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Background: Aspects of the nuclear structure of light α-conjugate nuclei have long been associated with nuclear

clustering based on α particles and heavier α-conjugate systems such as 12C and 16O. Such structures are associated

with strong deformation corresponding to superdeformed or even hyperdeformed bands. Superdeformed bands

have been identified in 40Ca and neighboring nuclei and find good description within shell model, mean-field,

and α-cluster models. The utility of the α-cluster description may be probed further by extending such studies to

more challenging cases comprising lighter α-conjugate nuclei such as 24Mg, 28Si, and 32S.

Purpose: The purpose of this study is to look for the number and energy of isoscalar 0+ states in 28Si. These

states are the potential bandheads for superdeformed bands in 28Si corresponding to the exotic structures of 28Si.

Of particular interest is locating the 0+ bandhead of the previously identified superdeformed band in 28Si.

Methods: α-particle inelastic scattering from a natSi target at very forward angles including 0◦ has been performed

at the iThemba Laboratory for Accelerator-Based Sciences in South Africa. Scattered particles corresponding to

the excitation energy region of 6 to 14 MeV were momentum-analysed in the K600 magnetic spectrometer and

detected at the focal plane using two multiwire drift chambers and two plastic scintillators.

Results: Several 0+ states have been identified above 9 MeV in 28Si. A newly identified 9.71 MeV 0+ state is a

strong candidate for the bandhead of the previously discussed superdeformed band. The multichannel dynamical

symmetry of the semimicroscopic algebraic model predicts the spectrum of the excited 0+ states. The theoretical

prediction is in good agreement with the experimental finding, supporting the assignment of the 9.71-MeV state

as the bandhead of a superdeformed band.

Conclusion: Excited isoscalar 0+ states in 28Si have been identified. The number of states observed in the present

experiment shows good agreement with the prediction of the multichannel dynamical symmetry.

DOI: 10.1103/PhysRevC.95.024319

I. INTRODUCTION

In light α-conjugate nuclei, some aspects of nuclear

structure such as rotational bands comprised of states with

large α-particle decay widths and large deformations suggest

that these nuclei contain clusters of α particles or heavier

α-conjugate systems such as 8Be, 12C, or 16O. The associated

superdeformed rotational bands resulting from these states

have been observed in some nuclei such as 40Ca [1] and 36Ar

[2] and have received theoretical treatments in the shell model,

and mean-field and α-cluster models.

In lighter sd-shell nuclei such as 24Mg, 28Si, and 32S, the

superdeformed rotational bands are less clear. In these cases,

the superdeformed bands are expected to lie at a much higher

excitation energy than for the previously identified cases.

The resulting competition from particle decays and high-

energy out-of-band γ -ray transitions over low-energy in-band

*padsley@gmail.com

transitions makes clear identification of the superdeformed

band challenging, especially for low-spin states [3]. This is

because the standard technique used for the identification of

superdeformed bands is heavy-ion fusion-evaporation populat-

ing high-spin states followed by observation of the resulting γ

rays from the decays down the rotational band.

An alternative approach to identifying low-spin members of

superdeformed bands lies in using α-particle inelastic scatter-

ing at very forward angles. This approach makes identification

of the 0+ bandheads of cluster configurations simpler: α-

particle inelastic scattering preferentially populates low-spin,

isoscalar, natural-parity states. Furthermore the differential

cross section gives a clear signature of the spin-parity of

the populated state. Of course, α-particle inelastic scattering

cannot be used to probe the superdeformed band at high spin;

it is rather a complementary probe to the heavy-ion reactions

used to probe the high-spin states.
28Si is expected to have a number of different exotic

configurations comprised of α-conjugate subunits in addition

to strongly deformed mean-field configurations. These include

2469-9985/2017/95(2)/024319(8) 024319-1 ©2017 American Physical Society
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24Mg +α, 12C +
16O, and 20Ne +2α or 20Ne +

8Be configu-

rations [4–6]. However, despite the considerable theoretical

investigation there is a lack of experimental evidence for

these configurations. Although there is strong theoretical

and experimental evidence for a superdeformed band in 28Si

[3,5,7], the location of the 0+ bandhead remains unknown. The

locations of other excited 0+ states in 28Si are unclear with

some contradictory spin-parity assignments made for some

states [8].

The theoretical description of the high-lying cluster states

populated in reactions using α particles and other light heavy-

ion beams is a difficult theoretical task. Fully microscopic

models can address only special states such as the superde-

formed one due to the obvious computational difficulties.

Therefore, predictions of the detailed spectrum using fully mi-

croscopic models are not available. Phenomenological models

on the other hand usually have unwanted ambiguities and so

the correspondence between the experimental observation and

the theoretical description is not well established.

Here, in order to describe the 28Si 0+ states, a semimi-

croscopic approach is applied [7], based on the multichannel

dynamical symmetry (MUSY) which connects the shell and

cluster models [9]. It provides a unified multiplet-structure

of the two models, applying the same Hamiltonian. Thus

the relationship between the experimental and the model

spectra is established in the ground-state region where there

is no ambiguity, and making extrapolation to higher energies

possible.

In this paper, we report a study of the inelastic scattering α

particles from a silicon target at scattering angles of between

0◦ and 6◦ to locate 0+ states in 28Si and compare the

experimental data to state-of-the-art semimicroscopic MUSY

calculations.

II. EXPERIMENT

A 200-MeV beam of α particles was transported down

a dispersion-matched beamline and was incident upon a

230-μg/cm2 natSi target. Particles resulting from the reac-

tions were momentum-analyzed in the K600 QDD magnetic

spectrometer [10]. Scattered particles were incident upon two

vertical drift chambers (VDCs), which measured horizontal

and vertical positions at the focal plane, and a 1/4-inch

thick plastic scintillator. Particles were identified by the time

between the particle hitting the plastic scintillator and the

next RF reference pulse for the cyclotron, corresponding

to the time-of-flight of the scattered particle through the

spectrometer, as well as the energy deposited within the plastic

scintillator.

In the 0◦ scattering experiment, the circular spectrometer

aperture covered θlab < 2◦. In this mode, unscattered beam

was transported through the spectrometer, past the high-

momentum side of the focal plane and was stopped by a

Faraday cup located within the wall of the experimental vault.

In the 0◦ mode, there was a flat featureless background re-

sulting from target-induced Coulomb scattering. In order to be

able to subtract the background resulting from this scattering,

the spectrometer was operated in focus mode: the quadrupole

located just after the aperture into the spectrometer was used to

focus reaction products to a vertically narrow band on the focal

plane.

In the small-angle scattering experiment the center of the

spectrometer aperture was placed at a scattering angle of 4◦,

covering scattering angles from 2◦ to 6◦. In this mode, the

unscattered beam was stopped in a Faraday cup adjacent to the

aperture into the spectrometer at the spectrometer quadrupole.

The background from target-induced Coulomb scattering was

much lower, and so the background correction used for 0◦

data was no longer essential. Thus the spectrometer was

operated in under-focus mode: the quadrupole at the entrance

of the spectrometer was weakened so that scattered particles

are focused less in the vertical direction than in the focus

mode. This allowed scattering angles to be calculated from the

horizontal trajectory and vertical position with which scattered

particle traversed the focal plane [10].

III. DATA ANALYSIS

The analysis of 0◦ K600 data has been described in detail

elsewhere [10] and only the main points are summarized here.

Scattered α particles were identified based on the time-of-flight

of the particles through the spectrometer and the energy

deposited in the scintillator at the focal plane. To optimize

the position resolution of the focal plane, the horizontal

position was corrected according to the horizontal angle at

the focal plane and the vertical focal plane position. Spectra

were then rigidity-calibrated using known states in 24Mg and
28Si on a run-by-run basis to account for any small shifts

in the accelerator fields. To account for the target-induced

Coulomb background a well-established technique [10,11]

was employed: two background spectra were constructed

from off-focus sections of the focal plane and then sub-

tracted from the in-focus spectrum. The resulting background-

subtracted excitation energy spectrum is shown in the top

panel of Fig. 1. The energy resolution obtained was 80 keV,

FWHM.

In the small-angle experiment, after the corrections for the

focal plane angle, the vertical focal plane position and field

shifts, the resolution was 65 keV, FWHM. The small-angle

experiment was run on a different weekend from the 0◦

experiment and differences in the set-up of the dispersion-

matched beam account for the difference in final energy

resolution.

The spectra for 28Si(α,α′)28Si reactions for angle ranges

of 2◦
−3◦ and 3◦

−4◦ are shown in the middle and bottom

panels, respectively, of Fig. 1. The spectra for the angle ranges

4◦
−5◦ and 5◦

−6◦ are shown in the top and bottom panels,

respectively, of Fig. 2.

The excitation energy spectra for different angle bins were

fitted with a function composed of a Gaussian peak for each

experimental state and a linear background which accounted

for the continuum and experimental background. An additional

phenomenological quadratic background component is added

at Ex < 9 MeV to account for scattering from hydrogen.

The minimum width of these Gaussians was determined by

the experimental resolution taken from the strong 1− state at

9.929 MeV.
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FIG. 1. (Top) Background-subtracted 28Si(α,α′)28Si spectrum at 0◦ with combined fit (solid line). (Middle) 28Si(α,α′)28Si spectrum for

the 2◦ –3◦ angle bite with combined fit (solid line). (Bottom) 28Si(α,α′)28Si spectrum for the 3◦–4◦ angle bite with combined fit (solid line).

Prominent states with known energies and spin-parities have been identified in the spectra.

To calculate the differential cross section, the efficiency of

the focal plane is required. This is the product of the efficiencies

for each wire plane. To get the efficiency of one wire plane,

the ratio of the number of events which are acceptable [10] in

all the wire planes is compared to the number of events which

are acceptable for all of the wire planes except the wire plane

for which the efficiency is being calculated [12]. For example,

the efficiency of the X1 wire plane, ηX1, is given by

ηX1 =
Events acceptable in X1, X2, U1, and U2

Events acceptable in X2, U1, and U2
. (1)

The overall efficiency of the focal plane is 67%.

FIG. 2. Spectra for the (top) 4–5◦ and (bottom) 5–6◦ angle ranges with combined fit.
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FIG. 3. Differential cross sections for states (a) 9.305-MeV 0+

state in 24Mg, (b)–(d) states in 28Si. The energies and J π assignments

of the state A, C, and D are taken from literature [14]. State B is

new. The angle uncertainty for each point corresponds to the angle

bite covered. DWBA curves calculated with parameter set II (solid

line) averaged over the angle ranges are plotted for ℓ = 0 and ℓ = 1

states—for the 9.71-MeV 0+ state the DWBA curve for parameter

set I is also plotted (dashed line).

IV. RESULTS AND SPIN ASSIGNMENTS OF STATES

Extracted differential cross sections for selected states are

presented in Figs. 3 and 4. A summary of the properties

of observed states is given in Table I. To extract the ℓ

values, the differential cross sections are compared to DWBA

calculations. The optical model potential came from a folding

potential [13] which was then fitted to extract a potential of

Woods-Saxon form. The reduced radius and the diffusivity

of the potential were adjusted to better reproduce the ex-

perimentally observed differential cross sections—the initial

parameters are given as ‘Set I’ and final values are given as

‘Set II’ in Table II. The DWBA curves were then averaged

over the appropriate angle bite and the resulting prediction

for the differential cross section was calculated. The DWBA

points for ℓ = 0 transitions were normalized to the differential

cross section for the θlab < 2◦ datum. For ℓ = 1 transitions, the

DWBA curves were normalized to the 3◦ < θlab < 4◦ datum

In addition to the DWBA calculations, we used states with

known spin-parities to test the behavior of the differential cross

sections: in the absence of another well-known 0+ state in 28Si

within our excitation energy bite at 0◦, we use the 9.305-MeV

0+

6 state in 24Mg [Fig. 3(a)]. We also observe a weak 0+ state

at 12.085(15) MeV which is the 12.049(2)-MeV 0+ state in
16O originating from the water contamination on the target.

The excitation energy is shifted due to the differing masses of
16O and 28Si.

It is clear from the differential cross sections shown in

Fig. 3 that ℓ = 0 and ℓ = 1 transitions exhibit particular

FIG. 4. As Fig. 3 for the additional 0+ states in 28Si. The 6.691-

MeV state is the 0+

3 state in 28Si and does not fall on the focal plane

for the 0◦ data. Table I gives more details as to the properties of the

states shown.

angular distributions, with the ℓ = 0 transition showing a

strong maximum at 0◦ and a minimum at around 4◦, while

the ℓ = 1 transition has a maximum around 4◦ and falls off at

higher angles. As 0+ states were the focus of this experimental

study, scattering angles greater than 6◦ were not measured

meaning that only ℓ = 0 and ℓ = 1 transitions may be firmly

assigned.

TABLE I. Details of the states observed in the present experiment.

The differential cross section measured in the 0◦ experiment is

provided for 0+ states.

Ex / MeV Ex / MeV [14] J π dσ

d	
(θlab < 2)a / mb/sr

9.305b 9.30539(24) 0+ 14.08(28)

9.71(2) N/A 0+ 2.42(5)

9.81(3) 9.79595(14) 2+ N/A

9.93(1) 9.9292(17) 1− N/A

6.69(5) 6.69074(15) 0+ N/Ac

10.81(3) 10.8055(10) 0+d 2.23(4)

11.14(2) 11.142(1)e 0+ 5.79(7)

12.99(2)f 12.976(2) 0+ 4.51(11)

13.0398(5)

aFor J π
= 0+ states only.

bThis is a state in 24Mg used for comparison.
cNot on focal plane in 0◦ mode.
dThis state is assigned as J π

= 2+ in Ref. [14]. We argue that J π

assignment is incorrect. See the text for more details.
eThis state is one of two observed around 11.14 MeV in Ref. [8]

which have erroneously combined by the compiler [14,15]. See the

text for more details.
fProbably an unresolved doublet.
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TABLE II. Optical model parameters for 28Si(α,α′)28Si reactions.

Set I are the OMP parameters from Ref. [13]. Set II are the OMP

parameters with modified radial terms which better reproduce the

data in the present experiment.

Parameter Set I Set II

Eα/MeV 200 200

VR/MeV −95.52 −95.52

rR/fm 1.05 1.35

aR/fm 0.99 0.65

VI/MeV −68.00 −68.00

rI/fm 0.94 1.35

aI/fm 0.79 0.65

For some of the 0+ states, the DWBA curves do not

reproduce the increase in the differential cross section at higher

angles. This is likely results from additional states with higher

spins at around the same excitation energy or from multistep

contributions to the cross section which are not accounted

for in the DWBA calculations. In no case does it affect the

assignment of a 0+ state as this is based on the differential

cross section reaching a maximum at 0◦.

All of the states discussed in this section are strongly

populated in the (α,α′) reaction. If the states resulted from

target contaminants such as 29Si or 30Si, the cross sections for

these states would have to be extremely high [e.g., σ (θlab <

2) ∼ 70 mb for the 9.71-MeV state] to match the observed

experimental yield, assuming natural isotopic abundance in

the target. This is around five times higher than comparable

cross sections in nearby nuclei (see, as an example, the cross

section for the 9.305-MeV 0+ state in 24Mg in Fig. 3) and leads

us to conclude that it is unlikely that any of the states listed in

Table I result from 29Si or 30Si. The number and position of

narrow 0+ states in 12C and 16O below 14 MeV are well known

and have been previously observed using the same reaction at

the same facility [16,17] and do not match the observed states

(with the exception of the 12.05-MeV state from 16O which is

identified due to its shift on the focal plane).

The 0+

3 state at 6.691 MeV (state E) is observed but only

at higher angles and in a focal plane region with a strong

background due to scattering from protons in the target. The

state is only observed at higher angles because the focal plane

excitation energy bite only extends down to just below 9 MeV

in the 0◦ experiment. The behavior of the observed data is

consistent with the trend of other 0+ states observed in the

present experiment.

The state observed at 9.71 MeV is newly observed in the

present experiment and is unambiguously assigned as J π
=

0+. Extrapolating the candidate superdeformed band in 28Si

from Refs. [3,8] suggests that the bandhead should lie at around

9.3 MeV. The 9.71-MeV state is the only 0+ state in this

excitation energy region (from around 8.8 MeV to 10 MeV)

and is the only observed candidate for the bandhead.

Another 0+ state is observed at 10.81 MeV. There is a

state listed at 10.806 MeV with J π
= 2+ [14] which has been

observed in 28Si(e,e′)28Si [18] and 27Al(p,γ )28Si reactions

[19]. In the latter case, it is populated through decay of

the 13.321-MeV T = 1,1+ state. While we cannot exclude

the possibility that there are two near-degenerate states here,

the previously observed γ decay would be consistent with the

existence of a single 0+, T = 0 state where the decay was a

strong isovector M1 transition. The present measurement is

more selective in terms of 0+ assignments and, on the balance

of probability, there is likely a single state with J π
= 0+ at

this energy.

The 0+ state at 11.14 MeV has been previously observed in

the 24Mg(α,γ )28Si reaction by Brenneisen et al. with an energy

of 11.142 MeV [8,19,20]. Brenneisen et al. also observed a 2+

state at 11.148 MeV. However, the compiler [14] has suggested

that these states are the same. From the current experiment in

which a strong 0+ state is observed, we conclude that there

are two states, one 2+ state at 11.148 MeV and one 0+ state at

11.142 MeV. Based on the large resonance strength observed

in the 24Mg(α,γ )28Si reaction [21], it is probable that at least

one of these states is a 24Mg +α cluster state. We note that

the reaction used in the present experiment strongly populates

cluster states [22], which is suggestive of the 0+ state having

a cluster structure.

There is at least one 0+ state at around 13 MeV; previous

experimental studies have observed three 0+ states in this

region [12.976(2), 13.0398(5), and 13.234(2) MeV] [14,23]

though one is not isoscalar [14]. In the present experiment,

the 13.234-MeV state is not observed and the 12.976-MeV

and 13.0398-MeV states cannot be resolved. We assume the

energies of the states given in Ref. [23].

V. COMPARISON WITH A SYMMETRY-BASED

PREDICTION

Here we address the question: what is the spectrum of 0+

states of the 24Mg +
4He clusterization in the energy range

of the present experimental investigation? When doing so,

we apply the Hamiltonian and the multichannel dynamical

symmetry of Ref. [7] which was used to describe the low-

energy spectrum in terms of the semimicroscopic algebraic

quartet model. This gives a unified description of the shell

model and cluster structures of 28Si. In earlier studies [9,24]

only different binary clusterizations were considered in this

way. Since the model spaces are constructed microscopically,

the resulting spectrum is a pure prediction without any

ambiguity or fitting to the experimentally observed energies.

First we briefly summarize the basic ideas of the approach

and then we present the spectrum of 0+ states.

The semimicroscopic algebraic quartet model [25] is a

symmetry-governed truncation of the no-core shell model [26]

that describes the quartet excitations in a nucleus. A quartet is

formed by two protons and two neutrons which interact with

each other very strongly as a consequence of the short-range

attractive forces between the nucleons inside a nucleus [27].

The interaction between the different quartets is weaker. In

this approach the L-S coupling is applied, the model space

has a spin-isospin sector characterized by Wigner’s UST (4)

group [28], and a spatial part described by Elliott’s U(3) group

[29]. Four nucleons form a quartet [30] when their spin-isospin

symmetry is {1,1,1,1}, and their permutational symmetry is

{4}. This definition allows two protons and two neutrons to

form a quartet even if they sit in different shells.
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The semimicroscopic algebraic cluster model [31,32], as

with other cluster models, classifies the relevant degrees of

freedom of the nucleus into two categories: they belong either

to the internal structure of the clusters or to their relative

motion. The internal structure of the clusters is handled in

terms of Elliott’s shell model [29] with UST (4) ⊗ U(3) group

structure (as discussed above). The relative motion is taken

care of by the vibron model [33], which is an algebraic

model of the dipole motion also with a U(3) basis. For a

two-cluster configuration this model has a group structure of

UST
C1

(4) ⊗ UC1
(3) ⊗ UST

C2
(4) ⊗ UC2

(3) ⊗ UR(4). In this case

the model space is also constructed microscopically, i.e., the

Pauli-forbidden states are excluded.

The multichannel dynamical symmetry [9,24] connects

different cluster configurations (including the shell model

limit) in a nucleus. Here the word channel refers to the reaction

channel that defines the cluster configuration.

The MUSY is a composite symmetry of a composite

system. The system has two (or more) different clusteriza-

tions, each of them having dynamical symmetries which are

connected to each other by the symmetry of the pseudo space

of the particle indices that change from one configuration to

the other.

When the multichannel dynamical symmetry holds, then

the spectra of different clusterizations are related to one

another by very strong constraints. The MUSY provides a

unified multiplet structure of different cluster configurations in

which the corresponding energies and E2 transitions coincide

exactly. Of course, it cannot be decided a priori whether the

MUSY holds, rather one assumes the symmetry and compares

its results with the experimental data.

The distribution of 0+ states. 28Si has a well-established

band structure, and the SU(3) quantum numbers of several

bands could be assigned as a joint conclusion of experimental

and theoretical investigations [34]. In Ref. [7] its energy

spectrum was calculated within the SAQM approach by fitting

the parameters to the well-known states. A U(3) dynamically

symmetric Hamiltonian was applied, which is invariant with

respect to the transformation between the quartet and cluster

model. It is expressed in terms of the invariant operators of the

group-chain: U(3) ⊃ SU(3) ⊃ SO(3):

Ĥ = (h̄ω)n̂ + aĈ
(2)
SU3 + bĈ

(3)
SU3 + d

1

2θ
L̂2. (2)

The first term is the harmonic oscillator Hamiltonian [linear

invariant of the U(3)], with a strength obtained from the

systematics [35] h̄ω = 45A−
1
3 − 25A−

2
3 MeV = 12.11 MeV.

The second-order invariant of the SU(3) (Ĉ
(2)
SU3) represents

the quadrupole-quadrupole interaction, while the third-order

Casimir-operator (Ĉ
(3)
SU3) distinguishes between the prolate

and oblate shapes. The moment of inertia, θ is calculated

classically for the rigid shape determined by the U(3) quantum

numbers (for a rotor with axial symmetry) [25]. The a, b, and

d parameters were fitted to the low-lying experimental states:

a = −0.133 MeV, b = 0.000444 MeV, d = 1.003 MeV.

Here, this Hamiltonian is used for the calculation of 0+

states in the quartet spectrum as well as in the 24Mg +
4He

and 16O +
12C cluster spectra. The result is shown in Fig. 5.

FIG. 5. The spectra of the 0+ states in the 28Si nucleus and in

its 24Mg +
4He and 16O +

12C clusterizations, as predicted by the

Hamiltonian of the multichannel dynamical symmetry [7]. The states

are characterised by the n(λ,μ)Kπ quantum numbers, where n is the

major shell excitation, and (λ, u) refers to the SU(3) representation,

i.e., the quadrupole deformation.

The spectrum of 0+ states predicted by the MUSY for

the 24Mg +
4He system is compared with the experimental

observation in Fig. 6. We find the agreement remarkable.

The theoretical state corresponding to the 9.71-MeV 0+

state has a 4(20,4)0+ structure: a 4p-4h excitation with

β = 0.88 and γ = 9◦. This provides a strong theoretical

justification for interpreting this state as the bandhead for

the superdeformed band. For comparison, we recall that

the deformed rotational bands in 36Ar and 40Ca have been

described in terms of the shell model as 4p-4h and 8p-8h

excitations from the sd shell into the fp shell [1,2].

The energy of the candidate state is around 400 keV higher

than expected from a simple linear extrapolation from the
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FIG. 6. Comparison of the 24Mg +
4He 0+ spectra from the

theoretical prediction (of Fig. 5) and the experimental observation.

The energy-window of the present experiment is indicated by the

dotted lines in both panels. In the experimental part the solid

lines show the observed resonances of the present work, the dotted

Y-shaped lines are the states from the 24Mg +
4He measurements [23]

which are not resolved in the present experiment. The dashed lines

correspond to known low-lying 0+ states which were not measured

at 0° in the present experiment.

known members of the superdeformed band. However, in light

nuclei deviations from linearity in rotational bands are not

uncommon (see, e.g., Refs. [36,37] or the normally deformed

band in 28Si [3]). It is possible that the raising in energy of the

bandhead is due to mixing between different 0+ states which

cause the ground state energy to be slightly lowered and the

corresponding excited states to be pushed slightly higher in

energy. This mixing effect is unlikely to result in any change

in the moment of inertia of the rotational band.

VI. CONCLUSIONS

Excited isoscalar states in the self-conjugate nucleus 28Si

have been observed using α-particle inelastic scattering. The

strong selectivity of this reaction to low-spin natural-parity

isoscalar transitions allows a possible bandhead of the

candidate superdeformed band in 28Si to be identified at

9.71 MeV. Experimental confirmation that this state lies within

the candidate superdeformed band is not possible in this

experiment though the theoretical model supports this state

being assigned as a member of the superdeformed band.

A 0+ state has been observed at 10.81 MeV. No structural

assignments are yet possible for this state.

A 0+ state has been identified at 11.14 MeV. We suggest

that this state is the 11.142-MeV state observed in previous

experiments [8,19,20], and that there is a separate 2+ state at

a similar excitation energy. Furthermore, it is probable, based

on the results of 24Mg(α,γ )28Si reactions that at least one of

the states around 11.14 MeV is a cluster state.

A concentration of monopole strength was observed around

13 MeV. However, based on previous experimental studies of
28Si, this strength corresponds to multiple unresolved 0+ states

[23].

The multichannel dynamical symmetry of the semimicro-

scopic algebraic model predicts six states in the excitation

region covered in the present experiment, in good agreement

with the experimental results which show four distinct states

plus at least one further state in the region around 13 MeV

[23]. The theoretical spectrum is obtained as a parameter-

free prediction of the MUSY, without any ambiguity. The

Hamiltonian was determined in the quartet-model description

of low-lying well-established bands of the 28Si nucleus [7].

In the 12C +
16O channel, the same Hamiltonian gives a

detailed spectrum also in good agreement with experimental

observations [7].
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