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Abstract. A superdeformed band consisting of a cascade of ten ~-ray transitions has been identified and
assigned to the nucleus 3°Tc, close to the proton dripline. The quadrupole moment of the band (Q¢ =
6.7739 eb, as measured by the Residual Doppler Shift Method) as well as a large dynamic moment of
inertia point to a highly elongated shape. With a relative population of approximately 15% of the ~v-ray
flux in the 89Tc exit channel, the band is among the most intense superdeformed bands observed to date.
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Since the observation of the first high-spin superdeformed
(SD) band in 52Dy [1], SD shapes have been intensively
studied in nuclei in the mass A~80, A~130, ~150 and
~190 regions [2-4]. Recently SD bands were discovered
in the nuclei %%:62Zn [5,6], possibly indicating yet another
region of SD nuclei around mass A=60. Despite relatively
long-standing theoretical predictions of the existence of a
SD shell gap in A ~ 80 nuclei [7-9] it was not until a few
years ago that the first experimental observation of a SD
band in 83Sr was made by Baktash et al. [10]. The delay in
experimental confirmation of the theoretical predictions is
explained by the large difficulties associated with the de-
tection of these typically very weak cascades of ~ 1 - 3
MeV gamma rays, which can only be produced in rather
unfavourable fusion-evaporation reactions with large reac-
tion channel fragmentation. The combination of the latest
generation of large y-ray detector arrays [15,11] with an-
cillary charged particle detector systems [16] has been the
key to the ongoing experimental success in unraveling the
SD A~80 mass region as well as the discovery of SD bands
in 69627,

In this article we report the observation of a SD band
in 89Tc. Together with the recent discoveries of SD bands
in the N=46 isotones ’Nb [12], 86Zr [13] and %¥Mo [14]
the A~80 mass region of SD nuclei is now extended into
A~90. With an approximately 15% intensity relative to
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the total yield in the 2a2p channel leading to 3°Tec, this
band is one of the most strongly populated SD bands
ever observed (surpassed only by the recently observed SD
band in %°Zn [5] for which relative intensities of 34% and
60% were reported for two different experiments, respec-
tively). The extracted lifetime information for the band
indicates a quadrupole deformation which is at the high
end of those observed for the A~80 SD structures, similar
to the A~150 SD nuclei.

Excited states in 89Tc were produced at the 88-Inch
Cyclotron of Lawrence Berkeley National Laboratory us-
ing the °®Ni(*°Ca,2al1p) reaction at 185 MeV bombard-
ing energy. The highly enriched (99.8%) ®®Ni foil of 0.38
mg/cm? thickness, was placed at an angle of 30° relative
to the beam direction, resulting in an effective thickness of
0.44 mg/cm?. Gamma rays emitted in the reactions were
observed with the Gammasphere [15] Ge detector array,
then consisting of 94 large escape-suppressed coaxial n-
type Ge detectors. The Microball [16], a 47 charged par-
ticle detector array with 95 CsI(T¥) scintillation detector
elements was used in conjunction with Gammasphere to
detect evaporated charged particles (mainly protons and
alpha particles). This enabled a high selectivity for specific
exit channels out of the large ensemble of species produced
in the reactions. The event trigger required coincidences
between three or more escape-suppressed Ge detectors. A
total of 2.4 x 10° raw events were collected, sorted off-line
into various particle-gated E,—FE, coincidence matrices
and F.,—FE,~E, coincidence cubes, and analysed using the
Radware data analysis package [17] and other software.
The detection efficiency for a proton was about 70% and
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for an alpha particle about 45% in this case. Therefore, the
2alp gate contained considerable admixtures of the 2a:2p,
2a3p and 3alp reaction channels which “leaked through”
when an « particle or a proton escaped detection. In the
data analysis these contaminations could be subtracted
using the corresponding particle-gated matrices. The final
2a1p-gated “unfolded” coincidence data contained 4 x 107
~~ pairs from the decay of 3°Tc. For the relatively light
compound nucleus **Cd, evaporated particles, especially
« particles, have a sizeable effect on the momentum vector
of the recoiling residual nuclei. Using the high granular-
ity, particle identification, and energy information from
the Microball, this was corrected for, significantly reduc-
ing the otherwise problematic Doppler broadening of the
~ rays belonging to the 2alp exit channel.

From the particle-gated coincidence data, a rotational
band of ten (eleven) v-ray transitions with energies be-
tween 1147 keV and 2459 keV (tentatively 2625 keV)
was established and assigned to the nucleus 8°Tc. The
spectrum shown in Fig. 1 was obtained by summing all
two-fold gates on the in-band v rays from the 2alp-gated
three-fold and higher-fold ~-ray coincidence data. The in-
tensity of this SD band could be estimated to approxi-
mately 15% relative to the intensity flowing through the
low-lying yrast states of 39 Tc. However, despite this high
relative intensity, discrete linking transitions from the de-
cay out of the band have not been identified and conse-
quently the absolute spins and excitation energies of the
SD states could not be determined. The observed decay
pattern of the band is therefore consistent with the pre-
dominantly statistical character of the decay out of SD
bands in other regions. Some indications of a proton decay
branch out of the band (leading to excited states in *Mo)
are not conclusive and need further studies. In the present
analysis, three SD bands have also been assigned to the
neighbouring N=46 isotone 8¥Mo [14]. The most intense
SD band in ®¥Mo is used for comparison below. We have
also found evidence for two other weak y-ray cascades with
SD characteristics which we have tentatively assigned to
89T¢ but which need further experimental confirmation.

The conventional Doppler Shift Attenuation Method
of measuring line shapes in a backed target is not feasible
for the very fast SD ~-ray transitions. However, lifetimes
can be estimated by a technique [18] based on the resid-
ual Doppler shifts from the slowing down of the recoiling
nuclei in a thin target. Such a residual Doppler shift anal-
ysis is presented in Fig. 2. The average recoil velocity was
determined from the Doppler shifts of v rays emitted from
low-lying states in ®¥Mo and 8°Tc. Such states have suffi-
ciently long lifetimes in order to predominantly decay af-
ter the recoiling nuclei have passed out of the target and
have a well-defined velocity distribution, (vp). However,
the superdeformed states have much shorter lifetimes and
a much larger fraction of them decays while the recoiling
nuclei are slowing down in the target. Consequently, the
fast 7y rays in the SD band have different, larger, Doppler
shifts. The average fractional shifts F(7) = (v (7))/(vo)
are plotted as open and filled squares for the SD tran-
sitions in 8°Tc and 3Mo, respectively. As a comparison,
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Fig. 1. Gamma-ray spectrum created by summing all combi-
nations of double coincidence gates set on transitions belong-
ing to the SD band in 3°Tc. Energies are labeled in keV and
the energy dispersion is 2 keV per channel. The uncertainties
in the energy determinations are estimated to vary between
0.5 and 1.0 keV. Relevant background contributions have been
subtracted
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Fig. 2. Deduced F(7) values as a function of <-ray energy.
The data points are extracted from the residual Doppler shifts
of the ~-ray energies in the forward and backward detectors.
Calculated F(7) curves with different Q; values are shown as
lines. The data for Mo are included for comparison since
sufficiently intense low-lying yrast lines from the decay of this
nucleus can be found in the SD spectral range

filled “circles” representing low-lying yrast transitions in
88Mo (1273, 1679, 1761, 1960, 2055 and 2320 keV) are
included. The slowing-down of the recoiling nuclei in the
target was modeled using the electronic and nuclear stop-
ping powers given by Ziegler et al. [19] and the veloc-
ity distribution of the recoiling nuclei was calculated as
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Single-particle Routhian (MeV)

Fig. 3. Single-particle diagram of the deformed WS potential
as a function of quadrupole deformation at a rotational fre-
quency of hw=0.8 MeV. The (4 deformation was varied with
B2 corresponding to the minimum value of the total Routhian
energy for each particle number. A triaxial deformation with
~ = 10° was chosen, corresponding to the predicted shape of
the yrast SD configuration in 3Tc at fiw=0.8 MeV. The sym-
bols for the different (m,a) configurations are: solid=(+, 1),
dotted=(+, —3), dash-dotted=(—, 3), dashed=(—, —3).
Particle numbers for the largest shell gaps and the N = 5
intruder orbits are indicated

a function of the decay time by integrating over the tar-
get material and averaging over three different reaction
points in the target. Side feeding from rotational cascades
with the same quadrupole moments was assumed accord-
ing to the experimental feeding pattern. The experimental
F(7) values are compared with these calculations yielding
a quadrupole moment Q; = 6.7f§:g eb for the SD band
where the quoted error bar does not take into account
any systematic uncertainties from the analysis. The de-
duced @Q; value corresponds to a quadrupole deformation
of B2 =~ 0.6, assuming an axially symmetric nuclear shape.

As pointed out above, the observed SD band in 89Tc
carries a relative intensity of about 15%. This can be com-
pared to the intensity of the strongest band in the neigh-
bouring nucleus 3¥Mo which amounts to approximately
1% of the 2a2p channel. Relative SD band intensities on
the order of 1% are representative of the A~ 80 region
as well as other regions of SD nuclei. The strong pop-
ulation of the 3Tc band is therefore clearly remarkable
and demands an explanation. In order to shed light on
this feature in particular and on the structure of A~90
SD nuclei in general we have performed cranked mean
field calculations based on a Woods-Saxon potential [21,
20]. The pairing interaction was treated selfconsistently
using both monopole and quadrupole components [22]. In
order to avoid the spurious pairing-phase transition an
approximate particle number projection using the Lipkin-
Nogami approach [23,24] was performed. Excited quasi-
particle configurations are blocked selfconsistently and the
“routhian” energy in the rotating frame of reference was
minimised with respect to the 35, 84 and v deformation
parameters for each configuration. More details concern-
ing these extended total routhian surface (TRS) calcu-
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lations can be found in [22]. The theoretically predicted
"doubly-magic’ SD nucleus in the A & 90 region is the
not yet observed nuclide §§Ruqy (Fig. 3). The yrast SD
configuration of this nucleus includes four particles in the
hi1/2 (N = 5) intruder orbitals (two protons and two neu-
trons), which we denote as 752152, Most of the SD nuclei
observed up to now in this mass region can be assigned to
the m5'v52 configuration. However, for the SD Sr-nuclei
only one single N' = 5 neutron orbital and no N' = 5 pro-
ton orbitals are predicted to be occupied [25]. For Z > 38
the A/ = 5 proton orbital may become occupied as is seen
in Fig. 3, showing the favoured Z=38, 43 and 44 gaps
which separate the 5° from the 5%, the 5! from the 5%, and
the 52 from the 53 proton configurations, respectively. The
experimental observation of a very strongly populated SD
band in #°Tc with a large deformation is thus in accord
with our theoretical calculations, which produce a large
SD shell gap for Z = 43.

For the spherical states at low excitation energy in
89T¢ and neighbouring nuclei it is rather easy to build
angular momentum. This is due to the fact that the va-
lence protons and neutrons occupy states in the middle of
the gg /o subshell. However, the valence space is very lim-
ited and the maximum spins for the gg/Q configuration are

I = 24h for ¥Ru and 3¥Mo and I = %h for 89Tc. Higher
spin states are built up by means of particle hole excita-
tions from the f5/o orbits into the g7/ subshell, across
the spherical shell closure, and are hence costly in energy.
This results in a steeply upsloping ’spherical’ yrast line,
once the gg/o pairs are broken (Fig. 4), a property com-
mon for many A=x90 nuclei near N=Z. Hence the balance
between the excitation energy of the SD well and the cost
of exciting particles across the N,Z = 50 spherical shell
closure determines when and if SD states become yrast.
From a theoretical stand point, Fig. 4 explains at least
qualitatively the very strong population of the observed
SD band in 89Tec. The excitation energy relative to the
low-lying spherical states of the yrast SD bands in 88Mo
and 39Tc are about 8.5 MeV and 6.5 MeV at I = 20 A, re-
spectively. Therefore it is consistent with the calculations
that we find a stronger population of the SD states in 3Tc
than in 8Mo. For the “doubly magic” SD nucleus 33Ru
the SD states are predicted to be 5.5 MeV excited above
the yrast line at the same angular momentum, which is
not so different from the case in 8 Tc. In 3?Tc the calcu-
lated yrast line of the low-lying “spherical” states exhibits
a steep rise as a function of angular momentum starting
at I ~ 2bh. The energetically most favoured SD band is
built on the 75'v5? configuration with deformation pa-
rameters (B2 = 0.52, v = 10°) at fw = 0.8 MeV. It is
predicted to form the yrast line above I = 28 i. The pre-
dicted transition quadrupole moment of this structure is
@: =~ 5.6 eb which is in agreement with our experimental
data. For 8Mo the yrast SD band is predicted to have
the same intruder configuration whereas for 88Ru the pre-
dicted SD intruder content is w52v52. For both 83Ru and
88 Mo the SD structures are predicted to become yrast at
roughly the same angular momentum as for 89Tc. How-
ever, the spherical single-particle states above I = 287
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Fig. 4. Energy as a function of spin for the calculated spheri-
cal and SD configurations in #Tc (circles), ¥ Ru (squares) and
8 Mo (diamonds). The energy is corrected with the energy of
a rigid rotor with h2/2j = 0.0152, where J is the moment of

inertia. Open and filled symbols correspond to the yrast spher-
ical configurations and the SD configurations, respectively

are too high in energy to be located in the present crank-
ing approach.

The TRS for the (m,a) = (—,—3) configuration in
89T ¢ (which includes 75'v52) is shown in Fig. 5. In Fig. 6
the dynamic moment of inertia, J), for the observed
SD band is compared with the calculated values for the
5152 (m, a) = (—, —3) configuration. The agreement be-
tween the experiment and the calculation is rather good,
even though the bump in the theoretical 7 curve at
hw =~ 1.3 MeV is not observed. The increase in J® in the
calculations has its origin in a slight shape change towards
larger triaxiality, and somewhat smaller 8 and (; de-
formation (0s, 84,7): (0.51,0.02,13°) — (0.49,0.01,19°).
This shape change is caused by a shift in the balance be-
tween the proton and neutron shell corrections with in-
creasing rotational frequency. The neutron shell gap at
N=46 is increasing with gamma deformation, which is
one of the reasons for the triaxility of the SD bands in
this mass region. At the same time, the proton shell cor-
rection is decreasing with angular momentum, due to the
next N=5 proton intruder orbital approaching the Fermi
surface. The change in angular momentum associated with
this shape change is rather modest, of the order of 1-2A.
The discrepancy with respect to the experimental data
points either to a somewhat weaker shell structure of the
neutrons or that a coupling to the vibrational motion is
washing out this mean-field effect. Many of the SD bands
in this mass region are predicted to be quite soft with re-
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Fig. 5. Calculated total routhian surface at fiw = 0.8 MeV,
based on the (7, a) = (—, —1/2) quasi-proton configuration. A
well defined minimum is present around (32=0.5. In addition,
one may also see that an “enhanced SD” minimum is develop-
ing at (2 ~0.65
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Fig. 6. Experimental dynamical moments of inertia J @) for
the observed SD band (filled circles) compared to values from
the cranked Strutinsky calculation (open boxes)

spect to gamma deformation, a property that is absent
in other regions of SD nuclei. The observation of gamma-
vibrations at SD shape would be a fingerprint of this soft-
ness and deserves further studies. Another interesting fea-
ture of the theoretical results is a pronounced “enhanced
SD” minimum with (82,7) ~ (0.65,0°) in the TRS above
hw =~ 1 MeV. This minimum is produced by occupying
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another pair of N=>5 neutrons and is predicted to become
yrast above I ~ 40h. This may be an additional explana-
tion for the strong population of the observed SD band,
since the feeding of the band could be “funneled” through
the continuum states in both the SD and enhanced SD
wells.

According to our calculations I™ may be as-
signed to the lowest observed SD state which would indi-
cate that the band is observed up to tentatively I = ?h.

In summary we have identified a discrete-line superde-
formed band in 8°Tc which consists of ten transitions and
extends up to a tentative spin of ?h. The band prop-
erties are in fair agreement with cranked Woods-Saxon
calculations. In particular, the very strong population of
the observed SD band in 3°Tc can be explained by a com-
bination of low relative excitation energy and a steeply
upsloping spherical yrast line.
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