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1. Introduction

The existence of exotic shapes for nuclei with high excitation energy
and/or angular momentum has been predicted for a long time [1]. Pursu-
ing this suggestion, Wong studied possible toroidal and bubble nuclei and
predicted exited toroidal states in the mass region of 40 ≤ A ≤ 70 and
A ≤ 250 [2–4]. The probability of planar fragmentation configurations was
much larger than that predicted by quantum molecular dynamics calcu-
lations in data from recent experiments searching for heavy toroidal sys-
tems [5].

These studies were extended by Wong and collaborator and they pre-
dicted that toroidal configurations were also possible for nuclei with angular
momenta [6–8] that were above a sufficient threshold. They were able to de-
fine the region of mass and angular momentum in which such configurations
might be realized. Zhang et al. [9], Ichikawa et al. [10, 11] and Staszczak
and Wong [12–14], have predicted the existence of toroidal isomers in light
nuclei employing microscopic techniques in recent studies.

We have studied reactions of 35 MeV/nucleon 28Si on 12C at the Cy-
clotron Institute at Texas A&M University using the 4π array, NIMROD-
ISiS (Neutron Ion Multidetector for Raction Oriented Dynamics with the
Indiana Silicon Sphere), which consisted of 14 concentric rings covering
from 3.6◦ to 167◦ in the laboratory frame [15]. In the forward rings with
θlab ≤ 45◦, two special modules were set having two Si detectors (150 and
500 µm) in front of a CsI(Tl) detector (3–10 cm), referred to as super-
telescopes. The other modules (called telescopes) in the forward and back-
ward rings had one Si detector (one of 150, 300 or 500 µm) followed by
a CsI(Tl) detector. The pulse shape discrimination method was employed
to identify the light charged particles with Z ≤ 3 in the CsI(Tl) detectors.
Intermediate mass fragments (IMFs) were identified with the telescopes and
super-telescopes using the ∆E–E method. In the forward rings, an isotopic
resolution up to Z = 12 and an elemental identification up to Z = 20 were
achieved. We report in these proceedings a summary of a study that is
described in more detail in [20].

2. Analysis

We focus on the 7α decay channels of excited projectile-like fragments
produced in the reaction 35 MeV/nucleon 28Si + 12C. The available energy
in the center of mass of this system is 294 MeV and the maximum angular
momentum, Lmax, is 94~ (a reaction cross section of 2417 mb), Lcrit for
fusion is 26~ and the rotating liquid drop limiting angular momentum is
40~ [16]. Initial binary configurations of excited projectile-like and target-
like nuclei account for most of the reaction cross section as observed for
similar collisions in this energy region [17, 18].
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The excitation energy distributions of alpha-conjugate exit channels are
shown in figure 1. These excitation energies are determined using calori-
metric techniques where the reaction Q-value is subtracted from the sum of
the kinetic energies of emitted particles in the frame of the reconstructed
projectile-like nucleus

Ex = Σ
Mcp

i=1 Kcp(i) +Mn〈Kn〉 −Q , (1)

whereMcp is the multiplicity of charged particles,Kcp is the kinetic energy of
a charged particle in the source frame,Mn is the neutron multiplicity, 〈Kn〉 is
the average neutron kinetic energy in the source frame and Q is the Q-value.
The Q-value is zero for the 7α system. Results from the phenomenological
event generator, HIPSE [19] as well as the AMD transport model [21] with
the GEMINI [22] afterburner are also shown in the figure. The results of
the AMD and HIPSE calculations are generally in good agreement with the
data. The experimental 7α distribution, however, differs considerably from
the results of the model calculations as those distributions appear to have
structure at higher excitation energies.
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Fig. 1. Alpha-conjugate exit channel excitation functions in the de-excitation of
28Si. The shapes of the experimental data are compared with results of both AMD
and HIPSE calculations.

The statistical code GEMINI was used to study light particle emis-
sion in detail in Ref. [23]. We have used the default parameters derived
from that careful exploration [23] of the formulations of barriers and trans-
mission coefficients, the level density and the yrast line. Events from the
AMD–GEMINI [21–23] and HIPSE–GEMINI [19, 22, 23] codes were filtered
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through the NIMROD acceptance. The resultant distributions were nor-
malized to the data that are also shown in the figure. These models are not
expected to produce high-energy resonances.

The experimental 7α distribution shown in figure 1 spans the energy
region in which toroidal configurations are predicted [12] and the stablized
143.18 MeV state is predicted to exist. A maximum in the distribution is
observed at ∼ 110 MeV and shows some structure at 126 and 138 MeV. The
structure is somewhat broad due to the granularity and angular resolution of
NIMROD-ISiS. This means that NIMROD-ISiS is not optimal for searches
of resonances that may be very narrow since the transformation to the source
frame relies on the angle of detection that has significant uncertainity. An
experimental filter shows that a narrow resonance filtered through the ac-
ceptance of the detector results in a peak that has a standard deviation, σ,
of ∼ 4 MeV because of the angular uncertainity. The widths of the struc-
tures observed are, therefore, consistent with much narrower resonances in
the excitation energy distribution.

The experimental 7α distribution is compared to an uncorrelated 7α
spectrum in the left-hand side of figure 2. This uncorrelated spectrum is
constructed to represent the 7α phase-space in the excitation energy region.
Contributions from all possible combinations of α-particle emission that lead
to 7α events regardless of the source that they might originate from are
included in this uncorrleated background. The right-hand side of figure 2
shows the distribution resulting from the uncorrelated spectrum subtracted
from the experimental 7α distribution. Prominent peaks are observed at 126
and 138 MeV and there is, in addition, some excess observed at 114 MeV. The
AMD–GEMINI simulation can also be used to estimate the background. The
experimental distribution with the AMD–GEMINI distribution subtracted
is also shown in the right-hand side of figure 2. Both subtracted distributions
show similar structures. We have performed a statistical analysis and the
statistical significance peak at 114 MeV is 5.3σ, at 126 MeV is 8.0σ and at
138 MeV is 7.2σ [24].

The angular momenta associated with the observed peaks would be
an important ingredient in understanding whether these peaks result from
toroidal configurations. If the state observed at 138 MeV, indeed, corre-
sponds to the predicted 143.18 MeV toroidal state, the angular momentum
would be 44~. The AMD and HIPSE models which use semi-classical tech-
niques do not have the necessary ingredients to explore such detailed struc-
ture at these high excitation energies and angular momenta, but calculations
using these models indicate that angular momenta in the range of 40~ are
reached. Our experiment, unfortunately, does not give direct information
on the angular momentum.
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Fig. 2. Excitation energy distribution leading to observed 7α events. (a) The
data are represented by the solid points. An uncorrelated spectrum derived from
event mixing is represented by a long-dashed line. The filtered result from an
AMD–GEMINI calculation is indicated by the dot-dashed line (see the text). The
last two are normalized to the experimental spectrum at the lower edge of the
spectrum. (b) The differences between the experimental spectrum and the others
are presented.

3. Comparison with models

3.1. Toroidal Shell Model

Resonances at the observed high excitation energies observed in the 7α
channel are rather unusual. We have explored whether a model in which
nucleons move in a toroidal potential V (ρ, z) = 1

2mω
2
0(ρ − R)2 + 1

2mω
2
0z

2

[2, 3, 12] may describe these resonances. Calculations using this model yield
the spin and relative energy for various 28Si∗ toroidal high-spin isomer states.
The results of these calculations are shown in Table I.

Table I shows that the toroidal shell model predicts 10 toridal high-spin
isomer states up to 4p–4h excitations. The predicted excitation energies are
in the range of excitation energies that are shown in the experimental data
in Fig. 1. These results indicate that a spinning toroidal 28Si∗ appears as
a set of toroidal high-spin isomer states with energies shown in column 3
of Table I. The excitation energy spectrum shows a number of features of
toroidal signatures, e.g. sharp resonances at appropriate energies, spacings
between a number of the resonances and the apparent presence of isomer
states at excitation energies higher than the predicted I = 44~ state. These
quantities show significant overlap with the experimental data and provide
evidence of possible production of toroidal high-spin isomers in this experi-
ment.
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TABLE I

Toroidal high-spin isomers (THSI) of 28Si
∗
in the toroidal shell model. The spin-

aligning (n particle)–(n hole) excitations for neutrons (ν) and protons (π), relative
to a toroidal core with I = 0 and energy E0, lead to the THSI state of spin I = Iz,
and excitation energy EI .

Configurations I
(EI − E0) EI
in ~2/2mR2 [MeV]

(0p–0h)ν(0p–0h)π 0 0 91.82
(1p–1h)ν(1p–1h)π 16 14 101.2
(0p–0h)ν(2p–2h)π + (2p–2h)ν(0p–0h)π 14 14 101.2
(2p–2h)ν(2p–2h)π 28 28 110.58
(2p–2h)ν(3p–3h)π + (3p–3h)ν(2p–2h)π 36 49 124.65
(3p–3h)ν(3p–3h)π 44 70 138.72
(3p–3h)ν(4p–4h)π + (4p–4h)ν(3p–3h)π 50 91 152.79
(4p–4h)ν(4p–4h)π 56 112 166.86

3.2. Relativistic mean-field CDFT theory

Covariant density functional theory (CDFT) [25] which exploits symme-
tries and the separation of scales and, in general, the basic properties of
QCD at low energies can also be used to search for toroidal isomer states.
The CDFT theory has proven to be an excellent description of ground and
excited states with high predictive power for nuclei throughout the periodic
table [26–28]. It provides significant confidence in the investigation of nu-
clear toroidal structures without assuming the existence of clusters a priori
when using a universal density functional.

We have employed the cranking CDFT in 3D lattice space [29, 30] to
investigate toroidal states in 28Si using the density functionals, PC-PK1 [31]
and DD-ME2 [32]. The z axis is chosen as the symmetry axis, and grid
points 34× 34× 24 are chosen for x, y and z, respectively. Self-consistency
is assured by requiring an accuracy of 10−4 MeV for single-particle levels.

Toroidal states with I = 0~, 14~, 16~, 28~, 36~, 44~, 50~, 56~ have been
identified corresponding to excitation energies of 72, 91, 89, 106, 128, 148,
168, and 185 MeV, respectively, using the covariant functional PC-PK1 [31]
in the CDFT formalism. The same angular momentum states with the same
configurations were also identified with similar excitation energies using the
covariant functional DD-ME2[32].

The stability of the toroidal isomers against particle emission has been
investigated by examining the radial density distributions of occupied single-
particle levels as well as the total density distributions of the predicted
toroidal states. Neutron densities in the predicted toroidal state with
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I = 28~ are shown in figure 3. The figure shows that the radial density
distributions are, in fact, localized for all predicted toroidal states indicating
that the predicted toroidal isomer states are stable against particle emission.
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Fig. 3. (Color online) Neutron radial density distributions (z direction is integrated)
of the occupied single-particle levels (blue, thin lines) as well as the total density
distribution (black, thick lines) in toroidal state with I = 28~.

It should be noted that all toroidal high-spin isomer states predicted by
the previous theoretical result have been identified in the relativistic mean-
field CDFT theory. This supports the use of the toroidal shell model as the
signature for toroidal high-spin isomers.

4. Summary and conclusions

We have observed that the excitation function of the 7α decay channel
of 35 MeV/nucleon 28Si + 12C reveals structure at high excitation ener-
gies. These structures are observed at excitation energies that are similar to
those predicted by several theoretical calculations in which toroidal shell ef-
fects stabilize the nucleus against major radius variations while spin aligning
particle–hole expectations lead to many high-spin toroidal isomers. We note
that recent work indicates that clustering effects are important in the colli-
sions of alpha-conjugate nuclei [33, 34]. Further experimental work is clearly
necessary. A position-sensitive detector system with high granularity and
the addition of gamma-ray detectors could provide significant improvement
to allow more definite conclusions.
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