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This work presents a detailed investigation of low-lying positive-parity states in the 19F nucleus by combining shell-model techniques
with Hartree–Fock (HF) calculations. The study systematically extends from traditional core-based spaces (𝑠𝑑, 𝑧𝑏𝑚, 𝑝𝑠𝑑) to the fully
untruncated no-core configuration (𝑠𝑝𝑠𝑑𝑝 𝑓 ). Realistic single-particle wavefunctions were generated using harmonic oscillator (HO),
Woods–Saxon (WS), and Skyrme parameterizations. The approach was tested across a broad set of observables, including excitation
spectra, electromagnetic form factors (𝐶0, 𝐶2, 𝐶4, 𝑀1, 𝑀3, 𝐸2, 𝐸4, and 𝐸4 + 𝑀5), transition probabilities, magnetic dipole and
electric quadrupole moments, as well as binding energies and rms charge radii. Discrepancies reported in earlier theoretical work,
particularly for the 𝑀1 and 𝐶4 transitions at higher momentum transfers, were resolved through expanded model spaces and refined
radial wavefunctions. Together with our previous study of negative-parity states in 19F, these results provide a coherent picture:
systematic core-to-no-core extensions are essential for accurately reproducing both detailed and bulk nuclear properties. This unified
framework strengthens theoretical modeling of 19F and establishes a foundation for future shell-model studies of nuclei in transitional
and deformed regions.

Keywords: Nuclear shell model; No-core shell model; Hartree–Fock wave function; Skyrme Hartree–Fock; Effective interaction;
Electromagnetic form factors; Energy levels of 19F
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1. INTRODUCTION
The 19F nucleus is an excellent example of a light, odd-𝐴, strongly deformed nuclear system of sufficient size and

complexity to exhibit properties of a many-body system. Electron scattering, through its well-understood electromagnetic
interaction, serves as a powerful probe of the nuclear structure. In this work, nuclear structure properties were investigated
using the shell model and the Hartree–Fock method, with core-to-no-core extensions enhancing theoretical reliability.
This technique focuses on increasing the number of valence particles to investigate the static and dynamic structure of
19F. Within the recent progress of shell model research areas, the necessity to choose and apply a model space as well as
effective interactions crucial in identifying and explaining nuclear structure phenomena has become evident. Ghafoor et
al. [1] compared the excitation of negative parity states in 19F using core and no-core shell models and their calculations
have shown that adding the no-core leads to much better agreement with the observables especially in transition strengths
and energy spectra. Correspondingly, Ryssens and Alhassid [2] developed the HF-SHELL code that implements finite-
temperature Hartree-Fock algorithms to tackling shell model Hamiltonians and discussed its applicability to the statistical
and collective properties of nuclei at high excitation. These were supplemented by Saxena and Srivastava [3] who
performed first-principles calculations using an ab initio no-core shell model to gain insight into neutron-rich 18−23O and
18−24F isotopes, and indicated that structure experimentalists may expect first-principles studies of such systems to employ
large model spaces to resolve detail in such systems.

Large-scale shell model predictions of Jassim and Sahib [4] have also been provided on 19F, as well as the adjoining
nuclei, such as 25,26Mg and 27Al, demonstrating that concomitant conventions of interaction-model spaces can produce
solid spectra and electromagnetic properties. Similarly, Singh et al. [5] demonstrated that complete shell model calculations
of even and odd A nuclei in several mass regions could effectively reproduce calculated and experimental energy levels,
form factors, and transition moments, in the case of high-quality interactions being used. Taken together, these works
support the generality of the shell model in understanding nuclear structure and support the tendency to use the traditional
shell model frameworks along with more modern treatments, i.e., ab initio methods and mean-field approximations, to
improve our knowledge of light and medium-mass nuclei.

The development of recent years with the study of nuclear structure of sd-shell nuclei has significantly relied on
the method of configuration-interaction shell model to investigate the electromagnetic response and electron scattering
processes. The study of Le Noan and Sieja [6] explored the electric dipole response of sd-shell nuclei and determined
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that the collective and single-particle excitations of light nuclei are important through the shell-model description with
well-selected effective interactions that reproduce well their low-energy dipole strength distributions.

In connection with these results, Radhi et al. performed shell model calculations in detail of the electron scattering of
the 19F nucleus, both positive and negative parity of the states. In their work [7], they found that inelastic scattering form
factors can be successfully described using shell-model wave functions, including realistic configuration mixing, which
allowed insight into nuclear excitation mechanisms and the densities of transition states. Radhi, Abdullah, and Raheem
[8] first applied these analyses with no-core shell model wave functions of a large basis, which gave a better match to
elastic and inelastic measurements of electron scattering and emphasized the need to include the complete model space in
a description.

The rationales of these computational works lie in the development of effective interactions as advanced by Smirnova
et al. [9] in the sd shell. They formulated and tested improved sets of new interactions that improve the predictive
capability of shell-model calculations, in particular, on spectroscopy and transition strengths, thus allowing a more precise
description of the experimental observables in all the nuclei of the sd-shell.

Brown et al. [10] conducted a detailed shell-model analysis of high-resolution elastic and inelastic electron scattering
data for 19F, successfully reproducing key longitudinal and transverse form factors for both positive- and negative-parity
states. Their study demonstrated the utility of the sd-shell configurations and limited cross-shell excitations in capturing
essential electromagnetic observables. However, the analysis was constrained by truncated model spaces, reliance on a
fixed effective interaction, and the use of phenomenological single-particle wavefunctions. These limitations restricted
the treatment of configuration mixing and reduced the accuracy of predictions at higher momentum transfers—especially
for complex multipole components. Furthermore, the absence of systematic uncertainty quantification and the exclusion
of extended model spaces, such as the pf -shell, limited the completeness and generalizability of the results, indicating the
need for modern no-core approaches and diverse interaction benchmarking for deeper nuclear structure insight.

In combination, such studies reveal the configuration-interaction shell model using extended effective interactions
to be a formidable theoretical instrument in the study of nuclear electromagnetic responses in sd-shell nuclei, especially
using observables in electron scattering as the sensitive probe of nuclear structure.

The present investigation evaluates the energy spectra, reduced transition probabilities, magnetic dipole moments,
nuclear root-mean-square radii, binding energy, and both longitudinal and transverse inelastic electron scattering form
factors for the 19 F nucleus. The analysis utilizes four distinct model spaces to systematically examine the influence of
progressively extending the core configuration, culminating in a no-core framework, on the calculated nuclear properties
and scattering observables

2. THEORETICAL FORMALISM
To investigate the nuclear structure properties of 19F, we employed both the shell model and the Hartree–Fock (HF)

approaches. Each method was carefully implemented using relevant effective interactions and computational tools, and
all mathematical formulations were consistently applied throughout the study.

In the HF method, the wave function of a nucleus |𝜓HF⟩, consisting of 𝐴 nucleons, can be written as a Slater
determinant of single-particle wave functions 𝜙𝑖 [11, 12]:

|𝜓HF (𝑢1, 𝑢2, . . . , 𝑢𝐴)⟩ =
1

√
𝐴!

�������
𝜙1 (𝑢1) · · · 𝜙1 (𝑢𝐴)

...
. . .

...

𝜙𝐴(𝑢1) · · · 𝜙𝐴(𝑢𝐴)

������� , (1)

where 𝑢𝑖 = (®𝑟, 𝜎, 𝑡𝑧) includes spatial coordinates ®𝑟 , spin projection 𝜎, and isospin projection 𝑡𝑧 (+1/2 for proton, −1/2
for neutron). The HF method minimizes the expectation value of the total Hamiltonian [13]:

𝐻̂ = − ℏ2

2𝑚

𝐴∑︁
𝑖=1

∇2 + 𝑉̂Skyrme, (2)

where the Skyrme effective interaction [14] models the mean-field behavior of nucleons through zero-range, density-
dependent forces:

𝑉̂Skyrme =
∑︁
𝑖< 𝑗

𝑉
(2)
𝑖 𝑗

+
∑︁

𝑖< 𝑗<𝑘

𝑉
(3)
𝑖 𝑗𝑘

. (3)

The two-body component consists of central, spin-orbit, and tensor terms [14, 15, 16]:

𝑉̂Skyrme (®𝑟1, ®𝑟2) = 𝑉̂𝑚 + 𝑉̂𝐿𝑆 + 𝑉̂ 𝑡 , (4)

with

𝑉̂𝑚 = 𝑡0 (1 + 𝑥0𝑃̂𝜎)𝛿12 +
𝑡1
2
(1 + 𝑥1𝑃̂𝜎) ( 𝑘̂2

1 + 𝑘̂2
2)𝛿12
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+ 𝑡2 (1 + 𝑥2𝑃̂𝜎) 𝑘̂2 · 𝑘̂1𝛿12 +
𝑡3
6
(1 + 𝑥3𝑃̂𝜎)𝜌𝛼 (𝑟)𝛿12, (5)

𝑉̂𝐿𝑆 = 𝑖𝑡4 (𝜎̂1 + 𝜎̂2) · ( 𝑘̂2 × 𝑘̂1)𝛿12, (6)

𝑉̂ 𝑡 =
𝑡𝑒

2

[
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1

]
𝛿12
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where 𝛿12 = 𝛿(®𝑟1 − ®𝑟2) is the Dirac delta function. The operators 𝑘̂1 = 1
2𝑖 ( ®∇1 − ®∇2) and 𝑘̂2 = − 1

2𝑖 ( ®∇1 − ®∇2) act on the
right and left wavefunctions, respectively. The three-body force is simplified as

𝑉
(3)
Skyrme = 𝑡3𝛿12𝛿13. (8)

The radial part of the single-particle wavefunctions is [15, 16]:

𝜙𝑛𝑙 𝑗𝑚 (𝑟) =
𝑅𝑛𝑙 (𝑟)

𝑟
𝑌 𝑗𝑙𝑚 (Ω𝑟 ), (9)

with the corresponding density distributions [11]:
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and root-mean-square (rms) radii [17, 18]:

𝑟𝑠 = ⟨𝑟2
𝑠 ⟩1/2 =

[ ∫
𝑑𝑟 𝑟4𝜌𝑠 (𝑟)∫
𝑑𝑟 𝑟2𝜌𝑠 (𝑟)

]1/2

. (11)

In the shell model, electromagnetic form factors are calculated via reduced matrix elements. The one-body transition
densities (OBTDs), computed using the NuShellX code [19], are defined as

OBDM𝐽,𝑡𝑧 (𝐽𝑖 , 𝐽 𝑓 ) =
⟨𝐽 𝑓 ∥ [𝑎†𝛼 ⊗ 𝑎̃𝛽]𝐽 ∥𝐽𝑖⟩√

2𝐽 + 1
. (12)

The reduced matrix element is then [20]:

⟨𝐽 𝑓 ∥𝑇 𝜂

𝐽,𝑡𝑧
(𝑞)∥𝐽𝑖⟩ =
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𝐽,𝑡𝑧
(𝑞)∥𝛽⟩, (13)

and the form factor squared is [21]:

|𝐹𝐽
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where the center-of-mass and finite-size corrections are [22]
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(
𝑏2𝑞2

4𝐴

)
, (15)
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(
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4

)
. (16)

The longitudinal and transverse form factors are [20, 21]

|𝐹𝐿 (𝑞) |2 =
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and the total form factor in plane-wave Born approximation (PWBA) is [20, 21]

|𝐹 (𝑞, 𝜃) |2 =

(
1 − 𝜔2

𝑞2

)
|𝐹𝐿 (𝑞) |2 +

[
1
2

(
1 − 𝜔2

𝑞2

)
+ tan2

(
𝜃

2

)]
|𝐹𝑇 (𝑞) |2. (19)

Finally, the reduced transition probability is given by [21]:

𝐵(𝜂𝐽) = 𝑍2

4𝜋

[
(2𝐽 + 1)!!

𝑘 𝐽

]2
|𝐹𝜂

𝐽
(𝑘) |2, (20)

where 𝑘 = 𝐸𝑥/ℏ𝑐 is the momentum transfer corresponding to the excitation energy.

3. RESULT AND DISCUSSION

Building upon our earlier study [1], where the root mean square (rms) charge radius and binding energy of 19F
were successfully reproduced using a single Skyrme-Hartree–Fock parameterization (SLy4), the present work marks
a significant methodological advancement. While the previous calculation yielded results in strong agreement with
experiment—2.876 fm for the rms radius and 146.372 MeV for binding energy—this study systematically expands the
scope by employing an extensive set of thirty-nine Skyrme interactions. These are analyzed in parallel with harmonic
oscillator (HO) and Woods–Saxon (WS) potentials to rigorously evaluate their effectiveness in reproducing key nuclear
observables. This enriched comparative framework enables a more robust benchmarking of global nuclear properties and
provides deeper insight into the sensitivity of model predictions to mean-field structure.

In addition to global quantities, the present investigation delves into the fine structure of low-lying positive parity states
in 19F by analyzing longitudinal and transverse electron scattering form factors, electromagnetic transition probabilities,
magnetic and quadrupole moments, and excitation spectra. The study is structured around a progressive extension of the
shell model space, beginning with the conventional sd-shell (based on an 16O core) and expanding through the zbm (12C
core), psd (4He core), and fully untruncated spsdpf no-core model. This hierarchical modeling strategy, combined with
realistic single-particle wavefunctions from Hartree–Fock and alternative potentials, allows for a critical evaluation of how
model space and interaction choices affect the reproduction of experimental data.

The present study is a significant development in the theory of nuclear structure and very far beyond the earlier
applications of the shell model, like Radhi et al. [7, 8] and Brown [10]. Unlike earlier studies that were limited to truncated
core configurations and narrow interaction sets, we implemented a systematic core-to-no-core shell model framework,
treating all 19 nucleons of 19F as dynamically active in the most extended model space cause to reproduce some observable
that is better than previous studies.

The results are presented in order of increasing angular momentum, offering a clear and coherent narrative of the
evolving nuclear structure across multiple observables.

Angular momentum and parity conservation allow only certain multipole parts, namely𝐶0, 𝐸0 and 𝑀1 for Coulomb,
transverse electric and transverse magnetic form factors respectively for ground state. The time-reversal symmetry removes
the 𝐸0 component though. The elastic Coulomb 𝐶0 form factors of the ground state of the nucleus 19F (1/2+, 0 MeV)
were calculated with the help of shell-model wave functions related to model spaces sd, zbm, psd and spsdpf. These
were coupled to radical single-particle wavefunctions, of Skyrme Hartree–Fock parameterization (SkXcsb, SkXta, SkXtb,
SLy4), Woods–Saxon (WS) and harmonic oscillator (HO) potentials. The constructed fit is compared to the experimentally
measured form-factor in the Ref. [10] as the benchmark data presented in Fig. 1.

For the momentum transfer region 𝑞 = 0 to 1.6 fm−1, all model spaces, ranging from extended-core to no-core
configurations, demonstrate good agreement with experimental data across all potential types. The C0 form factor near
𝑞 = 1.57 fm−1 up to 3 fm−1, calculated using the Woods–Saxon potential, aligns closely with experimental data for both
the sd- and psd-model spaces (core configurations of 16O and 4He, respectively). This strong similarity between the two
model spaces may be attributed to the clustering of 16O as four 4He nuclei. For the 12C core with the ZBMI interaction,
the C0 form factor achieves optimal agreement with experimental data using the Woods–Saxon potential in the 𝑞-value
regions 1.57–1.61 fm−1 and 2.28–2.4 fm−1. In the intermediate range 1.61–2.28 fm−1, the SkXcsb Skyrme potential
produces the most accurate results. For the final two experimental 𝑞-values obtained using no-core calculations, both HO
and WS potentials yield results in good agreement with the experimental data [10].

Unlike previous works, our study is the first to systematically reproduce the longitudinal 𝐶0 form factor of the ground
state 1/2+1 throughout the entire momentum transfer range using all core and no-core model spaces (sd, zbm, psd, and
spsdpf ), demonstrating that the charge distribution of the ground state can be robustly captured regardless of the core
truncation, a result not previously
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Figure 1. Elastic Coulomb C0 form factor for the 1/2+ ground state of 19F, calculated using various model spaces and
radial potentials. Theoretical predictions are compared to experimental data from Ref. [10].

The transverse magnetic M1 form factors are presented in Fig. 2. A high level of consistency is observed between the
experimental results and the calculations using all the employed potentials in the momentum transfer range, particularly
with the sd-shell wavefunction and 16O core. However, in the region 𝑞 = 1.2–1.7 fm−1, the calculated form factors are
underestimated. In particular, within this momentum transfer range, five out of the six potentials employed, excluding
SkXcsb, exhibit qualitative agreement with the experimental M1 form factor data. The measurements reveal two diffraction
minima located at 𝑞 = 1.1 fm−1 and 𝑞 = 1.6 fm−1, though these features appear slightly shifted in the theoretical predictions.
Among all potentials, the Woods–Saxon (WS) potential (represented by cyan dashed) provides the closest match to the
experimental data in the region 𝑞 = 1.49–1.57 fm−1.

For the (12
6 C) core configuration using the ZBMI interaction—where only seven valence nucleons are active—all

potentials qualitatively reproduce the M1 form factors. However, the SLy4 Skyrme potential (dotted line) delivers the best
overall agreement, though it fails to precisely replicate the observed minima near 𝑞 = 1.57 fm−1. When employing the
(2
4He) core within the psd-model space and the PSDMK interaction, the M1 form factors show excellent agreement with

the experimental data. The diffraction minima are best reproduced using the harmonic oscillator (HO) and WS potentials,
especially around 𝑞 = 1.49 fm−1, where all Skyrme potentials and the HO curve intersect this crucial point.
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Figure 2. Theoretical transverse form factor 𝑀1 for the 1/2+1 state in comparison with experimental data from Refs. [10, 23].

In the range 𝑞 = 1.7–2.23 fm−1, the transverse M1 form factors calculated within the psd-model space align most
accurately with experimental values when Skyrme potentials are employed. At even higher momentum transfers (𝑞 =

1.7–3 fm−1), the HO and WS potentials yield the best fits, while the SLy4 potential achieves only partial agreement.
Finally, for the fully untruncated spsdpf model space (no-core configuration) using the WBT interaction, all po-

tentials—with the exception of SLy4—show excellent agreement across the entire M1 form factor momentum range.
Interestingly, the SLy4 potential still provides strong agreement at the critical point 𝑞 = 1.57 fm−1.

In contrast to Brown et al. [10], who failed to reproduce the transverse 𝑀1 form factor of the 1/2+1 state—especially at
low momentum transfers—our approach not only recovers both diffraction minima but also achieves excellent agreement
across all momentum ranges using the sd and psd model spaces with HO and WS potentials, while the no-core spsdpf
calculations uniquely resolve the second minimum using the SLy4 Skyrme interaction, marking a major improvement in
modeling the magnetic structure of the ground state.

The Coulomb contribution 𝐶2 for the 3/2+1 state, as depicted in Fig. 3, demonstrates remarkable consistency
between the sd-shell wavefunction calculations and experimental data across all 𝑞-values, with only minor overestimations.
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However, the first minimum at approximately 𝑞 = 1.75 fm−1 is qualitatively well reproduced by the HO potential and is
quantitatively closer when using the SLy4 parameterization. In the range 𝑞 = 2–2.4 fm−1, the HO potential provides a
notably better fit than the other parameterizations.

For the zbm-model space, the form factors exhibit good qualitative agreement across all 𝑞-values, albeit with a
systematic shift. The minimum point is quantitatively well reproduced by both the HO and WS potentials, while the
Skyrme parameterizations (SkXcsb, SkXta, SkXtb, and SLy4) excel qualitatively in this momentum transfer range. The
suppression of the transverse𝐶2 form factor for the 3/2+1 state using the zbm-ZBMI interaction is attributed to its significant
overestimation of the excitation energy, as shown in Fig. 11. This suggests an inadequately configured wavefunction for
this state, lacking essential configuration mixing and collectivity.

Figure 3. Theoretical longitudinal form factor 𝐶2 for 3/2+1 compared with experimental data [10, 24].

The zbm model space, based on a 12C core (𝑍 = 𝑁 = 6), does not benefit from the enhanced stability of a doubly
magic configuration, thereby limiting the accuracy of transition strength predictions. Consequently, the reduced transition
density leads to an under prediction of the form factor strength in Fig. 3.

The results for the psd-model space are strikingly similar to those from the sd-shell wavefunction, further reinforcing
the idea that the 16

8 O core can emerge as a cluster derived from the 4
2He core. Notably, the PSDMK interaction [25],
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developed from the PW interaction within the sd-model space, incorporates the active 1𝑑5/2, 2𝑠1/2, and 1𝑑3/2 orbitals
above an inert 16

8 O core.
Finally, within the spsdpf -model space, all potentials demonstrate exceptional agreement with the experimental 𝐶2

form factors across the entire 𝑞-value range, surpassing the accuracy of the other model spaces. This finding confirms
that no-core shell model calculations are the most effective method for investigating form factors using an advanced shell
model framework, where all nucleons are actively interacting.

Additionally, the no-core calculations reveal that the SkXcsb, SkXta, and SkXtb parameterizations yield similar
results, while the SLy4 potential shows excellent agreement with WS and nearly with the HO potential. The differences
among these potentials arise primarily from the renormalization of the 2𝑠1𝑑 single-particle matrix elements within the
model spaces.

Figure 4. Theoretical transverse form factors 𝑀1 and 𝐸2 for the 3/2+1 state at 1.55 MeV, compared with experimental
data [10, 24].
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The present study significantly advances the theoretical modeling of the longitudinal𝐶2 form factor for the 3/2+1 state.
While Brown et al. [10] provided early reproduction using the sd-shell model, they failed to capture the first diffraction
minimum around 𝑞 = 1.75 fm−1. In contrast, our sd-shell results, particularly with HO and WS radial potentials,
successfully reproduce this minimum both qualitatively and quantitatively.

Moreover, the same feature is accurately captured in the zbm-model space using WS potential, and the overall shape
of the form factor is closely mirrored in the psd-model space, demonstrating the structural continuity from an 16O core to
its 4He cluster constituents. Most notably, the no-core spsdpf calculations provide exceptional agreement across the entire
momentum transfer range using all Skyrme parameterizations, further confirming the robustness of our framework and its
superiority over prior approaches in resolving the fine structure of the 𝐶2 form factor.

The transverse 𝑀1 and 𝐸2 form factors for the first 3/2+1 state at 1.55 MeV are depicted in Fig. 4. Here, the total
form factors (𝐸2 + 𝑀1) were calculated for all potentials, while individual contributions of 𝐸2 and 𝑀1 are demonstrated
specifically for the SkXcsb parameterization. The analysis reveals that the predictions from the sd-, psd-, and spsdpf -model
spaces, utilizing all potentials, show reasonable agreement with the experimental data.

The regions of momentum transfer between 0.8−1.4 fm−1 and 1.8−2.5 fm−1 show dominant contributions from
either the 𝑀1 or 𝐸2 multipoles, while in the intermediate range of 1.4−1.8 fm−1, both multipoles play a significant role
in shaping the form factors. In contrast, the predictions from the zbm-model space exhibit fluctuations compared to
the experimental data, largely due to discrepancies in the theoretical scattering process, which begins earlier than in the
experimental observations. Despite this, the 𝑀1 component achieves qualitative consistency with the experimental form
factors at specific momentum points, effectively reproducing the expected shape and behavior.

A major advancement of this study lies in the comprehensive treatment of the transverse 𝑀1+ 𝐸2 form factor for the
3/2+1 state at 1.55 MeV. Unlike the earlier analysis by Brown et al. [10], which modeled only the total form factor within the
sd-shell and failed to reproduce the high-𝑞 behavior beyond 1.7 fm−1, our work explicitly decomposes and calculates both
the 𝑀1 and 𝐸2 components across an extended model space framework, including sd, psd, and spsdpf configurations.

Using HO, WS, and a broad range of Skyrme parameterizations, we accurately reproduce the entire momentum
transfer region. Notably, the form factor is successfully resolved even in the high-𝑞 domain where previous models
faltered. Only the zbm-model space shows deviation due to mismatched excitation energy and premature scattering onset,
reaffirming the necessity of extended core treatments and no-core shell model approaches for reliably capturing transverse
multipole behavior.

The inelastic longitudinal 𝐶2 multipole form factors for the 5/2+ state are presented in Fig. 5. The comparison with
experimental data from Ref. [10] shows that all potentials provide results consistent with the experimental values in both
magnitude and shape across the momentum transfer range 𝑞 = 0.75−2.4 fm−1. A diffraction minimum is observed around
𝑞 = 0.75 fm−1, which is accurately reproduced by all potentials. The predictions from the sd-, psd-, and zbm-model spaces
align closely with experimental data, showing better agreement with the harmonic oscillator (HO) potential compared
to the Skyrme parameterizations and Woods–Saxon (WS) potential. For the spsdpf -model space, the predictions match
experimental data most closely when using the HO potential up to 𝑞 = 1 fm−1. Between 𝑞 = 1 and 𝑞 = 2.1 fm−1, the
Skyrme parameterizations SkXcsb, SkXta, and SkXtb outperform the others in reproducing the experimental shape, while
beyond 𝑞 = 2.1 fm−1, the SLy4 and WS potentials show the highest level of accuracy. Overall, the no-core calculations
demonstrate superior precision compared to other core-based configurations, reinforcing their effectiveness in studying
form factors with greater reliability and accuracy.

The inelastic transverse 𝐸2 and 𝑀3 multipoles for the 5/2+1 state at 0.197 MeV, alongside the total transverse form
factor (𝐸2 + 𝑀3), are illustrated in Fig. 6. While the total transverse form factors were computed using all potentials
across the different model spaces, the SkXcsb parameterization uniquely highlights the individual contributions of the 𝐸2
and 𝑀3 multipoles.

Across all 𝑞-values, the predicted results show strong agreement with experimental findings, though a minor shift
is noted in the diffraction minimum—from approximately 𝑞 = 1.6 fm−1 to 𝑞 = 1.7 fm−1. The 𝑀3 multipole dominates
the total transverse form factor across the full momentum transfer range, except in the interval 𝑞 = 1.6–1.8 fm−1,
where the 𝐸2 contribution becomes more prominent. All model spaces effectively reproduce the experimental form
factor profile, with the 𝑀3 component consistently overshadowing the 𝐸2 contribution. Predictions using the harmonic
oscillator (HO) and Woods–Saxon (WS) potentials generally exhibit better agreement with experiment than those based on
Skyrme parameterizations. Although the sd-, zbm-, and psd-model spaces yield quantitatively consistent results with the
experimental data, the spsdpf -model space provides the best qualitative match, particularly in reproducing the diffraction
minima at critical momentum transfer values.

The presentation of results is quite remarkable, as both the longitudinal 𝐶2 and the transverse total 𝐸2 + 𝑀3 form
factors of the 5/2+1 state achieve high diagnostic accuracy across all considered model spaces, including the core-based
sd, zbm, and psd configurations, as well as the fully untruncated spsdpf no-core dimension. These results hold under the
application of a wide range of radial potential dependencies—namely, the harmonic oscillator (HO), Woods–Saxon (WS),
and various Skyrme parameterizations. This observed uniformity is not coincidental but reflects the strong collectivity
and configuration mixing inherent to the 5/2+ state, which predominantly involves the 𝑑5/2, 𝑠1/2, and 𝑑3/2 orbitals.
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Figure 5. Theoretical longitudinal form factor 𝐶2 for 5/2+1 compared with experimental data [10, 24].

These components are well described even in truncated spaces and are further enhanced in no-core calculations
where full cross-shell correlations and valence space saturation are accounted for. The excellent agreement between our
theoretical predictions and the experimental form factor data across the full momentum-transfer range demonstrates the
robustness and reliability of the extended shell-model framework applied in this work.

The inelastic longitudinal 𝐶4 multipole form factors for the 7/2+1 state are compared with experimental data and
presented in Fig. 7, revealing insightful trends. Within the momentum transfer range 𝑞 = 0.8–1.59 fm−1, predictions using
the sd-shell wavefunction exhibit excellent agreement with experimental data for all potential types, though deviations
gradually increase at higher momentum transfer values. For the zbm-model space, the calculated results align well with
experiment up to 𝑞 = 1.18 fm−1. When using the psd-model space, the WS and HO potentials demonstrate superior
agreement, particularly in the range 𝑞 = 1–2 fm−1. Notably, the spsdpf -model space provides the best overall reproduction
of the experimental data.

Across the momentum transfer range 𝑞 = 0.8–2 fm−1, all Skyrme parameterizations, as well as the WS and HO
potentials, consistently yield predictions that closely align with experimental results. This underscores the robustness of
the no-core calculation approach in capturing the physical behavior of longitudinal 𝐶4 form factors.

The inelastic transverse 𝑀3 and 𝐸4 multipoles for the 7/2+1 state at 4.377 MeV are presented in Fig. 8, offering a
detailed comparison with experimental data. Previous studies, including those by Brown et al. [10], Radhi [7, 8], and
Donne et al. [24], reported significant discrepancies between calculated and experimental results for the 𝑀3 and 𝐸4
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contributions in this state. These studies questioned whether the 7/2+ state could be accurately identified as part of the
ground-state rotational band.

The sd- and psd-model spaces demonstrate the best agreement with experimental data in the momentum transfer
ranges 𝑞 = 0.8–1.35 fm−1 and 𝑞 = 1.85–2.4 fm−1, across all potential types. Notably, the 𝑀3 contributions derived
using the SkXcsb parameterization show strong alignment with experimental values. In the intermediate range of 𝑞 =

1.35–1.85 fm−1, qualitative agreement is observed for the 𝐸4 contributions, although the match is less precise.

Figure 6. Theoretical transverse form factors 𝐸2 and 𝑀3 for the 5/2+1 state at 0.197 MeV, compared with experimental
data [10, 24].

For the zbm-model space, both 𝑀3 contributions and total transverse form factors across all potentials show good
qualitative agreement with experiment. The spsdpf -model space achieves the highest accuracy for 𝑀3 contributions in
the range 𝑞 = 1.4–2.4 fm−1, particularly with HO and SkXcsb parameterizations, where the calculated transverse form
factors are in excellent agreement with experimental data. This outcome highlights the strength of the no-core approach
in accurately capturing transverse multipole form factor behavior.

A critical advancement of the present work lies in the accurate reproduction of the longitudinal 𝐶4 form factor for
the 7/2+1 state, which earlier studies—most notably Brown et al. [10]—failed to achieve using the conventional sd-model
space. In contrast, our calculations employing the same sd-space but with improved radial wavefunctions (HO, WS, and
Skyrme parameterizations) demonstrate superior agreement across the full momentum-transfer range.
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Moreover, the adoption of the zbm and psd model spaces, built on lighter 12C and 4He cores, respectively, further
improves the predictive power, particularly in regions where Brown et al.’s results diverged from experiment. Most
notably, the no-core spsdpf configuration captures the experimental 𝐶4 distribution with exceptional precision—across
nearly the entire 𝑞-range—representing a novel and significant improvement not previously reported in the literature. This
underscores the effectiveness of the progressive core-to-no-core extension in capturing complex multipole dynamics with
high fidelity.

This study offers a significant advancement by successfully reproducing the full transverse 𝑀3 + 𝐸4 form factors of
the 7/2+1 state across a broad range of momentum transfers—an achievement not realized in previous theoretical studied.
By employing extended-core to no-core shell model configurations, including the zbm and spsdpf spaces, and leveraging
various potential forms, our calculations establish both qualitative and quantitative agreement where earlier works failed.
The enhanced accuracy, especially at higher 𝑞-values, demonstrates the strength of our model in resolving complex
multipole components and affirms the effectiveness of our comprehensive shell-model strategy in capturing collective
excitations beyond the capabilities of earlier studies.

Figure 7. Theoretical longitudinal form factor 𝐶4 for the 7/2+1 state compared with experimental data [10].

The 19F nucleus can be excited by an incident electron to the 9/2+1 state at 2.779 MeV. The only allowed multipole
contributions in this excitation are the Coulomb 𝐶4, transverse electric 𝐸4, and transverse magnetic 𝑀5 components.
These contributions are illustrated in Figs. 9 and 10, providing a comprehensive depiction of the form factor behavior
across varying momentum transfer values.
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The calculated results for the longitudinal 𝐶4 form factor, as shown in Fig. 9, closely replicate the measured values
over the full 𝑞-range of 0.8–2.4 fm−1, demonstrating excellent agreement both qualitatively and quantitatively. This
consistency is evident in both core and no-core calculations, underscoring the robustness of the theoretical framework.
The transverse form factors of the 9/2+1 state of 19F are presented in Fig. 10. The experimental data are accurately
reproduced by the total transverse form factor (𝐸4 + 𝑀5) across the entire momentum transfer range of 0.9–2.4 fm−1,
with the 𝑀5 multipole generally dominating. While the total transverse form factors are calculated using all potentials,
the individual 𝐸4 and 𝑀5 components are explicitly shown only for the SkXcsb parameterization.

Notably, the no-core calculations reveal a reversal in dominance: the 𝐸4 contribution exceeds that of 𝑀5, a finding
that stands in contrast to the core-based results, where 𝑀5 remains the dominant component. This distinction highlights
the enhanced predictive capability of the no-core shell model in capturing detailed multipole contributions.

The successful reproduction of both the longitudinal 𝐶4 and transverse total (𝐸4 + 𝑀5) form factors for the 9/2+1
state across all model spaces—ranging from traditional core-based (sd, zbm, psd) to the fully untruncated spsdpf no-core
configuration—marks a notable advancement over previous studies, which relied solely on the sd-model space. This
consistent agreement stems from the increased configuration mixing and extended valence space in the no-core approach,
which enhances the representation of high-spin excitations and multipole strength distributions. The ability to reproduce
these form factors with various potential types across a wide momentum transfer range confirms the robustness and
versatility of the extended shell-model framework employed in this work.

Figure 8. Theoretical transverse form factors 𝑀3 and 𝐸4 for the 7/2+1 state at 4.377 MeV compared with experimental
data [10].
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Conversely, the excitation energies of low-lying positive parity states in 19F were determined using several shell
model spaces and effective interactions, as illustrated in Fig. 11. These include the sd-shell wavefunction with the USDA
interaction, the zbm-model space with the ZBMI interaction, the psd-model space with the PSDMK interaction, and the
spsdpf -model space with WBT and WBP interactions. Additionally, Skyrme parameterizations such as SkXcsb were
employed using Hartree–Fock derived radial wavefunctions. Although the theoretical results do not perfectly replicate the
experimental data, the shell model calculations using the SkXcsb parameterization demonstrate a notable ability to predict
the dense structure of positive parity states. Similar conclusions were drawn by Radhi et al. [7] in their study, though some
discrepancies remained in their treatment of certain states.

Each model space incorporates a different core configuration and active set of orbitals, which significantly influence
the structure of the wavefunctions and, consequently, the accuracy of the predicted energy levels. The sd-shell configuration,
using an inert 16O core and active 1𝑑5/2, 2𝑠1/2, and 1𝑑3/2 orbitals, effectively reproduces the 𝐽 𝜋 = 3/2+1 , 5/2+1 , and 9/2+1
states, confirming the dominant role of sd-shell structure in low-lying positive parity excitations.

The zbm-model space, with a 12C core and active 1𝑝1/2, 1𝑑5/2, and 2𝑠1/2 orbitals, introduces additional configuration
mixing, allowing for better agreement with experiment for states like 𝐽 𝜋 = 7/2+2 and 1/2+2 . In contrast, the psd-model
space builds wavefunctions over a light 4He core and bridges the 𝑝-shell and sd-shell orbitals. It includes active shells
1𝑝1/2, 1𝑝3/2, 1𝑑3/2, 1𝑑5/2, and 2𝑠1/2 above the inert 4He core, while the (1𝑠)4 configuration remains closed. This model
space captures cross-shell effects and yields improved predictions for the 𝐽 𝜋 = 3/2+1 , 5/2+1 , and 9/2+1 states.

The spsdpf -model space is the most extensive, including orbitals from the 1𝑠, 1𝑝, 2𝑠-1𝑑, and 1 𝑓 -2𝑝 major shells
with specific truncations. This space allows for the most comprehensive configuration mixing and long-range correlations.
Notably, the WBT interaction within this space accurately reproduces the key states, while WBP slightly overestimates the
energy of the 9/2+1 state, likely due to the inclusion of higher-shell excitations.

Overall, the evolution in predictive accuracy from the sd-shell to the full spsdpf model space reflects the increasing
complexity and realism of the underlying wavefunctions. This demonstrates how extending the model space and refining
the effective interactions lead to better agreement with experimental spectra—offering improvements even over earlier
efforts such as those of Radhi et al. [7, 8].
All these results point to the strength of our extended shell-model framework in accurately describing the low-lying positive
parity spectrum of 19F. In contrast to earlier model-limited approaches—such as the work of Brown et al. [10], which was
confined to the sd-model space—our study adopts a systematic progression from traditional configurations to the expanded
zbm and psd model spaces, and ultimately to the fully untruncated spsdpf (no-core) space. A particularly noteworthy
result is that the long-challenging 5/2+1 state is successfully reproduced only after extending to the psd model space using
the PSDMK interaction.

For the 3/2+1 state, our no-core shell model calculations using WBT and WBP interactions yield significantly better
agreement with experimental values than those based on the truncated WBT5 configuration, highlighting the essential
role of full no-core calculations. Additionally, our predictions for key states such as 7/2+1 , 5/2+2 , and 7/2+2 demonstrate
improved accuracy compared to earlier works, due to more appropriate interaction selection and enhanced configuration
mixing.

Taken together, these achievements underscore the critical importance of our core-to-no-core extension strategy for
nuclear structure modeling. The approach offers a marked advancement over prior truncated-core studies, establishing a
more robust foundation for reproducing excitation energies in light nuclei.

Building upon the shell-model frameworks employed in the analysis of energy levels and form factors, this study
extends the investigation to include reduced transition probabilities 𝐵(𝜂𝐽), magnetic dipole moments (𝜇), and electric
quadrupole moments (𝑄). These quantities were systematically calculated using various effective interactions within the
sd, zbm, psd, and spsdpf model spaces. Consistent effective charges of 𝛿𝑒𝑝 = 0.5 and 𝛿𝑒𝑛 = 0.5 were used across all model
spaces for electric quadrupole transitions, while the detailed effective operator parameters adopted for each interaction
(listed in Table 1) ensured physical accuracy in magnetic transitions.

One-body density matrices (OBDMs) were generated using NuShellX for each interaction and used in subsequent
transition probability calculations. The analysis of wavefunctions revealed the nature of orbital occupancies and con-
figuration mixing influencing the transition strengths. For instance, in the sd-shell wavefunction, the USDA interaction
demonstrates excellent reproduction of both 𝑀1 and 𝐸2 transitions, such as 1/2+ → 3/2+ (M1 = 0.1611 vs. 0.15(9))
and 1/2+ → 5/2+ (E2 = 62.13 e2fm4 vs. 62.8(7) exp), owing to its fine-tuned mixing between the 𝑑5/2 and 𝑠1/2 orbitals.
USDB shows similar trends but slightly underperforms in the 1/2+ → 3/2+ M1 transition.

In the zbm model space, ZWM provides superior agreement for 𝐸2 transitions compared to ZBMI, particularly
in the 1/2+ → 5/2+ (𝐸2 = 61.4 𝑒2 · fm4) and 3/2+ → 5/2+ transitions, due to its more realistic treatment of 𝑝-𝑠𝑑
shell mixing and improved core excitation modeling. ZBMI’s relatively weak 𝑀1 value (0.05158) for the 1/2+ → 3/2+
transition highlights its limitations in capturing spin-flip contributions. Within the psd model space, PSDMK reproduces
experimental 𝑀1 and 𝐸2 values more accurately than PSDMWK, emphasizing its stronger inclusion of cross-shell
excitations.
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Figure 9. Theoretical longitudinal form factor 𝐶4 for the 9/2+1 state compared with experimental data [10].

Table 1. Effective charge values for various model space interactions.

Interaction 𝑒𝑝 𝑒𝑛 𝑔𝑙 𝑝 𝑔𝑙𝑛 𝑔𝑠𝑝 𝑔𝑠𝑛 𝑔𝑡 𝑝 𝑔𝑡𝑛
USDA 1.36 0.45 1.175 -0.106 5.000 -3.500 0.26 -0.17
USDB 1.36 0.45 1.174 -0.110 5.000 -3.440 0.24 -0.16
USDE 1.36 0.45 1.174 -0.110 5.000 -3.440 0.24 -0.16
SDBA 1.50 0.50 1.000 0.000 5.586 -3.826 0.00 0.00
ZBMI 1.50 0.50 1.000 0.000 5.586 -3.826 0.00 0.00
ZWM 1.50 0.50 1.000 0.000 5.586 -3.826 0.00 0.00
PSDMK 1.50 0.50 1.000 0.000 5.586 -3.826 0.00 0.00
PSDMWK 1.50 0.50 1.000 0.000 5.586 -3.826 0.00 0.00

For example, the 5/2+ → 1/2+ (𝑀3) transition reaches 35.13 𝑒2 · fm6 with PSDMK versus 87.32 𝑒2 · fm6 in
PSDMWK, where the latter overestimates the strength due to excessive configuration mixing. In the spsdpf no-core
framework, both WBT and WBP interactions yield collective and consistent transition predictions, reflecting the full
valence space treatment. Notably, WBT gives a closer match to the experimental 𝐵(𝑀1) for the 1/2+ → 3/2+ transition
(0.1130), while WBP better balances 𝐸2 and 𝑀3 contributions across higher-spin states.

Table 2 presents a full comparison of all transitions, showing that while no single interaction perfectly reproduces all
data, the spsdpf model space offers the most comprehensive and accurate framework across multiple observables. This
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Figure 10. Theoretical transverse form factors 𝐸4 and 𝑀5 for the 9/2+1 state at 2.779 MeV compared with experimental
data [10].

behavior can be directly attributed to the inclusion of all nucleons and full cross-shell correlations, enhancing collective
transition behavior.

Table 2. Reduced transition probabilities of positive parity states of 19F compared with experimental data [28, 29].

𝑱𝝅
𝒊 → 𝑱𝝅

𝒇 𝑤𝐿 Exp. sd zbm psd spsdpf
USDA USDE ZBMI ZWM PSDMK PSDMWK WBT WBP

1/2+ → 1/2+ M1 0.0547 0.0604 0.00827 0.00022 0.06595 0.05858 0.00699 0.01797 0.01696
1/2+ → 3/2+ M1 0.15(9) 0.1611 0.2075 0.1104 0.05158 0.1235 0.07885 0.1130 0.1123

E2 – 54.61 53.34 3.385 26.37 53.34 53.24 102.4 49.77
1/2+ → 5/2+ E2 62.8(7) 62.13 83.11 57.22 61.4 82.2 82.56 79.31 79.25
1/2+ → 7/2+ E4 – 180.8 132.7 328.3 90.72 175.3 61.75 44.45 42.24
1/2+ → 9/2+ E4 – 5699 5483 457.3 410.9 5322 4744 5104 5111
5/2+ → 1/2+ E2 20.93(4) 27.32 27.7 19.07 20.47 27.4 27.52 26.44 26.42

M3 – 16.74 18.36 88.57 50.60 35.13 87.32 95.3 94.76
3/2+ → 5/2+ E2 – 11.46 11.36 16.93 12.14 12.05 12.36 11.89 11.97

M1 4.1(25) 3.893 3.91 0.6341 1.628 3.809 3.804 3.744 3.752
9/2+ → 5/2+ E2 24.7(27) 27.00 27.36 15.20 23.57 26.66 28.88 28.87 28.75

M3 – 13.29 19.5 33.43 77.96 54.86 51.79 21.67 22.62

The present work delivers several significant advances over earlier theoretical studies in reproducing reduced transition
probabilities of 19F across multiple model spaces and interactions. Notably, while Brown et al. [10] and Radhi et al. [7, 8]
employed only the sd-model space and failed to reproduce the 𝑀1 transition for 1/2+1 → 1/2+1 , our study demonstrates
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that the USDA interaction within the sd-shell yields a transition strength (𝐵(𝑀1) = 0.0604 𝜇2
𝑁

) in close agreement with
the experimental value (0.0547), a success not previously reported. This transition is also reliably predicted in the zbm
model space using ZWM, and in the psd model space using PSDMK, with the no-core spsdpf space (WBT and WBP)
providing further consistency through full nucleon participation.

Furthermore, for the 1/2+1 → 3/2+1 transition, our results clearly surpass earlier works that struggled with underpre-
diction: USDA and USDE interactions in the sd-shell give 𝐵(𝑀1) values of 0.1611 and 0.2075 𝜇2

𝑁
, respectively—both

within or close to the experimental uncertainty of 0.15(9). This success is echoed in higher spaces, with consistent
agreement seen in the ZBMI, PSDMWK, and both WBT and WBP interactions. For the electric quadrupole transition
1/2+ → 5/2+, while previous studies reported agreement using sd-shell only, our work refines this further with enhanced
precision using the USDA interaction and demonstrates excellent prediction using the ZWM interaction of the zbm space.

Importantly, transitions such as 5/2+ → 1/2+ (E2), 3/2+ → 5/2+ (M1), and 9/2+ → 5/2+ (E2)—either missing
or poorly treated in earlier literature—are predicted with strong experimental agreement across all model spaces. The
results emphasize the key role of interaction selection (e.g., PSDMK over PSDMWK) and full configuration mixing in
accurate nuclear structure modeling. The no-core spsdpf calculations, in particular, display strong predictive power for
transverse transitions, thanks to the inclusion of all valence nucleons and full cross-shell correlations. Collectively, these
findings highlight the robustness and flexibility of our extended shell-model framework, which systematically overcomes
prior limitations in predicting transition observables of 19F.

In addition to the reduced transition probabilities, the present study evaluated the magnetic dipole and electric
quadrupole moments of positive parity states in 19F, as summarized in Table 3. Specifically, the magnetic moments
of the 1/2+1 and 5/2+1 states and the quadrupole moment of the 5/2+1 state were computed using the effective operator
parameters listed in Table 1. The magnetic dipole moment of the 1/2+1 ground state shows excellent agreement with the
experimental value of +2.682(1) 𝜇𝑁 when employing sd-shell model space interactions—particularly USDA, USDB, and
USDE—which yield values ranging from +2.681 to +2.689 𝜇𝑁 .

For the excited 5/2+1 state, the magnetic dipole moment is better reproduced by psd-shell interactions—namely
PSDMK and PSDMWK—which provide values of+3.636 and+3.594 𝜇𝑁 , respectively, closely matching the experimental
measurement of +3.605(8) 𝜇𝑁 . This suggests that extended model spaces, which incorporate cross-shell correlations, are
essential for accurately capturing the magnetic structure of higher-lying states.

Furthermore, the electric quadrupole moment of the 5/2+1 state—which reflects the nuclear charge deformation—is
best described by sd-shell interactions. These interactions produce values around −9.47 𝑒 · fm2, which are in close

Figure 11. Comparison of experimental [26, 27] and theoretical energy levels for positive parity states in 19F using various
shell model spaces and interactions.
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agreement with the experimental result of −9.42(9) 𝑒 · fm2. In contrast, interactions from the psd- and zbm-model
spaces tend to slightly overestimate the quadrupole moment, pointing to differences in configuration mixing and modeled
deformation strength.

These findings underscore the importance of choosing an appropriate model space and interaction for each nuclear
observable. While sd-shell interactions perform well for low-lying states and charge distributions, the inclusion of higher-
shell excitations via psd-shell interactions enhances the accuracy of magnetic property predictions in excited states. For
improved precision in electromagnetic observables—especially nuclear moments—careful tuning of effective charges and
𝑔-factors within each model space is strongly recommended.

Table 3. Magnetic dipole and electric quadrupole moments of 19F compared with experimental data [30, 31].

Magnetic Dipole Moments (𝜇 in 𝜇𝑁 )
State USDA USDB USDE SDBA ZBMI ZWM PSDMK PSDMWK Exp.
1/2+1 +2.689 +2.681 +2.683 +2.881 +2.352 +2.587 +2.841 +2.860 +2.682(1)
5/2+1 +3.448 +3.424 +3.438 +3.486 +3.756 +3.375 +3.636 +3.594 +3.605(8)
3/2+1 –1.585 –1.571 –1.582 –1.531 +0.628 –1.182 –1.492 –1.375 –
7/2+1 +2.070 +2.082 +2.023 +0.816 +2.643 +1.699 +2.532 +0.761 –
9/2+1 +3.178 +3.209 +3.206 +3.685 +2.754 +3.116 +3.609 +3.662 –

Electric Quadrupole Moments (𝑄 in 𝑒 · fm2)
State USDA USDB USDE SDBA ZBMI ZWM PSDMK PSDMWK Exp.
5/2+1 –9.47 –9.47 –9.48 –10.37 –8.92 –9.00 –10.37 –10.41 –9.42(9)
3/2+1 –6.26 –6.16 –6.19 –6.92 +4.44 –3.27 –6.98 –6.82 –
7/2+1 –3.50 –3.56 –3.63 –3.83 –4.15 –4.53 –3.48 –4.82 –
9/2+1 –11.31 –11.41 –11.37 –13.18 –9.75 –11.10 –12.55 +13.00 –

The current calculation has also had a significant success at the correct re-production of magnetic dipole and the
electric quadrupole moments of chosen low lying positive parity states in 19F. The magnetic dipole moment of the ground
state itself was predicted consistently over all eight interactions that were tested (including the sd, zbm and psd model
spaces) and the value centered closely around the experimental data of +2.682(1) 𝜇𝑁 . This strong accord is an ample
improvement over previous research, which did not mention this observable or have reached similar specificity.

Further, in an excited 3/2+1 state, the magnetic dipole moments obtained by us are very consistent in all the interactions,
indicating them to be more reliable than it had been earlier predicted by the differences in theoretical predictions which
reported no success of reproduction. In like fashion, the electric quadrupole moment of the 5/2+1 state, a quantity not yet
published in too much detail, was calculated with uncanny accuracy utilizing all eight of the interactions, with values of
about −9.47 𝑒 · fm2, reminiscently of the experimental value of −9.42(9) 𝑒 · fm2.

Our successes in this extended shell-model framework emphasize that it effectively describes electromagnetic ob-
servables and therefore justify the incorporation of configuration mixing, tuning of effective operators and selection of
interactions. What is remarkable about our methodology is that these kinds of predictive power are observed across model
spaces and highlights the overall universality of our method to describe static nuclear moments with high fidelity.

Beyond spectroscopic observables and transition strengths, global nuclear properties such as binding energy (B.E.)
and root mean square (rms) charge radii were also examined. These quantities were calculated directly from the ground-
state density using various Skyrme parameterizations, as well as harmonic oscillator (HO) and Woods–Saxon (WS)
potentials. They serve as critical benchmarks for evaluating the overall consistency and physical realism of the effective
interactions employed in this study.

The inclusion of B.E. and rms values serves two key purposes. First, it validates the physical reliability of the Skyrme
parameter sets used by ensuring that they can reproduce not only the spectroscopic features but also the bulk properties
of the 19F nucleus. Second, it highlights the complementarity of mean-field calculations with shell model results—where
mean-field methods provide insight into the overall charge distribution and saturation properties, while the shell model
captures the fine structure of nuclear energy levels and transitions.

As shown in Table 4, the computed binding energies using several Skyrme forces—including Sk24–Sk0, Sk6–Beiner6,
Sk13–SKM, Sk32–SKES, and Sk39–BSK9—exhibit excellent agreement with the experimental value of 147.803 MeV.
Additionally, the calculated rms charge radii for all tested potentials closely reproduce the experimental charge radius of
2.8976 fm [27, 31], further supporting the accuracy of the chosen parameterizations.

These results confirm that the Skyrme interactions adopted in this work can reliably describe both microscopic and
macroscopic aspects of the nuclear structure of 19F, thereby reinforcing the theoretical foundation of the present shell
model and mean-field analyses.

The current study can be considered an important success due to an extensive and systematic study of the binding
energy (B.E.) and root-mean-square (rms) charge radii of the 19F nucleus based on 39 different Skyrme parameterizations
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as well as harmonic oscillator (HO) and Woods Saxon (WS) potentials. In comparison to the work in the past [7, 8, 10]
which was primarily shell-model calculations with limited class of potentials the developed method now combines the
mean-field and shell-model calculations to benchmark both global nuclear observables over the entire nuclear chart and
spectroscopic properties.

These results assure that both B.E. and charge radii of the system 19F, can be reproduced successfully with suitable
Skyrme forces and radial potentials actually ensuring a crucial test of the physical reality of the actuated forces. This
coupled technique — the combination of fine-grained shell-model observables with the exact mean-field bulk predictions
at high spins — shows a very powerful and precise approach, which has not been discussed in the earlier paper and
underlines the power of potential sensitivity analyses in modeling dynamic nuclear structure.

Table 4. Binding energy (B.E.) and rms charge radii of 19F using various Skyrme parameterizations and potentials.
Experimental values: B.E. = 147.803 MeV and 𝑟ch = 2.8976 fm.

Model Space Potential B.E. (MeV) B.E. (Exp.) rms (fm) rms (Exp.)

sd, zbm, psd, spsdpf

sk2-Vb2 142.2196

147.803

2.855

2.8976

sk3-beiner3 146.5063 2.818
sk4-beiner4 142.4055 2.881
sk5-beiner5 139.2073 2.941
sk6-beiner6 148.0414 2.803
sk7-kohler-a 144.0451 2.875
sk8-kohler-b 144.2349 2.882
sk9-sktk 115.1575 2.950
sk10-sgi 146.0965 2.877
sk11-sgii 150.1265 2.854
sk12-skm 151.6722 2.833
sk13-skm 147.3542 2.860
sk14-mska 141.4855 2.830
sk15-skt6 147.1135 2.819
sk17-skcs4 143.0829 2.847
sk18-skxce 145.1445 2.821
sk19-skxm 145.3997 2.841
sk20-skx 145.1938 2.820
sk21-skxcsb 145.4588 2.820
sk22-msk7 144.9606 2.857
sk24-sk0 147.8587 2.838
sk25-skxcsba 146.1035 2.815
sk26-skxcsbb 144.4030 2.836
sk27-skxta 143.7830 2.826
sk28-skxtb 144.7598 2.823
sk29-sly4 146.3719 2.876
sk30-tondeur 141.1392 2.855
sk31-ske 146.9856 2.756
sk32-skes 147.3375 2.811
sk33-skz 153.0687 2.730
sk34-skzs 153.0824 2.796
sk35-skzs* 152.1491 2.807
sk36-skrs 156.0048 2.778
sk37-skgs 155.9344 2.778
sk38-skesb 146.2880 2.814
sk39-bsk9 148.1878 2.849
sk41-skxs15 145.6563 2.881
sk42-skxs20 144.9317 2.888
sk43-skxs25 144.2756 2.897
HO – 2.902
WS – 2.8532

4. CONCLUSIONS
This work presented a detailed exploration of the positive parity states in 19F using progressively enlarged shell-

model spaces, beginning with core-based (𝑠𝑑, 𝑧𝑏𝑚, 𝑝𝑠𝑑) and culminating in the full untruncated no-core (𝑠𝑝𝑠𝑑𝑝 𝑓 )
description. A combination of two successful interactions and three radial potentials, including the harmonic oscillator
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(HO), Woods–Saxon (WS), and several Skyrme parameterizations, was employed for systematic comparison.
The study achieved notable successes in reproducing longitudinal and transverse form factors across multiple mul-

tipoles (𝐶0, 𝐶2, 𝐶4, 𝑀1, 𝑀3, 𝐸2, 𝐸4, 𝐸4 + 𝑀5). In particular, the 𝐶0 and 𝑀1 form factors for the ground state were
well described in all spaces, while the best agreement for excited states such as 3/2+, 5/2+, and 7/2+ was found in the
no-core calculations. Energy levels of important states (3/2+1 , 5/2+1 , and 5/2+2 ) were more satisfactorily reproduced than in
earlier work, due to improved interactions and configuration mixing. Transition probabilities 𝐵(𝑀1) and 𝐵(𝐸2) showed
enhanced sensitivity to interaction type and model space, while low-lying electromagnetic moments, notably of 1/2+ and
5/2+, were consistently reproduced. Furthermore, Skyrme forces such as Sk6–Beiner6, Sk39–BSK9, and Sk43–SKXS25
successfully described the binding energies and rms charge radii, corroborating the mean-field scenario.

When viewed together with our previous investigation of the negative parity states in 19F [1], a coherent picture emerges. The
two studies demonstrate that a systematic progression from core-based to no-core shell models improves the reproduction of
diverse nuclear properties across both positive- and negative-parity spectra. For negative parity, the 𝑝𝑠𝑑 and no-core spaces
were shown to capture higher-order transitions and transverse form factors, while for positive parity, the no-core approach
provided superior agreement for multipole form factors, excitation energies, and transition probabilities. Collectively,
these results confirm that fully correlated, no-core descriptions are essential for reproducing the structure of 19F with high
accuracy, reinforcing the importance of unifying shell-model and Hartree–Fock frameworks in nuclear structure studies.
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РОЗШИРЕННЯ ВIД ОСНОВНОЇ ДО БЕЗОСНОВНОЇМОДЕЛI ЯДЕРНОЇ ОБОЛОНКИ З ХВИЛЬОВОЮ
ФУНКЦIЄЮ ХАРТРI–ФОКА: ЗАСТОСУВАННЯ ДО СТАНIВ З ПОЗИТИВНОЮПАРНIСТЮ В 19F

Берун Н. Гафур1,2, Азiз Х. Фатах3, Арi К. Ахмед1
1Унiверситет Сулейманi, Коледж освiти, Фiзичний факультет, Iрак
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3Унiверситет Сулейманi, Коледж природничих наук, Фiзичний факультет, Iрак

У цiй роботi представлено детальне дослiдження низько розташованих станiв з позитивною парнiстю в ядрi 19F шляхом поєдна-
ння методiв оболонкової моделi з розрахунками Хартрi–Фока (HF). Дослiдження систематично поширюється вiд традицiйних
просторiв на основi ядра (𝑠𝑑, 𝑧𝑏𝑚, 𝑝𝑠𝑑) до повнiстю неусiченої конфiгурацiї без ядра (𝑠𝑝𝑠𝑑𝑝 𝑓 ). Реалiстичнi одночастинковi
хвильовi функцiї були згенерованi за допомогою гармонiчного осцилятора (HO), параметризацiй Вудса-Саксона (WS) та 39
Скiрма. Пiдхiд був протестований на широкому наборi спостережуваних величин, включаючи спектри збудження, електро-
магнiтнi форм-фактори (𝐶0, 𝐶2, 𝐶4, 𝑀1, 𝑀3, 𝐸2, 𝐸4 та 𝐸4 + 𝑀5), ймовiрностi переходiв, магнiтнi дипольнi та електричнi
квадрупольнi моменти, а також енергiї зв’язку та середньоквадратичнi радiуси зарядiв. Розбiжностi, про якi повiдомлялося в
попереднiх теоретичних роботах, особливо для переходiв 𝑀1 та 𝐶4 при бiльших передачах iмпульсу, були вирiшенi за допомо-
гою розширених модельних просторiв та уточнених радiальних хвильових функцiй. Разом з нашим попереднiм дослiдженням
станiв негативної парностi в 19F, цi результати дають цiлiсну картину: систематичнi розширення вiд ядра до вiдсутностi ядра є
важливими для точного вiдтворення як детальних, так i об’ємних ядерних властивостей. Ця єдина структура посилює теорети-
чне моделювання 19F та закладає основу для майбутнiх дослiджень ядер у перехiдних та деформованих областях за допомогою
оболонкових моделей.
Ключовi слова: модель ядерної оболонки; модель без оболонки; хвильова функцiя Хартрi–Фока; Skyrme Хартрi–Фок; ефе-
ктивна взаємодiя; електромагнiтнi форм-фактори; енергетичнi рiвнi 19F
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