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LARGE SCALE SHELL MODEL
CALCULATIONS OF THE NEGATIVE-PARITY
STATES STRUCTURE IN 24Mg NUCLEUS

The negative-parity states of 24Mg nucleus are investigated within the shell model. We are based
on the calculations of energy levels, total squared form factors, and transition probability using
the p-sd-pf (PSDPF) Hamiltonian in a large model space (0+ 1) ~𝜔. The comparison between
the experimental and theoretical states showed a good agreement within a truncated model
space. The PSDPF-based calculations successfully reproduced the data on the total squared
form factors and transition probabilities of the negative-parity states in 24Mg nucleus. These
quantities depend on the one-body density matrix elements that are obtained from the PSDPF
Hamiltonian. The wave functions of radial one-particle matrix elements calculated with the
harmonic-oscillator potential are suitable to predict experimental data by changing the center-
of-mass corrections.
K e yw o r d s: PSDPF, negative-parity states, electron scattering, shell model, form fac-
tors, 24Mg.

1. Introduction
Recently, the nuclei with 𝑁 = 𝑍 have received a sig-
nificant attention in many shell model calculations
[1–6]. The importance of these nuclei appears from
the study of pairing correlations between fermions,
as well as the excited states which could be isoscalar
with 𝑇 = 0 or isovector with 𝑇 = 1. The study of
these excited states represents an effective manner
to understand the behavior of many-body quantum
systems. 24Mg nucleus is one of these nuclei with dis-
tinctive properties and has the sufficient number of
nucleons for shell model calculations and for the ex-
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hibition of collective excitations associated with large,
prolate deformations [7, 8].

24Mg has 𝑍 = 12 and 𝑁 = 12 and represents a rich
testing ground for microscopic descriptions of the ex-
otic nuclei with a shell structure based on cross-shells
configurations [9]. Studying the excited states of this
nucleus with the use of the shell model clarifies the
various configurations of nucleons in the main valence
𝑠𝑑 shell for the positive-parity states, and the intruder
excitations of the negative-parity states with cross-
shell configurations in 𝑝 or/and 𝑓𝑝 shells.

The negative-parity states, named intruder states,
accrue due to the promotion of one nucleon from the
𝑝 to 𝑠𝑑 shell for nuclei near 16O, or from 𝑠𝑑 to 𝑓𝑝
shell for nuclei close to 40Ca [10]. 24Mg nucleus is po-
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sitioned in the middle of the 𝑠𝑑 shell, where there is a
competition between the two types of transitions. Li-
mited theoretical studies have been conducted con-
cerning these nuclear states designated for individual
angular momentum 𝐽 values [9–13], despite a wide
range of experimental data.

The effective interaction used in this work should
include the full model space 𝑝–𝑠𝑑–𝑝𝑓 . The PSDPF in-
teraction [13] was developed to describe the positive-
and negative-parity states in 𝑠𝑑-shell nuclei within
the full 𝑝–𝑠𝑑–𝑝𝑓 model space, allowing nucleons to
move from 𝑝 to 𝑠𝑑 or/and from 𝑠𝑑 to 𝑝𝑓 shells with
a 4He core. Recently, many shell model calculations
have shown the remarkable results using this interac-
tion [14–17].

The electromagnetic transitions can give an impor-
tant information on the nuclear structure. The scat-
tering form factors describe the electromagnetic prop-
erties of the nucleus. Inelastic scattering form fac-
tors represent a striking feature which can be inves-
tigated theoretically and experimentally [18]. From
this, we can verify the precision of the PSDPF inter-
action. In this work, the negative-parity states, elec-
tromagnetic transitions, and inelastic scattering form
factors are calculated using the PSDPF interaction
for 24Mg nucleus.

2. Results and Discussions

The calculations were performed using the OXBASH
code for Windows [19]. The code uses the 𝑀 -scheme
Slater determinant basis, a projection technique, and
wave functions with definite angular momentum 𝐽
and isospin 𝑇 . The PSDPF interaction includes four
main parts: CK [20], USDB [21], and PSDT [22] for
the 𝑝, 𝑠𝑑 and 𝑝–𝑠𝑑 shells, respectively, while IOKIN
[23] for the 𝑝𝑓 and 𝑠𝑑–𝑝𝑓 shells. The values of cross-
shells have been found from the fitting procedure
with experimental data [13]. The single-particle en-
ergies of the 𝑝–𝑠𝑑–𝑝𝑓 model space are 2.27, 1.63,
5.2588, 2.5767, 8.0649, 15.7, 15.9102, 16.0102, and
18.8102 MeV for shells 1𝑝1/2, 1𝑝3/2, 1𝑑5/2, 2𝑠1/2,
1𝑑3/2, 1𝑓7/2, 2𝑝1/2, 2𝑝3/2, and 1𝑓5/2, respectively.

2.1. Energy levels

The number of valance particles of 24Mg nucleus
has an advantage, which is the capability to oc-
cupy the full 𝑝–𝑠𝑑–𝑝𝑓 model space in order to cal-
culate the negative-parity states. On the other hand,

the valance particles make a huge number of pos-
sible configurations for the nucleons in this model
space. These configurations require a large memory
space and a long calculation time. In order to over-
come these obstacles, the 𝑝–𝑠𝑑–𝑝𝑓 model space has
been truncated by assuming that the configuration
will occur in 𝑝–𝑠𝑑 shells.

The wave function of the ground state has been
calculated with 16O core, where a good agreement
has been found with experimental data for a positive-
parity state using USDB as in [24]. The comparisons
between experimental and calculated result are shown
in Fig. 1. The experimental results provided four ex-
citation states with 𝐽 = 1−, and these states are
well reproduced throughout the shell model calcula-
tions with energy greater than 11 MeV. The notice-
able gaps between theoretical states made it possi-
ble to assign them to experimental states. Therefore,
the sequences of the experimental states have been
adopted with respect to the energy values of the the-
oretical states.

According to the theoretical results, the states with
𝐽 = 1− appeared with a structure mostly related to
a hole in the 1𝑝 shells, see Table 1, with a major
contribution for the shells 1𝑝3/2 and 1𝑑5/2. The oc-
cupation probability increases for shell 1𝑝3/2, as the
energy increases, and decreases for 1𝑑5/2 shell.

The experimental spectrum of 24Mg nucleus shows
one state with 𝐽 = 2− at an energy of 8.864 MeV and
the isospin 𝑇 = 0. This state has been predicted with
an energy of 9.189 MeV at the second sequence. The
first and third theoretical states (sequence 1 and 3)
are predicted with energies of 6.326 and 9.444 MeV,
respectively. Depending on the energy value, the sec-
ond sequence state with an energy of 9.189 MeV is
compatible with the experimental one. The average
number of particles in the 𝑝–𝑠𝑑 model space appeared
similar to that of 𝐽 = 1−, as presented in Table 1.

The excited states with 𝐽 = 3− attracted a wide
attention during many previous works, especially at
7.616 and 8.357 MeV [11, 13, 14, 25]. In this work, the
total spectrum of these states has presented in order
to obtain a clear perception about the compatibil-
ity of these states attributed to theoretical calcula-
tions. The PSDPF calculations showed the energies
of the first and second 𝐽 = 3− states at 7.394 and
7.750 MeV, respectively, as compared to the experi-
mental values of 7.616 and 8.357 MeV, respectively,
an acceptable value was found for the first state. The
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Fig. 1. (Color online) Comparison between calculated and experimental excitation energies of the 𝐽 = 1−, 3−, 7−, and 9−

states for 24Mg nucleus. The experimental data are taken from [9, 11, 26, 27]. The theoretical 𝐽− sequences have been adopted
according to the closest energy from the theoretical results using the PSDPF interaction

second theoretical state appeared lower than the ex-
perimental one. Present calculations have shown that
the first and second 3− states have an almost pure
1𝑝−1 shell configuration, see Table 1, and are the
same as found in [11]. In the top-right in Fig. 1, the
acceptable agreement between theoretical and exper-
imental states continue until the state with eleventh
sequences. For higher states, there is a clear incom-
patibility.

The comparison between theoretical and experi-
mental levels showed a disagreement for the states
with 𝐽 ≥ 4−, when the assumption of a truncated
model space had used. In order to fix this regres-
sion, the PSDPF model space was extended to permit

one particle to move to the 𝑓7/2 shell. This proce-
dure has shown a marked improvement in PSDPF
calculations, see Fig. 1 and Table 1. The state of
𝐽 = 5− has been found experimentally at an energy
of 10.02 MeV [11, 26]. According to the present cal-
culation, this state is clearly associated with a par-
ticle in the 𝑓𝑝 shell, and it has been predicted at
an energy of 11.10 MeV. The recent negative-parity
states of 24Mg nucleus have been identified in [9] with
𝐽 = 7− and 9−. The comparison with the present
calculation is shown in Fig. 1. It is worth noting that
these states show lower sequences, as compare with
the experimental data. The last 7− state has been
identified experimentally at an energy of 19.98 MeV
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Table 1. The calculated negative-parity states compared
with the experimental energy levels using the occupancy probability for 24Mg

𝐽−
𝑖 𝐸theor, KeV 𝐸exp, KeV

Average number of particles in each 𝑗-level
P.E %

1𝑃1/2 1𝑃3/2 1𝐷5/2 2𝑆1/2 1𝐷3/2 1𝐹7/2

1−2 7 576 7 555 [26, 27] 3.718 7.281 6.920 0.908 1.171 0.000 0.278
3−1 7 394 7 616 [26, 27] 3.695 7.304 6.809 1.030 1.159 0.000 2.915
3−2 7 750 8 357 [26, 27] 3.395 7.604 6.992 0.837 1.169 0.000 7.273
1−3 8 727 8 437 [26, 27] 3.493 7.506 6.501 1.337 1.161 0.000 3.437
2−2 9 189 8 864 [26, 27] 3.615 7.384 6.223 1.081 1.694 0.000 3.667
1−4 9 007 9 145 [26, 27] 3.690 7.309 6.216 1.239 1.543 0.000 1.509
5−1 11 103 10 027 [26, 27] 3.990 7.776 5.301 1.197 0.948 0.776 10.731
3−6 10 235 10 332 [11, 26, 27] 3.610 7.389 6.733 1.104 1.542 0.000 0.939
1−5 11 862 11 389 [26, 27] 3.665 7.334 6.288 1.168 1.162 0.000 4.153
3−7 10 579 11 162 [26, 27] 3.491 7.508 6.238 1.507 1.264 0.000 5.223
1−6 12 283 11 864 [26, 27] 3.506 7.493 6.587 1.274 1.137 0.000 3.532
7−1 12 749 12 441 [9] 3.771 8.000 5.165 1.324 0.912 0.827 1.672
3−8 11 707 11 596 [26, 27] 3.365 7.635 6.978 0.969 1.053 0.000 0.716
3−9 12 263 12 015 [26, 27] 3.593 7.407 6.992 1.035 0.974 0.000 0.558
3−10 12 966 12 758 [26, 27] 3.683 7.318 6.839 1.183 0.978 0.000 0.079
3−11 13 289 12 845 [26, 27] 3.485 7.516 6.363 1.537 1.100 0.000 0.070
3−12 13 652 12 861 [26, 27] 3.442 7.558 6.372 1.445 1.183 0.000 2.302
3−13 13 851 13 027 [26, 27] 3.375 7.626 6.227 1.455 1.318 0.000 3.585
3−14 13 991 13 050 [26, 27] 3.460 7.540 6.352 1.400 1.248 0.000 4.621
4−9 13 215 13 056 [26, 27] 3.184 8.000 5.893 1.212 1.527 0.184 1.218
7−3 15 365 15 180 [9] 3.580 8.000 5.367 1.058 1.331 0.662 1.219
7−9 16 927 16 920 [9] 3.235 8.000 5.932 1.366 1.116 0.349 0.035
7−11 17 683 17 440 [9] 3.329 8.000 5.350 1.551 1.341 0.427 1.393
9−5 19 133 19 210 [9] 3.835 8.000 4.992 1.242 1.039 0.889 0.401
7−28 19 947 19 980 [9] 3.348 8.000 5.684 1.214 1.301 0.450 0.165
9−7 20 099 20 090 [9] 3.679 8.000 5.341 1.432 0.805 0.741 0.045
9−8 20 269 20 420 [9] 3.856 8.000 5.160 0.926 1.149 0.906 0.788

P.E. is the percentage error which is calculated from P.E. =
⃒⃒⃒
𝐸exp−𝐸theor

𝐸exp

⃒⃒⃒
.

(not shown in Fig. 1). The corresponding theoretical
state is predicted at sequence 28th with an energy of
19.94 MeV. The contribution of nucleon excitations
to the 𝑓𝑝 shell is very clear for the calculations of 7−
and 9− states, which is presented in Table 1.

2.2. Electromagnetic transitions
and form factors

Many nuclear features can can be studied theoret-
ically and experimentally through their electromag-
netic properties. On the other hand, the transition
rates represent a sensitive test for the most modern

effective interactions [28]. In shell model calculations,
the electromagnetic transition depends upon the re-
duced nuclear matrix elements, and this provided an
accurate test for the precision of the Hamiltonian
used. The reduced probabilities of electric octupole
transitions have been measured experimentally for
the transition from the ground state to the 𝐽 = 3−

at energies of 7.616 and 8.357 MeV [29]. The good
agreement between theoretical and experimental val-
ues supports our presumed configurations presented
in Table 2. The values of the effective charges which
are used in this calculations are the same as those in
[14, 30].
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H. Zarek et al. [29] studied experimentally and the-
oretically the inelastic electron scattering form factors
for the stronger transitions to negative-parity states
in 24Mg. The total squared form factors were mea-
sured for electron energies of 90–280 MeV and scat-
tering angles of 90∘ and 160∘. The total squared form
factor are given by[31]:

𝐹 2 (𝑞, 𝑖, 𝑓) = 𝐹 2
𝑐 (𝑞, 𝑖, 𝑓)+

+

[︂
0.5 + tan2

(︂
𝜃

2

)︂]︂
𝐹 2
𝑇 (𝑞, 𝑖, 𝑓), (1)

where 𝐹 2
𝑐 (𝑞, 𝑖, 𝑓) is the squared longitudinal form fac-

tor, and 𝐹 2
𝑇𝑐(𝑞, 𝑖, 𝑓) is the squared transverse (elec-

tric or magnetic) form factor for the transition be-
tween the initial state 𝑖 and final state 𝑓 with three-
momentum transfer (𝑞), 𝜃 is the scattering angle of
an electron. Both 𝐹𝑐 and 𝐹𝑇 can be found from the
relations [31]

𝐹 2(𝑋𝐿, 𝑞, 𝑓, 𝑖) =

= 𝑁𝑝𝐺
2
𝑐𝑚(𝑞)Σ𝑡𝑧,𝑥𝑊𝑓𝑠(𝑋𝐿𝑥, 𝑞, 𝑓, 𝑖, 𝑡𝑧)

2, (2)

𝑁𝑝 =
4𝜋

𝑧2(2𝐽𝑖 + 1)
, (3)

𝐺𝑐𝑚(𝑞) = 𝑒(
𝑏2𝑞2

4𝐴 ), (4)

where 𝑊𝑓𝑠(𝑋𝐿𝑥, 𝑞, 𝑓, 𝑖, 𝑡𝑧) are reduced matrix ele-
ments calculated taking the finite-size of nucleons into
account, 𝑥 indicates the magnetic (𝑚) and convection
current (𝑐) contributions for the electric (𝑋 = 𝐸) and
magnetic (𝑋 = 𝑀) form factors, and 𝑋 = 𝐶 in the
case of the Coulomb form factor, 𝐴 and 𝑍 are the
atomic mass and atomic number of the target nu-
cleus, respectively, 𝐺𝑐𝑚 is the center-of-mass correc-
tion, and 𝑏 is the oscillator length parameter chosen to
reproduce the root mean square radius of the nucleus
(rms). The details of calculations of 𝐹𝑐 and 𝐹𝑇 from
𝑊𝑓𝑠(𝑋𝐿𝑥, 𝑞, 𝑓, 𝑖, 𝑡𝑧) are presented in [31–33]. The re-
duced matrix elements 𝑊𝑓𝑠(𝑋𝐿𝑥, 𝑞, 𝑓, 𝑖, 𝑡𝑧) had been
calculated as follows[32]:

𝑊𝑓𝑠 (𝑋𝐿𝑥, 𝑞, 𝑓, 𝑖, 𝑡𝑧) =

= 𝑤𝑓𝑠 (𝑋𝜆𝑥, 𝑞, 𝑓, 𝑖, 𝑡𝑧)
𝑔𝑓𝑠(𝑋𝑥, 𝑞, 𝑡𝑧)

𝑔(𝑋𝑥, 𝑡𝑧
, (5)

where 𝑤𝑓𝑠(𝑋𝜆𝑥, 𝑞, 𝑓, 𝑖, 𝑡𝑧) is the point-nucleon re-
duced matrix elements with multipolarity 𝜆, and

𝑔(𝑋𝑥, 𝑡𝑧) is the free-nucleon 𝑔 factors, with 𝑋𝑥 =
= 𝑀𝑐, 𝐸𝑐, or 𝐶; 𝑔(𝑋𝑥, 𝑡𝑧) = 𝑔𝑙(𝑡𝑧) and for 𝑋𝑥 =
= 𝑀𝑚 or 𝐸𝑚; 𝑔(𝑋𝑥, 𝑡𝑧) = 𝑔𝑠(𝑡𝑧), 𝑔𝑓𝑠(𝑋𝑥, 𝑞, 𝑡𝑧)
is the experimental form factors for free nucleons
[34]. The multiparticle form factors 𝑤(𝑋𝜆𝑥, 𝑞, 𝑓, 𝑖, 𝑡𝑧)
are given as [32]:

𝑤𝑓𝑠 (𝑋𝜆, 𝑞, 𝑓, 𝑖, 𝑡𝑧) = Σ𝑘,𝑘′OBDM(𝜆, 𝑘, 𝑘′, 𝑓, 𝑖, 𝑡𝑧)×
×𝑤𝑓𝑠 (𝑋𝜆, 𝑞, 𝑘, 𝑘′, 𝑡𝑧), (6)

where 𝑋 represents 𝐶, 𝑀𝑐, 𝑀𝑚, 𝐸𝑐, or 𝐸𝑚. The
sum (𝑘, 𝑘′) runs over all pairs of single-particle states
in the model space.

The one-body density-matrix elements
OBDM(𝜆, 𝑘, 𝑘′, 𝑓, 𝑖, 𝑡𝑧) are calculated in the isospin
formalism. In the present work, the calculations of
OBDM are performed in the 𝑝− 𝑠𝑑− 𝑝𝑓 model space
using the PSDPF interaction with valence (active)
particles restricted as presented in the energy state
calculations.

The electromagnetic transitions conserve the par-
ity. In order to determine the type of transition being
electric or magnetic according to the multipolarity
𝜆, |𝐽𝜋

𝑖 − 𝐽𝜋
𝑓 | ≤ 𝜆 ≤ 𝐽𝜋

𝑖 − 𝐽𝜋
𝑓 , the selection rule fol-

lows 𝜋𝑖𝜋𝑓𝜋𝑜 = +1, where (𝜋𝑖) is the parity of the
initial state, (𝜋𝑓 ) is the parity of the final state, and
𝜋𝑜 = (−1)𝜆 for the electric transition or 𝜋𝑜 = (−1)𝜆+1

for the magnetic transition [31].
The transitions from the ground state 𝐽𝜋

𝑖 = 0+

to 𝐽𝜋
𝑓 = 1− have a multipolarity equal 1. Accor-

ding to the selection rule above, it will be an elec-
tric transition. Work [29] presents the experimental
data on the squared form factor for the transition
from the ground sate (𝐽𝜋

𝑖 = 0+) to the excited state
with 𝐽𝜋

𝑓 = 1− at energies of 7.553 and 8.438 MeV in
24Mg. In Fig. 2, A, the theoretical and experimental
squared form factor are compared for the transition
to the 𝐽𝜋 = 1− at an energy of 7.555 MeV for the
electron scattering angles 𝜃 = 90∘ and 160∘. The the-
oretical squared form factor was calculated with the

Table 2. Calculated and experimental B(E3)
values from the ground state to the 3− in 24Mg.
The experimental values taken from [29].

𝐸exp, 𝐸theor, 𝐵(𝐸3) ↑exp 𝑒2, 𝐵(𝐸3) ↑theor 𝑒2,
MeV MeV fm6 fm6

7.616 7.394 562 542
8.357 7.750 1580 1476
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Fig. 2. (Color online) Total squared form factor for the transition from the ground state to the 𝐽𝜋 = 1− (7.555 MeV) and
𝐽𝜋 = 1− (8.437 MeV) in 24Mg obtained with the use of the harmonic oscillator potential and the PSDPF Hamiltonian (A) and
(B), respectively. The experimental data are taken from [29]

electron scattering angle 𝜃 = 90∘. The comparison
based on the 𝐹 2

𝜃=90∘(𝑞, 𝑖, 𝑓) ≈ 𝐹 2
𝜃=160∘(𝑞, 𝑖, 𝑓) can be

considered acceptable [29]. The energy of the 7.555-
MeV state was calculated to be 7.576 MeV at the sec-
ond sequence. The best prediction of the experimen-
tal data is getting, when the center-of-mass correction
is employed as a correction factor. The center-of-mass
correction 𝐺𝑐𝑚 was suggested by Tassie et al. [35] in
view of the motion of the nucleus mass center at the
scattering of high-energy electrons. We have change
the 𝑏 value for 𝐺𝑐𝑚 and keep the default value in the
a harmonic oscillator potential. The best agreement
with experimental results has been found, if we used
𝑏 = 1.76 fm and the new effective charges, 1.36𝑒 for
protons and 0.45𝑒 for neutrons [14, 30].

Figure 2, B shows the total squared form factor for
the transition from the ground to𝐽𝜋 = 1𝑐 state with
an energy of 8.437 MeV. The shell model predicts this
state at sequence 3 with an energy of 8.727 MeV. The
present calculations of the total squared form fac-
tor have shown a good agreement with experimen-
tal data [29]. The theoretical form factor values have
two peaks at 𝑞 = 0.3 and 1.6 fm−1, and only the lat-
ter was observed experimentally. The calculations of
form factors are performed by using effective charges
and 𝑏 = 1.91 fm.

The squared form factors for the states 𝐽𝜋 =
= 3− at energies 7.616 and 8.357 MeV are plotted in
Fig. 3, A and B, respectively. The transition E3 from

the ground state to the 7.616-MeV state is shown
in Fig. 3, A. The calculated values is less than the
experimental data, when the default parameters of
the OXBASH program are used. The oscillator length
parameter has changed to 1.92 fm which is mak-
ing the theoretical results more close to experimental
data.

Experimental data of the transition E3 from the
ground state to the the 8.357-MeV state show two
peaks at 𝑞 = 0.98 and 2.38 fm−1 in Fig. 3, B. The
difference between the two modes of the transition
for 3−1 and 3−2 indicates that 3−2 has a larger transi-
tion radius than 3−1 , which testifies that these states
are indeed different [29, 36]. Branford et al. [36] have
suggested that the states 𝐽𝜋 = 3− and 5− at energies
8.357 and 10.028 MeV are members of a 𝐾𝜋 = 0−

band. The state 3− at an energy of 7.617 MeV is
the bandhead of a 𝐾𝜋 = 3−. The theoretical squared
form factors have shown a good precision for the first
peak, when the 𝑏 = 2.3 fm, while the second peak did
not appear theoretically.

A comparison between PSDPF calculations and the
experimental data on the energy values for the state
5− have been shown a difference of ∼1 MeV, see Ta-
ble 1. The form factor calculations depend on the
eigenvectors of the Hamiltonian (particle wave func-
tions). A comparison between the theoretical and ex-
perimental values of the total squared form factor for
the transition from the ground state to the state 5−
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Fig. 3. (Color online) Total squared form factor for the transition from the ground state to the 𝐽𝜋 = 3− (7.616 MeV) and
𝐽𝜋 = 3− (8.357 MeV) states in 24Mg obtained with the use of the harmonic oscillator potential and the PSDPF Hamiltonian;
(A) and (B), respectively. The experimental data are taken from [29]

Fig. 4. (Color online) Total squared form factor for the transition from the ground state to the 𝐽𝜋 = 5− (10.027 MeV) and
𝐽𝜋 = 2−, 𝑇 = 1 (12.67 MeV) states in 24Mg obtained with the use of the harmonic oscillator potential and the harmonic oscillator
potential and the PSDPF Hamiltonian; (A) and (B), respectively. The experimental data are taken from [29]

is shown in Fig. 4, A. The oscillator length parame-
ter 𝑏 = 2.1 fm and the effective charge for a proton
𝑒𝑝 = 1.0 are used to give matching with experimental
data.

Level 𝐽 = 2 at an energy of 12.669 MeV has
been presented without isospin and parity in [26,27].
H. Zarek et al. [29] observed an energy level at
12.650 ± 0.05 MeV with 𝐽 = 2− and isospin 𝑇 = 1.
Johnston et al. [37] and Lawergren et al. [38] have
shown that this state has an energy of 12.67 MeV,

𝐽 = 2−, and isospin 𝑇 = 1. The nearest theoretical
energy states 𝐽 = 2− with 𝑇 = 0 and 𝑇 = 1 withe use
of the PSDPF interaction are 12.725 MeV at 8th se-
quence and 12.809 MeV at first sequence, respectively
(not shown in Table 1). H. Zarek et al. [29] measured
the squared form factor for the transition from the
ground state to the (12.650 ± 0.05)-MeV state with
𝐽 = 2− and isospin 𝑇 = 1. The comparison between
theoretical and experimental squared form factor will
give a preference to the most accurate theoretical
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state. According to the multipolarity selection rule,
this transition must be a magnetic quadrupole tran-
sition M2 and depend on the scattering angle 𝜃 of an
electron, see Eq. (1). The OXBASH program consid-
ered 𝜃 = 90∘ as a default value for the scattering an-
gle. Therefore, the experimental date for 𝜃 = 90∘ are
adopted in comparison. The calculations show that
the maximum value of the squared form factor for
𝐽 = 2−, 𝑇 = 1 higher than 𝐽 = 2−, 𝑇 = 0 by almost
102, and the higher values are closer to the experimen-
tal values. As shown in Fig. 4, B, the matching be-
tween theoretical and experimental results has found
by using oscillator length parameter 𝑏 = 1.62 fm, and
effective nucleon 𝑔 factors as 𝑔𝜋𝑠 = 5.05, 𝑔𝑣𝑠 = −3.0,
𝑔𝜋𝑙 = 1, 𝑔𝑣𝑙 = 0 [18, 30], whereas the magnetic form
factors depend on the nucleon 𝑔 factors.

3. Conclusions

In the present work, the intruder negative-parity
states of 24Mg nucleus have been studied theoreti-
cally using the large model space and the PSDPF
Hamiltonian. The calculations include energy levels,
reduced transition probabilities, and total squared
form factor. By comparison with experimental data,
it has been found that the states with 𝐽 ≤ 3−

can be obtained in a reasonable agreement using
a truncated model space and configurations (1𝑝1/2,
1𝑝3/2)−1, while for those with 𝐽 ≤ 4− by allow-
ing one nucleon to move to the 1𝑓7/2 shell. The the-
oretical results for the states 𝐽 = 3− have shown
that these states have the critical situation, since the
spin and energy values affect data on the distribu-
tion of nucleons in the shells. The results on electro-
magnetic transitions support our predictions for the
transition probabilities and total squared form fac-
tor. We have shown that the results on total squared
form factors obtained with the use of the PSDPF
Hamiltonian with harmonic oscillator potential in the
𝑝–𝑠𝑑–𝑝𝑓 model space are in a reasonable agreement
with experimental data for the overall states in the
momentum transfer interval 0 < 𝑞 < 3 fm−1. The
overlaps between the theoretical value and exper-
imental data have been founded by changing the
center-of-mass correction values. These changes have
been made by employing the oscillator length pa-
rameter 𝑏 as a free parameter in calculating the
center-of-mass correction values and keep the de-
fault value in calculations with the harmonic oscil-
lator potential. The existence of the uncertain ex-

cited state with 𝐽 = 2−, 𝑇 = 1 has been discussed
theoretically, and the theoretical results confirm its
existence.
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РОЗРАХУНКИ СТРУКТУРИ
СТАНIВ НЕГАТИВНОЇ ПАРНОСТI ЯДРА 24Mg
В ОБОЛОНКОВIЙ МОДЕЛI З БАЗИСОМ
ВЕЛИКОЇ ВИМIРНОСТI

Дослiджено стани з негативною парнiстю ядра 24Mg в рам-
ках оболонкової моделi. Ми ґрунтуємось на розрахунках
рiвнiв енергiї, квадратiв повних форм-факторiв та ймовiр-
ностей переходiв i використовуємо p-sd-pf (PSDPF) гамiль-
тонiан у великому базисi моделi (0+1) ~𝜔. Порiвняння екс-
периментальних та теоретичних станiв показало добре узго-
дження в рамках урiзаного модельного простору. Розрахун-

ки на основi PSDPF гамiльтонiана успiшно вiдтворили да-
нi для квадратiв повних форм-факторiв та ймовiрностей
переходiв для станiв негативної парностi в ядрi 24Mg. Цi
величини залежать вiд одночастинкових елементiв матри-
цi густини, якi отриманi з PSDPF гамiльтонiана. Хвильо-
вi функцiї елементiв радiальної одночастинкової матрицi,
що розрахованi з використанням потенцiалу гармонiчного
осцилятора, пiдходять для прогнозування експерименталь-
них даних шляхом внесення поправок, пов’язаних iз рухом
центра мас системи.

Ключ о в i с л о в а: p-sd-pf (PSDPF), стани з негатив-
ною парнiстю, розсiювання електронiв, оболонкова модель,
форм-фактор, ядро 24Mg.
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