depend sensitively
on the nuclear structure, any information on the low-energy
levels of relevant nuclei is potentially of significant importance
for such calculations [9].

Projectile fragmentation provides a viable mechanism with
which to populate nuclei far from the valley of stability.
Long-lived nuclear states present the opportunity to study
excited states and structure in exotic nuclei. Several studies
involving the fragmentation of heavy ion beams of “>Mo
[10], '9Cd [11,12], and ''2Sn [13,14] have been carried
out to study N =~ Z nuclei between A = 80 — 100. This
article presents experimental results of isomer spectroscopy
performed on nuclei populated after the fragmentation of 17 Ag
projectiles. The structure of the excited states observed in
these nuclei is discussed in the framework of the shell model,
projected shell-model (PSM), and configuration-constrained
total Routhian surface (TRS) calculations.

II. EXPERIMENTAL DETAILS

The experiment was performed as part of the Rare Isotope
Spectroscopic INvestigation at GSI (RISING) project [15],
an international collaboration using relativistic projectile
fragmentation (or fission) reactions to study many aspects of
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nuclear structure. In the current experiment, the first of the
“Stopped beam” campaign, a primary beam of '’ Ag ions
with 750 MeV per nucleon was provided by the SIS-18 Syn-
chrotron located at Gesellschaft fiir Schwerionenforschung
(GSI). The beam was incident on a 4-g/cm? Be production
target. The products from projectile fragmentation reactions
were transported to the focal plane of the GSI FRagment
Separator (FRS) [16], which was operated in achromatic
mode. Each transmitted ion was unambiguously identified by
measurements of time-of-flight (TOF), position, and energy
loss (AE) in a series of beamline detectors whose relative
positions are shown schematically in Fig. 1. These parameters,
when combined with the magnetic rigidity of the dipole
magnets, are used to extract the mass-to-charge ratio, A/q,
and Z of the transmitted ions on a particle-by-particle basis. In
this Bp — AE — Bp identification method (where Bp means
magnetic rigidity), a 3.7 g/cm? degrader was used at the
central focal plane of the FRS (S2 degrader). Further details of
the particle identification analysis can be found in Refs. [16]
and [17].

After separation and identification, the ions were slowed
in a variable-thickness aluminium degrader (S4 degrader) and
brought to rest in a multilayer perspex stopper with a total
thickness of 7 mm. This passive stopper is located at the central
focus of the Stopped RISING germanium array [17,18]. This
high-efficiency, high-granularity array consists of 105 hyper-
pure germanium detectors arranged in 15 clusters of seven
crystals each. The clusters are arranged in three rings at 51°,
90°, and 129° to the secondary beam axis. Gamma rays emitted
in the decay of isomeric states are detected in the array and
correlated with the arrival of the associated ion. The array has
a singles full photopeak efficiency of 11% at 1.3 MeV [18]
without add back, and because of the passive stopper being
located in air, the absence of a beam pipe between the decaying
nucleus and the detectors leads to a y-ray singles photopeak
efficiency of ~34% at 80 keV (with a perspex stopper).

The XIA digital pulse processors (digital gamma finder)
DGF4 are used to process the signals recorded by the germa-
nium detectors [17]. The DGF4 module produces an energy
and an absolute time-stamp signal with a time resolution of

Time—of—Flight =
Nb sS4 Detectors
. MW41 Nb MWw42
Degrader Foil Foil Degrader / ‘ \

Target Foil
Passive
DI D2 D3 D4 | Stopper
. *a®
BEAM Sci2l MU41  MU42 Scidl Sci42 Sci43

FIG. 1. Schematic outline of the GSI FRS and the suite of beamline detectors used for event-by-event particle identification in the current
work. The fragmentation products traverse four dipole magnets (D1-4), two aluminium degraders (S2 and S4), two multiwire proportional
counters (MW41,42), two MUSIC (MU41,42), and three scintillators (Sci21,41,42) before coming to rest in a perspex passive stopper at the
center of the RISING Stopped Ge array. An additional scintillator (Sci43) is also present after the stopper to veto any ions that do not come to
rest there.
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TABLE I. Spill structures of the various FRS settings.

Nucleus of 107 Ag Extraction  Total =~ Measuring
central ions per spill  length (s) spill period (h)
transmission time (s)

%pd 4 % 10° 10 30 16
%Rh 2-3 x 10° 6 25 5
86Tc 1-3 x 10° 5-6 25 90
82Nb 2 x 10° 5 25 5

25 ns. Two additional analog timing signals are produced by
short-range (SR) and long-range (LR) TDCs. These TDCs
have 0.293-ns resolution in a total recording period of 850 ns
and 0.76-ns resolution in a total recording period of 140 us,
respectively. The start signal for each timing signal comes
from a scintillator (Sci41) located immediately before the S4
degrader and before the stopper. The stop signal is provided
by the associated Ge crystal.

The magnetic field strength of the dipole magnets of the
FRS can be tuned to maximize the transmission of a specific
nuclear species. During this experiment, different settings,
focused on the fully stripped species of igPd, Z(S)Rh, ig’TC,
and §?Nb, were used. Table I shows the spill structure and
measuring period of each setting. The magnetic field strength
and S4 degrader thicknesses are shown in Table II. Several
nuclear species were transmitted to the focal plane in multiple
settings, and in the final analysis, the data from different
settings were combined where appropriate.

A. Particle identification and methods of background reduction

The standard particle identification variables are the atomic
number, Z, calculated from the energy loss in multisampling
ionization chambers (MUSIC) [19], and the mass-to-charge
ratio, A/q, determined from measurements of magnetic
rigidity and the TOF between Sci21 and Sci41 (Fig. 1). These
variables were calibrated using measurements of the primary
beam, in this case, '’ Ag. Figure 2 shows the identification
plot determined by these variables for the combined *°Rh,
8Tc, and ¥ Nb settings. Gamma-ray spectra associated with
delayed events in individual nuclear species can be produced
using software coincidence gates on these, and other, particle
identification parameters.

Isomeric states that have been previously identified and
reported have provided a confirmation of the particle identifica-

TABLE II. Magnetic field settings of the dipole magnets of the
FRS and the S4 degrader thicknesses used in different settings.

Nucleus of DI1(T) D2(T) D3(T) D4(T) S4degrader,
central Al thickness
transmission (mg/cm?)
%pd 0.73085 0.73284 0.54660 0.54910 1900
Rh 0.70210 0.70420 0.51880 0.52090 1500
86Tc 0.70015 0.70214 0.52920 0.53150 1900
82Nb 0.70240 0.70460 0.54170 0.54400 2400
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FIG. 2. (Color online) Final, calibrated Z vs. A/q identification
plot from the combined °’Rh, 8Tc, and ¥ Nb settings.

tion and an additional internal calibration of the y -ray energies,
intensities, and timing. Previously reported isomeric decays in
94.96pd and *>Ru were observed in the current work, and the
data obtained are shown in Fig. 3. The half-lives measured for
%4Pd and °Pd in the current work using the digital timing are
consistent with those reported in Refs. [20-22].

It is worth emphasizing that, with the exception of those for
84Nb, no y-ray background subtraction has been performed
on any of the spectra shown here. The low background in the
gamma-ray spectra is achieved by using this event-by-event
method of particle identification that provides very sensitive
selection of individual nuclear species. The use of appro-
priate temporal gating highlights specific isomeric decays in
the (typically) 100-ns to 100-us range. The shortest measur-
able half-lives are limited by the flight time through the separa-
tor and by the large background from bremsstrahlung radiation
associated with the implantation of the reaction product in
the stopper. The longest measurable half-lives are limited by
the length of the hardware coincidence window and the time
period between implanted ions. The particle identification for
y-ray spectra is improved through additional software gates on
combinations of experimental variables to veto events in which
fragments undergo subsequent interactions with materials in
the beamline. For example, a comparison of the energy loss in
the first and second MUSIC chambers can be used to identify
and exclude from the analysis ions that undergo reactions in
the gas of the MUSIC chambers or the Nb foil between them
(upper panel of Fig. 4). Also, fragments that are destroyed
in the S4 degrader can be removed by gating on the energy
loss in the first MUSIC chamber (MU41) and the energy loss
in scintillator 42, which is located immediately after the S4
degrader (lower panel of Fig. 4). A scintillator is also placed
after the RISING Stopped array (Sci43) to identify and veto
ions that do not come to rest in, or undergo nuclear reactions
in, the final stopper.

064303-3



A. B. GARNSWORTHY et al.

250+ . =
(a) 96 P T, = 1.75(6) us
|
Ef Pd % 10
2001 Z
3 4 1N
B : UL
= 150
2 & Time after Implantation (us)
w £ e
E —
3 100}
© ©
=
50
00" 250 500 750 1000 1250 1500 1750
Energy (keV)
b £ 100 T, ,=468(19) ns
2ol ® . %pq £ 1”2
i~ —
-, —
Z 10
60} = | |
S |
% 50 = & | l”” |
r 8 Ti fit E|'{m| tt'mot )
Ime arter implantation (ns
& 40 : P
E
=
é 30t g
20t 2
10
0 T P I PR
0 250 500 750 1000 1250 1500
Energy (keV)
(c) s 93Ru é T,,=2.7(2) ps
1200 | 210
100+ g
% ¥ 2
= 80f & 0 5 10 15
& Time after Implantation (us)
£ eof
=]
&} >
0r o
20r
0 NPT | Ll i 1 ”
0 250 500 750 1000 1250 1500 1750
Energy (keV)

FIG. 3. y-ray spectra of delayed events associated with ions
identified as (a) *°Pd, (b) **Pd, and (c) **Ru. The spectra are gated
between 150 ns and 5 us after the time of implantation. The insets
show the associated decay curves using a least-squares fit to the DGF
timing data.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The primary motivation for the current work was to investi-
gate the low-lying structures in the odd-odd self-conjugate
nuclei, Nb and %0Tc. Results for these nuclei related
to neutron-proton pairing have already been presented in
Ref. [23]. Other preliminary results from this work have been
presented in a series of conference proceedings [18,24-29].
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FIG. 4. (Color online) (a) Energy loss in the second MUSIC
chamber plotted against energy loss in the first. (b) Energy loss in the
first MUSIC chamber plotted against the energy loss in scintillator
42 located immediately after the S4 degrader. Both plots show data
collected during the setting focused on *°Pd.

This article reports results from the analysis of the complete
data set.

A. Isomeric ratio measurements

The reaction mechanism of projectile fragmentation has
been found to populate preferentially the near-yrast states in
the product nuclei [30-32]. An isomeric ratio can be defined as
the ratio between the number of times a nucleus is populated in
that isomeric state and the total number of times that nucleus is
produced. Measurements of isomeric ratios can provide insight
into both the reaction process and the nature of the observed
isomeric states (i.e., an yrast or a nonyrast state). In the current
work, the isomeric ratio, R, is defined as in Ref [32] by the
expression

Nis mer
R= —omer (1
NionsFG

where Nigomer 1S the number of ions observed in the isomeric
state, Njops s the total number of ions of that nuclear species
produced, and F and G are correction factors for in-flight
losses and for a finite measuring period, respectively. The
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number of ions observed in the isomeric state is equal to

N, (1+a)
Ni%omerz _1/,—’ 2
‘ > o b, )

l
where N,, is the number of y rays observed in the decay of
the ith decay branch depopulating the isomeric state, €; is the
absolute photopeak efficiency of the germanium detectors at
thatenergy, b, is the branching ratio of the y -ray transition, and
«; is the internal conversion coefficient of that y -ray transition.
The correction for in-flight losses is

TOF, TOF,
F =exp|—| Aq + g2 , 3
V1 V2

where A,, is the decay constant for the nucleus in charge
state ¢, in the first (n = 1) and second (n = 2) halves of
the separator. TOF is the time-of-flight from the production
target to the scintillator (Sci2l) positioned immediately
after the S2 degrader, and TOF, is the time-of-flight from
Sci21 to Sci41 located immediately before the S4 degrader. y,
is the corresponding Lorentz factor (y = ﬁ) In the mass
region of interest here, A ~ 80-90, the ions are fully stripped
through the full length of the separator so ¢ = g = Z. The
finite y-ray measuring time period is accounted for by

G = e(—)»l;) _ e(—M/)’ 4)

where #; and f; are the initial and final measuring times
between which the observed isomeric yield is determined. The
times are defined with respect to the time of ion implantation
in the stopper. Unmeasured losses caused by reaction products
being destroyed in the slowing process in the stopper are also
taken into account in determining isomeric ratio uncertainties.
The isomeric ratios measured in the current experiment are
shown in Table III. Also shown are previously reported
half-life measurements for comparison that are taken from
Refs. [10,21,22,33].

B. INb,,

In the work of Chandler et al. [10], a short-lived isomeric
state was tentatively identified in ®’Nb. Low statistics for
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FIG. 5. Singles y-ray spectrum of delayed events associated with
ions identified as #>Nb. The data are gated between 150 and 500 ns
after the time of implantation.

this nuclide in that experiment prevented the identification
of any discrete y rays or a half-life measurement. The singles
spectrum gated on 3?Nb ions from the current work is shown
in Fig. 5. Three y rays are now assigned to originate from
the decay of this 71, = 93(20) ns isomeric state [34], and a
y-y energy coincidence analysis finds all three y rays to be in
mutual coincidence. The level scheme constructed from these
data is shown in Fig. 6.

The two y rays at 418 and 638 keV lie close in energy to the
2% — 07 (407 keV) and 4T — 27 (634 keV) isobaric analog
transitions in 82Zr [35,36]. On this basis, these y rays are
assigned as the first two transitions of the ground-state band in
82Nb. The isomeric state that decays into this band is suggested
to have I = (5) based on internal conversion coefficient and
transition rate arguments described in detail in Ref. [23].

TRS calculations can be used to predict the deformation and
single-particle structure in the vicinity of the Fermi surface
in a given nucleus. The configuration-constrained potential-
energy-surface calculations developed by Xu et al. [37] can
predict the deformation for a specific multi-quasiparticle
configuration while including the y degree of freedom.
Figure 7 shows a TRS calculation for the ground state of

TABLE III. Isomeric ratios, R, measured in the current experiment. £ and J” refer to the excitation energy, spin, and parity

of the isomeric state. The half-lives (7,,) measured in the current work were used to calculate the isomeric ratio quoted. Also
shown are previously reported half-life measurements.

Nucleus E (keV) Jr Ti > (this work) T, (other) R (%) Number of ions
%Pd 4884 (14%) 468(19) ns 530(10) ns [21] 28(5) 12721
%pd 2531 8+ 1.75(6) us 2.2(3) us [22] 17(3) 13375
%Ru 2083 (21/2%) 2.7(12) us 2.20(17) s [33] 7(1) 44628
86T (1524) 61) 1.10(14) us 1.11(21) us [10] 41(7) 7650
87Tc 71 +x (7/2%) 647(24) ns 11(5) 44127
8Tc 95 4% 146(12) ns 6(5) 119298
82Nb (1180) ) 93(20) ns 78(77) 4455
84Nb (48) 3h) 176(46) ns 5(2) 240615
84Nb (305) 57 50(8) ns 0.5(4) 240615
84Nb (337) 5 92(5) ns 102(19) ns [10] 16(7) 240615
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FIG. 6. Experimental level scheme of 82Nb constructed from the
current data and results of a PSM calculation. The isobaric analog
states in 32Zr are also shown for comparison.

82Nb. The calculation predicts a large stable prolate defor-
mation with 8, = 0.430. This compares well with the value
of B, =0.41(7) in the isobaric analog, 827r, which was
deduced from the B(E2 : 2t — 0%) value and assuming axial
symmetry [35,36].

The PSM [38], including neutron-proton (np) interactions
[39], has been successful in describing the observed ground-
state structures in the even-even N = Z nuclei with A = 68
to 88. It was also shown to reproduce well the excited
structure in the odd-Z nucleus, 8*Nb [40]. In the current work,
the PSM has been used to suggest possible configurations
for the isomeric state observed in $2Nb. The calculation,
for which the positive-parity results are shown in Fig. 6,
predicts an I™ = 5 two-quasiparticle state with a Nilsson
configuration of v[422]5/2% x m[422]5/2% at an excitation
energy of 1224 keV. This state is predicted to lie just above
the T =1, I™ = 4% state and is a plausible candidate for
the configuration of the isomer. The population of a 7 =0
state with this configuration is consistent with the low-lying

0.30
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. "“a\xi)))\\

WS >
:57’2‘%\\ \"? 7
=@\
£ o "é:‘\\‘gér) I-'/A //A///ﬁ
MNzgr
S
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X=Bcos(p+30°)
FIG. 7. TRS calculation for the ground state of ®2Nb. The

minimum is located at 8, = 0.430, y = 0.1°, and 84 = —0.023. The
spacing between the contour lines corresponds to 200 keV.
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TABLE IV. Calculated partial half-lives derived from the single-
particle Weisskopf estimates (TIV/VQ) [43] and total conversion coeffi-
cients [43] of a 124-keV transition in ®?Nb.

124 keV
Tlv/Vz (s) Aot T1};2 (s)
El 1.87 x 10713 0.065 9.90 x 1078
M1 1.46 x 10712 0.131 1.05 x 1077
E2 8.97 x 1077 0.534 1.43 x 1077
M2 5.64 x 1073 1.120 1.97 x 1077

band structures observed in the 7, = +% neighbors 3!Zr [41]

and 33Nb [40,42]. The calculations also predict two low-lying
K" =4~ states at approximately 1.3 MeV (not shown in
Fig. 6).

Assuming a dipole transition from the isomeric state, the
measured half-life is much greater than the calculated partial
half-life shown in Table IV [43]. As discussed in Ref. [23],
we attribute this to K hindrance [44], the well-known mech-
anism by which nuclear half-lives are prolonged in axially
well-deformed nuclei. In this particular case of a 124-keV
M1 AK =5, v =4 decay, a reduced hindrance of f, =
(Tl};2 / Tlv/Vz)l/ Y & 16 is intermediate between the accepted f,
values for the best-case axially symmetric K isomers (~100)
and that of unhindered decays (~1). An intermediate value
is consistent with some degree of K mixing associated with
y-softness, which is supported by predictions from the TRS
calculation shown in Fig. 7 and 82Zr [35].

C. 3iNb,

The first y-ray transitions assigned to 3*Nb were identified
by Gross et al. [42], where two band structures were observed
but were not fitted into a joint level scheme. A further in-beam
study by Marginean et al. [45] enabled the construction of
a comprehensive level scheme at low excitation energy. In
the Mairginean et al. study, several rotational bands were
identified (including those suggested by Gross et al.) and
connected to the low-lying structure. The authors noted the
confirmation of a previously reported isomeric state, but within
their experimental setup, they were unable to measure the
half-life or to identify other long-lived states. The isomer
reported had been observed in the fragmentation of a *>Mo
beam. Preliminary results from the fragmentation study were
published in Ref. [46] prior to the work of Mdrginean et al.
The final analysis was published later by Chandler et al. [10],
where two decay paths depopulating an isomeric state at an
excitation energy of 338 keV were reported with a mean
lifetime of 148(28) ns. That paper also suggested that a
state at 48 keV may have an additional lifetime associated
with its decay, but low statistics prevented this from being
confirmed.

Our work is in agreement with the findings of Chandler
et al. [10] and has made it possible to measure the mean
lifetime of the 48-keV state. In addition, our work finds
that a state at 305 keV reported by Marginean et al. [45] is
isomeric. Delayed y-ray spectra produced from gating on ions
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FIG. 8. (a) Singles y-ray spectra gated on ions identified as
84Nb and a time gate between 200 ns and 1.75 us. (b) Sum of
coincidence energy gates on 132- and 175-keV transitions to highlight
the previously observed isomeric decay. Spectrum (b) has the same
ion identification and timing conditions as (a).

identified as #Nb are shown in Fig. 8. Relative intensities of
the observed y rays are shown in Table V along with calculated
internal conversion coefficients and single-particle Weisskopf
estimates [43]. Because of the short half-life of the isomeric
states and the low energy of the transitions in this nucleus, the
intensity measured for each y ray in this case is especially
sensitive to the chosen start channel of the time gate. The
quoted uncertainty takes this into consideration.

The upper panel of Fig. 8 demonstrates a singles spectrum
that in addition to previously reported isomeric transitions
shows delayed y rays at 143 and 257 keV. As our is only
sensitive to delayed transitions, these y rays must decay from a
previously unreported isomeric state in #*Nb. These transitions
were not observed by Chandler et al. [10] but are included in
the level scheme reported in the in-beam study [45]. A sum
of energy coincidence gates on the 132- and 175-keV direct
decays from the previously reported isomeric state is shown
in the lower panel and indicates the previously reported decay
paths. The 143- and 257-keV transitions, which are shown in
the singles spectrum, are too weak to appear in coincidence
gating but were identified in Ref. [45] to be depopulating a
level at 305-keV excitation energy. The transitions and relative
intensities observed in the current work are shown in the level

TABLE V. Relative transition intensities of delayed transitions
associated with *Nb. The intensities have been normalized to the
intensity of the 114-keV transition. Also shown are calculated
internal conversion coefficients [43] and the single-particle Weisskopf
estimate of the assigned multipolarity [43].

E, (keV) « (M1) a(E1) a(E2) I % (5)

479 1.97 1.06 180 605(28) E2 1.11 x 107*
63.8 085 046 610 9830) E2 2.57 x 1075
114.0 0.16 008 072 100(19) E2 1.32x 10°°
132.4 0.11 005 042 162(29) E2 6.36 x 1077
140.3 009 004 034 89(17) El 1.28x 10713
143.2 009 004 032 244) M1 1.10x 10712
174.8 005 002 0.5 104(15) El 6.55x 10"
205.1 003 002 009 156(23) E2 7.04 x 1078
2572 002 <001 004 238) E2 227x10°8
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T,,=92(5)ns 7 o9 T 12=500@)ns

257 143

FIG. 9. Proposed level scheme for %*Nb observed in the current
work. The widths of the arrows indicate the relative intensities of the
transitions.

scheme of Fig. 9. The ground-state spin and parity is taken as
1" based on compelling evidence provided in a recent 8-decay
study of the 8*Mo parent [47]. The spin and parity assignment
of the 337-keV state is from Ref. [45].

The ordering of the 64- and 140-keV transitions presented
in this work is reversed with respect to that in previous publi-
cations. This follows the necessary multipolarity assignments
made in the current work to satisfy the intensity balance.
The original ordering would have resulted in the intermediate
state having the same spin/parity as the ground state, and the
coexistence of two such states is not justified.

Least-squares fits to the associated decay curves have been
made to determine the half-lives of the three isomeric states
observed in % Nb. The fits are shown in Fig. 10. The upper
panel is the DGF time spectrum associated with the 132- and
175-keV transitions. The deduced half-life in the current work
of 92(5) ns is consistent with the previous measurement by
Chandler et al. [10] of 102(19) ns.

The 48-keV transition seems to have a longer half-life than
the other transitions, which indicates that the 48-keV state is
also isomeric. Figure 11 shows the time-difference spectra
between the 64- and 140-keV transitions and the 48- and
114-keV transitions. Despite the low coincidence statistics, a
significant number of counts appear to the right of the centroid
in the lower panel that are absent in the upper. This is an
indication that the 48-keV state has a half-life associated with
it. Feeding from the 92(5)-ns isomeric state at 337 keV must
be taken into account so a two-component least-squares fit has

10* Sum of 132 and 175 keV gates

1
l[}“;r TI.'Z = 92(5) ns
10°F
10'F
] IOU_r
2 1k Gate on 48 keV
ol T,, = 176(46) ns
o E
2 10'F
= F '
0O
SI0E, : : .
1) 3 Gate on 257 keV
102% T,,, =50(8) ns
10'F
10k —
1 15 2

Time after Implantation (us)

FIG. 10. Half-life measurements from least-squares fits to the
DGF timing signal of y rays associated with the decay of the isomeric
states in 3*Nb. The decay from the 48-keV isomeric state has been
fitted using a two-component least-squares fit assuming feeding from
the higher lying, 7\ ,, = 92(5) ns isomeric state.
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FIG. 11. Time-difference spectra between the 64- and 140-keV
transitions (upper panel) and the 48- and 114-keV transitions (lower
panel) in 3*Nb. The fit assumes no lifetime, so it reflects the time
resolution of the setup at these energies. The counts that appear with
a large time difference indicate the 48-keV state is isomeric.

been used in this case. The half-life of the 305-keV state has
been obtained by a least-squares fit to the 257-keV transition
and is found to be 50(8) ns.

D. $Tey,

A microsecond isomer in 86Tc was previously re-
ported, and two y rays tentatively assigned, by Chandler
et al. [10].

The current work finds five y rays to be emitted in the
decay of a T/, = 1.10(14) us isomeric state [34] in 86Tc, as
shown in Fig. 12. The measurement of the half-life of this state
was made by performing a least-squares fit to the summed time
spectra associated with the 593- and 850-keV transitions (inset
of Fig. 12). A y-y energy coincidence analysis finds the 81-,
593-, and 850-keV y rays to be in mutual coincidence. These
latter two y rays lie notably close in energy to the 27 — 07
(567 keV) and 47 — 27 (761 keV) isobaric analog transitions

200 :
SGTC é " T, = 1.10014) ps
=
:‘é 10F
£ |
£ i
- 0 2z 4 6 8
f E Time after Implantation (us)
2 100} 2
=
=
=] r -
U -]
50+
0 [Ty ik it s 1 ™ "
0 250 500 750 1000 1250
Energy (keV)

FIG. 12. y-ray spectra of delayed events associated with ions
identified as %Tc. The data are gated between 150 ns and 5 us after
the time the associated ion arrived in the stopper.
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TABLE VI. Calculated y-ray partial half-lives derived from
the single-particle Weisskopf estimates [43] and total conversion
coefficients [43] of an 81-keV transition in ¥Tc.

81 keV
Tl% (s) Utot
El 6.50 x 10713 0.245
E2 7.08 x 107° 2.690
M1 3.41 x 10712 0.514
M2 4.59 x 107+ 6.420

in igMo44 [48]. On this basis, they are assigned to be the first
two transitions of the T = 1 ground-state band in 3°Tc.

The 269- and 581-keV y-ray energies sum to 850 keV,
which suggests a competing decay branch to the (47) — (2%1)
transition, and this is confirmed in a -y coincidence analysis.
The spin and parity of this state is most likely 3% or 4T when
y-ray selection rules and Weisskopf estimates of the transitions
are considered.

An intensity balance around the (4™) state has been used to
infer the conversion coefficient, o, of the 81-keV y ray to be
3.49(80). Calculated values of total conversion coefficients for
this transition are displayed in Table VI. Good agreement in
the current analysis was found for the conversion coefficient
of the 96-keV, 14t — 12%, transition in **Pd, previously
reported in Ref. [21]. In our work, this is inferred to be
1.6(3) compared with the previously measured value of 1.9(4)
[21] and a theoretical value of 1.61 [43]. On this basis, the
81-keV transition in 3°Tc is assigned to be of a stretched- E2
multipolarity, leading to a spin/parity assignment of (67) for
the isomeric state.

The I™ = 6" member of the ground-state band in ¥Mo
lies at 2260 keV, 932 keV above the 4™ state. Considering the
similarity in energy of the (2*) and (4*) members, the T = 1,
I™ = 67 state in 3¢Tc would therefore be expected to have an
excitation energy of around 2.5 MeV. The isomeric 67 state
appears at an excitation energy of 1524 keV creating an yrast-
trap isomeric state. The fact that this 61 state appears only
81 keV above the yrast 4 state would explain the somewhat
large isomeric ratio (Table III).

The results of a configuration-constrained potential-energy-
surface calculation for the ground state in 86Tc are shown
in Fig. 13. The minimum for a rotational frequency of w =
0.0 MeV/h is at B, = 0.004, y = 0°. However, if the system
is allowed to rotate, then the minimum quickly moves to
the triaxially soft, oblate minimum focused around 8, =~ 0.2,
which is also prominent in Fig. 13. This soft triaxial shape
suggests that N = Z = 43 represents the boundary along the
N = Z line of the transitional region as the doubly magic
100Sn is approached. These findings are in agreement with
recent results described by Fischer er al. [40].

The positive-parity states in 30Tc predicted by the PSM
are shown in Fig. 14. Negative parity states with K =5, 6
are also predicted at ~1.2 MeV. The ground-state band is
shown to be well reproduced in the calculation. The I™ = 6
state predicted at 1428 keV is the first excited member
of a rotational band built on the I™ =51 2-quasiparticle
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B = NI
RN
7

X=Bcos(y+30°)

FIG. 13. A configuration-constrained potential-energy-surface
calculation for the ground state of ®Tc. The minimum is at 8, =
0.004, y = 0° with a shallow oblate minimum around B, = 0.2,
y = —60°, which becomes favored for > 0 MeV /h. The spacing
between the contour lines corresponds to 200 keV.

band head (v[422]5/2% x 7[422]5/2") and therefore seems
unlikely to be isomeric unless rotational alignment brings
the 6 below the 5 state. A more probable configuration
for an I™ = 6" isomeric state would be a coupling of
the [413]7/2% x [422]5/2" Nilsson orbitals. Both of these
orbitals lie close to the Fermi surface, but the calculation places
this state at a significantly higher excitation energy.

It is worth acknowledging an alternative situation in which
the isomeric state has /™ = 5~ and decays by a mixed E1/M2
transition to the (41) state. A mixed transition of this type
could result in a measured internal conversion coefficient
of a similar magnitude to that observed. A mixing ratio of
8(E1/M?2) = 1.07 is required for oy = 3.49(18) matching
the measured value or §(E1/M?2) = 0.76, oo = 2.47(13), to
match the calculated pure E2 value [49].

T, ,= 1.10(14) ps(g+)

5% 1496

(4* 81—, 1TV 4+ 1426 6 1428
41328 (1405 N (1524) 3+ 1318 —_—
— 269 (3.4) i 5t 1215
""" 1205 &
B850 (1174) o T=0
581
o
. X Z 0%
(593)
593 |
ot 0 o+ 0 ot 0
T=1
86Mo Exp. ¥T¢ Calc. #Tc

FIG. 14. Experimental and theoretical (PSM) level schemes of
86Tc. The ground-state band of ¥ Mo is also shown for comparison.
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Itis also noteworthy that the isomeric state in 3Tc lies in the
vicinity of the proton separation energy of 1393(409) keV [50],
thus raising the possibility of direct proton emission from
the isomer competing with internal y-ray decay. However,
the experimental arrangement used here does not allow us to
observe this possible decay mode.

E. §iTc,,

Two y rays, likely to form a deformed band built on a proton
8o/2 state, have been observed in this nucleus previously [51]
but no linking transitions to the ground state were identified.
The nuclei were produced in fusion-evaporation reactions and
studied using prompt spectroscopy. The experimental setup
used was only sensitive to y rays between 0.1 and 2.4 MeV,
which were emitted in the first 0.5 ns after production.

Our work identifies two delayed y rays associated with
87Tc. They can be seen in the singles y -ray spectrum in Fig. 15.
The two transitions of 64 and 71 keV are found to not be in

250

I 87 100 £
@ Te &
2 Z 0f
200 §
L S |
> 0 2 4 6 8
2z 150 Time after Implantation (us)
£ T T T T T T T
g | 6f Gate on 64 keV ]
b} —_ > 4k ]
3 00F |7 g 2f 1
S 2o
3 § 6 Gate on 71 keV ]
41 1
50’_ 2+ 4
0 I O 1 Y O
3 40 60 80 100 120 140 160
A . Energy (keV)
0 100 200 300 400 500 600
Energy (keV)
1 3
T, =146(12) ns }
(b) 88 12
1251 & Tc 5 100¢ 1
2 1
= [ 1
|
> 100} S L ii||
0 1t I
b 0 12 3
& 75+ Time after Implantation (us)
g
=
S S0
25.
OMM sl b i
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FIG. 15. y-ray spectra of delayed events associated with ions
identified as (a) 8 Tc and (b) 33Tc. The spectra are gated from 150 ns
to 3.4 us and from 150 ns to 1.5 us after implantation, respectively.
The insets show the associated decay curves from the DGF timing,
and in the case of 3 Tc, this is the sum of gates on both the 64- and
71-keV y rays. The second inset of the upper panel shows energy
coincidence gates on the two transitions that are shown to not be in
mutual coincidence.
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TABLE VII. Calculated partial half-lives for transitions in 8’Tc
of various multipolarities derived from the single-particle-unit
Weisskopf estimates [43]. The units are in seconds.

7 keV 64 keV 71 keV
E1l 6.69 x 10710 1.31 x 10712 9.18 x 1071
E2 7.42 x 107! 2.26 x 107 1.26 x 107°
M1 3.50 x 10710 5.47 x 10712 4.32 x 10712
M2 4.85 x 10" 1.48 x 1073 8.21 x 10~

mutual coincidence with each other (inset of Fig. 15). This
either constitutes separate decay paths from a single isomeric
state or represents the decay of two separate isomeric states in
87Tc. Least-squares fits to the decay curves associated with
the individual y rays finds their half-lives to be the same
within experimental uncertainties: 597(33) ns for the 64-keV
transition and 680(57) for the 71-keV y ray. The most likely
scenario is therefore a single isomeric state with competing
decay paths. A single component half-life fit to the summed
decay curve (inset of Fig. 15) gives a half-life measurement of
647(24) ns.

An inspection of the calculated partial half-lives (Table VII)
of these observed y rays indicates that only hindered E1 or
M1 multipolarity can likely result in the observed half-life
of the isomeric state. Other multipolarities would result in a
much longer lived isomer. E'1 and M1 transitions still require
a large degree of hindrance that could be a result of shape
hindrance in the decay of an oblate 7/2% ([413]7/2) state to
prolate states of 5/2% ([422]5/2) and 5/2~ ([303]5/2). All of
these single-particle levels lie at the Fermi surface, and similar
low-lying structures built on these states have been observed
in N = 43 isotones [53,54].

F. §3Tey

Two B-decaying states with half-lives of 6.4 and 5.8 s have
been previously reported in this nucleus [55]. In addition, a
quasirotational band was identified during an in-beam study
[51] and a partial decay scheme was constructed. It is not clear
which B-decaying state, if either, is the ground state of this
nucleus or into which state the quasirotational band decays.
The new experimental data from our work, combined with

X+1538 1+3
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TABLE VIII. Calculated y-ray partial half-lives derived from the
single-particle Weisskopf estimates and total conversion coefficients
of a 95-keV transition in ¥ Tc [43].

95 keV
Tl% (s) Utot
E1 3.97 x 1071 0.155
E2 3.09 x 10~ 1.520
M1 2.48 x 10712 0.327
M2 2.04 x 107* 3.550

theoretical interpretation of these levels, leads to a consistent
picture for the low-lying structure of this nucleus.

In our work, a Ty, = 146(12) ns isomeric state is found
to decay via a single 95-keV y ray as shown in Fig. 15. An
inspection of the Weisskopf estimates (Table VIII) suggest
either a hindered dipole or an enhanced E2 transition.

The results of a shell-model calculation using the Gross-
Frenkel interaction [56] in a 1g9,2-2p1/» model space are
shown to the right of Fig. 16. This shell-model space has been
shown to consistently perform well for the low-spin, near-
spherical states in nuclei with Z = 40-45 and N = 46-50
[57].

The calculation suggests that the two B-decaying states
observed by Odahara et al. [55] have spin 2" and 61 because
a low-energy E4 transition between these two states is highly
unlikely to compete with § decay. In addition, a comparison
between the predicted yrast states and the experimental decay
scheme strongly suggests I = 8 for the X+4312 level shown
on the left-hand side of Fig. 16. Not only the energy pattern
but moreover predicted decay strengths yield a pattern very
similar to the observed one (i.e., the 312-keV transition is
associated with an 8 — 67 transition). This implies that the
tentative 291-keV transition would be falsely positioned in the
experimental decay scheme.

Thus, one is left with two possibilities for a low-energy
isomeric transition: either the 4t — 6% orthe 47 — 27 tran-
sition, which means in principle two parallel electromagnetic
transitions from a possibly isomeric 4™ level, only one of which
is observed in this study. Both the lowest negative-parity states,
which are predicted at some 700-keV excitation energy, and
odd-spin positive-parity states shown on the right-hand side of

‘ 1530 11+ FIG. 16. Experimental . a}nd

I 344 calculated low-spin excitation

X+1194 |42 1307 10* schemes of ®¥Tc. The experimental

861 o scheme is constructed from the

current work (95-keV transition

only) and Refs. [55] and [51].

X+677 I+1 882 5 5+ The widths of the arrows indicate

‘ 599 g* '3_ F relative intensities of the y rays;

365 the energy labels are in keV, and

,,,,, ).( 912 l . L tentative transitions and levels are

Tie= 146(12) ns (251) 312 213:;— 3.,. 1* dashed. The predictions are based

Y+95__95  J+2 ¥ x 57 &+ on shell-model calculations in a
Y J o0 —2+ 1g9/2-2p1,> model space.

Exp.%Tc Calc. %Tc
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Fig. 16 have open E'1, M1, or E2 y-decay branches of several
hundred keV, which precludes these to be isomeric beyond the
nanosecond scale.

Assuming the E2 character for the observed 95-keV
transition, one obtains

1 0.566
X 5
l+oo  TipE;)

B(E2)exp = br x ~ 200 ¢* fm* (5)

with an experimental branching, br = 1.0, oy = 1.52(7),
Ty =146(12) ns, and E, =0.095(1) MeV. This can
be compared with the predictions of B(E2;4T — 27) =
320 ¢* fm* and B(E2;:4" — 61) =7.9 ¢? fm?, respectively,
using the effective charges provided for the Gross-Frenkel
shell-model interaction [57]. Compared with the experimental
number, this clearly points toward matching the observed
95-keV transition with the predicted 4T — 2% decay, in terms
of both excitation energies and, moreover, decay strengths,
which would imply / = 2 and, most likely, ¥ = 0 keV and
X ~ Y, on the left-hand side of Fig. 16. This scenario also
provides an explanation as to why the 4t — 6™ transition
is not seen in the current work and only one isomeric y-ray
transition is observed.

IV. CONCLUSIONS

Experimental results from the first experiment of the
RISING “Stopped beam” campaign are reported with a discus-
sion on the structure of these nuclei based on interpretations
provided by several theoretical models. These data have
allowed the identification of previously unobserved excited
states in the self-conjugate odd-odd nuclei 8?Nb and ¥ Tc. The
low-lying structures of both systems are dominated by T = 1,
np pairing effects that have already been observed in the other

PHYSICAL REVIEW C 80, 064303 (2009)

odd-odd N = Z nuclei above 37Sc. The current data suggest
that the T = 1, rather than the T = 0, pairing interaction is the
dominant feature throughout the fpg shell [23]. In addition,
previously unreported isomeric states have been identified in
87Tc and ¥ Tc with half-lives of 647(24) ns and 146(12) ns,
respectively. These states are interpreted as a shape isomer in
87Tc, and comparison with shell-model calculations finds the
(4™) member of the ground-state band in 8Tc to be isomeric.
A previously reported isomeric state in #*Nb has been observed
in this data, and another previously identified excited state in
this nucleus has now been assigned as isomeric with a half-life
of 155(24) ns.
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