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Abstract. The first experimental information about excited states in the N = Z + 1 nucleus **Pd is
presented. The experiment was performed using a 205 MeV °®Ni beam from the Vivitron accelerator
at IReS, Strasbourg, impinging on a bismuth-backed *°Ca target. Gamma-rays, neutrons and charged
particles emitted in the reactions were detected using the Ge detector array Euroball, the Neutron Wall
liquid-scintillator array and the Euclides Si charged-particle detector system. The experimental level scheme
is compared with the results of new shell model calculations which predict a coupling scheme with aligned
neutron-proton pairs to greatly influence the level structure of N &~ Z nuclei at low excitation energies.

PACS. 21.10.Hw Spin, parity, and isobaric spin — 23.20.Lv + transitions and level energies — 27.60.4j

90 < A <149 - 21.60.Cs Shell model

The neutron-deficient nuclei in the A ~ 80-90 mass re-
gion with N, Z < 50 are expected to exhibit a rich variety
of features. These nuclei are close to the proton drip line as
well as to the V = Z line, and are situated near the doubly
magic nucleus '°°Sn, which is predicted to be the heaviest
self-conjugate nucleus with bound states. The vicinity of
the N = Z line allows new correlations to emerge, when
the protons and neutrons occupy nearly identical orbitals.
In addition to the seniority coupling scheme found in nu-
clei further from the N = Z line and in which protons and
neutrons separately couple to spin 0 in the ground state,
the nuclei with T, close to zero may exhibit an aligned
proton-neutron pairing, i.e. the protons and neutrons form
deuteron-like pairs. When leaving the N = Z line, the
importance of this effect is expected to decrease rapidly.
With N = Z 4+ 1, 23Pd is predicted to exhibit the qual-
ities of a transitional nucleus on the boundary between
these two extremes. In this work we present the first ex-
perimental information about excited states in °>Pd. The
proposed level scheme is interpreted in relation to new
shell model calculations.

? e-mail: sohler@atomki.hu

The experiment was performed at IReS, Strasbourg in
the spring of 2003. Excited states in ?>Pd were populated
via the reaction *°Ca(°®Ni, an) using a continuous beam
with an energy of 205 MeV and with an average intensity
of 5 pnA. The isotopically enriched (99.965%) 6.5 mg/cm?
thick 4°Ca targets used in the reactions were backed with
a 1 mg thick Bi layer in order to stop the recoiling product
nuclei. An additional Bi layer (250 pg/cm?) was placed on
the other side of the “°Ca targets to protect them from ox-
idization. The targets were kept in vacuum or in an inert
Ar atmosphere at all times to further minimize the risk
of 180 contamination. However, due to the heating of the
target caused by the constant beam bombardment, small
amounts of 2C and 'O contaminants present in the “vac-
uum” of the target chamber and beam lines were deposited
on the targets. The target foils were therefore replaced at
regular intervals in order to reduce the amount of reac-
tions between the ®®Ni beam and these contaminants.

The ~-rays emitted in the reactions were detected us-
ing the EUROBALL detector system [1], at the time of
the experiment consisting of 15 cluster-type [2] and 26
clover-type [3] composite Ge detectors. Neutrons evap-
orating from the compound nuclei were detected using
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the Neutron Wall array [4], which comprised 50 organic
liquid-scintillator elements, covering the forward 17 sec-
tion of the solid angle around the target position. Emitted
charged particles, in the present experiment mainly pro-
tons and a-particles, were detected by the EUCLIDES [5]
Si detector array. This array comprised 40 AFE-FE tele-
scopes, of which the forwardmost 5 were subdivided into
4 segments.

The emission of neutrons are rare events for the studied
reactions, which have a compound nucleus far out on the
neutron-deficient side of the nuclide chart. It was there-
fore of vital importance to efficiently identify the neutrons
on-line, so that events with detected neutrons could be en-
hanced by the trigger condition. An event trigger requiring
coincidences between one or more neutrons detected by
the Neutron Wall and one or more Compton-suppressed
~v-rays detected in the Ge detectors was employed. In ad-
dition, an alternate trigger condition requiring three or
more Compton-suppressed 7-rays (in coincidence with ei-
ther a neutron or a v-ray detected in the Neutron Wall)
was used during part of the experiment.

The on-line discrimination between neutrons and
~y-rays detected by the Neutron Wall was achieved using
the zero—cross-over (ZCO) time of the corresponding sig-
nals. The zero-crossing usually occurs at a later time for
neutrons than for ~-rays. However, piled-up 7-rays can
give zero-crossing times that are similar to those of the
neutrons. In the off-line analysis, the gating criteria ap-
plied to the ZCO parameter were therefore complemented
by a requirement placed on the time-of-flight (TOF) pa-
rameter of the Neutron Wall data. The TOF of a neutron
or a 7-ray is measured relative to the common time ref-
erence of the event. The Neutron Wall has an excellent
time resolution (of the order of 1 ns), and was therefore
in the present experiment chosen to provide this time ref-
erence. The reference time is then obtained from the de-
tection time of the first neutron or ~-ray in each event
that is registered by the Neutron Wall, and will therefore
have a different character depending on whether a prompt
~y-ray or a neutron was registered first in the Neutron
Wall. Different gating criteria were therefore employed for
these cases. Furthermore, a neutron that provides the time
reference cannot easily be distinguished from a prompt
~-ray pile-up event, since both the TOF and the ZCO pa-
rameters are similar for these interactions. Consequently,
the resulting neutron-gated 7-ray spectra will contain a
significant amount of background from reaction channels
with fewer detected neutrons. Singles spectra created us-
ing only events in which a prompt y-ray had been detected
in the Neutron Wall, and thus provided the time reference,
were employed to identify the +-rays that were assigned
to 23Pd in this work, while the full statistics were retained
for the -y coincidence analysis.

The observed a-particles and protons were identified
on the basis of the amount of energy deposited in the
AFE and E detectors of the Euclides Si detector array.
The probability to detect and correctly identify an emit-
ted proton was 52%, and the corresponding value for the
a-particles was 31% in the present experiment. The in-
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Fig. 1. Background-subtracted spectrum showing the vy-rays
assigned to the an evaporation channel. Transitions indicated
by circles and stars are known contaminants from 2C and €0,
respectively. The y-rays assigned to *3Pd in the present work
are indicated by arrows and the corresponding energy values.

clusion of a neutron in the trigger condition prevents the
extraction of the detection efficiency of a single emitted
neutron from the present data set, but this value is typi-
cally around 25% [4].

Gamma-ray energy spectra and FE,-E, coincidence
matrices were created off-line by requiring coincidences
with different combinations of detected charged particles
and neutrons, and were analyzed using software from the
RADWARE package [6]. As a consequence of the limited
detection efficiencies, spectra gated by a certain number of
particles may contain v-rays from reaction channels with
a higher number of emitted particles. The strongest con-
tributors to this background in the spectrum gated by
one a-particle and one neutron, corresponding to *3Pd,
were in the present experiment the apn (*Rh) and a2pn
(°1Ru) fusion-evaporation channels. In the background-
subtracted spectrum (see fig. 1), where the ~-lines of
these contaminants have been removed, v-rays resulting
from transitions between high-spin states in %°Ge [7] and
69Se [8] nuclei are visible. These nuclei correspond to the
an channels in reactions between the ®8Ni beam and the
12C and 60 target contaminants. These reactions take
place closer to stability than the reactions with 4°Ca,
and can thus contribute a considerable background in
the ~-ray spectra, even at relatively low degrees of tar-
get contamination. These ~y-rays were identified and ex-
cluded from the list of possible “*Pd candidates. Also -
rays arising from possible **Ca and Mg contaminations in
the target were checked and excluded during the analysis.

The energies and intensities of the ~-rays assigned to
9Pd in the present work are given in table 1. Figure 2
shows the intensity ratios for some of these, as measured
in coincidence with different numbers of a-particles and
neutrons. The same quantities for previously established
~-rays emanating from stronger reaction channels are in-
cluded in the figure. In the top panel, the intensity ratio for
~-rays detected in coincidence with zero or one a-particle
is indicated. The reaction channels corresponding to two
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Table 1. The energies, relative intensities and angular-
distribution ratios of the ~-rays assigned to %*Pd as de-
duced from the present work. Statistical uncertainties are given
within parentheses.

E, I, R E Ir — I
(keV) (%) ratio  (keV)
166.9(3) 62(6) 0.60(8) 2525 (21/2%) — (19/27)
275.6(3) 66(7) 0.64(9) 2358 (19/2%) — (17/2%)
349.9(4)  47(8) 0.93(10) 2875 (25/2%) — (21/21)
350.6(5)  21(6)
515.1(3)  25(5)  0.59(9)
654.0(3) 25(3) 1.14(14) 5655 (37/2%) — (33/2™1)
984.8(3) 85(6) 0.97(11) 2082 (17/2%) — (13/2%)
992.4(4)  35(5) 0.99(14) 3867 (29/2%) — (25/21)
1097.4(3) 100(6) 1.15(12) 1097 (13/2%) — (9/2%)
1133.9(4) 27(3) 1.04(15) 5001 (33/2%) — (29/27)
1635.3(6) 18(2) 1.05(16) 7290 (41/2%) — (37/21)
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Fig. 2. The top panel shows the intensity ratios of different
~y-rays deduced from spectra gated by Oa and la. The same
ratio for reaction channels corresponding to two emitted
a-particles, estimated from the experimentally deduced
detection efficiency, is indicated in the figure. The shaded area
shows the estimated uncertainty in this ratio. The bottom
panel presents similar ratios obtained from spectra gated by 2n
and In. The same quantities measured for known transitions
in *Rh [9], *Pd [1,2,4] and ?°Pd [3,4] are included for
comparison.

emitted a-particles were too weak in the present exper-
iment for the peaks to be visible in spectra gated by a
lower number of a-particles. The ratio for these reaction
channels was therefore estimated from the experimentally
deduced detection efficiency. From fig. 2 it is clear that
the 985 keV and 167 keV y-rays were produced in an an
reaction channel, and that the 350 keV ~-ray belongs to a
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reaction channel with one emitted neutron. Furthermore,
these ~v-lines were not seen in coincidence with any de-
tected protons. The statistics and problems with coincid-
ing peaks from other reaction channels did not allow for
these ratios to be deduced for the other y-rays assigned to
this nucleus. However, all y-rays assigned to 3Pd in the
present work were observed to be in coincidence with the
985, 167 and 350 keV ~-rays (see below), thus strengthen-
ing their assignment to the an reaction channel.

The multipolarities of the v-rays assigned to **Pd in
this work (see table 1) were obtained by means of a simpli-
fied angular-correlation analysis. The angular-distribution
ratio Rang = ([,(137°) + L,(156°))/(I,(77°) + I,(103°))
was obtained from the intensities of the ~y-rays detected
in different directions around the target. Here I, are the
intensities of the 7-rays as deduced from spectra gated
by the ~-rays assigned to this nucleus and observed at
any direction. The quantities I,(137°) and I,(156°) are
the intensities of the y-rays detected in the cluster detec-
tors placed at these angles, and the I,(77°) and I,(103°)
values are the detected intensities of the same 7-rays in
the clover detectors. To reduce the uncertainty in the mea-
sured R,,g values we determined them from spectra gated
by different coincident v-rays. In this geometry, angular-
distribution ratios of known stretched quadrupole tran-
sitions have an average value of R = 1.08. For known
stretched dipole transitions the average value is R = 0.60.
Based on the measured R,,g values, stretched dipole char-
acter was assigned to the 167, 276 and 515 keV transitions,
while stretched quadrupole nature was assigned to the 350,
654, 985, 992, 1097, 1134 and 1635 keV ~-rays. The results
of the angular-distribution analysis are given in table 1,
together with the tentative spins and parities of the initial
and final states.

The level scheme for ?3Pd as deduced from the present
work is given in fig. 3. All the v-rays that have been placed
in the level scheme were found to be in mutual coincidence.
The ordering of the 7-rays in the level scheme is based
on their relative intensities, with the strongest transitions
placed at the bottom of the band. The level at 5001 keV re-
mains ambiguous due to the uncertain ordering of the 1134
and 654 keV transitions. The 350 keV ~-ray was found to
be a self-coincident doublet, but only one of the 350 keV
transitions could be placed in the level scheme due to lack
of statistics. Due to this doublet transition, the placement
of the 515 keV transition remains somewhat uncertain.
There is also a second, very weak but significant, 515 keV
doublet. This transition most probably feeds the band at
either of the tentative 21/2% and 25/2% states, although
the latter assignment seems to be favored by the coinci-
dence data. A sum of background-subtracted ~y-ray spectra
is shown in fig. 4, gated by the -rays that were assigned
to ?Pd, detected in coincidence with one neutron and one
a-particle.

From (-decay studies [10] and previous shell model cal-
culations [11] the ground state has been predicted to have
a spin and parity of 7/2% or 9/2%. The new shell model
calculations reported in this work favor the 9/21 assign-
ment, and we thus adopt this as our tentative ground
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Fig. 3. The proposed level scheme of **Pd populated in the
reaction *°Ca(**Ni, an). The results of shell model calculations
are included in the right part of the figure.

state. The spin assignments of the excited states were
based on the assumption that the spins increase as a func-
tion of increasing excitation energy, which is reasonable
since these levels were populated in a fusion-evaporation
reaction experiment. The quadrupole transitions were as-
sumed to be stretched and have electric character, i.e. they
connect states of equal parity. The stretched dipole tran-
sitions were assumed to have magnetic character, based
on comparisons with shell model predictions.

The shell model calculation for >Pd was performed in
the restricted model space of gg 2, p1 /2 for proton and neu-
tron holes. The single-particle energies and effective inter-
action matrix elements were taken from an analysis [12] of
level energies in nuclei with 38 < Z < 44. The calculation
was normalized to energy 0 for the 9/2% ground state. The
results of our calculation which can be seen to the right in
fig. 3 show a good agreement with the experimental level
scheme.

The gg/o shells play a dominant role in forming the
structure of the states in N ~ Z nuclei below '°°Sn. The
proton-neutron 97 interaction is so strongly attractive
that it tends to break the monopole pairing cou-
pling scheme, in favor of an aligned coupling scheme with
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Fig. 4. The sum of background-subtracted spectra gated by
the 167, 276, 350, 515, 654, 985 and 1635 keV ~-rays is shown.
A coincidence with one detected a-particle and one neutron
was also required. The energies of the transitions assigned to
93Pd in the present work are indicated. The energy dispersion
is 1 keV /channel.

the angular momenta of protons and neutrons maxi-
mally oriented parallel or antiparallel to a fixed axis. This
generates a prolate matter distribution, which exerts a
(deformation-driving) force on the core particles. Excita-
tions of gg /o particles to the ds /o shell immediately above
the shell gaps at N = 50,7 = 50 will especially tend to
enhance the deformation. However, the good agreement
seen in fig. 3 indicates that core excitation effects are still
moderate in ?Pd.
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