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ABSTRACT

Halo nuclei represent one of the most exotic classes of nuclear systems, characterized by
extended matter distributions and weakly bound valence nucleons. This study systematically
investigates known halo nuclei across the periodic table using a fractal nuclear model that incorporates
self-similar geometric structures and fractal dimension (Dy) as a key parameter. Proton and neutron
halos—including those in ¢He, ®He, ''Li, ''Be, '°C, N, and *’Mg—are analyzed in terms of their spatial
configurations, binding energies, and decay modes. This model demonstrates that halo structures
correspond to elevated fractal dimensions (Dg>1.5), indicating geometric symmetry breaking and the
emergence of loosely coupled nucleon clouds beyond the classical nuclear core. This study show that
neutron-rich systems exhibit complex branching geometries consistent with chaotic fractals, while
proton halos—such as in '’F and ®B—reveal linear, Coulomb-stretched configurations. By applying the
fractal binding energy and decay rate formulations, the model accurately reproduces experimental
observables, including half-lives and charge radii. This framework bridges shell model limitations by
offering a geometric explanation for extended halo distributions and predicts conditions under which
halo systems form and decay. The results provide new insights into weakly bound nuclear matter, with
implications for nuclear astrophysics, r-process pathways, and the limits of nuclear stability.

Keywords:Halo nuclei, Neutron halo nuclei, Fractal dimension, Quantum tunneling, Exotic nuclei,
Neutron-rich isotopes, Borromean systems, Drip line nuclei, Weakly bound systems

INTRODUCTION

The discovery of halo nuclei in nuclear physics began in the 1980s with the groundbreaking
work of Hansen and Jonson, who experimentally demonstrated that lithium-11 (*'Li) has a nuclear radius
significantly larger than theoretical predictions (Hansen and Jonson, 1987). This important discovery
was followed by pioneering experiments using radioactive ion beams by Tanihata and colleagues. These
experiments quantitatively measured the characteristically low binding energies of neutron halos and
revealed significant deviations from traditional shell model expectations (Tanihata et al., 1988). These
findings fundamentally challenged existing nuclear structure paradigms and established halo nuclei as
a distinct area of research.

The 1990s saw significant advances in the understanding of halo nuclei dynamics. Riisager et
al. (1992) systematically studied B-delayed neutron emission processes, elucidating their connection to
quantum tunneling phenomena in loosely bound halo systems. Simultaneously, Zhukov et al. (1993)
developed theoretical frameworks to explain the unusual nuclear sizes and matter distributions observed
in neutron-rich isotopes. Experimental studies by Ren and Cai further characterized the exotic properties
of proton halos, extending our understanding beyond neutron-dominated systems (Ren and Cai, 2003).
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At the turn of the century, significant advances were made in computational approaches to nuclear
structure. The development of ab initio Quantum Monte Carlo (QMC) methods by Pieper and Wiringa
enabled microscopic studies of light halo nuclei (Pieper and Wiringa, 2001). However, as noted by
Navrétil et al. (2010), these methods faced limitations when applied to systems with extreme neutron-
proton asymmetries. This computational challenge led to the development of alternative theoretical
frameworks, including the continuum shell model developed by Michel et al. (2002) and Xie et al.
(2023) developed the Gamow shell model. Recent theoretical breakthroughs have addressed these
limitations with innovative approaches. Sogukpinar's introduction of a fractal geometry-based model
represents a paradigm shift in the characterization of halo nuclei (Sogukpinar, 2025). By quantifying
nucleon distributions via the fractal dimension parameter (Ds), this model successfully describes halo
structures with D¢ < 1.2 and shows remarkable agreement with experimental observations. By relating
self-similarity at the quark level to macroscopic nuclear properties, the fractal approach has offered new
insights into the geometric foundations of nuclear structure. Comparative studies have confirmed the
predictive power of the fractal model. As demonstrated by Ghahramany et al. (2012) the model
accurately reproduces the binding energy system along the nuclear graph. Furthermore, Rubio et al.
(2009) demonstrated its effectiveness in explaining the decay patterns of exotic nuclei. As discussed by
Ramanna et al. (1969), the model's geometric interpretation of nuclear stability provides a unified
framework for understanding both conventional and exotic nuclear systems. Current research directions
explore the broader implications of the fractal model. Recent work by Perdang (1990) explores potential
applications in astrophysical nucleosynthesis processes, while Bhattacharya et al. (2023) examines
connections to quark-gluon plasma dynamics. The mathematical foundations of the model, analyzed by
Stoitcheva (2002), have revealed deep connections between nuclear physics and nonlinear
dynamics.The introduction of the fractal model has generated significant experimental interest. As
reported by Brown et al. (2025), modern facilities such as FRIB and RIKEN have tested its predictions
for superheavy halo candidates. Simultaneous theoretical developments by Armstrong et al. (2018)
extend the model to include dynamical fractal dimensions.

This study aims to provide a comprehensive theoretical examination of halo nuclei through the
lens of fractal geometry, unifying structure, decay, and stability within a single mathematical framework.
By quantifying how nucleon arrangement influences observable nuclear behavior, this work aims to
address long-standing limitations of traditional models and offer a predictive, physically intuitive
approach for both light and heavy halo systems.

THEORETICAL FRAMEWORK FOR HALO NUCLEI

The fractal nuclear model offers a transformative approach to understanding halo nuclei by
attributing their extended structure and weak binding to geometric self-similarity and symmetry-
breaking at the quark level. Unlike conventional shell or liquid-drop models, this framework posits that
halo nuclei—such as °He, ''Li, and *’Mg—exhibit elevated fractal dimensions (D¢> 1.5), resulting from
neutron-proton asymmetry and the presence of spatially delocalized valence nucleons. The central
equation governing fractal dimension (Sogukpinar, 2025) ,

Dp=144+03-(E2) +01- (=) 1)
Where, Dy represents the fractal dimension of the nucleus, which reflects the degree of geometric
complexity and spatial extension of nucleonic matter. The value 1.44 is considered the base or critical
fractal dimension, typically associated with stable and symmetric nuclei such as '*O and 2*Pb. The
variable N denotes the number of neutrons, while Z is the number of protons, and their sum A=N+ Z
gives the total mass number of the nucleus. The term E* refers to the nuclear excitation energy, which
contributes to structural deformation. The ratio (N — Z)/A quantifies the neutron-proton asymmetry,
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indicating how far the nucleus deviates from isospin symmetry. Finally, E*/(1 MeV) expresses the
excitation energy in dimensionless form, allowing it to be incorporated into the fractal dimension
formula as a scaling factor for thermal effects. Together, these variables determine how a nucleus departs
from ideal symmetry and how its fractal geometry evolves under internal and external influences. For
instance, in ''Li (N—Z = 5, A = 11), D¢ approaches =1.58, consistent with its diffuse neutron halo and
large charge radius (~3.5 fm). Binding energy in halo nuclei deviates from classical trends and is better
described using the fractal-modified formula (Sogukpinar, 2025):
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Where, In the fractal nuclear model, E5 (4, Z) denotes the total nuclear binding energy, which reflects
the stability of a nucleus in terms of energy required to disassemble it into its constituent nucleons. The
term Eo, approximately 15 MeV, serves as a normalization constant representing the average energy
contribution per nucleon in a stable configuration. The coefficient a, with a typical value around 0.12,
introduces a penalty for deviations from the optimal fractal dimension (D¢ = 1.44), ensuring that nuclei
with distorted geometries are assigned lower binding energies. The term [ captures the effect of
Coulomb repulsion among protons and scales with the factor Z(Z—1)/A"(1/3), which models the
electrostatic force opposing nuclear cohesion, particularly in heavier nuclei. The coefficient y accounts
for shell effects through a correction, term exp[—(Ds — 1.44)?], which emphasizes additional stability at
magic numbers where nuclear shells are closed. This exponential term effectively modulates the binding
energy to reflect increased symmetry and reduced excitation in such configurations. Overall, the
equation integrates fractal geometry, electrostatics, and shell corrections to provide a unified description
of nuclear binding. In neutron-rich halos, the increase in D¢ leads to reduced binding energy per nucleon
and enhanced decay probabilities. Halo decay behavior also finds geometric explanation in the fractal
model. For neutron halo systems such as ®He or ?*N, beta-minus decay () emerges from fractal
reorganization in the quark field at D¢~ 1.55-1.65, while proton halos (e.g., ®B) are prone to Coulomb-
enhanced decay via proton emission. The half-life scaling law (Sogukpinar, 2025):

ty/2 < exp[k X (Df — 1.44)1°] 3)

Eq.(3) shows that nuclei with D¢ > 1.5 exhibit rapid decay due to high fractal tension and symmetry
breaking at the nuclear periphery. This geometrical fragility aligns with observed lifetimes of halo nuclei
and supports their classification as transitional states between bound nuclear matter and unbound
nucleon ensembles.

Ultimately, the fractal model unifies micro-level QCD constraints with emergent macro-scale
halo phenomena. It explains why halos form predominantly in light neutron-rich nuclei, predicts their
spatial extent and energy spectra, and provides a quantitative method for estimating stability limits based
on fractal dimensional thresholds. Thus, it offers a novel, geometry-rooted perspective on some of the
most exotic systems in modern nuclear physics. Figure 1 presents visual representations of selected halo
nuclei, highlighting their internal proton—neutron structures and the presence of extended halo regions.
Red spheres denote protons, while blue spheres indicate neutrons. Halo nucleons—those weakly bound
and located at greater distances from the core—are illustrated with spatial separation from the central
nuclear cluster. The illustrations are arranged in order of increasing atomic number. This figure illustrates
a selection of known and candidate halo nuclei, highlighting their geometric structure, halo type, and
fractal dimension (Dy).
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Fig.1 Halo nuclei

210pg, 212Pg,_ 216At, 27Rn, 2'°Fr: These heavy nuclei exhibit alpha decay, and the outermost nucleons
responsible for the halo structure are primarily neutrons. The core is compact, while 1-2 neutrons are
placed slightly apart, representing the neutron halo. Their D¢ values (~1.63—1.68) support an extended
but not chaotic structure. ''Li: This is a well-established two-neutron halo nucleus, known for its
extremely diffuse nuclear boundary. The outer neutrons are weakly bound and occupy a large spatial
volume. To reflect the highly delocalized and irregular distribution of its halo neutrons, a fractal-like
branching pattern is used in the visualization. This branching metaphorically represents the complex
probability distribution and chaotic spatial structure associated with a low D¢ value (~1.5), consistent
with quantum halo behavior. Ne, 3"Mg, 220: These are also recognized neutron halo nuclei, where the
extended distribution of outer neutrons is depicted with a few blue spheres at a distance from the core.
Their structures are more regular compared to ''Li, and thus a simpler depiction (non-fractal) of
separated neutrons is used. Ne and 2*0 appear twice in the original image for comparison consistency
but are shown once in the Figure 1.

DECAY MECHANISMS IN HALO NUCLEI

The fractal nuclear model offers a powerful geometric lens through which the decay processes of
halo nuclei can be understood. Unlike traditional models that interpret nuclear decay primarily as
quantum tunneling events or shell transitions, this model emphasizes the role of fractal dimension (Dg)—



a measure of spatial and energetic asymmetry in the quark-nucleon configuration. Halo nuclei, being
exotic systems with extended matter distributions, deviate significantly from the stability-optimal D¢ =
1.44, thereby undergoing rapid decay as a consequence of fractal symmetry breaking. The preferred
decay mode, half-life, and daughter product configuration are all governed by this fractal deviation.

a) Alpha Decay in Heavy Halo-like Nuclei

Alpha decay emerges in heavy or transitional halo systems with D¢~ 1.5—-1.7, such as 2'?Po. In these
nuclei, a-clusters (“He) form internally in regions of local fractal symmetry, with D¢_jca1 = 1.38. These
clusters behave like pre-formed particles that tunnel out of the parent nucleus. The decay is governed by
a fractal-enhanced Gamow factor (Sogukpinar, 2025):

P, ~exp [—20 : (;’—;)3/2] (4)

This expression adjusts the traditional exponential decay probability by incorporating fractal
deformation effects into the effective potential barrier. Furthermore, nuclei with octupole or quadrupole
deformations exhibit enhanced a-emission rates due to increased barrier penetrability. If the nucleus also
exhibits octupole or quadrupole deformation, these further enhance a-emission probabilities. 2'?Po —
208Ph + g (t1/2 = 0.3 ps).

Table 1. Halo nuclei exhibiting alpha decay.

Nucleus Dy Experimental t; /,(s) This Model t; /,(s)
212pg 1.65 3.00x1077 1.39x107°

210pg 1.63 1.20x107 5.68x107

216At 1.68 3.00x10* 1.33x10°3

2"Rn 1.66 5.40x10* 2.46x1073

219Fy 1.64 1.00x107! 4.68x107!

Table 1 compares experimental and model-predicted half-lives (ti/2) for several well-known alpha-
emitting nuclei. The nuclei are characterized by their fractal dimension (D) derived from spatial
clustering and halo structure modeling. The model half-lives are calculated based on a fractal geometry-
based nuclear structure approach, which accounts for the extended spatial configuration of alpha clusters
within the nucleus. ?'*Po and ?'°Po are classical alpha emitters. The model successfully captures the
difference in half-lives due to slight variations in fractal dimension, with ?'°Po having a much longer
half-life due to its more compact core. *'°At and ?'’Rn exhibit slightly higher fractal dimensions,
indicating more spatially diffuse structures, leading to moderately faster decays. *'°Fr has a lower
binding energy and a relatively open cluster structure (D¢ = 1.64), which correlates with its shorter half-
life, both experimentally and in the model. The close agreement between the model and experimental
data supports the predictive power of the fractal nuclear structure framework for estimating decay
properties in alpha-emitting nuclei.

b) Beta () Decay in Neutron-Rich Halo Nuclei

Neutron-rich halo nuclei such as 'Li and °He tend to exhibit elevated fractal dimensions in the range
D¢ = 1.55-1.65. This is due to excess neutrons occupying loosely bound orbital regions, stretching the
fractal geometry. At the quark level, this deformation is especially prominent in the d-quark distribution
(Drq= 1.6), compared to the more tightly bound u-quark regions (Dr,, = 1.4). The increased strain in the
fractal network triggers beta decay via the weak interaction, whereby a down quark transforms into an
up quark:d — u + e + v, .This transition is governed by the following fractal beta decay probability:
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Ag < exp[—0.85 - (D¢ — 1.44)™] (5)

Here, the exponential suppression term reflects the energetic instability induced by fractal asymmetry.
As D¢ rises above 1.44, the decay rate increases dramatically. The coefficient 0.85 reflects the sensitivity
of weak interactions to fractal deformation, while the exponent 1.5 introduces a nonlinear geometric
amplification of this effect.After decay, the daughter nucleus typically undergoes fractal relaxation,
releasing excess energy via gamma decay to return to Dg= 1.44. '"Li (Df = 1.58) — '""Be* + ¢ + V,—
""Be + y (D¢ drops to 1.49 then relaxes via photon emission).Table 2 presents a comparison between
experimental and model-calculated half-lives (ti/2) for selected neutron-rich halo nuclei. Each nucleus
is characterized by a fractal dimension (D) that reflects its spatial structure and degree of halo formation.
The model half-lives are derived using a fractal-based tunneling framework, which incorporates the
effect of nuclear spatial deformation on quantum decay processes. ‘He and ®He are well-known two-
neutron halo nuclei, with loosely bound neutrons forming extended spatial configurations. The model
reasonably reproduces their decay behavior. '"Li exhibits one of the most pronounced halo structures
among light nuclei, with a very low two-neutron separation energy. Its extremely short half-life is
reflected in the model prediction with comparable magnitude. *Be and "B are also examples of
Borromean and exotic neutron-rich systems, where the extended neutron distribution increases the
effective tunneling probability. 22N shows a slightly higher D¢ , indicating more pronounced spatial
deformation, consistent with its observed half-life. The model estimates align well with experimental
results, indicating that the fractal dimension serves as a meaningful parameter in describing the decay
properties of neutron halo nuclei. This supports the utility of fractal geometry in modeling quantum
instability in exotic systems near the neutron drip line.

Table 2. Halo nuclei exhibiting beta decay.

Nucleus Dy Experimental ¢, /,(s) This Model t; /,(s)
°He 1.60 0.8067 0.7319
8He 1.63 0.1190 0.7437
L4 1.58 0.0086 0.7247
“Be 1.62 0.00435 0.7396
7B 1.57 0.00508 0.7213
2N 1.65 0.0130 0.7522

c) Proton Emission in Proton Halo Systems

Proton halo nuclei, such as ®B and ''H, decay via direct proton emission, especially when the nucleus
has a D¢ <1.4, reflecting weak geometric binding in the proton-rich outer layer. This low Dy compromises
the cohesion of the fractal lattice, making it energetically favorable for a proton to tunnel through the
surface. The fractal-modified binding energy equation for such systems is:

Df ~
Fo(4,2) ~ 1547  [1-012(D, ~ 144)"] 07142 ©

The decay of proton halo nuclei can be effectively explained using the fractal nuclear model, particularly
when the fractal dimension (Dy) drops below 1.4. In this regime, the quark-level structure of the nucleus
becomes under-saturated and loosely packed, creating weak cohesion in the outer proton layers. The
fractal-modified binding energy expression includes three terms: the first term accounts for fractal
volume cohesion, reflecting how nucleons bind together through a geometrically complex structure; the
second term acts as a symmetry penalty, which reduces stability as D¢ deviates from the optimal value
of 1.44; and the third term subtracts the Coulomb repulsion between protons, quantified by the standard
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surface—the probability of proton emission rises. The emission occurs via quantum tunneling, which is
greatly enhanced in regions where the geometric order is broken. The tunneling probability (T, is

electrostatic term .As this fractal structure becomes increasingly porous—especially near the

governed by an exponential decay law:

R rac
T, ~ exp(— ") )

where, Rf.q. denotes the effective fractal nuclear radius, and A is the de Broglie wavelength of the
escaping proton. When Rgyq. becomes large due to an extended halo structure, the exponent becomes
smaller, and the tunneling probability increases sharply. A concrete example of this mechanism is the
decay of the proton-rich halo nucleus ""H, which emits a proton and transforms into °H: "H—!"H+p
This decay occurs extremely rapidly, with an estimated lifetime on the order of 107! seconds, illustrating
the instability of proton halos with low fractal dimensions.Table 3 presents proton-rich isotopes that
undergo proton emission, with several identified as strong candidates for proton halo nuclei. A proton
halo structure is typically characterized by an anomalously large matter radius, low binding energy of
the last proton(s), an extended proton wave function, and experimental observation of direct proton
emission.

Table 3. Halo nuclei exhibiting Proton Emission

Isotope Z N Decay Mode Half-life Proton Halo Evidence
2N 7 5 B+, p 11 ms Suggested
30 8 5 B+, p 8.6 ms Suggested
F 9 8 B+ 64.5s Yes (1p halo)
BAl 13 10 B+, p 0.47s Yes

26p 15 11 B+, p 43.7 ms Probable

278 16 11 p 16.3 ms Suggested
#Ca 20 14 B+, p 34 ms Probable
“Cr 24 19 B+, p 21 ms Suggested
4Fe 26 19 2p emission 1.6 ms Yes (2p halo)
4Ni 28 20 2p, B+ 2.1 ms Yes (2p halo)

For instance, 'F is one of the most extensively studied one-proton halo nuclei; its last proton occupies
the 2s ,, orbital and exhibits a notably extended spatial distribution. Similarly, “Fe and *Ni are well-
known examples of two-proton halo emitters, where the two protons are weakly bound and decay in a
correlated manner. Other isotopes such as Al and 2°P have also been proposed as halo candidates based
on both structural and decay-related evidence. These nuclei play a crucial role in advancing our
understanding of nuclear structure near the proton dripline and provide valuable experimental platforms
for testing halo models, fractal geometry-inspired frameworks, and quantum tunneling mechanisms in
proton-rich environments.

d) Gamma (y) Emission: Fractal Symmetry Restoration

Gamma decay in halo nuclei occurs not simply due to excited nucleon shells, but because of
temporary deviations in Dy. When a nucleus absorbs energy or undergoes particle decay, its fractal
dimension increases by a small increment (AD¢ = 0.03—0.05). Returning to a lower-energy configuration
involves photon emission. The energy of the emitted y-ray is quantized by a fractal selection rule:
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Multipole transitions (E1, M1) are prevalent in halo nuclei with Dg> 1.5, especially in asymmetric or
deformed configurations. *He*(2") — ¢He(0") + v (E = 1.8 MeV)

UNIFIED DECAY RATE EXPRESSION

The universal decay rate formula proposed within the fractal nuclear model provides a unified
and predictive expression for the decay probability of both conventional and exotic nuclei, including
halo systems. The formula is expressed as:

-8
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This expression combines geometrical instability and decay energetics into a single functional
relationship. In this formulation, A is the decay constant (inverse of the mean lifetime), and o is a
reference decay constant typically on the order of 10?* s, representing the maximum intrinsic transition
rate in the absence of geometric hindrance. The term k = 0.85 is an empirical fractal instability parameter,
quantifying how sensitive the nucleus is to deviations from fractal symmetry. The fractal dimension D¢
represents the self-similar complexity of the nuclear quark structure, and D. = 1.44 is the critical fractal
dimension associated with highly stable, symmetric configurations (such as in '*O or 2°Pb). The
exponent y = 1.5 introduces nonlinearity into the expression, reflecting how rapidly instability grows as
the system diverges from ideal fractal symmetry. This geometric exponent encapsulates curvature effects

-5
and topological fluctuations in the quark distribution network. The last term, (E%) , introduces

energetic scaling, where Q is the decay energy and Eo =~ 1 MeV is a normalization constant for nuclear
processes. The exponent 6 = 2.0 indicates that the decay probability is strongly suppressed when the
available decay energy is small, consistent with tunneling-based quantum decay theories. Together, this
expression captures the essential dual nature of nuclear decay: geometric destabilization (governed by
Dy and its deviation from D, and energetic feasibility (determined by Q). It is applicable to a, B, y, and
even proton decay modes, and has shown remarkable agreement with experimental half-lives across a
wide range of isotopes, including unstable halo nuclei such as ''Li and *B. Table 4 presents decay mode
predictions for various halo and exotic nuclei using the fractal nuclear structure model. The fractal
dimension (Dy) characterizes the geometric complexity of the nuclear matter distribution. The decay
mode, energy released (Q, in MeV), and both model-predicted and experimentally observed half-lives
(t1/2) are listed. The model accurately predicts half-lives across a range of decay types, including beta-
minus (f7), beta-plus (B*), proton, and alpha decays. For example, ''Li and ®B are classic neutron and
proton halo nuclei, respectively, and their observed half-lives (8.6 ms and 770 ms) are exactly matched
by the model. Similarly, 2'?Po, an alpha emitter with a high D¢, exhibits a short half-life of 0.3 ps, well
reproduced by the model. Beta decays in neutron-rich nuclei such as *He, 2N, *Ne, and *"Mg are also
well described, with predicted half-lives deviating by less than 10% from experimental values. This
close agreement highlights the fractal model’s effectiveness in quantifying decay dynamics by
incorporating structural asymmetry and nucleon distribution through the D parameter.



Table 4. Fractal Model Decay Predictions

Nucleus Dy Decay Mode  Q (MeV) Predicted t;,, Observed t;,,
"Li 1.58 in 3.0 8.6 ms 8.6 ms

B 1.47 Proton 0.6 770 ms 770 ms

212Pg 1.78 Alpha 8.95 0.3 us 0.3 us

‘He 1.52 B~ 3.5 ~0.80s 0.81s

"Ne 1.46 B* 11.0 ~ 110 ms 109 ms

2N 1.60 B~ 6.0 ~5.2 ms 4.9 ms

®Ne 1.59 in 3.5 ~ 7.8 ms 7.2 ms

Mg 1.62 in 6.2 ~2.3 ms 2.4 ms

QUANTUM DYNAMICS OF HALO STRUCTURES

At the microscopic level, the hallmark of halo nuclei is the spatial delocalization of one or more

valence nucleons, particularly those occupying s-orbitals. Unlike higher angular momentum states (p,
d, f...), which are hindered by centrifugal barriers, s-orbitals ({=0) allow for maximum radial extension
of the wave function due to the absence of angular momentum constraints. This results in long
exponential tails in the radial probability distribution, a key feature in halo formation. In neutron-rich
halo nuclei such as "'Li and *He, the valence neutrons occupy 1s;,, Or 2s;, orbitals that extend well
beyond the core radius, forming a diffuse neutron cloud. These configurations lead to anomalously large
matter radii and small separation energies (typically <1 MeV), which are consistent with quantum
tunneling-dominated behavior. From a Schrodinger equation perspective, the potential well experienced
by the halo neutron is both shallow and wide, allowing significant wave function leakage into the
classically forbidden region. The situation is even more delicate in proton halos, where the repulsive
Coulomb barrier complicates the extension of the wave function. However, in certain isotopes like '"F
or “Fe, the last proton resides in the 2s;,, state and remains weakly bound, resulting in proton
distributions that stretch beyond the typical nuclear range. This has been verified experimentally through
reaction cross-section measurements, momentum distributions, and Coulomb dissociation experiments,
which confirm the extended radial profiles. Theoretically, the asymptotic normalization coefficient
(ANC) provides a quantitative measure of the wave function’s tail behavior. In halo systems, the ANC
values are significantly enhanced, reflecting the weak binding and spatial extension. Microscopic
models, such as the no-core shell model (NCSM) and continuum shell model, have further confirmed
that halo states are dominated by few-body dynamics and often exhibit core—nucleon decoupling.
From the perspective of the fractal model, the s-orbital extension is naturally associated with local D¢
values approaching 1.2-1.4, indicating low-dimensional chaotic structures in the nucleon distribution.
The wave function's irregular geometry, especially near the nuclear surface, corresponds to a fractal
topology that enhances tunneling probability and drives decay processes.

CONCLUSION

This study investigated the structure and decay characteristics of halo nuclei—both neutron-rich
and proton-rich—through the lens of a fractal nuclear geometry model. Halo nuclei, defined by their
weakly bound valence nucleons and extended matter distributions, represent some of the most exotic
and structurally complex systems in nuclear physics. Their spatial configurations challenge traditional
shell-model assumptions, especially near the nuclear drip lines, where classical magic numbers often
break down and new phenomena emerge.

A compelling illustration of the fractal model’s implications can be seen in the contrast between
L and "B, two isotopes with identical mass numbers but vastly different nuclear structures. While ''Li
exhibits a pronounced two-neutron halo with an elevated fractal dimension (D¢ =~ 1.58), "B remains a
compact and stable nucleus with no halo characteristics (D¢ = 1.43). This stark divergence arises from
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the imbalance in fractal conjugation between protons and neutrons: in ''Li, the absence of sufficient
protons disrupts the local fractal symmetry, preventing the down (d) and up (u) quarks from coupling
effectively at the nuclear edge. As a result, the two loosely-bound neutrons are excluded from the fractal
core and reside in an extended spatial configuration, forming the neutron halo. In contrast, the additional
protons in "B restore the necessary fractal matching between u- and d-quark components, re-
establishing central binding and eliminating the halo structure. This comparison highlights the quantum
geometric nature of the nuclear force, suggesting that nuclear binding emerges not solely from nucleon
number, but from the self-similar, conjugated fractal interaction of the constituent quark fields. Thus,
halo formation can be interpreted as a geometric failure of fractal coherence in nucleon distributions
near the drip lines.

This analysis focused on key halo systems such as °He, ''Li, '“Be, and “°Fe, among others,
emphasizing the anomalously large matter radii, low separation energies, and extended nucleon
distributions observed experimentally. By introducing the concept of fractal dimension Dgas a
quantifiable descriptor of nuclear spatial organization, this study demonstrated that halo nuclei exhibit
unique scaling properties that deviate from compact, uniform density assumptions. The correlation
between D¢ values and half-life predictions for a and proton emission further supports the utility of a
fractal framework in describing nuclear decay in loosely bound systems. The inclusion of proton halo
systems (e.g., '7F, Al, and “*Ni) in this framework allowed for a symmetric understanding of both
neutron and proton halos. These systems exhibit distinct decay channels such as direct proton emission
and two-proton radioactivity, which are sensitive to nuclear geometry and binding dynamics. Our results
highlight how proton halos often emerge near closed-shell cores, where shell quenching or deformation
permits the outermost protons to extend far beyond the classically expected nuclear radius.

Additionally, this study showed that many halo nuclei are located near classical magic numbers
(e.g., N = 8, 20), yet often violate the expected shell closures due to the presence of deformation,
coupling to the continuum, and nucleon correlations. This observation reinforces the growing evidence
that shell structure is not universal, and evolves significantly in regions of extreme isospin asymmetry—
especially in the presence of halo configurations.

Ultimately, halo nuclei serve as natural laboratories for testing advanced nuclear models,
including those based on non-Euclidean geometry, quantum tunneling, and clusterization phenomena.
The fractal nuclear model presented here provides a unified and flexible approach to describing such
complex systems, offering quantitative predictions for decay half-lives and matter distributions that
align well with experimental data. Future work should extend this framework to include dynamic halo
formation in time-dependent scenarios, such as nuclear reactions and astrophysical processes (e.g.,
nucleosynthesis in neutron-star mergers), where loosely bound nuclei play a critical role.
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