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High-spin states have been populated in the nucleus149Dy using the122Sn(32S, 5n)149Dy reaction at a beam
energy of 163 MeV. The experimental level scheme has been extended to a spin of61

2\, corresponding to an
energy of about 12 MeV, and is adequately explained in the context of the shell model. Most of the leve
characterized by maximally aligned single-particle states with no evidence of collectivity. An alternate s
model approach has been adopted to assign shell-model configurations.@S0556-2813~96!01609-3#

PACS number~s!: 23.20.Lv, 21.60.Cs, 25.70.Gh, 27.60.1j
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I. INTRODUCTION AND MOTIVATION

Nuclei in the neighborhood of the doubly closed-she
nucleus146Gd have been known to exhibit a wide variety o
behaviors including superdeformation, as a result of the la
number of valence nucleons. Up to spins of abo
40\, it has been possible, for the most part, to interpret
structure of these nuclei in the context of the shell model@1#
with residual interactions. States with large angular mom
tum observed in the neutron deficientA;150 nuclei that lie
in the neighborhood of doubly closed shells appear to
primarily composed of the alignment of single-partic
states. Thus high-spin states in149Dy are expected to arise
mainly from the alignment of valence nucleons@2,3#. Since
the level spacing due to rotation around a symmetry axis
statistical in nature, one may expect the presence of y
traps.

TheN583 nucleus149Dy is interesting for many reasons
With Z566, this nucleus has two protons and one neutr
outside the closed146Gd core. All of these three valenc
particles could carry high angular momentum built upon t
configurationsh11/2 for the protons andf 7/2, h9/2, and i 13/2
for the neutrons. The decay scheme developed here confi
that high-spin states arise as a direct consequence of the
alignment of these valence nucleons. Parallel cascades
pear in the established level scheme at about a spin of31

2 \,
which is expected as a result of core breaking. High-s
multiplets of theph11/2

2 type that are seen to exist in th
N582 core spectra@4# also appear here and low-lying three
particle isomers are visible. Finally, the pattern of levels th
feed multiple maximally aligned valence configurations su
gest the existence of yrast isomers, a common occurrenc
this mass region. The presence of an unusually long-liv
510-ms isomer at an excitation energy of 2.661 MeV w
first noted@4,5# and later confirmed@6#, pointing to the pos-
sibility that a different core structure may exist at high
spins. Since no comparably long ‘‘yrast trap’’ at low ene
gies has been reported in any of theN583 isotones Gd, Sm,
5413/96/54~4!/1610~7!/$10.00
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and Nd, this provided further motivation for populating high
spin states in the present study.

Finally, prior to the present experiment the nucleu
149Dy was known up to an excitation energy of about 7.
MeV @3,5,6#, corresponding to a tentatively assigned spin o
49
2 \ ~which is, in fact, our452

2\ state as shown in Fig. 1!.
Since all the earlier spin-parity assignments up to this lev
were uncertain, additional experimental data seemed to
necessary in order to determine a more reliable level stru
ture. We have found that the two previously placed 451
keV and 248.4 keV transitions aroundEx;6.0 MeV do not
belong to this nucleus.

II. EXPERIMENTAL SETUP AND ANALYSIS

High-spin states in the nucleus149Dy were populated us-
ing the reaction122Sn(32S, 5n)149Dy at a beam energy of 163
MeV using an enriched tin target of thickness 1.4 mg/cm2

with a 25-mg/cm2 lead backing. The relative production
cross sections of the residues at this excitation energy w
qualitatively consistent with those predicted by the statistic
model codeCASCADE. The 32S beam was provided by the
Nuclear Science Centre, New Delhi. Gamma-gamma coin
dences were measured using the Gamma Detector Ar
~GDA!, which consisted of seven 23%n-type Compton-
suppressed HPGe detectors positioned at a distance of
mm from the target, along with a fourteen-element bismu
geminate ~BGO! multiplicity filter. The anti-Compton
shields ~ACS’s! were of a symmetric design consisting o
NaI capped BGO crystals. Any direct radiation from the ta
get onto the ACS’s was guarded against by heavy me
~tantalum alloy! collimators of 30 mm placed between eac
detector and the target. The Compton-suppressed HPGe
tectors were mounted so that three detectors were at an an
of 153°, with three more at 99° and with one at 45°, to th
beam axis. The typical HPGe-ACS combination yielded
peak-to-total ratio of about 55% with a standard60Co source.
The details of the experimental setup appear in earlier pu
lications, for instance@7#. Since the multiplicity filter cov-
1610 © 1996 The American Physical Society
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FIG. 1. Experimental level scheme deduced for
theN583 nucleus149Dy.
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ered only about 35% of the total solid angle, multiplicit
information has not been relied upon within the prese
analysis. About 83107 multiparameter events were recorde
in list mode. Only twofold or higher coincidences wer
stored and a zero-suppression algorithm was incorporate
the software level, thus preventing the recording of da
originating from false triggering. The pulse heights in ea
detector were software gain matched and the data w
sorted into a 102431024 total Eg-Eg matrix. Post-
processing of background subtracted data was done by
ating one-dimensional histograms forg energies in one de-
tector gated by a suitable transition in another detector. T
coincidence time window was fixed at 40 ns. On account
this, the intensities of all of the transitions below the 510-m
isomer @4,5# have been severely attenuated when gating
the 985-keV transition. As such, the level scheme above
excitation energy of 2661 keV was developed independen
of the region below. Furthermore, with regard to the fiv
transitions below this isomeric state, we have adopted
multipolarities, spin assignments, and relative intensities
in @5,6# with the exception of the 1584 keVg ray, which was
placed in the scheme developed here. Figure 2 shows t
coincidence spectra gated by the 985 keV, 595 keV, a
1394 keV transitions. The intensities of all the lines with a
energy of under 250 keV were corrected for by their to
electron conversion coefficients. The level scheme in Fig
has been developed using the observed coincidence rela
ship, the directional correlation~DCO! ratios, and intensity
arguments. Table I shows the transition energies, excita
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energy, relative intensity~with the intensity of the 984.9 keV
transition taken as 100%!, DCO ratios, and spin-parity as-
signments for all the transitions placed in this study. Th
DCO ratios were arrived at by usingg-coincidence data to
determine the possible multipolarities of experimentally ob
served transitions. The following anisotropy ratio was use
for eachg transition:

RDCO5
I ~g1 at 153°, gated withg2 at 99°!

I ~g1 at 99°, gated withg2 at 153°!
. ~1!

These ratios were calibrated for transitions with known
multipolarities and spin sequences. For the placement
lines with weaker intensities such as those that appear abo
the 28-ns isomer@3#, summed DCO spectra were used ove
g’s of the same multipolarity to enhance the intensities an
facilitate comparison. The acceptance window was the
determined to be 0.8<RDCO<1.20 when comparing against
a known dipole with the lower limit for the mixedE2-M1
transitions, the upper limit for the possiblej - j transitions and
a typical ratio of 1.0 indicated a dipole. A stretched quadru
pole transition is expected to have aRDCO;0.6. For most
transitions, the energy systematics as well as the existence
parallel low-energy radiations further corroborates the sp
assignments suggested by the DCO ratios with the under
ing assumption that spin increases monotonically with exc
tation energy along the most intense pathways. Finally,
was seen that there was a high degree of contamination fro
neighboring nuclei, in particular150Dy, indicating that some
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FIG. 2. Coincidence spectra with gates on th
985 keV, 595 keV, and 1394 keV transitions.
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of these lines were ‘‘shared.’’ In these cases intensity ar
ments alone were not reliable in placing such lines and
other method was used. For example, in the region of
transition energy of 199 keV we see three transitions: 19
keV, 199.6 keV, and 200.1 keV. We were able to isolate tw
of these transitions~197.7 keV and 199.6 keV! and place
them as shown in Fig. 1. This was done by first gating on
1354 keV transition in which the 197.7 keV line is mor
intense than the 199.6 keV line. Furthermore, upon overl
ing the 1354 keV gate with the projected spectra of the 8
keV, 704 keV, 750 keV, and 1009 keVg rays it was seen
that the 197.7 keV transition was not in coincidence w
these individual gates. Using similar arguments, it was n
possible to unambiguously ascribe the 200.1 keVg ray to the
nucleus 149Dy. The 985-keV, 253-keV, and 270-keV line
are good examples of ‘‘doublets’’ and only one of each
these has been placed with certainty. We believe that
level structure established in this experiment is unambigu
with the spins and parities indicated. Uncertain assignme
are enclosed in parentheses in keeping with the convent

III. THEORY

The bulk properties of the experimental level scheme
dicate a spherical nucleus. Theoretical calculations were
ried out using a nuclear Hamiltonian represented by
Woods-Saxon mean-field potential and assuming a mo
pole pairing force as a short-range residual interaction@8,9#.
The results were consistent with the findings of Mo¨ller et al.
@10#, who predict a very slightly oblate equilibrium deforma
tion (b2520.044) for 149Dy. In order to facilitate the as-
signment of shell-model configurations to each level, a m
detailed phenomenological~but microscopic! calculation was
carried out. The method utilizes single-particle energies a
the nucleon-nucleon interaction energies obtained from
ground-state masses and the experimental excitation ene
of 146Gd and itsN582,83 neighbors. The technique is pa
rameter independent and was proposed by Garvey
Kelson @11,12# for ground-state masses based on the p
scription by Talmi and de Shalit@13,14#. The method was
gu-
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later extended to include excited states by Blomqvist a
collaborators@15#, providing the framework that we hav
successfully used here. The approach restricts the analys
states that predominantly contain a single configuration
may be expected of most yrast levels.

The assignment of the shell-model configurations to hi
spin states such as the (351/2)\, (371/2)\, (391/2)\. and
(411/2)\ levels has been done earlier@16#. These states hav
been found to be multiplets described byp(h11/2

3 d5/2
21)n f 7/2

and p(h11/2
3 g7/2

21)n f 7/2. In order to establish the accurac
of this alternate approach, we have as a first step calc
ted the energy of the maximally aligned (411/2)\ state
given by p(h11/2

3 g7/2
21)n f 7/2. While following the prescrip-

tion used in @15# this configuration was broken dow
into smaller constituent substructures, each of which co
sponds to a specific level in a particular neighboring nucle
We have used two sets of substructures to calculate
energy at the (41/2)1\ state: the first set~set 1! is given
by (ph11/2

3 g7/2
21) from 148Dy, (ph11/2n f 7/2) from 148Tb,

(pg7/2
21n f 7/2) from

146Eu, (ph11/2) from
147Tb, (n f 7/2) from

147Gd, and (pg7/2
21) from 145Eu. The specific calculation fo

E41/21 using this set is

E41/21@p~h11/2
3 g7/2

21!n f 7/2#5E172~148Dy!

1330.6569E91~148Tb!

1330.2917E81~148Tb!

1330.05144E71~148Tb!

233E11/22~147Tb!

1E72~146Eu!

2E7/21~145Eu!1S,

where the fractional numbers denote the recoupling
efficients and the valueS in terms of the binding energie
(EBE) specific to these nuclei is
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TABLE I. Transition energy (Eg), excitation energy (Ex), intensity (I g , with respect to the 985-keV
transition!, DCO ratios (RDCO), and the decay from an intial spin parity (I i

p) to the final spin parity (I f
p) for

the transitions placed in the decay scheme of149Dy.

Eg ~keV! Ex ~keV! I g (%) RDCO I i
p→I f

p

80.0a 7492.0 45/22→43/21

111.0b 2661.7 27/22→21/21

168.1 7412.0 3.460.3 1.0060.06 43/21→41/21

197.7 10763.4 3.560.4 0.8460.07 (55/2)→(53/2)
199.6 4086.1 33.062.0 1.0860.04 33/21→31/21

213.0 6893.1
239.8 3886.5 78.065.0 0.9860.03 31/21→29/21

253.3 7412.6 5.061.0 0.8460.08 43/21→41/21

254.9 5479.2 21.062.0 0.9560.04 37/21→35/21

269.8 5749.0 45.063.0 0.9460.02 39/21→37/21

294.2 8381.6 8.061.0 0.9260.07 (49/2)→47/22

299.0b 2550.8 80 21/21→17/21

303.1 11126.2 5.061.0 0.8860.12
335.1 11098.5 17.061.0 0.8660.05 (57/2)→(55/2)
350.0 7243.4 1.960.4
430.3 6179.3 44.063.0 0.9960.04 41/21→39/21

456.5 9211.4 8.061.0 0.6660.11 (51/2)→(49/2)
479.2 7159.3 4.061.0 1.0860.13 41/21

491.1 7413.1 33.062.0 1.0060.04 43/21→41/21

525.4 5749.6 13.061.0 0.9460.11 39/21→35/21

543.7 10763.7 4.061.0 1.6760.21
580.8 6330.4 3.061.0
595.4 8087.4 28.062.0 1.1760.05 47/22→45/21

603.1 10823.1
667.5 8754.9 7.061.0 1.1660.15 (49/2)→47/22

700.3 6179.3 10.062.0 1.0660.09 41/21→37/21

704.2 9915.6 10.061.0 1.1960.08
742.1 6922.0 23.262.0 1.2060.05 41/21→41/21

750.4 9961.8 9.061.0 1.2860.14 (53/2)→(51/2)
802.0 10763.8
829.3 9210.9 5.061.0 1.6060.24 (51/2)→(49/2)
848.2 10764.0 5.061.0
861.0 10822.8
930.5 6680.1 3.061.0 1.1760.33
984.9 3646.7 100.062.0 0.9660.03 29/21→27/22

1008.6 10220.0 5.061.0 1.0760.17
1064.1 7243.4 6.061.0 0.6760.33 41/21→41/21

1073.0b 1073.0 100.0 13/21→7/22

1138.2 5224.7 15.062.0 0.8960.09 35/21→33/21

1143.6 12242.1 3.061.0 1.5060.38 (61/2)→(57/2)
1178.8b 2251.8 95.0 17/21→13/21

1232.5 7412.0 18.062.0 1.1860.07 43/21→41/21

1337.7 5224.2 45.063.0 0.8960.06 35/21→31/21

1353.3 10565.7 6.062.0 0.9060.26 (53/2)→(51/2)
1393.5 5479.6 41.063.0 1.8060.06 37/21→33/21

1408.9 7185.5 0.760.2 41/21→39/21

1584.0b 1584.0 ~11/22!→7/22

aAssuming thatEd;80.0keV, based on the assumptions made in the text. The computation ofEx above this
level assumes the energy to be 80.0 keV.
bIndicates levels below the 510 ms isomer. The relative intensities of the 111.0, 299.0, 1073.0, and 11
keV transitions have been adopted from Refs.@5,6#.
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FIG. 3. Assigned shell-model configurations
for states in 149Dy when compared against
148Dy.
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148Dy!133EBE~

148Tb!233EBE~
147Tb!

233EBE~
147Gd!133EBE~

146Gd!1EBE~
146Eu!

2EBE~
145Eu!2EBE~

149Dy!.

The value ofS has been calculated from the ground-sta
masses andEBE from Refs. @15,17#. Using this procedure,
the calculated energyE41/2156182 keV with set 1. The sec
ond set of substructures used was (ph11/2

3 n f 7/2) from
150Ho, (ph11/2

3 g7/2
21) from 148Dy, (pg7/2

21n f 7/2) from
146Eu,

(ph11/2
3 ) from 149Ho, (n f 7/2) from

147Gd, and (pg7/2
21) from

145Eu, corresponding to

E41/21@p~h11/2
3 g7/2

21!n f 7/2#5E171~150Ho!1E172~148Dy!

1E72~146Eu!

2E27/22~149Ho!

2E7/21~145Eu!

2E7/22~147Gd!1S,

and in terms ofS for the second set,

S5EBE~
150Ho!1EBE~

148Dy!1EBE~
146Eu!2EBE~

149Ho!

2EBE~
145Eu!2EBE~

147Gd!1EBE~
146Gd!2EBE~

149Dy!.

This calculation yielded the theoretical value ofE41/21

56248 keV. Whereas both of these results comp
te

-

are

extremely well with the experimental energy of
E41/21,expt56178 keV, the computation using the first set o
substructures is in closer agreement. Following the same p
cedure and adopting the components of set 1, the theoreti
energy for the maximally aligned state at (43/21)\ described
by p(h11/2

3 g7/2
21)nh9/2 is 7492 keV, in close agreement with

the experimental energy of 7410 keV for the same state. W
have further calculated the energies of two other (41/2)1\
states with the probable configurationsp(h11/2

3 d5/2
21)nh9/2 and

p(h11/2
3 g7/2

21)nh9/2. The theoretical values were found to be
7200 keV and 7500 keV for the two levels, respectively, in
comparison to the corresponding experimental energies
6922 keV and 7243 keV. Whereas some agreement exists
closer correspondence between theory and experiment is p
cluded on account of the closeness in energy of the tw
levels (dE;300 keV! and thus the large amount of configu-
ration mixing involved. Finally, the (47/22)\ state that de-
cays via the 595-keV transition is in all likelihood the maxi-
mally alignedp(h11/2

3 g7/2
21)n i 13/2 level. Detailed theoretical

computations for this state were not possible owing to th
unavailability of data for a purei 13/2 state. This was because
the mixing between then f 7/2^32 and thei 13/2 states was
very large in the neighboring nuclei that provided the dat
for this calculation. It has been noted@18#, however, that the
estimateddifferencebetween the single-particle energies a
i 13/2 ~2.1 MeV! and h9/2 ~1.4 MeV! is of the order of 700
keV. This is consistent with our observation wherein the en
ergy difference between the (47/22)\ level and the
(43/21)\ is of the same order of magnitude. The shell
model assignments based on this study are shown in Fig. 3
comparison to148Dy.
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IV. RESULTS AND DISCUSSION

It is clear that the decay scheme follows the pattern
levels feeding into maximally aligned configurations. Th
mechanics of such a scheme are well understood in the c
text of the shell model as described above. The first su
configuration occurs at a spin of (27/22)\ with the presence
of a long-lived isomer;510 ms, which is highly unusual a
such a low energy in theN583 region. We will discuss the
scheme in detail, going upward from the ground state. W
have placed the new 1584 keV transition feeding into t
ground state from the 1584-keV level with a configuration
n f 7/2^21 as assigned by Menegazzoet al. @19#. We have
confirmed the earlier shell-model configurations assigned
the four levels@6,19# formed by the cascade 1073-1179-29
111. The optimal configuration at the (27/22)\ state corre-
sponds to then f 7/2 coupled to the 101\ state in 148Dy as
shown in Fig. 3. This 101\ isomeric state is the aligned
ph11/2

2 state with the other members of the multiplet als
identified @5#. Up to this point in the scheme, most of th
angular momentum is generated by the valence protons.
(29/21)\ and (31/21)\ states are quite certainly based upo
the 112 and 122 states in148Dy coupled with one neutron in
the f 7/2 state outside the146Gd core. An assignment o
ph11/2

2 n i 13/2 for the (33/21)\ state as done in@16# is worth
noting. As mentioned earlier and due to the unavailability
experimental data for a puren i 13/2 state, the exact calculation
for any state for149Dy involving this neutron configuration
was not possible. Nevertheless, using the estimate of
MeV ~independently determined by Lachet al. @17#! for the
energy of the single-particlen i 13/2 state, we have calculated
the energy for theph11/2

2 n i 13/2 configuration within the con-
text of the alternate shell-model approach. The theoret
energy isE33/2154382 keV, in comparison to the exper
mental value of 4086 keV. Above this level higher angul
momentum states are generated by the excitation of a c
nucleon. As evidence for core breaking, two effects are co
monly seen to occur: first, a larger energy gap~of about 1
MeV in the present case! appears between this and the ne
level, and second, multiple parallel cascades appear co
sponding to the many different ways by which angular m
mentum may be built. The proton core is ‘‘softer’’ in com
parison to the neutron core, which is ‘‘magic’’ atN582. In
order to excite one neutron from the core, an energy co
sponding to several MeV is indicated, a requirement th
exceeds by far the;1 MeV gap that is observed here. Usin
similar arguments, there is every indication that the prot
core is broken first, the energy requirements for this be
closer to 1 MeV. Also, up to this point in the scheme all
the valence proton states have been ‘‘used up’’ so that
states that exist above the (27/22)\ state must arise as a
consequence of breaking the proton core. Additionally,
the nucleons tend to align along a common axis formi
multiplets @20# corresponding to the various modes of dee
citation. These multiplets have positive parity and we ha
assigned to them shell-model configurations as shown in F
3, based on calculations done within the theoretical fram
work described earlier. It is interesting to note that the m
favored configurations up to an excitation energy of 6 Me
in even Dy isotopes are based on theph11/2

3 d5/2
21 that form

multiplets as seen in all the neighboring Dy isotop
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@1,5,16,18#. The shell-model configurations for the
(35/21)\, (37/21)\, and (39/21)\ levels have already
been assigned in@16#. At this point, the (43/21)\ state de-
serves special mention. The isomeric state observed at
excitation energy of about 7400 keV can only be explaine
in the presence of an unobserved low-energy transiti
above the (43/21)\ state, of the order of 40 keV<Ed<80
keV, where the upper limit has been suggested earlier@6#. In
order to support an attenuation factor of a few nanosecon
Weisskopf estimates favorE1 overM1 transitions given that
electric dipoles are generally very much more hindered@21#.
Since all of the four transitions that depopulate th
(43/21)\ state have been experimentally determined to b
M1 in nature, we believe that it is quite reasonable to assum
that the isomeric state lies directly above this level with
spin-parity assignment of (45/22)\. Whereas low-energy
transitions below 92 keV have been observed in this expe
ment, it has not been possible to uniquely place these lines
the present scheme. Although the structure of the sta
above the 28 ns isomeric level seems to be quite independ
of the ordering below, it is evidently still single particle in
nature. A comparison with the level scheme of150Dy @1#
suggests that~neutron! core breaking may be the primary
mechanism occurring in the region above 7400 keV give
the presence of the large number of parallel cascades that
visible above the 595 keV transition. Shell-model configura
tions have not been identified for any of these levels due
large uncertainties regarding deformation and configurati
mixing. The spin assignments are tentative and based
tirely on the DCO ratios for each transition, although a
attenuation in the intensities exists as a consequence of
presence of the isomer.

V. CONCLUSIONS

As a consequence of this experiment, the level scheme
the nucleus149Dy has been extended up to spins of 61/2\
corresponding to an excitation energy of about 12 MeV, a
though definite spin-parity assignments have only been ma
up to the spin432 \ state. A total of about 27 extra transitions
have been observed and two previously placed transitio
~451.7 keV and 248.4 keV! around an excitation energy of
6.0 MeV have been removed from the level scheme sin
these were found to be contaminants from150Dy.

As one may expect, the low-lying states in this nucleus
in the otherN583 isotones are multiplets based on single
particle states ~with prominent octupole contributions!
coupled toN582 core phonon energies@5,22#. Proton core
breaking occurs around an excitation energy of about 4
MeV, corresponding to a spin of about33

2 \ with the possibil-
ity of further core breaking occurring again around an exc
tation energy of about 8.0 MeV. Potential-energy surfac
calculations based on the Strutinsky method and the crank
approximation@23# indicate the onset of quadrupole defor
mations only aroundIp5401 in the case of148Dy and at
about Ip5301 for 150Dy. Based on these predictions, we
expect such shape changes to occur only above a spin of60

2 \
and lying at a much higher energy than that which can b
reliably studied in this experiment. Single-particle behavio
is seen to exist throughout and all the features present in
level scheme may be successfully interpreted in the conte



n
S.
e

ny
ith,
e-
ent

for
A.
nd

1616 54M. GUPTA et al.
of the shell model with no experimental evidence pointing
the possible onset of collectivity up to spins of about61

2 \ in
concurrence with theory. We have successfully used an
ternate shell-model approach to explain the details of
level scheme. The technique relies solely on the experim
tal data from neighboring nuclei and is parameter indep
dent. As a result of this, the configurations assigned us
this method are very reliable.
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