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Study of the neutron-rich nucleus 36Si
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3IPN, IN2P3-CNRS and Université Paris-Sud, F-91406 Orsay Cedex, France
4Dep. de Fisica Theorica, Universidad Autonoma de Madrid, E-28049 Madrid, Spain

5Ganil, BP 5027, F-14021 Caen Cedex, France
6INFN, Laboratori Nazionali di Legnaro, I-35020 Legnaro, Padova, Italy

7Schuster Laboratory, University of Manchester, Manchester, M13 9PL, United Kingdom
8Dipartimento di Fisica and INFN-Sezione di Padova, Università di Padova, I-35131 Padova, Italy
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Excited states of N = 22 36Si, populated in deep-inelastic processes produced by the interaction of a 215 MeV
beam of 36S ions with a 208Pb target, were studied in the present work. γ rays from the binary fragments detected
using CLARA, an array of 25 Ge Clover detectors, were measured in coincidence with projectile-like fragments
detected by PRISMA, a large solid angle magnetic spectrometer. Two new γ -ray photopeaks at energies of 1442
and 842 keV were observed and tentatively assigned to the 4+ → 2+ and 6+ → 4+ transitions, respectively. The
systematics of the level structures of N = 22 isotones are presented, and a comparison is made of the behavior
of Si, Mg, and S isotopes. The level structure of 36Si is also compared with the results of sdpf shell model
calculations.
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I. INTRODUCTION

The region of neutron-rich nuclei around N = 20 is the
subject of active research, both experimental and theoretical,
since this is the region in which the breaking of a semimagic
shell closure far from stability was first detected. A large
quadrupole deformation in N = 20 32Mg has been inferred
from measurements of B(E2; 0+ → 2+) [1–3]. The well-
known “island of inversion” [4] around 31Na and 32Mg has
been interpreted within a shell model context as arising from
a 2p-2h intruder configuration, intrinsically deformed [5].

Experimental measurement of excitation energies and
B(E2; 0+ → 2+) values for the first 2+ states of neutron-rich
S isotopes populated using relativistic Coulomb excitation [6,
7] indicate that 40,42,44S are deformed (β2 ∼ 0.3) in agreement
with theoretical calculations by Werner et al. [8]. In relation to
these observations, our previous deep-inelastic work [9,10] has
shown that the 3/2+ and 1/2+ levels of the odd-A neutron-rich
Cl isotopes come closer in energy and eventually cross at
41Cl (N = 24) as the occupation of the 1f7/2 neutron shell
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increases. Indeed, the near-degeneracy of the 1d3/2 and 2s1/2

proton orbitals is the determining factor for the onset of
deformation in neutron-rich sulfur isotopes with N = 24 and
26 [11].

Between Mg and S, the neutron-rich Si isotopes have also
attracted intense interest. Measurements of B(E2; 0+ → 2+)
values and the energies of first 2+ states for 32,34,36,38Si have
been reported in Ref. [12]. The systematic behavior of the
B(E2; 0+ → 2+) values in the silicon isotopes shows, from
N = 12, a smooth decrease of collectivity as a function of
neutron number with a minimum reached at N = 20. The
collectivity then starts to increase as neutrons are added to
the N = 20 closed shell. A microscopic angular momentum
projection analysis of quadrupole collectivity in 32,34,36,38Si
with the Gogny interaction was undertaken by Rodriguez-
Guzman et al. [13]. A comparison of their results with the
experimental B(E2) value [12] in 36Si led them to conclude
that a strong prolate component is present in the first 0+ and
2+ states.

So far, the only known excited state of 36Si is the first 2+
state with a large uncertainty in energy, 1399 ± 25 keV [12],
studied by Coulomb excitation. For us to understand better
the structure and nature of the collectivity of 36Si, more
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FIG. 1. (Color online) Energy vs range spectrum constructed
from ionization chamber measurements, indicating the isotopes that
were populated in the present work.

experimental data are needed on higher excited states, in
particular the position of the first 4+ state and the E(4+

1 )
to E(2+

1 ) ratio. Motivated by this need,we studied excited
states in 36Si by deep-inelastic processes in the present work.
Our previous work [14] has shown that Doppler effects and
lack of channel selection in thick target experiments limit the
spectroscopy of projectile-like species. The combination of
CLARA [15] and PRISMA [16–18] allows γ -ray detection
in coincidence with projectile-like fragments in thin target
experiments resulting in very clean channel selection and
precise Doppler correction of γ -ray energies.

II. EXPERIMENT

Excited states of N = 22 36Si were populated in deep-
inelastic processes produced by the interaction of a 215 MeV
beam of 36S ions, delivered by the tandem-ALPI acceler-
ator complex at the Legnaro National Laboratory, with a
208Pb target. The target, isotopically enriched to 99.7% in
208Pb, was of thickness 300 µg cm−2 on a 20 µg cm−2 C
backing. Projectile-like nuclei produced here were detected

with PRISMA [16–18], a large solid angle (approximately
80 msr) magnetic spectrometer, placed at 56◦ to the beam
direction, covering a range of angles including the grazing
angle of the reaction. The PRISMA spectrometer consists of
a quadrupole singlet and a dipole magnet separated by 60 cm.
The (x, y) coordinates of an ion entering the spectrometer are
measured using a position-sensitive MCP detector placed at
25 cm from the target. After passing the magnetic elements, the
coordinates of the trajectory are measured again in the focal
plane of the spectrometer using a ten-element 100 cm long
multiwire PPAC. Finally, the ion is stopped in a 10 × 4 element
ionization chamber used for Z and energy determination, from
which the atomic charge state can be determined. Therefore,
for each ion detected in PRISMA, we obtain the atomic
number Z, the mass number A, and the ion charge state
identification,thereby obtaining a very clean identification of
all detected projectile-like isotopes.

γ rays from the deexcitation of the reaction products were
detected using CLARA [15], an array of 25 escape-suppressed
Ge Clover detectors (22 Ge Clover detectors were used
during the experiment), in coincidence with projectile-like
fragments detected by PRISMA. CLARA was positioned in
the hemisphere opposite to the PRISMA spectrometer [16–18]
and covering the azimuthal angles from 98◦ to 180◦. Doppler
correction of γ rays was performed on an event-by-event
basis. The energy resolution of the γ -ray photopeaks following
Doppler correction was typically around 0.6%. Experimental
data were taken during a six day run.

III. RESULTS AND DISCUSSION

In the present work, we have populated a wide range
of fragments, from Na (Z = 11) to Mn (Z = 25) as shown
in Fig. 1. In this paper, we will focus on a discussion of
Si isotopes. In the present work, we have populated 31−36Si.
The mass spectrum obtained for the Si isotopes is shown in
Fig. 2.

The γ -ray spectrum for 36Si is shown in Fig. 3. Three
γ rays with energies of 1408(1), 1442(3), and 842(1) keV
are clearly observed here. The first 2+ → 0+ transition was
previously observed in in-beam Coulomb excitation [12] with
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FIG. 2. Mass spectrum for Si isotopes populated in the present work.
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FIG. 3. γ -ray spectrum for 36Si.

an energy of 1399 ± 25 keV; the authors of this work produced
neutron-rich Si isotopes by projectile fragmentation and
γ rays were detected with NaI(Tl) detectors. This experimental
technique and γ -ray detection array limited the accuracy
of the measured γ -ray energy to ±25 keV. In the present
work, the energy of the 2+ → 0+ transition in 36Si was
measured with an accuracy of ±1 keV. In addition to this,
we observed two new transitions at energies of 1442 and
842 keV. In the present work, γ -ray coincidence measurements
are not possible because of the low statistics in such a weak
channel. Therefore, there is a potential uncertainty in relation
to assigning the new transitions to a level scheme. However,
we can resolve this problem by revisiting data from a previous
thick target deep-inelastic experiment [10] which used the
same projectile. In such an experiment, there is no ancillary
detector for channel selection. In order to extract information
on weakly populated channels, one has to rely on setting
double gates on known γ -ray transitions. By double gating
on transitions that are observed for the first time in the present
work, we can obtain a better picture of the level scheme of
36Si. Figure 4 shows one example of such a double-gated
spectrum involving the 1408 and 1442 keV transitions; we can

clearly see a γ -ray photopeak at 842 keV. Therefore, we know
that the three transitions at 1408, 1442, and 842 keV are in
coincidence, and we tentatively assign the 1442 and 842 keV
transitions as 4+ → 2+ and 6+ → 4+, respectively. The order
of the transitions was determined by measuring of the relative
γ -ray intensities.

To first-order approximation, the nucleus 36Si, with
22 neutrons, has the two neutrons outside the N = 20 shell
occupying the 1f7/2 orbital, leading to states with Jπ values
of 0+, 2+, 4+, and 6+. We have performed a large-scale
shell model calculation for 36Si using an sdpf model space,
which fixed the protons in the sd shell and allowed the two
extra-core neutrons to move in full pf orbitals. A comparison
of our experimental level structure with the results of our
shell model calculations is shown in Fig. 5. Here we used
three different interactions: I(1) corresponds to the SDPF-NR
interaction defined in the review paper by Caurier et al. [19],
I(2) corresponds to a modified SDPF-NR interaction in which
the pf shell pairing is reduced by 0.3 MeV, I(3) corresponds
to a modified SDPF-NR interaction in which the pf shell
pairing is reduced by 0.2 MeV and the 2p3/2 orbital energy is
lowered by 1 MeV. We can see that a reduction of the pf shell
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FIG. 4. γ -ray spectrum for 36Si corresponding to a double gate on the 1408 and 1442 keV γ -ray photopeaks.
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FIG. 5. Comparison of present experimental level scheme for 36Si with the results of shell model calculations. See text for details.

pairing by 0.3 MeV is necessary to give us a correct 2+ level
energy. However, the 4+ and 6+ energies are too compressed
using interaction I(2) when compared to the experimental data.
Therefore, we modified the interaction further by reducing the
2p3/2 orbital single-particle energy by 1 MeV and reducing
the pf shell pairing by 0.2 MeV [I(3)]. In interaction I(3), the
reduction of the pf shell pairing by 0.2 MeV, rather than by
0.3 MeV as in interaction I(2), was necessary to reproduce the
energy of the first 2+ state. We can see that I(3) reproduces the
experimental data well.

Figure 6 shows the systematics of the first 2+ energies and
experimental B(E2; 0+ → 2+) values in even-A Si, Mg, and
S isotopes. Except for the first 2+ energy of 36Si, taken
from the current work, and the experimental B(E2; 0+ → 2+)
value for 34Mg, taken from [20], all the 2+ energies and
experimental B(E2; 0+ → 2+) values were taken from [21].
There is a remarkable similarity in the first 2+ energies in Si and
S isotopes with N � 16; the addition of two protons outside
the 1d5/2 orbital does not appear to have an influence on the
energies of the first 2+ states in the S isotopes. From Fig. 6
we can see that the B(E2; 0+ → 2+) value and E(2+

1 ) energy
vary inversely to each other, as expected [22].

From Fig. 6, we clearly see that the systematic behavior of
2+ energies and B(E2; 0+ → 2+) values for the Mg isotope
is quite different from that for the Si and S isotopes. To
understand this difference better, we also calculated the level
energies and B(E2) values for the 6+ → 4+, 4+ → 2+, and
2+ → 0+ transitions for the N = 22 34Mg, 36Si, and 38S
isotones. The results are given in Table I where we list
the results of shell model calculations using three different
interactions I(1), I(2), and I(3). I(1) corresponds to the
SDPF-NR interaction referred to above. I(2) corresponds to
a modified SDPF-NR interaction in which the pf shell pairing

is reduced by 0.4, 0.3, and 0.2 MeV for 34Mg, 36Si, and
38S, respectively. I(3) corresponds to a modified SDPF-NR
interaction in which the 2p3/2 orbital energy is reduced by
1 MeV and the pf shell pairing is reduced by 0.3, 0.2, and
0.1 MeV for 34Mg, 36Si, and 38S, respectively. We can see,
as described earlier for the case of 36Si, that a reduction of
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TABLE I. Properties of the N = 22 neutron-richa Mg, Si, and S isotones. I(1) stands for the normal SDPF-NR interaction,
I(2) and I(3) stand for modified SDPF-NR interactions as described in the text. Energies are in units of keV, B(E2) values in
units of e2 fm4.

34Mg 36Si 38S

Exp. I(1) I(2) I(3) Exp. I(1) I(2) I(3) Exp. I(1) I(2) I(3)

EX

2+ 658 1089 851 775 1408 1825 1436 1386 1292 1530 1298 1287

4+ 2118 2411 1984 1989 2850 3099 2719 2801 2826 2677 2376 2468

6+ 3522 3073 3362 3692 3850 3501 3809 3675 3453 3149 3538

B(E2)

2+ → 0+ 108(20) 89 91 94 39(12) 45 51 48 47(6) 51 51 54

4+ → 2+ 104 112 120 41 48 49 44 48 52

6+ → 4+ 89 97 108 19 22 27 44 46 55

the pf shell pairing [I(2)] is necessary to give us correct 2+
level energies. To obtain better agreement for the 4+ and
6+ level energies with experimental results, we modified the
interaction further, I(3). I(3), since we reduced the 2p3/2 orbital
single-particle energy by 1 MeV, in order to keep the predicted
2+ level energy to be the same as that predicted by I(2), the
reduction of the pf shell pairing in I(3) is 0.1 MeV less than that
in I(2). For B(E2) values, there is no big difference between the
three interactions. The way that the interaction was modified
seems not to have changed the wave functions too much. For
the three N = 22 isotones discussed here, the shell model
values of B(E2; 2+ → 0+) are in very good agreement with
experimental measurements [20,21]. In later discussion we
will refer only to the predictions using I(3).

From Table I, we can see that there is a transition from
deformation to spherical shape when we move from 34Mg
to 36Si and 38S. The shell model calculation predicts large
B(E2) values for all three transitions in 34Mg, namely
94, 120, and 108 e2 fm4 for the 2+ → 0+, 4+ → 2+, and
6+ → 4+ transitions, respectively. So far, only the 2+ → 0+
B(E2) experimental measurement in 34Mg [20] is available,
108 ± 20 e2 fm4, and this is in very good agreement with
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FIG. 7. Systematics of the first 2+, 4+, and 6+ level energies for
N = 22 isotones from Mg to Ca.

our prediction. The predicted large B(E2) values in 34Mg
indicate that 34Mg is a well-deformed nucleus. Indeed, this
is confirmed from our shell model predictions for intrinsic
frame quadrupole moments, Q0(s), which are extracted from
the spectroscopic quadrupole moments, Qspec. The detailed
description for such a calculation can be found in Ref. [19].
The calculated Q0(s) values for 34Mg are 64, 59, and 59 e fm2

for the 2+, 4+, and 6+ states, respectively. The nearly constant
Q0(s) values indicate that 34Mg is a good rotor. With two extra
protons added to close the 1d5/2 proton orbital, 36Si shows a
nearly spherical shape behavior as is evidenced by a dramatic
B(E2) decrease compare with 34Mg. By adding two more
protons 38S shows slightly more collectivity than 36Si. Such a
dramatic change from 34Mg to 36Si and 38S is also confirmed
by the data of Fig. 7 which shows the first 2+, 4+, and 6+ level
energies for the N = 22 isotones from Mg to Ca. We can see
that there is a smooth change in level energies from Ca to Si,
but the 2+ and 4+ energies decrease suddenly for 34Mg. The
6+ → 4+ energy decreases as proton number increases; this
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may be due to the proton particle-hole states as the Z = 20
shell closure is approached, as in the case of the 40Ar and 42Ca
isotones.

The half-lives for states in 36Si can also be deduced
from the calculated B(E2) values; they are 2.1, 1.8, and
49.8 ps for the 2+, 4+, and 6+ states, respectively. These
deduced half-lives are consistent with the observation of sharp
γ -ray photopeaks corresponding to the decay of these three
levels in our thick target deep-inelastic experiment. In a thick
target deep-inelastic experiment, one can only observe γ -ray
photopeaks corresponding to the decay of levels with lifetimes
greater than about 1 ps. For those levels with lifetimes less than
this value, the γ -ray photopeaks will be smeared out because
of Doppler broadening. Experimental measurements of the
lifetimes of the 2+, 4+, and 6+ states in 36Si would provide a
very useful test of the present shell model calculations.

The present work allows us to obtain for the first time the
E(4+

1 ) to E(2+
1 ) ratio in 36Si, which is equal to 2.02. In 34Mg the

ratio is 3.22. The experimental E(4+
1 ) to E(2+

1 ) ratio together
with the B(E2) values predicted by the present shell model
calculations lead us to conclude that 36Si has a near-spherical
shape. Figure 8 shows the systematics of the E(4+

1 ) to E(2+
1 )

ratio for Si and Mg isotopes with neutron numbers in the range
of 12 to 22. We can see that at N = 12, the E(4+) to E(2+)
ratios for Si and Mg are very similar, around 3.0. However, the
E(4+) to E(2+) ratios for Si and Mg start to differ as neutrons

are added, and the largest difference is reached at N = 22. (We
should note here that no experimental E(4+) to E(2+) ratio is
available for N = 20 32Mg.)

IV. CONCLUSIONS

The yrast decay sequence for 36Si has been observed for
the first time up to the 6+ state. The level energies were
compared with the results of sdpf shell model calculations
using a modified SDPF-NR interaction, and the observed states
are well reproduced. From the experimental E(4+

1 ) to E(2+
1 )

ratio together with the B(E2) values predicted by shell model
calculations obtained in the present work, we conclude that
36Si has a near-spherical shape. The behavior of 36Si is very
different from the neighboring even-Z 34Mg. Observation of
the three γ -ray transitions reported here in a previous thick
target experiment indicates that the lifetimes of these three
levels are greater than about 1 ps; this is also consistent with
the results of our shell model calculations.
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