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Abstract
Quadrupole deformation parameters, |β2,(p,p ) |, have been deduced for 36,38,40 Si from measured inelastic proton-scattering cross sections. Due
to the strong Z = 14 subshell gap, low-lying quadrupole collectivity in these nuclei is attributed to the excitation of valence neutrons. Enhanced
collectivity at N = 26 indicates a reduced N = 28 shell gap at large neutron excess in this chain of isotopes. Data are compared to large-scale
shell-model calculations and prior Coulomb excitation measurements on 36,38 Si.
© 2007 Elsevier B.V. All rights reserved.
PACS: 25.40.Ep; 21.10.Re; 27.30.+z; 27.40.+z
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We report the study of quadrupole collectivity in the very
neutron-rich nuclei 36,38,40 Si. Fast beams of these silicon isotopes were scattered off a liquid hydrogen target yielding inelastic excitation cross sections, σ0+ →2+ . These measurements
1
1
reveal enhanced collectivity toward the end of the neutron 0f7/2
shell, bolstering the idea that the N = 28 shell gap narrows for
silicon at this large neutron excess. Furthermore, differences in
proton and neutron collectivity are studied for 36,38 Si. A comparison to large-scale shell-model calculations is provided.
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The neutron-rich silicon isotopes 36,38,40 Si lie between neutron numbers 20 and 28. While N = 20 and N = 28 correspond to neutron shell closures near stability, intruder states
from the next higher shell are found to cross the shell gap
in the ground states of N = 20 isotones with 10  Z  12
[1–3]. Also, the enhanced quadrupole collectivity observed in
44 S suggests a weakening of the N = 28 shell gap [4]. Ibbotson et al. measured 2+
1 energies and corresponding B(E2↑)
values in 36,38 Si using intermediate-energy Coulomb excitation [5]. While both nuclei were found to be moderately collective, schematic shell-model calculations indicated that the
observed collectivity could be explained without neutron excitations across the N = 20 shell gap. More recently, Liang et
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al. have used thin- and thick-target deep inelastic collisions to
study the yrast level structure of 36 Si [6]. These levels are also
consistent with shell-model calculations in which N = 20 is a
closed shell. Thus, in the following we will consider N = 20 a
closed shell in the silicon isotopes.
The size of the N = 28 shell gap at Z < 18, however, remains an open question. Since N = 28 is the first spin–orbit
shell gap, it is important to understand its evolution far from
stability. In the sulfur isotopic chain, enhanced quadrupole collectivity observed in 40,42,44 S could indicate a narrowing of
the N = 28 shell gap [4]. However, using (d, 3 He) data taken
on calcium isotopes [7], Cottle and Kemper found that as the
neutron 0f7/2 orbital is filled the proton sd-shell orbitals shift
relative to one another [8]. Specifically, the proton 1s1/2 –0d3/2
subshell gap narrows, but the proton 0d5/2 –1s1/2 subshell gap
remains large. These findings are supported by a recent proton knockout study of neutron-rich N = 28 isotones [9]. In the
neutron-rich sulfur isotopes, the reduced subshell gap frees protons to participate in collective motion and makes it difficult to
tie an increased collectivity near Z = 16, N = 28 to a change
in the neutron shell gap. To cleanly separate the contributions
from valence protons and neutrons, we have measured quadrupole collectivity in the silicon isotopes, where the Z = 14 subshell gap remains large from N = 20 to N = 28. Here, we
extend quadrupole collectivity measurements to 40 Si and observe greater collectivity at N = 26 than at N = 22, pointing to
a possible narrowing of the N = 28 shell gap.
The experiment was performed at the National Superconducting Cyclotron Laboratory (NSCL) of Michigan State University. A beam of 140 MeV/nucleon 48 Ca was accelerated
by the Coupled Cyclotron Facility (CCF) and directed onto a
987 mg/cm2 9 Be fragmentation target at the mid-acceptance
position of the A1900 fragment separator [10]. Two cocktail
beams consisting of several projectile fragments each were selected by the Bρ–E–Bρ method and delivered to the S800
analysis line, which was operated in focused mode [11]. The
first setting included 38–40 Si; 36 Si was a member of the second
cocktail beam.
The charge and magnetic rigidity of incoming projectiles were determined on an event-by-event basis by measuring the energy loss through a Si-PIN detector and the dispersive angle through a pair of tracking PPACs. Projectiles
were directed onto a RIKEN–Kyushu–Rikkyo liquid hydrogen (LH2 ) target [12] placed at the target position of the
S800 spectrograph. The average thickness of hydrogen intercepted by the beam was 10.4(2) mm; the combined thickness of the aluminum entrance and exit windows was 0.42(2)
mm. The spectrograph was set to accept (in)elastically scattered beam particles in the S800 focal plane [13]. Energy
loss in an ion chamber and dispersive position measured
by a cathode readout drift chamber, both in the focal plane
of the S800 spectrograph, determined the charge and magnetic rigidity of heavy reaction residues exiting the target.
Time of flight was measured between timing scintillators
placed at the exit of the A1900 and in the S800 focal plane
and was corrected by the measured momentum and flight
path on an event-by-event basis. A combination of momen-

Fig. 1. Doppler-corrected spectra of γ rays in prompt coincidence with inelastically scattered 36,38,40 Si. Projectile velocities were approximately 0.4c. The
fit function and particle-scaled background are superimposed on each spectrum
as a thick black line and a grey shaded region, respectively.

tum measurements and time-of-flight information allowed
unambiguous mass determination of projectiles exiting the
target.
Excitation cross sections for inelastic proton scattering to
specific excited states were determined using the thick-target,
γ -ray tagging method [14]. Projectile nuclei which were excited by inelastic scattering off protons in the LH2 target cell
decayed in-flight by emitting γ rays. The spectrum of γ rays
detected in coincidence with each nucleus is then a measure of
the total inelastic excitation cross section to individual bound
states. Because γ rays do not suffer energy straggling, experiments may utilize thick targets without loss of resolution. In
turn, the use of thick targets enables measurements on exotic
nuclei with low production rates. In this experiment, sixteen
32-fold segmented SeGA detectors [15] were placed around the
LH2 target in two rings at 37◦ and 90◦ from the beam axis. The
detector segmentation enabled event-by-event Doppler correction of the γ -ray spectra measured in coincidence with reaction
residues identified in the S800 focal plane.
Doppler-corrected spectra for inelastically scattered 36,38,40 Si
are shown in Fig. 1. A prompt particle-γ coincidence window
of 60 ns was used to reduce the random coincidence contribution to the spectra. Thick-target, inverse-kinematics experiments are typically subject to a γ -ray background resulting
from beam-target interactions. In the case of a liquid hydrogen target, these beam-target interactions come mostly from
reactions in the aluminum target windows. This background
was measured by collecting data with the liquid hydrogen removed from the target cell and the S800 spectrograph adjusted
to account for the lower energy loss of the beam through the
empty cell. This empty-target background was scaled for each
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spectrum by the number of downscaled beam particles in the
associated particle identification gate. In Fig. 1, scaled backgrounds are shaded and superimposed on the spectra taken in
the reaction setting; fits are overlaid as thick lines. In each spec+
trum, the 2+
1 → 01 transition is the dominant peak. The energy
+
+
+
separation between the 4+
1 → 21 and 21 → 01 transitions in
36 Si was fixed using the γ -ray energies reported by Liang et
al. [6]. In the case of 40 Si, an additional linear background function was found to improve the fit and has been superimposed as
a thick line.
For each nucleus, the fitted number of emitted γ rays was
combined with the number of target protons per unit area and
the number of downscaled particles in the relevant particle identification gate to obtain cross sections for the population of
individual final states. Level schemes were deduced from energy sums and coincidence relations found in this and other
reactions for 36,38 Si. Decay schemes deduced in this experiment will be discussed in a separate article. Feeding contributions were then subtracted from the total cross section for
+
each 2+
1 → 01 transition to obtain the inelastic proton excitation cross section, σ0+ →2+ . Table 1 lists the uncorrected cross
1
1
section, the feeding correction due to transitions placed in the
decay scheme, the feeding estimate applied due to unplaced
transitions, and feeding-corrected excitation cross section for
36,38,40 Si. The unplaced feeding estimate was taken as 50(25)%
of the summed strength of all unplaced γ -ray transitions. No
feeding transitions were observed in 40 Si. An estimated 20%
unobserved feeding contribution was included in the calculation
of the cross-section uncertainty for 40 Si. This is approximately
the level of feeding observed in 38 Si, and a feeding transition of
this strength might be missed due to the low statistics. The aluminum target windows account for 5.7(2)% of the atom fraction
of the LH2 target cell. Therefore, their contribution to measured excitation cross sections is negligible. Spherical tensors
and differential cross sections from ECIS97 [16] calculations
were used to estimate the effect of γ -ray angular distributions
and reaction-channel gating on the final cross section. The combined correction for these effects was 2–3%.
Due to the strong proton subshell closure at Z = 14 [7,9],
a coupling of proton and neutron excitations yielding strong static deformation is not expected [17]. Furthermore, Liang et al.
+
have measured the ratio (R4/2 ) of E(4+
1 ) to E(21 ) to be 2.02
in 36 Si, providing evidence of vibrational collectivity in 36 Si
[6,18], and recent mass measurements find that no evidence
of static deformation in 36,38,40 Si [19]. Thus, we have used a
+
vibrational form factor to describe the 0+
1 → 21 excitation in
36,38,40 Si. ECIS97 [16] was used with the global optical model
parameterization of Koning and Delaroche [20] to deduce deformation parameters. For 36,38 Si, the deformation parameter of
each charge distribution, |β2C |, was taken from Coulomb excitation measurements [5], and the deformation parameter of the
mass distribution, which we will call |β2,(p,p ) |, was varied to
reproduce the measured excitation cross sections.
Because no Coulomb excitation measurement exists for 40 Si,
we have chosen to require the charge and mass distributions
to share a common deformation length, δC = δ(p,p ) , where
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Fig. 2. Deformation parameters |β2,(p,p ) | and previously measured |β2,C | [5]
are plotted against neutron number for the nuclei 36,38,40 Si.

δ = βR and R = r0 A1/3 . The optical model parameterization [20] gives mass dependent r0 values of 1.181, 1.183, and
1.185 fm for 36,38,40 Si, respectively. An r0 value of 1.2 fm
was used for the deformation of the charge distribution [21].
As before, the deformation parameter was varied to reproduce
the measured excitation cross section. To measure the effect of
this unknown Coulomb deformation parameter on the extracted
|β2,(p,p ) | value, this calculation was repeated using instead the
measured |β2C | value of 38 Si. Although the second calculation
uses a |β2C | value 36% smaller than the one obtained by requiring a common deformation length, the extracted |β2,(p,p ) |
values differ by less than 2%. This difference is negligible. Table 1 presents the deformation parameters extracted in this experiment using vibrational form factors. Results are also shown
for |β2,(p,p ) | values extracted assuming positive and negative
static deformations with axial symmetry.
Fig. 2 shows |β2,(p,p ) | as a function of neutron number for
the even–even silicon isotopes along with the corresponding deformation parameters for 36,38 Si deduced from a prior Coulomb
excitation experiment, |β2C |. If both N = 20 and N = 28 had
large shell gaps in the silicon isotopes, one would expect maximum collectivity at midshell, 38 Si, and 36,40 Si would have a
similar, lower level of collectivity. Instead, the observed asymmetry between the beginning and end of the neutron 0f7/2 shell
indicates greater collectivity at N = 26 than at N = 22 in the
silicon isotopes. In the sulfur isotopes a similar pattern of increased collectivity has been observed approaching N = 28.
However, the enhanced collectivity found in the sulfur chain
derives, in part, from the narrowing of the proton 1s1/2 –0d3/2
subshell gap. This leads to both enhanced proton collectivity
and coupling between collective proton and neutron excitations
culminating in a rotational structure in 42 S, with R4/2 ∼ 3.0
[18,22]. Because the Z = 14 subshell closure is known to be
large at N = 28 [7,9], the increased collectivity observed in
40 Si cannot be attributed to proton excitations or a coupling of
proton and neutron excitations. Valence protons are prevented
from contributing to the onset of collectivity in silicon, thus the
increased collectivity observed in 40 Si is due only to neutron
excitations across the N = 28 shell gap.
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Table 1
Inelastic proton-scattering cross sections and deformation parameters deduced in the current experiment are given for 36,38,40 Si. Cross sections are listed for: the
2+
1 state before feeding corrections, a feeding correction for transitions placed in the decay scheme, a feeding correction equal to 50(25)% of the unplaced transition
strength, and the 2+
1 state after feeding corrections. Quadrupole deformation parameters deduced using the following collective model form factors are also listed:
vibrational, prolate rotational, and oblate rotational
N

1

1

Uncorrected
22

|β2,(p,p ) |

σ0+ →2+ (mb)
19.2(10)

Feeding (placed)
7.6(11)

Feeding (unplaced)
4.2(21)

Feeding corrected
7.3(25)

Vibrational
0.24(4)

24

19.6(20)

2.7(4)

1.5(7)

15.4(23)

26

20.2(21)

0.0

0.0+42
−0

20.2+21
−47

0.35+2
−3
0.37+2
−5

Prolate

Oblate

0.23+3
−4
0.34+2
−3
0.35+2
−4

0.25+4
−5
0.38(3)
0.39+2
−5

Table 2
Deformation parameters deduced in the current experiment (|β2,(p,p ) |) using a vibrational form factor, deformations from previous Coulomb excitation measureMn
36,38,40 Si
ment (|β2C |) [5], shell-model matrix elements Ap and An , and experimental and shell-model ( M
)/( N
Z ) ratios are given for
p

N

|β2,(p,p ) |

|β2C |

Ap (fm)

An (fm)

Mn
(M
)/( N
Z )expt

Mn
(M
)/( N
Z )SM

22

0.24(4)

0.26(4)

5.44

13.1

0.90

24

0.35+2
−3

0.88+27
−29

0.25(5)

5.04

19.7

1.52(37)

0.96

–

5.28

23.5

–

0.92

26

0.37+2
−4

By comparing deformation parameters deduced from inelastic proton scattering to those from Coulomb excitation, the
neutron and proton collective contributions may be compared.
A simple collective model for low-lying collective excitations
would assign a common deformation to both neutrons and protons, with the ratio of matrix elements determined simply by
Mn
=N
the number of each nucleon (i.e., M
Z ). To better compare
p
isotopes, we normalize the ratio of neutron to proton matrix elements by the ratio N/Z for each isotope. In a single closed-shell
nucleus, the collective strength of the closed-shell nucleons is
attenuated relative to open-shell valence nucleons [23]. Thus,
the silicon nuclei studied here, each consisting of a closed proton shell plus valence neutrons, would be expected to have
Mn
)/( N
ratios ( M
Z ) > 1 in this model.
p
Table 2 lists the deformation parameters deduced here using
inelastic proton scattering and the values deduced previously
in Coulomb excitation [5]. While Coulomb excitation probes
proton matrix elements only, proton scattering is sensitive to
both proton and neutron degrees of freedom. The ratio of interaction strengths for protons interacting with neutrons and
protons within a nucleus, bn /bp , is a function of bombarding
energy. At low proton energies (10–50 MeV), bn /bp is approximately 3, and near 1 GeV, bn /bp is 1 [24]. The present study
takes place in inverse kinematics with mid-target beam energies
of 90–100 MeV/nucleon, corresponding to 90–100 MeV protons in forward-kinematics. Based on nucleon–nucleon effective interactions [25,26], we adopt the value bn /bp = 1.45(20).
The radial form factors of the transition densities are different for protons and neutrons, because valence protons (sd) and
neutrons (pf ) occupy different major shells. This increases the
sensitivity of our deduced deformation parameter to neutrons.
We estimate this increases the effective bn /bp by 34(17)% for
36 Si and 43(22)% for 38 Si. This change leads to less than a 5%
Mn
)/( N
correction in ( M
Z ) for these isotopes. The experimental
p

p

p

ratios of matrix elements have been calculated using Eq. (1)
[27] and are listed in Table 2.




bp δ(p,p )
bn N
Mn
=
−1 .
1+
(1)
Mp
bn
δC
bp Z
Mn
)/( N
We note that 38 Si is consistent with ( M
Z ) > 1 and that
p
the addition of two 0f7/2 neutrons substantially increases the
neutron collectivity at N = 24.
These data were then compared with values calculated in
the shell model. Shell-model calculations were performed in
OXBASH [28] (for 36 Si) and CMICHSM [29] (for 38,40 Si) in
a π(sd)Z−8 ν(pf )N−20 model space using the updated interaction of Nowacki and collaborators [30,31]. The proton and
+
neutron quadrupole matrix elements for the 0+
1 → 21 excitation in each nucleus were calculated in the generalized effective charge model [32]; Mp = Ap (1 + δpp ) + An δpn and
Mn = An (1 + δnn ) + Ap δnp . Here An and Ap are the quadrupole matrix elements for valence particles in the model space;
the calculated An,p values are listed in Table 2. The coupling of
valence excitations to core excitations beyond the model space
is handled through the polarization charges, δ.
For this analysis, we began with the simplifying assumption that δpp = δnn and δpn = δnp . Three sets of polarization
charges (δpp , δpn ) were tested: (0.5, 0.5), (0.2, 0.8), and (0.2,
0.5). The first of these pairs represents the standard isoscalar
choice. The second pair has a significant isovector component,
which has been suggested in the pf shell [33]. The third pair are
the accepted polarization charges for the sd shell [34]. Both the
standard isoscalar polarization charges and the set suggested for
+
the pf shell overpredict the measured B(E2; 0+
1 → 21 ) value in
38 Si [5]. The standard sd-shell effective charges yield 1σ agreement with the measured 36,38 Si B(E2↑) values and have been
Mn
)/( N
used to calculate the shell-model ( M
Z ) ratios given in Tap
Mn
ble 2. The experimental and shell-model ( M
)/( N
Z ) ratios are
p
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in agreement for 36 Si, but 38 Si exhibits more neutron collectivity than the shell model predicts. We also compared the data
against the Bohr–Mottelson (BM) effective charge model, given
in Eq. 6-386a of [35], extending the model to handle polarization of core neutrons by valence nucleons. The B(E2↑) values
Mn
)/( N
and ( M
Z ) trend obtained using the BM effective charges
p
were essentially the same as was found using sd-shell effective
Mn
)/( N
charges. However, ( M
Z ) calculated using the BM effective
p
charges were ∼20% higher, giving somewhat better agreement
with experiment.
The potential discrepancy between observed and calculated
neutron collectivity in 38 Si could be explained in three different ways: (i) a deficiency in the shell model, such as a too-large
N = 28 shell gap; (ii) an enhanced core neutron—valence neutron coupling; or (iii) an overestimation of |β2,(p,p ) | due to the
formation of a neutron skin. The latter two possibilities have
also been suggested to explain enhanced neutron collectivity
observed in 38,40 S [36,37]. While the thick-target, γ -ray tagging method enables collectivity studies in very-neutron rich
systems, it is not sensitive to the proton angular distributions
needed to test the shape of the nuclear potential. Precision measurements sensitive to details of the angular distribution—such
as the inverse-kinematics proton scattering studies of 40,42 Ar
[38] and 38,40 S [37,39]—will be needed to investigate possible
neutron skins in this region. Microscopic calculations of polarization charges and Coulomb excitation experiments taking
advantage of the higher exotic beam rates now available are
needed to fully understand the evolution of collectivity near
N = 28. A Coulomb excitation measurement with 10% uncertainty on the measured B(E2↑) values would reduce the
Mn
36 Si and 57%
)/( N
uncertainty in the ( M
Z ) ratios by 25% for
p
for 38 Si.
In conclusion, proton inelastic excitation cross sections,
σ0+ →2+ , have been measured in the neutron-rich nuclei
1
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