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Abstract

The level structures of the N = 50 33 As, 82Ge, and 3! Ga isotones have been investigated by means of
multi-nucleon transfer reactions. A first experiment was performed with the CLARA-PRISMA setup to
identify these nuclei. A second experiment was carried out with the GASP array in order to deduce the
y-ray coincidence information. The results obtained on the high-spin states of such nuclei are used to test
the stability of the N = 50 shell closure in the region of 78Ni (Z =28). The comparison of the experimen-
tal level schemes with the shell-model calculations yields an N = 50 energy gap value of 4.7(3) MeV at
Z =128. This value, in a good agreement with the prediction of the finite-range liquid-drop model as well
as with the recent large-scale shell model calculations, does not support a weakening of the N = 50 shell
gap down to Z =28.
© 2012 Elsevier B.V. All rights reserved.

Keywords: NUCLEAR REACTIONS 238U(82$e, glGa), (SZSe, SzGe), (SZSe, 83As), E =515 MeV; measured Ey, 1, (0),
y y-coin, reaction fragments, (fragment)y -coin using PRISMA magnetic spectrometer, y after deexcitation using
Ge Compton-suppressed detectors of CLARA array, thin and thick target; deduced o (9), levels, J, r; calculated
levels, J, w using shell model

1. Introduction

Magic numbers are a key feature in finite Fermion systems since they are strongly related to
the underlying mean field. Their existence and stability suggested the presence of closed-shell
configurations and led to the development of the Shell Model in atomic nuclei. Recently, the-
oretical predictions [1-3] and experimental results have indicated that magic numbers evolve
along isotopic/isotonic chains throughout the nuclear chart, exhibiting a more localized applica-
bility. Changes in the size of the shell gaps are expected to happen especially in neutron-rich,
loosely-bound systems due to the combined effects of the density dependence of the residual
interaction and in particular of the tensor interaction [3], the many-body correlations (such as
pairing) involving weakly-bound and unbound nucleons, and the fact that at the neutron drip-line
the nucleus cannot be represented anymore as a closed quantum system [4]. The evolution of
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magic numbers and the breakdown of the shell gaps, found along the line of stability, have been
predicted and observed in different mass regions [5]. The modification of the strength of shell
effects away from stability also has an astrophysical importance. Since shell effects are force-
dependent, the experimental determination of the shell gaps far from stability allows various
forces, and therefore different mass formulae for astrophysics, to be probed. Considerable theo-
retical effort has improved the reliability of nuclear mass formulas using different microscopic
forces [6]. Currently, the size of the N = 50 shell gap with increasing neutron-to-proton ratio
is of great interest due to its impact on nuclear structure and astrophysical properties. It is situ-
ated between the g9/ and ds,, orbits. The largest value for this gap has been found at Z =40
(~5MeV) and it is predicted to decrease when going towards Z = 28 [5].

The present work reports on the measurement of the excited states of the N = 50 33As, 82Ge,
and 3 Ga isotones. Since the wave functions of the states contain large cross-shell particle—hole
excitation components with increasing excitation energy and spin, the corresponding excitation
energies reflect the size of the shell gap. The comparison of the experimentally determined spec-
tra with the predictions of detailed shell-model calculations is used to ascertain the size of the
N =50 shell gap at Z = 28. Similar extrapolation methods have been used in the literature to
probe the residual interaction and single-particle energies [7—10]. Recent mass measurements
have allowed to extract the effective N = 50 gap values up to Z = 31 (Ga) [11], leaving the
evolution of the shell towards Z = 28 (Ni) still unknown. In this work, we show a method of de-
termining, within the proposed model, the shell gap for the doubly-magic nucleus "®Ni, presently
unreachable for most radioactive ion-beam facilities.

2. Experimental methods

Neutron-rich nuclei in the vicinity of 78Ni have been populated as products of multi-nucleon
transfer reactions [12] following the collision of a 82Se beam onto 238U targets. The 3%Se ions
were accelerated to an energy of 515 MeV by the combination of the Tandem-XTU and the ALPI
superconducting LINAC accelerators of the Legnaro National Laboratories (LNL). Two experi-
ments were performed using isotopically enriched targets of 233U0, and metallic 238U with the
thickness of 400 ug/cm? and 1000 pg/cm?, respectively. Projectile-like nuclei were analyzed
by the PRISMA magnetic spectrometer [13], placed at the reaction grazing angle of 64° with
respect to the beam direction. Element identification ranging from Z = 24 to Z = 43 has been
obtained from the energy loss measurement at the focal plane of the spectrometer. The average
mass resolution achieved was about AA/A = 1/180 allowing a clean mass identification of all
detected reaction products. The y rays following the de-excitation of the reaction products were
detected by the CLARA array [14], composed of 23 Compton-suppressed Ge Clover detectors, in
coincidence with the projectile-like fragments detected by the PRISMA spectrometer. Doppler
correction of the y rays was performed on an event-by-event basis, taking the information of
the recoil velocity vector determined by the reconstruction of the ion trajectories and the angle
between this velocity vector and the direction of the y ray emitted from the recoil. The en-
ergy resolution of the Doppler corrected y -ray photopeaks was around 0.8%. Fig. 1 shows mass
gated y-ray spectra for the 83As, 82Ge, and 3 Ga isotones. Due to the limited acceptance of the
PRISMA spectrometer as well as low efficiency of the CLARA array, coincidence data from the
experiment was very limited. Therefore, coincidence information was obtained in a second ex-
periment performed at LNL with the same reaction using the GASP 45 y-ray spectrometer [15].
In this case, a thick 233U metallic target (60 mg/cm?) was employed, in which all the reaction
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Fig. 1. Doppler-corrected y-ray spectra for 83 As, 82Ge and 31Ga isotones after charge and mass selection. The “c
contamination lines present in the spectra are mainly due to the mass-leakage from the adjacent isotopes with mass
(A-1). Random coincidences, arising from inelastic scattering, have been subtracted from the mass gated spectra.

products were stopped. Data was collected by acquiring triple y coincidences and was analyzed
using two- and three-dimensional matrices.

The spin assignments of excited states have been determined on the basis of the combined in-
formation coming from decay branchings, angular distributions of gamma rays for the CLARA—
PRISMA data and ADO (y-ray angular distribution from oriented nuclei) ratios [16] for the
GASP data. The angular distributions, W(6,2)/ W (6), are analyzed by taking into account the
W (61) and W (6;) intensities of the y transitions detected at different angles with respect to the
entrance direction of the PRISMA spectrometer. In the data analysis, we have used a fixed value
of 8; = 98.8° while the 6, values range from 98.8° to 174.1° which corresponds to the CLARA
angles. The normalization factors due to the different energy dependence of the detector rela-
tive efficiencies were obtained with a '>2Eu source. Due to the fact that ions populated in the
reaction move at relativistic velocity about v/c = 10%, it is necessary to apply an additional
correction factor on the angular distributions [17,18]. The normalized angular distributions for
each corresponding ring are fitted using the method of least squares to the angular distribution
function [19,20]. Due to the lack of statistics, we have considered only the Legendre Polynomial
of second degree in the fitting procedure. The determination of spins and multipolarities from
the experimental angular-distribution coefficients requires knowledge of the substate population
P,,(J) of a state J, which is approximated by a Gaussian distribution of m-states [21]. Here the
width of the substate population is given with o and determines the degree of the alignment of
the state J. In the analysis of the experimental data ¢/ J has been treated as a parameter and has
been determined experimentally from the known states in different Se isotopes as ~ 0.6 for E2
stretched quadrupole transitions.

The ADO ratio is defined as:

_ I, [at 35°(145°) gated by y»]

R
ADO I, [at 90° gated by 2]

(1)

where I, corresponds to the y-ray coincidence intensity at 35° (145°) and 90° obtained by
setting gates on ), detected at any angle. The y-ray intensities are corrected by the detection
efficiency of the GASP array for each corresponding ring. Typical ADO ratios are centered at 1.2
and 0.8 for stretched quadrupole and stretched dipole transitions, respectively.
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Fig. 2. Double-gated spectra obtained from the triple-coincidence data for 83As in the thick-target experiment. The
impurity lines marked with “i” are due to the reaction on residual oxygen contained into the target.

3. Experimental results

The collected statistics in the “thin-" and “thick-target” experiments has allowed to built level
schemes for the 83As, 82Ge and ®'Ga nuclei. Preliminary results based only on the CLARA-
PRISMA data of the present work have been reported in Refs. [22,23]. Previous knowledge on
the excited states of the 33 As nucleus mainly comes from S-decay studies [24,25] in which non-
yrast states were mainly populated. Only 306- and 1542-keV y-ray energies are known from
Ref. [24] and a (3/27) assignment has been proposed for the 306-keV transition decaying to the
ground state (g.s.) [25]. Among the transitions identified in the present work, we clearly observe
the 306- and 1542-keV lines which decay directly to the g.s. In coincidence with the 1542-keV y
ray we find six new transitions, which can be divided in two branches on the basis of the coinci-
dence relationships. A 323-keV line is found in coincidence with the 1542-keV transition as well
as with the 1228-, 364-, 911-, and 430-keV transitions. The 430- and 911-keV lines, in mutual
coincidence, are not observed in coincidence with the 1228- and 364-keV transitions defining
two parallel branchings decaying to the state at 1.865 MeV which is de-excited by the 323-keV
transition. The 430-keV line is also observed in coincidence with a 1234-keV transition decaying
directly to the state at 1.542 MeV. All those transitions, supported by our preliminary identifi-
cation of the present data [23] (except the 1234-keV one), have also been recently observed in
a parallel work performed using a fusion—fission reaction [26]. Examples of coincidence rela-
tionships are shown in Fig. 2. The ground state spin—parity of 3% As is not known experimentally
and can be assigned either as 3/27 or 5/27. However, the measured ground state spin—parity
of its neighbouring nuclei at the N = 50 isotonic chain, ’Rb (J* =3/27), ¥Br (J* =3/27),
and 81Ga (J™ = 5/27), supports the expected inversion between the proton single-particle orbits
1f5/7 and 2p3,2 at N = 50 indicating that the last unpaired proton remains in the 2p3,> orbit for
Z > 34 and in 1fs5;; for Z < 34. We prefer, therefore, a (5/27) assignment for the g.s. of BAs.
The angular distribution coefficient and ADO ratio for the 1542-keV transition decaying to the
(5/27) g.s. suggest a quadrupole character, defining a new (9/27) level at 1.542 MeV. Those
values for the 323-keV line support a dipole character of the transition identifying a new level at
1.865 MeV for which we suggest an (11/2) assignment, under the assumption of the increasing
spin with the excitation energy consistent with the population of the yrast levels for those dis-
sipative reactions. Based on the relatively large angular distribution coefficient as well as based
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Fig. 3. Experimental angular distributions of y-ray transitions in 83 As measured in the thin-target experiment using the
CLARA gamma array.

on systematics, we prefer a negative parity for this state. For the 1228- and 364-keV transitions
observed above the (11/27) level, both angular distribution and ADO (Fig. 3) results favour a
dipole character (A = 1) thus supporting (13/27) and (15/27) assignments for the correspond-
ing levels at 3.093 and 3.457 MeV, respectively, under the same assumption of the increasing spin
with the excitation energy. For the 430- and 911-keV transitions our data also support a dipole
character identifying two states at 2.776 and 3.206 MeV, the former decaying to the (9/27) state
at 1.542 MeV through a 1234-keV transition (see Fig. 3 and Table 1 for details).

The level scheme of 32Ge has been recently established from the A-n decay of 83Ga [27],
spontaneous fission of both *%Cm [28] and 2>Cf [29]. The 1347-, 938-, 940-, and 647-keV
transitions with their proposed de-exciting states are reported in Ref. [28]. A 1174-keV tran-
sition has been observed in both Refs. [27,29] and its de-exciting state has been assigned as
the second 2+ state (2;' ) [29]. These observed states have been confirmed in this work. Using
the yy coincidence data, the 1347-, 938-, and 940-keV transitions have been found in mutual
coincidence. A 647-keV transition has been observed in coincidence only with the 1347- and
938-keV transitions while the 1174-keV line has been observed in coincidence only with the
1347-keV transition. Examples of the coincidence spectra are shown in Fig. 4. The ADO and
angular distribution values for the 1347-, 938-, and 940-keV transitions support a quadrupole
character suggesting 27, 47, and 6™ assignments for the states at 1.347, 2.285, and 3.225 MeV,
respectively. For the 647-keV gamma ray, the ADO ratio supports a dipole character giving a
I =5 assignment for the level 2.932 MeV, under the assumption of increasing spin with the ex-
citation energy. The angular distribution coefficient for the 1174 keV y line is compatible either
with a stretched quadrupole or with a strongly mixed dipole transition. The level at 2.521 MeV
has been reported in Ref. [29]. It decays to the 2T and to the g.s. through a 2525-keV line and
it has been assigned as 2; . Therefore, we prefer a 27 assignment for this state (see Fig. 5 and
Table 1 for details).

The g.s. spin—parity of 8'Ga has been determined as 5/2~ by the nuclear spin and magnetic
moment measurements performed at ISOLDE [30]. Its non-yrast low-lying states are known from
beta-decay studies [31,32] while very limited information on the yrast structure was previously
known from the present CLARA-PRISMA data [22]. In this work we confirm the level observed
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Table 1

y-ray energies (Ey ), relative intensities (/y, ), angular distribution coefficients (a3), and ADO ratios (RApo), Where
possible, in 83As, 82Ge, and 81 Ga. The proposed spin—parity assignments for the levels involved as well as the excitation
energies of initial (E;) and final (Ef) states are also given.

Ey (keV)? I ar RADO" E; — E; (keV) T > IF
83 As
306 16(6) —0.7(9) 306 — 0 (3/27) = (5/27)
323 54(8) —0.14(6) 0.8(1) 1865 — 1542 (11/27) — (9/27)
364 17(7) —0.01(15) 0.7(1) 3457 — 3093 (15/27) — (13/27)
430 13(3) —0.08(16) 0.8(2) 3206 — 2776
911 16(4) 0.8(1) 2776 — 1865
1228 25(7) —0.17(18) 0.8(1) 3093 — 1865 (13/27) - (11/27)
1234 17(6) 2776 — 1542
1542 100(9) 0.45(7) 1.2(1) 1542 - 0 9/27) = (5/27)
82Ge
647 22(7) 0.7(3) 2932 — 2285 5t > 4t
938 58(12) 0.37(15) 1.2(2) 2285 — 1347 4t - 2F
940 37(8) 0.48(16) 1.2(2) 3225 — 2285 6+ — 4t
1174 19(6) 0.31(19) 2521 — 1347 @2t - 2t
1347 100(15) 0.34(14) 1.2(2) 1347 - 0 2t - of
81Ga
228 40(10) (1464) — 1236
365 35(10) (2363) — (1998)
534 38(14) (1998) — (1464)
899 35(13) (2363) — (1464)
1236 100(25) 1236 — 0
1464 33(12) (1464) — 0

@ Uncertainties are within 1 keV.
b ADO ratios are calculated for the thick target experiment.
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Fig. 4. Double-gated spectra obtained from the triple-coincidence data for 82Ge in the thick-target experiment. The
impurity lines marked with “i” are due to the reaction on residual oxygen contained into the target.
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Fig. 5. Experimental angular distributions of y-ray transitions in 82Ge measured in the thin-target experiment using the
CLARA gamma array.
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Fig. 6. Level scheme proposed for the 83 A isotone as obtained from the present data. The experimental findings are
compared with the results of shell-model calculations (see text).

at 1.236 MeV which directly decays to the g.s. [22] and we observe five new transitions which
are tentatively arranged in the level scheme based on sum energies and branching ratios due to
the very limited coincidence data for the 365-, 534-, and 1464-keV y lines. On the basis of a
5/2~ spin—parity assignment for the g.s. we prefer the (7/27) and (9/27) assignments for the
levels at (1.236) and (1.464) MeV of excitation energy and (11/27) and (13/27) for the states
observed at (1.998) and (2.363) MeV, respectively. The level schemes for the 83As, 82Ge, and
81Ga N = 50 nuclei, are given in Figs. 6, 7, and 8, respectively. Table 1 shows the angular
distribution coefficients and ADO ratios of the y-ray energies of interest successively with the
spin—parity assignments in the N = 50 As, Ge, and Ga isotones.

4. Shell-model calculations

The level structures in Figs. 6, 7, and 8 are compared with the results of shell-model calcula-
tions obtained using a combined effective interaction, based on the JJ4B residual interaction and
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Fig. 8. Level scheme proposed for the 81Ga isotone as obtained from the present data. The experimental findings are
compared with the results of shell-model calculations (see text).

on the two-body matrix elements of the Surface Delta Interaction (SDI) with a strength parameter
of A=0.2 MeV.

The JJ4B effective interaction has been derived for the proton and neutron pfg configuration
space built on the 15,2, 2p3/2, 2p1,2 and 1gy,> single-particle orbits and it is an extended ver-
sion of the JJ4APN interaction developed in order to reproduce the excited states of nuclei in
the region of 78Ni [33,34]. The SDI has been adopted for the neutron sdg subspace built on the
2ds2, 3s1/2 and 1g7,, orbits and for the cross-shell matrix elements between neutrons occupy-
ing the 2ds/2, 3s1,2 and 1g7/2 and protons and neutrons occupying the 1fs5,3, 2p3/2, 2p1/2 and
1g9,> orbits. The values of the single-particle energies for the pfg space and for the sdg subspace
are given in Table 2. The chosen configuration space assumes ggNhg as an inert core. To make
the shell-model calculation feasible, the configuration space has been truncated by allowing two
neutrons, at most, to be excited from the 1gg,> to the 2ds/2, 3s1/2 and 1g7,2 orbits. The largest di-
mension of the model space encountered in this study for 83 As exceeded 24 million (M-scheme).
The shell-model code ANTOINE [35] has been used for diagonalization.

For 83 As the calculated negative parity states compare reasonably well (in average within 200
keV of difference in energy) with the experimental ones. The order of the 5/2™ and 3/27 levels
is reproduced but the latter state is calculated only 20 keV above the ground state. Two positive
parity states, 9/2% and 7/2% are predicted at 2.5 and 3.4 MeV of excitation energy, in qualitative
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Table 2

Single-particle energies for the chosen model spaces (see text).

Model space Single-particle energy (MeV)

pfg E(1f52) E(2p3,2) E(2p1/2) E(1g9/2)
for protons and neutrons —9.2859 —9.6566 —8.2695 —5.8944
sdg E(2ds2) E(3s12) E(1g7/2)

for neutrons —1.1944 —0.1680 0.2700

agreement with the levels observed at 2.8 and 3.2 MeV and decaying to the (9/27) and (11/27)
states through likely dipole transitions. In the case of 82Ge the predicted excitation energies
compare well with the measured ones, the excitation energy differences being in average within
100 keV with somewhat larger deviations for the 4* and 57 states. The calculated 4; level is
in agreement with the level observed at 2.521 MeV but we cannot exclude for it 2% assignment
which is predicted at 2.078 MeV of excitation energy. The calculation compares also reasonably
well with the tentative level scheme in the case of 8! Ga. In Ref. [36] it has been suggested that
based on systematic of the level schemes the low lying states of the odd-mass Ga nuclei could be
described through the weak coupling between an unpaired valence proton and the neighboring
even—even Zn “cores”. It is interesting to note that the excitation energy of the (9/27) state
observed at 1.464 MeV matches quite well the 2% excitation energy of 8Zn of 1.492 MeV as
expected for a configuration dominated by the weak coupling between the proton f5,, and the
corresponding core excitation. To compare the (7/27) state observed at 1.236 MeV with the
systematic of the lighter Ga isotopes we have to refer to the (3/27) state. Here the excitation
energy relative to the (3/27) level, identified in Ref. [31] at 351 keV is of 885 keV, in good
agreement with the systematics (Fig. 14 in Ref. [36]). These results suggest also here a dominant
configuration based on the weak coupling between the p3/, state and the corresponding core
excitations.

The calculated wave functions for states with medium and high spins show the presence of
a significant component of the (vgg, /12 ® vdé /2) configuration. As already observed in Ref. [37],

for such states (above spin I = 44 for 82Ge and I = (11/2)h for B3 As), due to the contribu-
tion of particle-hole excitations across the gap, the excitation energies are very sensitive to the
value of the neutron single-particle energies and therefore to the size of the N = 50 energy
gap at Z = 28. This value has been determined through a best fit procedure between the ex-
perimentally determined excited states of 33As and 32Ge and the calculated levels, using the
(VEgs,, — vEg,) energy difference as a parameter. The best agreement has been obtained for
a gap size of 4.7(3) MeV, the error being determined through a standard deviation procedure.
Fig. 9 shows the calculated single-particle levels reported as a function of the N = 50 shell-gap
value for 82Ge, and 83 As. The flat behavior of the low-spin states up to 4™ for 82Ge and (11/27)
for 83 As indicates a dominant proton character for such levels. Cross-shell components become
more relevant for higher-spin states, i.e. 57 and 6 for 82Ge and (13/27) and (15/27) for 8As,
leading to a strong dependence of the excitation energies on the gap size.

5. Discussion
It is interesting to compare the gap size deduced in the present work with the values ob-

tained from experimental two neutron separation energies reported in Ref. [11]. The results of
the atomic mass measurements (Fig. 4 of Ref. [11]) indicate a reduction of the effective shell gap
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Fig. 9. Level energies of the 82Ge and 83 As nuclei calculated, as described in the text, as a function of the N = 50 shell
gap energy. The best agreement with the experimental energies (indicated by full dots) is obtained for a gap value of
4.7(3) MeV.

down to Ge (Z = 32), followed by an increase from Ga (Z = 31). Notice that the experimental
“shell gaps” given in Fig. 4 of Ref. [11] have to be considered as “effective shell gaps” since they
include the monopole effects from valence nucleons. The gap size value of 4.7(3) MeV extracted
from the present analysis confirms the increasing trend observed below Z = 32 in accordance
to the prediction of the Finite Range Droplet Mass formula among the mass models reported
in Ref. [6] and excludes a weakening of the N = 50 shell gap towards Z = 28. The observed
minimum of the effective gap size at Z =32 [11] is also in agreement with the present analysis.
Starting from a value of 4.7(3) MeV, a monopole contribution of —1.1 MeV has been estimated
by means of simple shell model considerations using the JJ4B two-body matrix elements. This
means an effective gap value, which is valence-particle dependent, of 3.6 MeV at Z = 32, in
qualitative agreement with the conclusion of Ref. [11]. Similarly, the recent large-scale shell-
model calculations using proton pf and neutron fpgd shells explain the minimum of the N = 50
gap at Z = 32 and the following increase towards Z = 28 indicating a robustness of the gap in
78Ni [10]. In the recent work of Porquet and Sorlin [38] the evolution of the N = 50 gap is dis-
cussed. The trend determined from the two neutron separation energy shows a change of slope
at N = 32 attributed by the authors to the presence of extra correlations in the ground states. Us-
ing different extrapolation methods which include the excitation energy of the 8" states, instead
of the 0T g.s., in the determination of the two neutron separation energies as well as one neu-
tron separation energies, the authors predict an uncorrelated gap value for N = 50 and Z = 28
as 4.2 MeV. This value matches well with our result (uncorrelated gap value) of 4.7(3) MeV
which does not indicate a substantial quenching of the N = 50 shell gap at Z = 28.

6. Summary
In summary, the excited structures of the N = 50 As, Ge, and Ga isotones have been investi-

gated using multi-nucleon transfer reactions. New y transitions have been identified for 83 As and
81Ga and the level scheme of 32Ge has been confirmed. The N = 50 shell gap at Z = 28 has been
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determined through the comparison of the excited states with the results of shell-model calcula-
tions. The result confirms the increasing trend of the effective gap below Z = 32 and excludes
the proposed quenching of the shell structure towards Z = 28.
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