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Neutron-rich Si nuclei

The structure of the very neutron-rich nuclei 3°Si and #!Si has been investigated via in-beam y-ray
spectroscopy and few-nucleon knockout from radioactive beams. The observation of low-lying states in
396i is a clear evidence for a drastic lowering of the intruder neutron 3/2 state when going from Z =
20 to Z = 14. The energy of the only y-ray transition (672(14) keV) observed in 415j is significantly
lower than that of the first excited state in 47Ca (2014 keV) suggesting a deformed ground state for
41si, These results are consistent with large-scale shell-model calculations implying that strong proton-
neutron correlations are the main reason for the lowering of the intruder configurations over the normal

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The nuclei in the vicinity of the N = 28 shell closure offer a fer-
tile ground for studying the various aspects of nuclear forces and
correlations. The change in the single-particle energies as a func-
tion of the proton and neutron numbers leading to the reduction
of the N =28 shell gap below #8Ca, as well as that in the splitting
between the spin-orbit partners of the neutron f7,, and p3, or-
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bits, arises from the monopole terms of the nuclear interaction. In
addition, correlations of a quadrupole character drive the develop-
ment of a new “island of inversion” around 42Si, where according
to mean field [1] and shell-model [2-4] calculations, deformed in-
truder configurations fall below the spherical ones.

The development of the N = 28 island of inversion can be fol-
lowed through the evolution in structure of the N = 27 isotones. In
45Ar, a low-lying 3/2 state has been observed at 537 keV above
the 7/2~ ground state [5]. It has been shown via the **Ar(d, p) re-
action that this state contains about half of the p3/, strength [3].
In 43S, the ordering between the normal 7/2~ and the intruder
3/27 states is changed. A low-energy 7/2~ isomer has been
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discovered [6] connecting the 3/2~ ground state with a very low
reduced transition probability B(E2). Based on the B(E2) and the
measured g-factor, the 7/2~ isomeric state has been assigned to
the v f7/> spherical configuration [7].

The observation of a deformed ground state [8] and a spherical
isomeric 0% state [9] in #4S confirms that it is within the island
of inversion. From the low energy of the first excited state, 42Si is
also expected to have a deformed ground state [10]. The slight de-
crease of the 2% energy in “0Si relative to the systematics was also
invoked as an argument in favor of an enhanced collectivity [11].

To confirm that deformation is favored around ‘fﬁSizg and to
determine the location of the border of the island of inversion in
the neutron-rich Si isotopes, we have studied the ?25125 and ‘11315127
isotopes, having 3 and 1 neutron-hole configurations with respect
to an N = 28 core, respectively.

2. Experiment

Excited states in 3°Si and #'Si were populated and studied
in the present work via in-beam fragmentation of fast secondary
beams. A “8Ca beam of 60 MeV/u energy and 4 pAe intensity, de-
livered by the GANIL facility, was employed to bombard targets of
12¢ and 181Ta (~ 200 mg/cm?). The secondary beams of interest
were collected and selected using the SISSI device coupled to the o
spectrometer in which a 50 pum Al achromatic degrader was placed
between the two sets of dipole magnets. The magnetic rigidity
(Bp) was tuned to optimize the production of 404142p and 4243445
for which average rates of 65, 130, 20, 120, 220 and 125 pps
were obtained, respectively. A combination of energy-loss (AE)
and time-of-flight information, measured using a 50 pm-thick Si
and microchannel plate detectors, allowed unambiguous identifi-
cation of the secondary beam particles on an event-by-event basis.
Behind the Si detector a secondary Be target of 185 mg/cm? was
used to induce secondary fragmentation.

The nuclei produced by the secondary fragmentation were se-
lected using the SPEG spectrometer and identified by the AE,
time-of-flight and Bp. The AE was measured using an ionization
chamber, while the time-of-flight was determined between the
channel-plate detector located upstream of the target and a thick
plastic-detector placed just behind the focal plane of the spectrom-
eter. The Bp was inferred from the trajectories of the nuclei, which
were obtained using two pairs of drift chambers straddling the fo-
cal plane. By combining the Bp and time-of-flight information, the
mass-over-charge ratio can be derived to provide the identification
matrix of the secondary fragments.

The 39Si nuclei were produced by 1p, 1pln, 2pln and 2p2n
knockout reactions from the 4%41P and 4243S secondary beams,
respectively. The production of 1Si was almost equally shared be-
tween the 1p, 2p and 2p1n reaction channels from #2P, 43S and
445, The 2p knockout cross section 43S — 41Sj at 41.5A MeV was
measured to be 71 + 14 pbarn. This is comparable to the value
of 80 & 10 pbarn obtained for the 2p removal reaction %S —
425 [10].

The secondary target was surrounded by the 47 “Chateau de
Crystal” array consisting of 74 BaF, scintillators to measure the
emitted y-rays. The individual detector threshold was set to about
100 keV. As the scintillators of the array were closely packed, an
addback procedure was used to increase the photopeak efficiency
leading to efficiencies of 38% at 779 keV and 24% at 1.33 MeV
for fragments with v/c ~ 0.3. The y-ray spectra were obtained by
selecting, event-by-event, the nuclei of interest in the secondary
beam and in SPEG following the interaction with the secondary
target. Doppler corrections were applied based on the velocity of
the ions as determined from the time-of-flight and trajectory in-
formation. The energy of the y-ray lines used for the calibrations
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Fig. 1. y-ray energy spectra obtained for 3°Si and 4!Si.

9..] & 39..
8 Si| @ Si
7 Gate: 163 keV| |S Gate: 3034397 keV
6 ° g =20
w) }2
= =]
g =)
g c
10
2

0 1000 2000 3000 4000
E, (keV)

1000 2000 3000 4000
Ey(keV)

Fig. 2. y-gated spectra for 39Si using the 163 (left) and 303 + 397 keV (right) tran-
sitions as gates.

could be reproduced with a 6 keV uncertainty, which corresponds
to the systematic uncertainty of the energy determination.

3. Results

The y-ray energy spectra for 3*41Si are displayed in Fig. 1. In
415j a clear peak is seen at 672 & 14 keV. In the spectra for 39Si,
two strong y transitions at 163 and 397 keV, as well as weaker
ones at 303, 657, 906, 1143 and 1551 keV, were identified. The
spectrum for 3?Si obtained using 1p knockout from 4°P is domi-
nated by the 163 keV transition.

A yy-coincidence analysis was possible for 39Si after adding to-
gether all the data from the various reaction channels. As shown in
Fig. 2, the 163 keV transition is in coincidence with the 657, 1143
and 1551 keV ones, but not with the 397 keV transition. The two
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Fig. 3. Comparison of the experimental level schemes of the N = 25 isotones 39Si
and #5Ca [18] with shell-model calculations for 39Si assuming a closed proton core
(“neutrons only”), and using the full valence sd-pf space (“full”). In the proposed
level scheme for 39Si the energies and relative intensities are listed with the un-
certainties along the transitions. The width of the arrows is proportional to the
intensity of the y-rays.

lines of the 303 4 397 keV doublet are in mutual coincidence, and
one or both of them are in coincidence with the 906 keV transi-
tion.

The level scheme of 39Si displayed in Fig. 3 was constructed
from the yy coincidences, the relative intensities and the en-
ergy balance of the transitions. The energy of the excited states
was determined using the fitting procedure of the Radware pack-
age [12] and the energies of the feeding and de-exciting y lines,
including uncertainties. As the most intense 163 and 397 keV
y-rays are not in coincidence, they are placed in parallel and di-
rectly connected to the ground state. The 397(14) + 906(17) and
163(12) + 1143(27) keV sum energies overlap with each other,
within the experimental errors. Thus, they establish an excited
state at 1304 keV. Although, the 303 keV transition is placed above
the 401 keV state based on the yy coincidences and the intensity
argument, it cannot be excluded that this y-ray feeds a higher-
lying level. Based on the coincidence information, the 657 and
1551 keV transitions connect the levels at 817 and 1711 keV with
the state at 160 keV, respectively.

4. Discussion

Given that the strengths of the Z =14 (~5 MeV at N =28 [13])
and Z =20 (~5.3 MeV between N =22 and 26 [14]) shell gaps are
similar, it may be instructive to compare the spectra of the 9’1 4S1
and 45’%Ca isotones.

The 7/2~ ground state of 47Ca corresponds to a 1 neutron-hole
configuration f7’/]2 The first excited state lies at 2.01 MeV excita-
tion energy. This 3/2~ state has a rather pure 1 particle-2 hole
configuration [15], being well populated in the “6Ca(d, p) neu-
tron stripping reaction [16] and extremely weakly populated in
the #8Ca(d, t) neutron pick-up reaction [17] owing to the closed
shell structure of “8Ca. In 4!Si, only a y transition was identified,
which we assign to the decay of a level at 672 keV (Fig. 4). This
is significantly smaller than the energy of the first excited state
in 47Ca, indicating that the two nuclei have very different struc-
ture. The low energy of the state at 672 keV in 4'Si suggests a
deformed configuration, as for the neighboring nucleus 42Si which
has a low-lying 27 state [10].

The low-energy structure of >Ca can be described by 3 neu-
tron-hole configurations with respect to a “8Ca core. This leads
to a multiplet of states based on the f7‘/3 configuration: the two

first states - the 7/2~ ground state and the 5/2~ first excited
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Fig. 4. Comparison of the experimental level schemes of the N = 27 isotones #!Si
and 47Ca [15] with shell-model calculations of 4'Si assuming a closed proton core
(“neutrons only”), and using the full valence sd-pf space (“full”).

state - are separated by only 174 keV, while the other members of
the multiplet are found above 1.43 MeV [18]. In 3°Si, the ground
and the first excited states are separated by 160 keV and may also
arise from the neutron f{é configuration. However, the existence

of other low-lying states in 3°Si reveals a structural change relative
to 4°Ca and indicates the presence of low-lying intruder configura-
tions already at N = 25.

These results point to a significant change in nuclear structure
between the Ca and the Si isotopic chains. This feature could be
accounted for by the decrease in size of the N =28 shell gap by
about 1 MeV in the Si nuclei compared to the corresponding Ca
isotones, as it has been shown both for N =20 [19] and 28 [20].
For instance, the N = 28 gap of ~4.5 MeV in “8Ca [14] is estimated
to decrease to ~3.5 MeV in #2Si [20]. Thus, it may be assumed that
the decreasing N = 28 shell gap is responsible for the lowering of
the intruder configurations observed.

To verify this hypothesis, shell-model calculations were carried
out using the SDPF-U interaction [2] with a closed proton Z = 14
core and the neutron fp-valence space. These calculations are la-
beled “neutrons only” in Figs. 3 and 4. As it may be seen in the
level schemes reported in Fig. 3, the low-energy structure of 39Si
is not fully reproduced by these calculations which rather pre-
dict a spectrum similar to that of >Ca, but more compressed in
energy. Only two low-lying states are calculated, together with a
high-density region of levels starting at 866 keV. The latter occurs
lower in energy compared to 4°Ca in line with the decrease in
energy of the 2% states in the Si isotopes relative to Ca. These cal-
culations suggest that the decrease in the N = 28 shell gap alone
cannot explain the lowering of the intruder states. By inhibiting
proton excitations, there is not enough degree of freedom to ac-
count for the observed experimental spectrum.

To investigate the role of the proton excitations across the
Z =14 gap, the level schemes for 3%41Si were recalculated us-
ing the full sd proton and fp neutron valence space reported as
“full” in Figs. 3 and 4. Comparing the results of these calcula-
tions to the experiment, the low-energy level scheme of 3°Si is
better reproduced by the full space calculations which predict a
vf;é 5/2~ ground state and low-lying 7/2~ and 3/2~ states with
strong v f7,2 and vps3;; components. The decay of the first two
excited states in 39Si is consistent with this picture. In addition,
the calculated level density is also consistent with the experimen-
tal one. In 41Si, two groups of low-lying states, centered around
750 keV and 150 keV, are predicted by the “full” shell-model cal-
culations. These groups are separated by about 600 keV, which is
close to the energy of the observed peak in the y-ray spectrum
at 672 keV. Note that, given its energy width, this line may corre-
spond to a multiplet. The observation of y lines from the lowest
energy group of states is hampered for two reasons. First, they lie
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Fig. 5. Contributions of the neutron cross shell excitations to the 7/2; (top), 3/2] (middle) states and proton cross shell excitations (bottom) to the ground state wave
functions of odd Si isotopes between N =20 and 28. On the x axis the number of excitations with respect to the v f7,, and the 7ds/, orbits are indicated.

below the 150 keV threshold of the gamma-array. Second the 7/2;
state in 41Si, built principally on the v f7,, orbit, is predicted to
be an isomeric state with a half-life of about 400 ns similar to 43S
[6,7]. Such a decay could not be observed here where only prompt
y-rays were detected. The “full” shell-model calculations, which
predict a low-lying intruder 3/2~ state in 3°Si and a 3/2~ ground
state for 41Si, suggest that the order of the normal 7/2~ and the
intruder 3/2~ states inverts between A =39 and 41.

To better identify the respective contributions of the proton and
neutron excitations to the onset of collectivity while approaching
N = 28, the shell-model wave functions of the “normal” 7/2; and
the “intruder” 3/2; states were analyzed in the heavy odd Si nu-
clei. As it may be seen in Fig. 5, near N =20 both the 7/2] and
the 3/2] states exhibit clear neutron single-particle characters. In-
deed, the wave functions correspond mainly (more than 85%) to O-
particle-0-hole and 1-particle-1-hole configurations, respectively.
Conversely, when approaching N = 28, the amount of cross-shell
excitations, i.e. the collectivity of the states, gradually increases in
both the “normal” and “intruder” states. Despite the fact that the
N = 28 shell gap increases by about 0.8 MeV per pair of neutrons
added between N = 20 and 28 [14], deformation develops as if
N =28 was at mid-shell. As it is shown in Fig. 5, the role of proton
and neutron cross shell excitations in the shell-model calculations
increases with increasing mass, being a maximum for the ground
state of 41Si. Experimentally, the lowering of the intruder states is
indicated by the increasing complexity of the level schemes of the
odd Si nuclei with increasing mass number. The gradual increase
of the ground state deformation has been revealed by (p, p’) stud-
ies of the even-even Si nuclei [21].

To obtain a better understanding of which type of correlations
induce the deformation at N =28 in the Si chain, Fig. 6 presents
the correlation energy of the 7/2 state calculated using three dif-
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Fig. 6. Correlation energies calculated for the 7/2] state in the Si isotopes. Lines are
to guide the eye.

ferent valence spaces: “neutrons only” in which the proton core
is frozen; “N = 28 closed” in which the neutrons are frozen in
the f7,, orbit, and “full” in which both protons and neutrons can
be excited. From the “neutrons only” calculations, the contribution
of the neutron-neutron correlations slowly increases with increas-
ing mass number but saturates at N = 28. Calculations for the
“N = 28 closed” case exhibit a single closed shell behavior with an
increased correlation at the mid-shell. These two calculations are
consistent with N =20 and 28 shell closures. The role of the cross-
shell proton-neutron excitations can be deduced from the “full”
calculations. These exhibit a steady increase of the correlations up
to 15.8 MeV, rather than a saturation at N = 27. By comparing
this to the estimated size of the N = 28 spherical gap of 3.5 MeV,
up to 5-particle-5-hole configurations are possible, again suggest-
ing that the nuclei around N = 28 rather behave as if they were
at mid-shell. This observation may be connected with the fact that
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both the N =28 and Z = 14 shell gaps occur within a major shell,
i.e. the sd shell for protons and the fp shell for neutrons. As a
consequence, 1-particle-1-hole quadrupole cross-shell excitations
can also take place, which limit the energy required for cross-shell
excitations in spite of there being relatively large shell gaps. In ad-
dition, the “normal” and “intruder” configurations have the same
parity, which allows for mixing of the normal and cross-shell ex-
citations resulting in deformation of the normal states, as well.
Similar mechanism might dictate the energy of the intruder states
in 78Ni, where both the Z = 28 and the N =50 shell gaps separate
states from the same major fp and gds oscillator shells, respec-
tively. This mechanism differs significantly from the development
of island of inversion at N =8 or N = 20, where the cross-shell
excitations take place between different oscillator shells having dif-
ferent parity.

5. Summary

Excited states in 3°Si and #!Si have been identified for the first
time. A comparison of the level structure of 3%41Si with that of the
4547Ca isotones, as well as with the results of large-scale shell-
model calculations, was used to infer the lowering of the intruder
states in 3%41Si. A low-lying intruder state in 3°Si and a deformed
41Si ground state are proposed. Based on the shell-model calcu-
lations, it is suggested that the border of the N = 28 island of
inversion falls between N =25 and 27 in the Si isotopes, confirm-
ing that #2Si lies in a region of deformation. It is shown that to
account for the low-lying level structure of 3941Sj, both neutron
and proton excitations across the N =28 and Z = 14 shell closures
are required.
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