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Abstract

Study of the nuclear structure of nuclides used for medical diagnosis using
positron emission tomography (PET) is presented in this work. These nuclides are
¢, BN, 150 and *®F, which are unstable by emitting g* particles. They have half-
lives of several minutes, which make them suitable radionuclides for PET. These
radionuclides are produced through nuclear reactions using a cyclotron. Studying
the nuclear structure of these light nuclides is performed through the shell model.
The full space of the p-shell model is used for the p-shell nuclei, and the full space
of the sd-shell model for the sd-shell nucleus. The study includes calculations of
magnetic moments and quadrupole electric moments. Calculations of form factors
are presented to give predictions for future experimental studies. Protons and
neutrons’ effective charges are used to include core-polarization effects. The single-
particle states used in the calculations are those of the harmonic oscillator potential.
Excellent agreement is obtained between the calculated observables and the
available experimental data.

Keywords: Nuclear shell model; Quadrupole moments, Magnetic moments; Elastic
form factors; Nuclides used in Positron emission tomography.

bl pandldal) b aladiudd clig sl lgia G Al Ciligill (5961l quSall Ay

el psl) 2o 30y
Ghall 10011 dam ,daalsd) L_Eﬁtéj\ IS AN il i

dadal

DYl ekl gl alasiuly ol Gl b dedted) clasil] gosil Sl Ay
-(PET) s 5ysd)
Crai, B Glasen el 3k 0o Biws g2 & 5 TF SCT LML PO 0 4 gl ol
Dyl gx_bid\ il Dl dade Glug lelean Lae @ilB B 9o Glugll s3gl el
by a0 L Og PGl aladiul gesill delinll Pl (e dadiadl @lagil) sda 2l b L g5yl
JalIp 5l isai elisd aladiol L L8pdal) zisel DA (e dikall gl o3l gosil) Sl
il el S0 8,5 zisai slimdy « O 5 C', MY 4 lly, poshell 5,580 (aa adlsl) (il
GlEll el agie 5 Anahlaal agiell Cllua duhdll et . SO 5 e o A UF
Glindl i L Abiied) Lunatl) Glahall @ slacy JSAI Jalge lilin w25y . A80,0)
G detiad) bl aeal) GV QR Qi) chil Jedil clip pally ciligigpll dlladl)

*Email: drraad@huc.edu.ig

4757


mailto:drraad@huc.edu.iq

Radhi Iragi Journal of Science, 2024, Vol. 65, No. 8(Sl), pp: 4757-4764

Clilally el ililaadll G Slias (i) e Jpemal) 5. BIAN el 3ga Vs g Sl
Aalial Lyl

1. Introduction

Coulomb C2 form factors for some p-shell nuclei have been studied [1], where
experimental data are available. Their calculations include core polarization effect, and it was
found that this effect must be included to explain the experimental results of the transition
strengths B(E2) values and momentum transfer dependence of form factors. Nuclear structure
studies have been performed for p-shell nuclei [2] using extended model space with 20 w.
Longitudinal inelastic electron scattering form factors have been sided [3] for ®’Li, by
extending the calculations to include 4. Their results were not able to describe the low
momentum transfer form factors; besides, the B(E2) values were underestimated by a factor
of 2. Core-polarization effects were adopted through microscopic model [4] to study the
Coulomb electron scattering form factors for °Li, where the data are very well described.
Calculations of B(E2) values and quadrupole moments for A=7 p-shell nucleus, using large
model space up to 6[]w, and for A=8-11 p-shell nuclei using up to 40w [5], could not
reproduce the experimental data without using effective charges for the protons and neutrons.
Using large (0 + 2)[1 o truncated spsdpf model space failed to reproduce the experimental
B(E2) values and elastic and inelastic form factors of °Be [6] without taking the excitations
from all the orbits in this large model space into all higher orbits up to 1000®. These
calculations give only around 60% of the total matrix elements, while the higher energy
configurations (core-polarization effects) give about 40%.

Large basis calculations for Li and B isotopes give effective charges [7] less than the
standard effective charges. Electric transition strengths B(E2) of some even-even neon
isotopes have been studied in the sd-shell model space [8]. Low elastic and inelastic electron
scattering form factors have been analyzed [9] for different states in °F nucleus. Effective
charges are deduced from microscopic calculations for some of Si, S, and Ar isotopes [10].
The calculations are based on the sd and sdpf -shell model spaces. Quadrupole moments have
been calculated for some Ni isotopes in p and psd model spaces [11].

Energy levels, transition rates and electron scattering form factors have been calculated for
different states in 1’0 [12].

In this work, calculations are performed for magnetic dipole moments, electric quadrupole
moments and elastic electron scattering for 11C, 3N, 0 and *8F nuclides which are unstable
by emitting A" particle that are used in positron emission tomography. Effective charges 1.35e
and 1.45e are used in these calculations.

2. Theory
The matrix element (ME) of an operator O between nuclear states for a given multipolarity
A is expanded in terms of the single-particle states ka and kb, as [13]:

(F1I0 (D, 1) = Xz x, i-F OBDM (fik o kp ) (kg llO (D) [lKep) (1)

where the OBDM is density matrix for one-body states.
The magnetic moment for A= 1 is defined in terms of the magnetic matrix element, as in
Ref. [14, 13], with Ji=Js:
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W= |5 Ui dJr =Ji 017 J(FIIO (M, D10 ()

and the one-body magnetic operator is defined as:

P = 2 > —

0 (M, Am) =y |95 + (Z2)1| 7 r*¥3, 3)
The quadrupole moment is defined for A= 2, in terms of the electric matrix element with Ji=
Js, as:

Q =252 (Ji AJy ~Ji 0J; }FIIO B, D) @
and the one-body electric operator is defined as:
0 (E,Am)=ertYy, ©)

Form factor for electron scattering is given in terms of the momentum transfer q as, in Ref.
[15], with Ji= Js:

2
1 41

IF(@,A1? = |7 |52 (FIT (M/C,4,9)110) (6)

where, T (M/C, A, q) is the magnetic (M)/Coulomb (C) electron scattering operator, given in
Ref. [15].

3. Results and Discussion

Calculations for p-shell nuclei, Cohen-Kurath (CKI) interaction [16] was used, while for sd-
shell nucleus, USDA interaction [17] was used. NuShel X@MSU [18] code was adopted to
get the OBDM. The size parameter for the harmonic oscillator (HO) potential was obtained
from the global formula given in Ref. [19]. The Q moments and the C2 form factors were
calculated with standard effective charges e,= 1.35e, en= 0.45e [20]. No experimental values
are available for the isotopes presented in this work. The form factors were compared with
those of the corresponding stable nuclei. All calculated and measured values for the dipole
and quadrupole moments for nuclides in this study are given in Table I.

3.11C (3/2)
Carbon-11 is an artificial radioactive isotope with ground state J'= 3/2°, and decays to
Boron-11, which occurs mainly through positron emission " (99.79%):

HCUB+et+u+0.96 MeV.

The positron is emitted with an energy equal to 0.96 MeV. As the positron is produced, it
annihilates with an electron, producing two gamma rays, each with about 0.511 MeV. These
gamma rays are detected by a PET scanner. The half-life of carbon-11 is 20.3 min. Carbon-11
is produced by the bombardment of nitrogen gas by a proton [21] using a cyclotron.
Calculation of the magnetic moment for 3/2° ground state of 'C gives a value of -0.7832
nuclear magneton (n.m). This value predicted the correct sign as the measured value [22] and
close to it (Table 1). Calculation of the Q moment gives a value equal to 3.352 efm? with a
positive sign (prolate), while the sign of the experimental value is undetermined. Both
predicted and experimental values are close, as given in Table I. The calculations of elastic
M1 and C2 form factors are depicted in Figure 1. The corresponding stable nucleus is 3C
(1/2°). The contribution to the elastic electron scattering is M1. No C2 contribution is allowed.
So, the M1 contributions of both isotopes are presented in Figure 1 as a small dashed curve
for 11C and a long dashed curve for 3C. Both calculated M1 form factors are close to each
other form all momentum transfer values considered in this work.
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Figure-1: Coulomb C2 and M1 elastic electron scattering form factors for the 3/2° ground
state in *1C. The M1 form factor of the 3/2" ground state in !C is compared with that of Y-
ground state in 3C.

3.21BN (1/2)

Nitrogen-13 is an artificial radioactive isotope with ground state J*= 1/2°, and decays to C-
13, which occurs mainly through positron emission f*:

BN—C+e*+0+1.002 MeV
The positron is emitted with an energy equal to 1.002 MeV. As the positron is produced, it
annihilates with an electron, producing two gamma rays, each with about 0.511 MeV. These
gamma rays are detected by a PET scanner. The half-life of nitrogen-13 is about 10 min.
Nitrogen-13 is produced in a nuclear reaction [23]:
lH + 160 — 13N + 4He

The proton must be accelerated in a cyclotron to have total energy greater than 5.66 MeV.
The theoretical magnetic moment, in this case, reproduces the experimental value [22] very
well, as given in Table I. The theoretical predictions were assigned with a negative sign. The
sign of the experimental values is not assigned. Calculations of elastic M1 form factors are
depicted in Figure 2. The corresponding stable nucleus is **N (1/2°). The contribution to the
elastic electron scattering is M1. The M1 contributions of both isotopes are presented in
Figure 2 as a solid curve for 3N and a dashed curve for *N. Both calculated M1 form factors

are close to each other form all momentum transfer values.
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Figure 2: Magnetic M1 elastic form factors for the 1/2° ground state in 3N and *°N.
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3.310 (1/2)
Oxygen-15 is an artificial radioactive isotope with ground state J*= 1/2°, and decays to N-
15, which occurs mainly through positron emission g*

150—>15N+e++u
The positron is emitted with an energy equal to 1.002 MeV. As the positron is produced, it
annihilates with an electron, producing two gamma rays, each with about 0.511 MeV. These
gamma rays are detected by a PET scanner. The half-life of oxygen-15 is about 2 min.
Oxygen-15 is produced through the bombardment of 14N with deuteron using a cyclotron:
2H+14N—>150+n

The theoretical magnetic moment, in this case, reproduces the experimental value [23] very
well, as given in Table I. The theoretical predictions are assigned with a positive sign. The
experimental values are not assigned. For this model space, only the active five neutrons
contribute, while all protons form a closed inert shell. The predicted M1 form factor is
depicted in Figure 3. The corresponding stable isotope is 'O (1/2%). The M1 form factors for
both nuclei are presented in Figure 3 as a solid curve for *°0 and a dashed curve for 1’O. The
model space for 0 is different from that of 1’O. The results are shown in Figure 3. The two
form factors are different in shape and magnitude due to the different model spaces. In 'O,
only one active neutron in 1ds/ orbit contributes to the scattering, while for >0, one neutron-
hole in 1p» contributes to the scattering.

10°° . I . I .
M1 (150,1/2°)

10 M1(170,5/2%)

10°°

10°°

Fla)?

1077

1078

107°
(o) 1 2 3
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Figure 3: Magnetic M1 elastic form factors for the 1/2° ground state in in *°O, and for the
5/2* ground state in 1’O.

3.4 18F (1%)

Of the unstable nuclides of fluorine, *8F has the longest half-life, about 110 min. Most of the
time (96%), the decay mode is by positron emission, while 4% of the time, by electron
capture. Stable oxygen-18 is yielded from these two modes of decay. For this reason, F is a
commercially important source of positrons:

18F—>180+e++u

The positron is emitted with an energy equal to 1.002 MeV. As the positron is produced, it
annihilates with an electron, producing two gamma rays, each with about 0.511 MeV. These
gamma rays are detected by a PET scanner.

4761


https://en.wikipedia.org/wiki/Oxygen-18
https://en.wikipedia.org/wiki/Positron

Radhi Iragi Journal of Science, 2024, Vol. 65, No. 8(Sl), pp: 4757-4764

When a proton with 14 MeV, produced from a cyclotron, bombards a stable 80, 8F is
produced.

1H+180—>18F+n

Fluorine-18 is a doubly open-shell nucleus. Full sd-shell calculations with one proton and
one neutron are distributed in sd-shell orbits. The results of C2 and M1 form factors are
depicted in Figure 4, as solid and small dashed curves, respectively. The M1 form factor
shows an intermediate maximum, which agrees with the behavior of the M1 form factor of '°F
[9], where the calculated form factor agrees with the experimental data. The M1 form factor
of '8F is an order of magnitude less than that of ‘°F at the maximum due to the contribution of
one more neutron than those of ‘8F.

10° . I . I .
—~ e M1 (18F, 1+)
_4 ~
107 F ~ — — MA1(°F, 1/2+)
N ————C2(F, 1)

F(Q)f

1078

107°

1 0-10
0] 1 2 3

q(fm-)
Figure 4: Coulomb C2 and M1 elastic electron scattering form factors for the 1* ground state
in 180. The M1 form factor of the 1* ground state in 80 is compared with that of %* ground
state in °0.

Table 1: Theoretical and experimental magnetic moments and quadrupole moments. The
available experimental values are taken from reference [22].

Nuclide = elif s Jr B(fm) H(NM)Theo p(nmM)exp Q(efm?)theo Q(efm?)ex.
uc 204min[22] | 3/22 | 1.653 -.7832 -0.964(1) 3.352 3.333(2)*
13N 9.96 min [22] 1/2- | 1.685 -0.3326 0.3222(4)* | - | e
150 2.03 min [22] 1/2- | 1.713 +0.6377 | 0.71951(12)* | - | = -
18 109.8 min [24] 1* 1.751 +0.8516 | = ----—-- -0.706 | -

*Sign is undetermined

4. Conclusions

The nuclear moments and form factors are important quantities which can accurately
reflect the microscopic nuclear structure of nuclei under study. The complete shell model
spaces with the appropriate two-body interactions using the HO oscillator single-particle
wave functions give a very good description of the available data for the nuclei studied in this
work. Core-polarization effects considered in this study for electric moments and Coulomb
form factors through effective charges describe the available experimental quadrupole
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moment very well, in addition to giving predictions for the Coulomb form factors to be
compared with the future experiments on the nuclei considered in this work. Compared with
the corresponding stable nuclei in the p-shell, the form factors of the nuclei considered in this
work are consistent with the major trends of the form factors of the corresponded stable
nuclei. Good agreements are obtained between the theoretical and experimental magnetic
moments.
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