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Neutron h11/2 band structures of 109,111Pd observed in heavy-ion induced fission
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The neutron-rich nuclei109,111Pd have been produced as fission fragments following the fusion reactions
28,30Si1 176Yb at 145 MeV and studied with the EUROGAM2 array. Two signature branches of a new band
built on thenh11/2 orbital have been identified in109Pd and the favored signature of thenh11/2 band has been
observed for the first time in111Pd. The spectroscopic properties as well as the rotational behavior of these
bands are characteristic of bands expected for a prolate nuclear shape in this mass region. The effect of
blocking of the firsth11/2 quasineutron in the odd-A Pd nuclei supports the interpretation of the first crossing
in the yrast bands of110,112Pd as due to an(h11/2)

2 pair. @S0556-2813~98!01210-2#

PACS number~s!: 23.20.Lv, 25.85.Ge, 27.60.1j
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The information obtained so far shows that the nuclei
the mass regionA'100 exhibit a wide range of structura
phenomena. The very sharp transition from spherical
strongly deformed shapes established in Sr and Zr isoto
becomes less dramatic when going to Mo, Ru, and Pd nu
@1#. The low-spin collective excitations of even-even nuc
in this region indicate an increased softness of the nuc
potential energy to triaxial deformations with the increas
proton number. Indeed calculations of potential energy s
faces using different types of mean field approaches suc
Nilsson-Strutinski @2# or self-consistent Hartree-Fock@3#
show very shallow minima characteristic ofg-soft or triaxial
shapes for heavier transitional nuclei. In particular, pa
dium nuclei are predicted to undergo a prolate-to-obl
shape transition at111Pd @4#. Experimental evidence for a
shape change or shape coexistence can be obtained by
spin studies of these transitional nuclei. The rotational ali
ments in the ground bands of the lighter even-even1042108Pd
nuclei are consistent with the population of the prolate dr
ing n(h11/2)

2 configuration@5#. This interpretation is sup
ported by blocking arguments from the neighboring od
N 105,107Pd and odd-Z Ag nuclei @6#. On the other hand the
first crossings in the heavier112,114,116Pd nuclei are inter-
preted to be the result of quasiproton (g9/2)

2 alignment@7#.
As no data exist on the high-spin states in the neighbo
heavier odd-N palladium or odd-Z silver isotopes, this con
clusion was based exclusively on the comparison of the
perimental crossing frequencies with the predictions of
cranked shell model calculations for oblate shape.

In the present study we report on the observation
unique-parity bands and band crossings in the o
N 109,111Pd nuclei. These results are important in order
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understand the origin of the alignments in the predic
prolate-oblate transitional palladium region. No band str
tures built on the low-lying states were known in109,111Pd
prior to our study. It is worth noting that high-spin states
APd with A.108 cannot be populated using fusio
evaporation reactions. On the other hand, fission has bec
a powerful tool to study neutron-rich nuclei when using t
new generation of large arrays of escape-suppressed H
detectors@8#. Very neutron-rich nuclei have been studied r
cently from spontaneous fission of248Cm or 252Cf @9,10# and
less neutron-rich nuclei can be studied from heavy-ion
duced fission@11#.

Promptg rays in the palladium isotopes were observ
following their formation as fission fragments in the fusio
reactions 28,30Si1 176Yb at 145 MeV bombarding energy
The experiment was performed at the Vivitron accelerato
Strasbourg. A 1.5 mg/cm2 target of 176Yb was used, onto
which a backing of 15 mg/cm2 Au had been evaporated i
order to stop the recoiling nuclei. Gamma rays were detec
with the EUROGAM2 array@8#. This spectrometer consiste
of an array of 54 escape-suppressed germanium detector
of which were large-volume coaxial detectors positioned
backward and forward angles with respect to the beam.
remaining 24 detectors, arranged in two rings close to 90
the beam direction, were four-element ‘‘clover’’ detecto
The data were recorded in an event-by-event mode with
requirement that a minimum of five unsuppressed Ge fire
prompt coincidence. Using the28Si beam, a total of 540
million coincidence events were collected, out of which 1
million were three-fold, 270 million four-fold and 108 mil
lion five-fold. In the reaction induced by30Si a total of 40
million events were recorded. So most of the results h
been obtained from28Si data. The off-line analysis consiste
of both usualg-g sorting and multiple gated spectra@12#. In
addition we have built and analyzed a three-dimensional
trix ~‘‘cube’’ ! using the software of Ref.@13#. The latter
,
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PRC 58 1967NEUTRON h11/2 BAND STRUCTURES OF109,111Pd . . .
technique was useful to make fast inspection of the d
which containg-ray cascades from about eighty fission fra
ments as well as from the strong fusion-evaporation ch
nels. The problem of obtaining correct relative intensiti
first exposed in Ref.@12#, has been solved by creating mu
tiple gated spectra directly from data on tape with the co
FANTASTIC @12#.

The chain of Pd isotopes produced as fission fragmen
the 28Si reaction extends from104Pd to 112Pd with a maxi-
mum yield at massA;108. The odd109,111Pd could be ex-
pected to be produced with sufficient yield to search for yr
band structures. In the prolate light odd-mass palladium
topes (A5101–107)DI 52 bands built on thenh11/2 state
are well established. The neutron Fermi level lies below o
the bottom of theh11/2 subshell and these bands represent
favored sequences which are strongly populated in fus
evaporation reactions. Due to the low-V value the unfavored
sequence is shifted to higher energies and usually not
served in these nuclei. Weaker collective bands of posi
parity have also been observed. For example, in a ra
complete level scheme of107Pd populated in a fusion
evaporation reaction@6# the h11/2 band represents more tha
70% of the population. In109,111Pd the 11/22 levels are
known to be low-lying isomeric states. In109Pd a 9/22 state
is located 98 keV above the isomer@14#.

The beginning of the search for new bands has consi
of examining various spectra conditioned by the presenc
the 98 keV transition and a transition of the complement
88,89Sr fragments. A sequence of three relatively weak tr
sitions in coincidence with the 98 keV transition has be
established. Figure 1~a! shows a double-gated spectrum

FIG. 1. Examples of spectra obtained from double gates on
lowest-lying transitions in theh11/2 bands of 109,111Pd. Peaks are
labeled with the energies of the new transitions. Theg rays emitted
by complementary Sr fragments are indicated.
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the 98 and 431 keV transitions. The lowest transitions of
complementary88,89,90Sr nuclei can be clearly seen, confirm
ing the identification of the new cascade shown in the de
scheme~Fig. 2!. The identification method based on prom
coincidences betweeng rays emitted by complementar
fragments has been applied initially for spontaneous fiss
@1# and recently confirmed for heavy-ion induced fission
Ref. @11# . Candidate transitions of unknown bands we
found in spectra gated on transitions in a series of
complementary Sr fragments. Subsequently, the spectrag
rays in coincidence with the new transitions were examin
for known transitions in the corresponding Sr isotopes,
well as for transitions related to the new ones. Figures 1~b!
and 1~c! show examples of double-gated spectra on the c
didate transitions of109Pd and111Pd. Peaks corresponding t
transitions in the complementary Sr fragments are seen a
with the new transitions. For each palladium isotope the
erage mass of the complementary Sr fragments has bee
duced. In the present analyses the yields of both even-e
and odd Sr isotopes have been utilized. This was poss
thanks to the fact that in the odd-mass Sr nuclei the stren
of the population from fission is concentrated in a sing
cascade of 2–3 transitions above the ground state. The m
masses of Sr fragments are plotted in Fig. 3 as a functio
the known and proposed palladium masses. A smooth tr
confirms our mass assignments for the new level sequen
The 30Si reaction data provide an additional check of th
identification. The analyses show the new transitions in
incidence with the strongest complementary channels shi

e
FIG. 2. The negative-parity bands of109,111Pd. For 107Pd only

the levels seen in the present work are shown. The relative inte
ties of the transitions within a given band are indicated by
thickness of the corresponding arrows. The intensities of the low
transitions correspond to the relative production yield of the
served bands.
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1968 PRC 58T. KUTSAROVA et al.
by 2 mass units upward as observed for other pairs
complementary fragments@15#

The partial level schemes of109,111Pd are shown in Fig. 2
together with the levels of the yrast sequence of107Pd which
were observed in the present experiment. The relative in
sities were obtained for the low part from spectra gated
transitions in the strongest complementary fragments and
the higher part from spectra gated on the lowest transition
each band. Spin assignments are tentative. They are b
upon ~i! the known spins of the base states,~ii ! the assump-
tion that in the yrast decays spins increase with excita
energy, and~iii ! on the analogy with the level structure of th
decoupledh11/2 band in 107Pd. In 109Pd the strongest band i
associated with the favored signature of thenh11/2 structure.
The level spacings follow the trend observed in the grou
state band of108Pd core which is similar to the structur
observed for the decoupled bands in the lighter odd m
palladium isotopes when compared to the even–even co
The sequence of 3 transitions in coincidence with
98 keV 9/22→11/22 transition is identified as the unfa
vored signature of thenh11/2 band. It is about 5 times weake
than the favored signature. A weak transition of 736 k
connecting the two branches confirms the identification
the two cascades. The weak sequence of 5 transitions i
tified in 111Pd is most probably the favored signature of t
band built on the 11/22 isomeric state.

The observation ofDI 52 bands with large signatur
splittings in 109,111Pd suggests that these nuclei have prol
shapes in thenh11/2 configuration. If orbitals with largeV
values ofh11/2 subshell were occupied, as expected for obl
shape, strongly coupled bands with small signature split
and strongDI 51 transitions would emerge. In109Pd in ad-
dition to the 9/22 state located at 287 keV, a possible 7/22

member of theh11/2 multiplet is located only 56 keV abov
the 11/22 band head@14#. This small relative spacing of th
low-spin negative-parity states indicates a shift of the Fe
level to the middle of theh11/2 neutron shell. For a prolate
nucleus of moderate deformation (b2'0.22) the Fermi level
is expected to lie between the3

2
2@541# and 5

2
2@532# Nilsson

orbitals. In 111Pd one can expect further bunching of t

FIG. 3. A plot of average mass of the complementary Sr fr
ments observed in coincidence with each of the Pd isotopes.
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low-spin members of theh11/2 multiplet considering the sys
tematics of these states in its isotones109Ru @16# and 113Cd
@17#. While the 7/22, 9/22, and 11/22 levels are ordered by
increasing energy in the well deformed109Ru, the 11/22

level becomes the lowest in the more spherical nucl
113Cd, the 7/22 and 9/22 levels lying above it in an energy
interval of ;400 keV. The intermediate situation at111Pd
would cause these three levels to come closer to each o
~probably even more than in109Pd). When comparing the
109,

46
111Pd nuclei to their isotones117,

54
119Xe @18# a similar level

compression is observed for the three low-lying negat
parity states. Figure 4 shows the systematics of the nega
parity levels in theN563 isotones. The only difference lie
in the order of the low-spin states. In palladium nuclei t
11/22 levels remain lowest in energy. At higher spins t
behavior of the two signature branches of theh11/2 bands in
109Pd and117Xe is very similar displaying a large signatur
splitting with unfavored signature levels lying above the
vored ones up toI p521/22. These features can be unde
stood by noting that Pd and Xe isotones differ only in t
character of the four valence protons relative toZ550 shell
~being holes or particles, respectively!. According to the in-
terpretation given in Ref.@19# the negative parity bands in
Xe nuclei result from coupling theh11/2 neutron to the pro-
late even-even core. In this picture the relative positions
the low-spin members of theh11/2 band are very sensitive to
the exact location of the Fermi level. On the other hand,
high-spin properties depend mainly on the core deformat

The rotational properties of theh11/2 bands can be studie
using the usual plots of aligned angular momenta as a fu
tion of the rotational frequency. Figure 5 shows the expe
mental alignments in theh11/2 bands of107,109,111Pd together
with those for the yrast bands of their even-even neighb
The level spins are transformed into the rotational frame
ing the reference parameters ofJ055\2/MeV and J1
516\4/MeV3 which give almost constant alignment in th
yrast band of108Pd above the crossing. Thenh11/2 bands of

-

FIG. 4. Comparison of the negative parity levels in theN563
isotones117Xe and 109Pd. A value of 2I is used for spins.
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109,111Pd display an alignment behavior which is similar
that of 107Pd. As expected forh11/2 neutrons in the lower par
of the subshell, they have large initial alignments of;5.5\
and;4.5\ for the favored and unfavored signature, resp
tively. The alignment is almost complete for the favored s
nature sequence in109Pd. The fairly large gain of;8\ for

FIG. 5. Experimental alignments for theh11/2 neutron bands in
the odd isotopes and for the yrast bands in the even-even isotop
palladium. In all cases the Harris parameters used areJ0

55\2/MeV and J1516\4/MeV3. The symbols correspond to
108Pd ~squares, Refs.@20,5#!, 110Pd ~stars, Ref.@20#!, 112Pd ~tri-
angles, Ref.@21#!, 107Pd ~filled circles, this work and Ref.@6#!,
109Pd @open diamonds for the favored (s2) and filled diamonds for
the unfavored~s1! signatures, respectively, this work#, 111Pd ~in-
verted triangles, this work!.
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107Pd is characteristic for the alignment of the first no
blocked pair of quasineutrons@6#. The band crossings occu
at a frequency of\v'0.47 MeV for all favored bands. This
crossing frequency is higher than the first band-crossing
quency observed in the ground state bands of the even-
nuclei (\v'0.35 MeV, see Fig. 5!. The delayed alignmen
is due to the blocking of the lowesth11/2 quasineutron. The
yrast bands of108,110,112Pd gain around 10\ of aligned angu-
lar momentum at the crossing. This value is consistent w
the observed initial alignments of the two signatures of
h11/2 band in 109Pd and supports, in addition to blockin
argument, the interpretation of the first crossings in all th
even-even Pd nuclei as being due to the alignment of anh11/2
pair. We may conclude, therefore, that the ground state
110,112Pd have prolate shapes, as already stated for108Pd @5#.

The high efficiency of theg-array EUROGAM combined
to an original use of a fusion-fission reaction mechanism
very useful mean to reach medium states of some neut
rich nuclei and with quite high angular momentum. So n
bands built on thenh11/2 orbital have been identified in
109,111Pd nuclei. The perturbed structure of theh11/2 band
observed in these odd-N Pd nuclei is typical for a band buil
on an orbital lying close to the middle of theh11/2 subshell on
the prolate side. The favored signature bands undergo
layed crossings due to blocking ofh11/2 orbital, thus support-
ing a quasineutron character of the backbendings in the e
even 110,112Pd nuclei. Such crossings are expected for nuc
with prolate ground-state shapes.
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