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Abstract:  
The nuclear structure of some cobalt (Co) isotopes with mass number A=56-60 has been studied 

depending on the effect of some physical properties such as the electromagnetic properties effects, such as, 

elastic longitudinal form factors, electric quadrupole moments, and magnetic dipole moments. The fp model 

space is used to present calculations using GXFP1 interaction by adopting the single particle wave functions 

of the harmonic oscillator. For all isotopes under consideration, the 40Ca nucleus is regarded as an inert core 

in fp model-space, while valence nucleons are moving through 1f7/2, 2p3/2, 1f5/2, and 2p1/2 orbits. The effects 

of core-polarization are obtained by the first order core polarization through a microscopic theory. In 

addition, the core polarization was added using the effective charge and effective g factors to calculate 

quadrupole and magnetic moments, respectively. The results obtained are compared to experimental data that 

is accessible. 

 
Keywords: Cobalt isotopes, Elastic longitudinal form factors, Fp model space, Magnetic dipole moments, 

Quadrupole moments. 

 

Introduction:  
The nucleus description by the shell model 

is based on the configurations of individual 

particles, and all nuclear structure information is 

dependent on them. In this model the features of a 

nucleus containing several nucleons or holes outside 

a closed shell are described in an initial 

approximation by an inert nucleus and some 

nucleons that can move in a given space, which 

interact with the nucleus and each other by a 

"residual" reaction 1,2. 

     In addition to stable nuclei, recent experiments 

have demonstrated exotic nuclei as one of the most 

nuclear physics critical topics, revealing a wide 

range of new phenomena. Where nuclear physics is 

expanding rapidly due to the massive increase in the 

rare isotopes available that contain different 

neutron-proton ratios than stable nuclei 3. 

    Electron scattering is influenced by nuclear 

charge dispersion, also the scattering of electrons 

from nuclear electromagnetic current distributions 

reveals detailed details about nuclear convection in 

the ground state and magnetization currently 

available distributions 4-6. 

  The quadrupole and magnetic moments are 

frequently used as a test to see if the model space is 

adequate and the parameterizations are suitable, so 

one of the most noteworthy features of knowing the 

structure of exotic nuclei is knowledge of the 

electromagnetic properties, such as the electric 

quadrupole and magnetic moments of nuclei 7,8.  

    In the current work, the single particle wave 

functions of the harmonic oscillator (HO) for the 

shell model will adopt to calculate the magnetic (𝜇), 

quadrupole (Q) moments and elastic longitudinal 

form factors for 56,57,58,59,60Co isotopes. The wave 

function for the GXFP1 interaction 9 in the fp shell 

model space was obtained by using the OXBASH 

shell model program 10, which calculates the one-

body density matrix (OBDM) elements in the spin- 

isospin formalism. The core-polarization (CP) 

effects are included through effective charge using 

the Bohr-Mottelson formula 11, in addition to 

obtaining the effective charge from a fit to 

spectroscopic data such as modified surface delta 

interaction theory (MSDI) 12.   
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Theoretical framework 

     The nuclear matrix element of the 

electromagnetic transition operator (�̂�) between the 

initial and final states is equal to the sum of the 

components of the one-body density matrix 

(OBDM) multiplies the single-particle matrix 

elements 12:

  〈Λ𝑓‖�̂�𝐽𝑇‖Λ𝑖〉 = ∑ 𝑂𝐵𝐷𝑀 (𝑗𝑓𝑗𝑓𝑗𝑖
, 𝑗𝑖, Λ𝑓 , Λ𝑖)𝐽𝑇 ×

〈𝑗𝑓𝑡‖�̂�𝐽𝑇‖𝑗𝑖𝑡〉,                    ...1

      where states 
i and 

f
 
define the beginning 

and final states shell model-space wave functions'.                 

     Through a microscopic theory, one considers the 

core nucleons and the cut-out region of space, and 

then higher-energy wave functions and 

configurations as first-order perturbations, which 

are referred to as core polarization effects. The 

electromagnetic operator ÔΛ
𝜂

 's are stated as a 

contribution from the model space (MS) and core 

polarization (CP), as shown below12: 

〈Λ𝑓‖| Ô𝛬
𝜂

|‖Λ𝑖〉 = 〈Λ𝑓‖| Ô𝛬
𝜂

|‖Λ𝑖〉𝑀𝑆 +

〈Λ𝑓‖|𝛿Ô𝛬
𝜂

|‖Λ𝑖〉𝐶𝑃,                …2 

     The CP effects are computed to use the MSDI 

residual effective interaction. 

 

〈Λ𝑓‖|𝛿Ô𝛬
𝜂

|‖Λ𝑖〉𝐶𝑃 =

∑ �̂�Λ𝑓Λ𝑖𝛼,𝛽 (𝛼, 𝛽)〈𝛼‖|𝛿𝑇Λ|‖𝛽〉,                      ...3 

 

〈𝛼‖|𝛿𝑇𝛬|‖𝛽〉 = 〈𝛼 ‖|𝑇𝛬
𝑄

𝑒𝑖−𝐻0
 𝑉𝑟𝑒𝑠|‖ 𝛽〉 +

〈𝛼 ‖|𝑉𝑟𝑒𝑠𝑇𝛬
𝑄

𝑒𝑓−𝐻0
 𝑇𝛬|‖ 𝛽〉            …4 

    where Q is the operator for projection that 

projects the model space onto it. Between the 

beginning (i) and final (f) states, the electron 

scattering form factor including momentum transfer 

q, is given by 13: 

|𝐹(𝜂, 𝑞)|2 =
4𝜋

𝑍2(2𝐽𝑖+1)
 |〈𝑓‖�̂�(𝜂, 𝑞)‖𝑖〉 𝐹𝑐.𝑚 (𝑞)𝐹𝑓.𝑠(𝑞)|

2
,    …5 

      Where, 𝑇 ̂is electron scattering operator between 

initial and final state and 𝜂 is selecting the 

longitudinal or transverse magnetic form factors. 

𝐹𝑓.𝑠 = [1 + (
𝑞

4.33
)

2
]−2 is the finite size nucleon 

form factors 14 and 𝐹𝑐.𝑚 = 𝑒𝑞2𝑏2/4𝐴 is an 

adjustment for the shell model's deficit of 

translational invariance 15. Whereas A is the mass 

number, and b is the size parameter of the harmonic 

oscillator (HO) is obtained from a global formula 16: 

𝑏 =
ℏ 𝑐

√𝑀𝑝𝐶2ℏ𝜔
                                 …6 

where   ћ𝜔 =  45𝐴−1/3  −  25𝐴−2/3  and Mp is 

proton mass.         

 The Bohr-Mottelson (B.M) formula is an 

expression for the effective charge as follows 11,17: 

𝑒𝑒𝑓𝑓(𝑡𝑧) = 𝑒(𝑡𝑧) + 𝑒𝛿𝑒(𝑡𝑧)                                                       
…7 

Where, δe (tz) = Z/A - 0.32(N - Z)/A - 2tz [0.32 - 

0.3(N - Z)/A]                           ...8 

The electric quadrupole moment for J=2 is given by 
12: 

𝑄 =  (
𝐽𝑖 𝐽 𝐽𝑖

−𝐽𝑖 0 𝐽𝑖
) √

16𝜋

5
⟨𝐽||�̂�(𝐸2)||𝐽⟩      …9 

The dipole magnetic moment for J=1 is given by 12: 

 𝜇(𝐽 = 1) =  (
𝐽𝑖 1 𝐽𝑖

−𝐽𝑖 0 𝐽𝑖
) √

4𝜋

3
⟨𝐽||�̂�(𝑚1)||𝐽⟩𝜇𝑁         

...10 

     Where ⟨𝐽||�̂�(𝑚1)||𝐽⟩ magnetic transition 

operator, and fme
cm

e

p

N .1051.0
2




  is the 

nuclear magnetrons.                                         

 

Results and Discussion: 

    The nuclear moments and nuclear form factors 

can be used to assist comprehend various features of 

nuclear structure. In this paper, we investigate the 

characteristics of some 56,57,58,59,60Co isotopes using 

large-scale shell model simulations with fp-model 

space and GXFP19 interaction using OXBASH code 
9.  

The radial wave functions for single-particle matrix 

elements are generated using the harmonic 

oscillator potential with size parameters b calculated 

using a global formula (Eq. 6) and shown in 

Table.1. All upper orbits with 2ℏ𝜔 excitations were 

microscopic modified using MSDI calculations to 

include configurations forbidden by the model 

space that contain one-particle-one-hole excitation 

from the core and the model space orbits. 

Calculations of the Q moments with the effective 

charge included using the Bohr-Mottelson (B.M) 

formula (Eqs.7,8) are also offered for comparison. 

 

1. Electric quadrupole moments (Q) 

     Calculations are presented for neutron numbers 

N= 29-33. These calculations include CP and B.M 

effective charges. Estimates of isomeric quadrupole 

moment states in isotopes with an excess of 

neutrons have shown a predictable increase in 

quadrupole moments as the neutron number 

increases. The results of Q for all isotopes are as 

large prolate deformation. The value of Q moments 

is presented in Table.1 in comparison with the 

available experimental data in Ref 18.    

 

 



Open Access     Baghdad Science Journal                                P-ISSN: 2078-8665 

Published Online First: Suppl. November 2022            2022, 19(6): 1566-1571                                              E-ISSN: 2411-7986 

 

6611 

Table 1. Calculated Q moments for 56,57,58,59,60Co   isotopes using GXFP1  interaction is  compared to 

experimental data provided 18. CP is used to calculate the effective charges using MSDI theory and 

with B.M formula.  
𝑸𝒆𝒙𝒑. 

18(𝐞 𝐟𝐦𝟐) 

𝑸𝑩.𝑴. 

(𝐞 𝐟𝐦𝟐) 

𝒆𝒑, 𝒆𝒏 

(B.M) effective 

charge 

𝑸𝑻𝒉𝒆𝒐𝒓𝒚 

(𝐞 𝐟𝐦𝟐) 

𝒆𝒑, 𝒆𝒏 

C.P effective 

charge 

𝑸𝒃𝒂𝒓𝒆 

(𝐞 𝐟𝐦𝟐) 

𝒃 

(𝐟𝐦) 

𝑱𝝅𝑻 Isotopes 

+ 25.0(9) 18.08 1.161, 0.780 15.83 1.290,0.290 10.61   2.032 4+ 1 𝐶𝑜2927
56  

+ 54.0(10) 29.21 1.152, 0.761 23.13 1.332,0.332 12.05 2.036 7

2

−
 
3

2
 𝐶𝑜3027

57  

+ 23.0(3) 20.53 1.144, 0.742 16.23 1.340,0.340 8.35 2.042 2+ 2 𝐶𝑜3127
58  

+ 42.0(3) 20.51 1.135, 0.725 16.98 1.333,0.333 9.320 2.046 7

2

−
 
5

2
 𝐶𝑜3227

59  

+ 46.0(6) 24.69 1.128, 0.708 22.17 1.309,0.309 13.95 2.051 5+ 3 𝐶𝑜3327
60  

     

 The results of Q for 56Co with CP and BM 

effective charges, are 15.83e fm2 and 18.08 e fm2, 

accordingly. The value of Q with CP agrees with 

the experimental value + 25.0(9) e fm2 with the 

error.  

    For 57Co isotope, the theoretical quadrupole 

moment with CP effective charges ep= 1.332 e, 

en=0.332e is equal to 23.13e fm2, and the QB.M with 

effective charges ep= 1.152 e, en=0.761e is 29.21e 

fm2 well underestimate the experimental value + 

54.0(10)e fm2 this is due to increase in the number 

of occupation nucleons outside the core. The 

calculated Q moments for 58Co with MSDI theory 

and B.M effective charges are 16.23 and 20.53e 

fm2, respectively. With a prolate deformation, the 

value of Q using the Bohr-Mottelson formula is 

close to the measured value + 23.0(3) e fm2 of Ref 18 

within the error. 

    The Q moments values computed with CP using 

MSDI theory for 59Co and 60Co are 16.98 and  

22.17e fm2, respectively, as well as by employing 

B.M effective charges are 20.51 and  24.69 e fm2, 

respectively, which  increases the discrepancy with 

the experimental + 42.0(3) and + 46.0(6) e fm2 with 

large prolate deformation. The uncoupled neutron is 

to blame for this mismatch, which explains the 

enormous prolate deformation.    

   The calculations Q moments with the 

experimental values are displayed in Fig.1. All 

calculation results underestimate the experimental 

values except at neutron numbers equal 29 and 31 

the Q moments agree with the experimental value 

inside the experimental uncertainty. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Quadrupole moment comparison 

among  the experimental data 18 (green circles) 

and the calculated value for bare (black 

diamonds), CP value (red circles), with BM 

effective charges (blue triangles). 

 

2. Magnetic dipole moments (𝝁) 
    The magnetic dipole moments and the g-factor 

are calculated for Cobalt isotopes studied in the 

present results. The nucleon g factors that are both 

free and effective are used to calculate the magnetic 

moments. The g factors for orbital and spin free 

nucleons are: 𝑔 ℓ
𝑝
= 1, 𝑔 𝑠

𝑝
  = 5.585, 𝑔 ℓ

𝑛= 0, 𝑔 𝑠
𝑛= -

3.826 12, while the effective single-nucleon g1 

factors are equal  𝑔 ℓ
𝑝
= 1.06, 𝑔 𝑠

𝑝
  = 5.055, 𝑔 ℓ

𝑛= 0.0, 

𝑔 𝑠
𝑛= -3.19 and g2 factors are equal 𝑔 ℓ

𝑝
= 1.15, 𝑔 𝑠

𝑝
  

= 4.748, 𝑔 ℓ
𝑛= -0.15 𝑔 𝑠

𝑛= -3.252 19, 20. In comparison 

to the existing experimental data 21, Table. 2 

displays the estimated results for the moments and 

collective model expectations of g ∼ 
𝑍

𝐴
 .  

    The calculated value of 𝜇 for 56Co with gfree factor 

3.319 nm and with the effective nucleon g1 and g2 

factors are 3.369 and 2.775nm, respectively, are 

underestimates the measured value + 4.720(10) nm 

with a positive sign indicates the direction to the z-

components are same. 
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     The calculated magnetic moments for 51Co and 
58Co with free and with effective g factor have the 

same behaviors and underestimate the measured 

value +4.720(10) nm and +4.044(8), respectively. 

Although the code of the shell model is set for 

spectroscopic features, it isn’t usually optimized for 

the nuclear charge, convection, or magnetization 

current densities 19. 

    Using effective g1and g2 factor the value of  𝜇 

for calculated 59Co isotopes are close to each other 

and become overestimated the experimental value. 

The effective charge decreases but does not 

eliminate the gap between theory and experiment. 

    The calculated value of 𝜇 for 60Co with gfree factor 

4.774nm and with the effective nucleon g1 and g2 

factors are 4.480 and 3.959 nm, respectively, are 

overestimates the measured value +3.799(8)nm with 

a positive sign indicates the direction to the z-

components are same. 

 

Table 2. Calculated the 𝝁  moments for 56,57,58,59,60Co isotopes using GXFP1  interaction in compared to 

experimental data provided 21.   

𝒈~
𝒁

𝑨
 𝒈𝒆𝒙𝒑 𝒈

𝒄𝒂𝒍.=|
𝝁𝒄𝒂𝒍.

𝑱
|
 𝝁𝒆𝒙𝒑. (𝒏𝒎) 𝝁𝒈𝟐 (𝒏𝒎) 𝝁𝒈𝟏 (𝒏𝒎) 𝝁𝒃𝒂𝒓𝒆 (𝒏𝒎) 𝑱𝝅𝑻 Isotopes 

0.48 0.96 1.07 + 3.85(1) 3.111 3.369 3.319 4+ 1 𝐶𝑜2927
56  

0.47 1.35 1.59 +4.720(10) 2.775 3.143 3.321 
7

2

−
 
3

2
 𝐶𝑜3027

57  

0.47 2.02 3.12 +4.044(8) 2.689 2.865 3.052 2+ 2 𝐶𝑜3127
58  

0.46 1.32 1.66 +4.615(25) 4.974 4.922 4.964 
7

2

−
 
5

2
 𝐶𝑜3227

59  

0.45 0.76 1.23 +3.799(8) 3.959 4.480 4.774 5+ 3 𝐶𝑜3327
60  

 

  

 

 

 

 

 

 

 

 

 

 

 

     

  

 

 

 

Figure 2. Comparison in magnetic dipole 

moments among the experimental data 21 (green 

circles) and the calculated with bare g factors 

value (black diamonds) and with effective g 

factors charges g1 (red circles) and g2 (blue 

triangles).  

 

  Fig. 2, represents the comparison of magnetic 

dipole moments with the neutron numbers. The 

computed values have the same behaviors for all N 

values. Fig.3, represents the relationship between 

the neutron numbers and g-factors. The calculated 

g-factor has the same forms and overestimates the 

experimental values the all neutron numbers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The relationship between the neutron 

numbers and  g-factors 

 

3. Elastic electron scattering  

     One of the most important methods for 

determining the electromagnetic properties of a 

nuclear structure is calculating the form factors 22. 

The elastic longitudinal electron scattering form 

factors for stable isotope 59Co with fp-shell model 

with mixed configuration is adopted using GXFP1 

interactions with the core of 40Ca plus (A- 20) 

residual nucleons divided over 1f7/2, 2p3/2, 1f5/2 and 

2p1/2 orbits. The reason for choosing to calculate the 

form factors of 59Co isotope is because of the 

availability of experimental data.  

     Fig. 4, shows the individual multipole 

contributions C0, C2, C4, C6 and the solid black 

curves representing the total longitudinal form 
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factors in model space (MS) only which is 

attributed to the C0 multipole. Since the diffraction 

minimum for MS is located at momentum transfer q 

=1.0 and 1.7 fm-1 which underestimates the 

experimental data 23.  

     The results are shown in Fig.5, by adding the 

Core polarization effect using the MSDI theory (red 

solid curves) and with B.M formula (blue solid 

curves), the results have given a good description in 

general and close to total form factors in MS (black 

solid curves) at all momentum transfers. With the 

addition of CP effects, there is a noticeable 

improvement in the form factor using B.M formula 

for the factors for the second lope, for 𝑞 ≥ 1.7 fm-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Elastic longitudinal form factors for 
59Co isotope with the contribution of the 

different multipolarities. The experimental data 

are taken from Ref. 23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Comparison among the total elastic 

longitudinal form factors with MS only (black 

curves) and the MS+CP form factors using the 

MSDI theory and B.M form. The experimental 

data are taken from Ref. 23 

 

Conclusions: 
     In this work, we have investigated the nuclear 

structure of some Co isotopes by some 

electromagnetic properties which were calculated 

using GXFP1 interaction in fp model space. By 

implementing this model, the high ratio of this 

including the CP by using microscopic theory and 

effective charges using B.M formula improves the 

values of the electric quadrupole moments and is 

help to interpret the experimental data of form 

factors. The Q moment is improved by CP, and the 

experimental values are more accurately described. 

The effective charges calculated using CP are lower 

than the usual charges. In general, calculations 

considering the dispersion property of loosely 

bound particles demonstrate the lower effect 

charges in neutron rich nuclei. Because the majority 

of nucleon spins and orbital momenta pair off, the 

contribution is nil, the nuclear magnetism as a result 

of several valence nucleons, CP with MSDI theory 

and B.M formula has does not effect on the value of 

a magnetic moment, but effective g-factors, on the 

other hand, eliminate this disparity for these 

isotopes. 
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 الكوبلتدراسة التركيب النووي لبعض نظائر 
 

  باسم خلف رجه      بان صباح حميد

 
 العراق.بغداد،  بغداد،جامعة  للبنات،كلية العلوم  الفيزياء،قسم 

                                                 
                                                                                                                                                    الخلاصة:

اعتمادا على تأثير بعض الخواص الفيزيائية مثل تأثيرات  A61-11=تم دراسة التركيب النووي لبعض نظائر الكوبلت للعدد الكتلي   

عوامل التشكل الطولية المرنة، وعزوم رباعي القطب الكهربائي وعزم ثنائي القطب المغناطيسي. تم أستخدم الخواص الكهرومغناطيسية، مثل 

تم اعتبار أن في الحسابات الحالية.  من خلال اعتماد وظائف موجة الجسيمات المفردة للمذبذب التوافقي GXFP1وتفاعل  fpنموذج الفضاء 

1f 5/2 ,، حيث تتحرك نيوكلونات التكافؤ عبر مدارات   fpتتألف من قلبٍ خاملٍ لجميع النظائر المدروسة في فضاء هذا النموذج Ca40نواة 

7/21f, 3/2 2p  1/22 وp.   يتم الحصول على تأثيرات استقطاب القلب من الرتبة الأولى من خلال النظرية المجهرية. بالإضافة الى ذلك تم اضافة

 .المتوفرةالفعالة. تم مقارنة النتائج المحسوبة مع القيم العملية  gتأثيرات استقطاب القلب باستخدام الشحنة الفعالة وعوامل 

 

 ، عزم ثنائي القطب المغناطيسي، العزوم الرباعية. fp الفضاءعوامل التشكل الطولية المرنة، نموذج  نظائر الكوبلت، الكلمات المفتاحية:
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