
World Journal of Nuclear Science and Technology, 2017, 7, 67-83 

http://www.scirp.org/journal/wjnst 

ISSN Online: 2161-6809 

ISSN Print: 2161-6795 

DOI: 10.4236/wjnst.2017.72006  April 3, 2017 

 

 

 

Studying the Nuclear Structure of Some Target 

Nuclei Used for Radiotherapy Nuclei 

Production by Using Skyrme-Hartree-Fock 

Method 

Ali A. Alzubadi, Duaa Majid Hameed 

Department of Physics, College of Science, University of Baghdad, Baghdad, Iraq 

  
 

 

Abstract 

The nuclear structure for some target nuclei namely: 32S, 58Ni, 89Y, 90Zr, 
100Mo and 197Au used for production of the therapeutic radionuclides; 32P, 
58Co, 89Sr, 90Y, 99Mo, 100Tc, 197Pt and 197Hg has been investigated using 

Skyrme-Hartree-Fock method based on Skyrme effective two-body interac-

tion. For these purpose, we have calculated the various nuclear densities, the 

corresponding root mean square radii and nuclear binding energies. The 

density dependent initial neutron and proton exciton numbers have been 

also calculated which give the ability to investigate the neutron and proton 

induced reaction cross-sections for these target nuclei using hybrid model 

for pre-equilibrium nuclear reactions. The calculated results are compared 

with available experimental data. 
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1. Introduction 

Radionuclides find applications in many fields. Their major use is in medicine, 

in both diagnosis and therapy. The production of radionuclides is carried out by 

using nuclear reactors. The reactor produced radionuclides are generally neu-

tron excess nuclides [1]. Radioisotopes are essential for a variety of applications 

in medicine as diagnosis by scintigraphy and treatment of various diseases by 

internal radiotherapy. There is a rapid growth in the use of radionuclides for 

treatment of cancer in nuclear medicine paralleled by an increase of the diversity 
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of the used radioisotopes [2]. The recent revival of interest on radionuclide 

therapy or targeted radiotherapy (TR) is a consequence of improvements in tis-

sue specific biomolecules (monoclonal antibodies (mAbs), bone seeking bis-

phosphonates, etc.) and its potential advantages over external radiotherapy, par-

ticularly for patients with inoperable or multi-site disease as neuroendocrine 

tumors and disseminated bone metastases. In benign disorders TR provides an 

alternative to surgery or medical treatments and in cancer treatment combines 

target selectivity with that of being systemic [3]. 

The present work is meant to investigate the applicability of the Skyrme- 

Hartree-Fock method (SHF) method to the descriptions and calculations of the 

nuclear structure for medical applications. This work is to check whether the 

theoretical results obtainable by the SHF method for such nuclei will turn out to 

be conformant with the corresponding experimental data. For this purpose we 

have selected a number of target nuclides, namely: 32S, 58Ni, 89Y, 90Zr, 100Mo and 
197Au for production therapeutic radionuclides; 32P, 58Co, 89Sr, 90Y, 99Mo and 197Pt. 

The proton, neutron, mass, and charge densities with their associated root mean 

square (rms) radii, nuclear binding energy (BE), initial exciton numbers and the 

nucleon-nucleon interaction cross section will be calculated. The initial exciton 

numbers give the ability to investigate the neutron and proton induced reaction 

cross-section for these target nuclei using geometry dependent hybrid model 

(GDHM) for pre-equilibrium nuclear reactions. The calculated results will be 

compared with available experimental data. 

2. Theory and Methodology 

The central assumption of the Hartree-Fock (HF) approach is that the structure 

properties of a system, in this case nuclei, can be understood in terms of the 

force felt by each nucleon moving independently in an average potential or 

mean field (MF). This leads to the ansatz for the HF approximation that the 

ground-state trial wave function of a nucleus containing A nucleons is written as 

a Slater determinant, or antisymmetrised product of occupied states. This Slater 

determinant Equation (1) is built from a complete orthonormal set of sin-

gle-particle wave functions (the HF basis), ( )i jφ r , where jr  denotes all the 

spatial, spin and isospin coordinates of the jth nucleon  

( ) ( ) ( )1 1

1
1

!
N NHF p r r

N

σ
σ

σ
φ φ= −∑                (1) 

HF approximation is a microscopic model that describe the structure of the 

nucleus in terms of the degrees of freedom of its microscopic constituents (the 

nucleons). In HF calculations, the most widely used interaction is the forces of 

Skyrme type. The definition of the Skyrme interaction can be written as the sum 

of two- and three-body parts [4],  

( ) ( )2 3ˆ ˆ ;i ij ijk

i i j i j k

H t υ υ
< < <

= + +∑ ∑ ∑                    (2) 

the two body part was given by  
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k r r k
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           (3) 

and the three-body part by  

( ) ( ) ( )3

123 3 1 2 2 3 .tυ δ δ= − −r r r r                    (4) 

where the k̂  and ˆ′k  are relative momentum operators defined as  

( ) ( )1 2 1 2

1 1ˆ ˆ,      
2 2i i

′= − = − −k k∇ ∇ ∇ ∇               (5) 

which operate on the wave functions to the right and to the left. 

The Skyrem force contains six parameters as 
ot , 1t , 2t , 3t , 

ox  and 
oW  

which are usually determined by fitting the experimental ground state properties 

of a finite nuclei within HF calculation. The expectation value of total energy of 

a given nucleus in a Slater determinant HF  is given by [4] [5]  

( ) ( )2 3

ˆ

1 1
ˆ   

2 6i ij ijk

E HF H HF

i t i ij ij ijk ijkυ υ

=

= + +∑ ∑ ∑
          (6) 

where the notation υ  represents an antisymmetrized matrix element. 

In particular, according to the SHF method, the total binding energy of a nuc-

leus is obtained self-consistently from the energy functional [5] [6] [7]: 

( ) ( ) ( )kin Skyrme Coul pair cm, , ,pE E E J E E Eτ ρ τ ρ= + + + −         (7) 

where the kinetic energy is given by:  

2 2
3

kin d .
2 2

p n

p n

E r
m m

τ τ
 

= +  
 

∫
 

                   (8) 

where SkyrmeE , the energy functional of the Skyrme force and given by  

3 2 2 2 20 0 3 3
Skyrme

2 2
1 1

4 4

d
2 2 3 3

            
2 2

            

q q
q q

q q q q
q q

q q
q

b b b b
E r

b b
b b

b J b J

α αρ ρ ρ ρ ρ

ρτ ρ τ ρ ρ ρ ρ

ρ ρ

+′ ′= − + −


′
′+ − − ∆ + ∆


′− ∇ ⋅ − ∇ ⋅ 



∑ ∑∫

∑ ∑

∑

        (9) 

and { },q p n∈ . qρ  is the local densities for protons and neutrons (depending 

on the value of q), ρ  the total density, qτ  is the kinetic energy densities for 

protons and neutrons and qJ  is the spin-orbit current density, that are given by  

( )

2 22 2

2

,   ,

ˆ ˆ .
2

q q

q

q k k q k k
k k

q k k k k k
k

iJ

ρ υ ψ τ υ ψ

υ ψ σψ σψ ψ

∈Ω ∈Ω

∈Ω

= = ∇

 = − ∇× − ∇× 

∑ ∑

∑ ††
            (10) 
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The 
kψ  are the single-particle wave functions and 

2

kυ  the occupation 

probabilities calculated taking the residual pairing interaction into account. The 

parameters 
ib  and 

ib′  used in SkyrmeE  equation were chosen to give a com-

pact formulation of the energy functional, the corresponding MF Hamiltonian 

and residual interaction [7] [8]. They are related to the more commonly used 

Skyrme force parameters 
it  and 

ix  by  

( )
( )
( ) ( )
( ) ( )
( ) ( )
( ) ( )

( )
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4 2
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b t x t x

b t x t x

b t x t x

b t x t x

b t x

b t x

= +

′ = +

 = + + +  
 ′ = + − +  
 = + − +  
 ′ = + + +  

= +

′ = +

               (11) 

The Coulomb interaction is a well-known piece of the nuclear interaction. 

However, its infinite range makes it very time consuming to evaluate the ex-

change part exactly, and it is unwise to spend most of the computing time on a 

small contribution. Therefore the Coulomb-exchange part is treated in the Slater 

approximation, and we obtain for the Coulomb energy 
CoulE  [6] [8] 

( ) ( )2
3 3

Coul Coul,exch

0 0

d d ,
2

p pr re
E r r E

r r

ρ ρ∞ ∞ ′
′= +

′−∫ ∫            (12) 

( )
1 3

4 32 3

Coul,exch

0

3 3
d

4 π pE e r rρ
∞ = −  

  ∫                (13) 

The Coulomb part of the energy functional depends only on the charge den-

sity of the nucleus, however in many cases an approximation is made that rep-

laces the charge density with the proton density. 

In SHF method, the neutron or proton densities are given by: 

( ) ( ) ( ) ( ): neutron or proton ,q

q

w qβ β β
β

ρ
∈

= Ψ Ψ∑r r r
†         (14) 

where βψ  is the single-particle wave function given by of state β ; the occupa-

tion probability of state β  is denoted by wβ . The densities in spherical repre-

sentation are given by [9]  

( )
2

2 1
,

4πq
n j l

j R
r w

rβ β β

β β
βρ

+  
=  

 
∑                 (15) 

where Rβ  is the harmonic oscillator radial part wave function given by the fol-

lowing equation [10] 
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and 
( ) ( )

1
2

l

nL x
+

 is the associated Laguerre polynomial. The parameter b is  

called the oscillator length. It characterizes the width of the oscillator potential 

and is given by  

( ) ( ) [ ]2

197.33
 fm

940 MeVq
q

c
b

m m cω ωω
= = ≈

×

 


        (17) 

The rms radii of neutron and proton densities can be evaluated using Equa-

tion (15) and the following formula:  

( )
( )

1 2
2

1 2
2

d
,

d

q

q q

q

r r
ρ

ρ

 
= =  

  

∫
∫
r r r

r r
                (18) 

The HF equations and pairing equations are derived from the total energy 

functional of the nucleus,  

Skyrme Coulomb pair . .,c mE E E E E= + + −               (19) 

where E is the total energy of the nucleus, SkyrmeE  is the energy of the Skyrme 

interaction, 
CoulombE  is the Coulomb interaction energy, pairE  is the two- 

nucleon interaction pairing energy, and Ec.m is the correction for the spurious 

center-of-mass motion of the mean field [6]. 

The initial exciton numbers ( n p h= + , where p and h are the numbers of ex-

cited particles above the Fermi energy and below it, respectively) are very im-

portant in pre-compound or pre-equilibrium (PEQ) nuclear reactions. Nucleon 

induced reactions are assumed in the hybrid (HM) and the geometry-dependent 

hybrid (GDH) models [11] [12] to begin with the excitation by the projectile of a 

two-particle—one-hole (2p1h) doorway configuration. Where in each scattering, 

some nucleons may be unbound. These nucleons may either be emitted into the 

continuum or may rescatter. Because the possibilities of scattering are much 

greater than the possibilities for annihilation, the equilibration cascade may be 

formulated in a “never come back” approximation, i.e., in each step, each 

nucleon makes a two-body collision creating an additional particle-hole pair. 

The interactions between nucleons or the free scattering cross-sections of differ-

ing isospin projections are approximately three times that of nucleons of the 

same isospin projections. So ( )3  or np nn ppσ σ σ≈  over the energy range of in-

terest for the PEQ decay calculations under consideration [13]. The GDH model 

takes into account the density distribution of the nucleus, and it takes the initial 

exciton number as 3on =  (1 neutron, 1 proton and 1 hole) [14]. The initial 

neutron and proton exciton numbers, for each partial wave can be evaluated for 

a neutron and proton induced reaction on a target as [15]  

( ) ( )
( ) ( ) ( )

2 3 2
,

3 2 3

p l n l

n

p l n l p l

R R
X

R R R

ρ ρ

ρ ρ ρ

 + =
 + + 

             (20) 
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( )
( ) ( )
2 3

,
2 6

p l

p

n l p l

R
X

R R

ρ

ρ ρ

  =
+

                  (21) 

where 2n pX X+ =  and l is the orbital angular momentum. The radius of the 

1thentrance channel partial wave is given by ( )1 2lR l= +  where  , is the 

reduced de Broglie wavelength of the projectile. Tel et al. [16] suggested that for 

nucleon-induced reaction cross-sections, the neutron and protons impact para-

meters ( )n lRρ  and ( )p lRρ  in Equations (20) and (21) can be replaced with 

the neutron density ( )n Rρ  and the proton density ( )p Rρ  distributions from 

the values calculated by taking into accounts ingle-particle wave functions with 

Equation (15). So, the initial neutron and proton exciton numbers can be eva-

luated from their densities using Skyrme nucleon-nucleon effective interaction 

in the nucleon-induced pre-compound reactions. 

The absolute emission spectral yields of the proton and neutron in (n, p) and 

(p, n) reactions prior to the attainment of statistical equilibrium can evaluated 

using HM and GDH. The HM for pre-equilibrium decay can be written as  

( ) ( )
d

,
d

q

R qP
σ ε

σ ε
ε

=                      (22) 

( ) ( ) ( )

( ) ( ) ( )( )
0

2

d , d

 ,

n

q n q n n q
n n

n

c c n

P X N U N E g

D

ε ε ε ε

λ ε λ ε λ ε

=
∆ =+

+

 =  

 × + 

∑
          (23) 

where Rσ  is the reaction cross-section, qg  is level density for single particle 

of type q (proton or neutron), n  is the equilibrium (most probable) particle 

plus hole (exciton) number, 0n  the initial exciton number, n qX  is the num-

ber of particle type q  in n  exciton hierarchy, ( )dqP ε ε  represents number 

of particles of the type q  emitted into the unbound continuum with energy 

channel between ε and dε ε+ . The term in the first set of square brackets of 

Equation (23) represents the number of particles to be found (per MeV) at a 

given energy ε for all scattering processes leading to an “n” exciton configura-

tion. ( )cλ ε  is emission rate of a particle into the continuum with channel 

energy ε and ( )λ ε+  is the intranuclear transition rate of a particle. The second 

set of square brackets in Equation (23) represents the fraction of the q type par-

ticles at an energy which should undergo emission into the continuum, rather 

than making an intranuclear transition. The nD  represents the average fraction 

of the initial population surviving to the exciton number being treated. U is the 

residual nucleus excitation energy, E is the composite system excitation energy 

( – –qU E B ε= , where the qB  is the particle binding energy), and ( ),nN Uε  

is the number of ways. It has been demonstrated that the nucleon-nucleon scat-

tering energy partition function ( )nN E  is identical to the exciton state density 

( )n Eρ , and may be derived by the certain conditions on nucleon-nucleon scat-

tering cross-sections. The nucleus has a density distribution which can affect PE 

decay in two ways. The first way is related to the nucleon mean free path which 

is expected to be longer in the diffuse nuclear surface. Secondly, in a local densi-
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ty approximation, there is a limit to the hole depth. These two changes were in-

corporated into GDH model. The differential emission spectrum is given in the 

GDH model as [16] [17]  

( ) ( ) ( )2

0

d
π 2 1 , ,

d

q

qT P
σ ε

ε
ε

∞

=

= +∑ 


                (24) 

where   is the reduced de Broglie wavelength of the projectile and T  is the 

transmission coefficient for th  partial wave. The GDH model is made accord-

ing to incoming orbital angular momentum in order to account for the effects of 

the nuclear-density distribution. 

3. Results and Discussion 

In the present work, the calculated nuclear density profiles have been calculated 

using SHF with SkM parameterization. This parameterization was chosen in the 

light of the discussion on the rms charge density radii. The density at the center 

of an atomic nucleus decreases slightly with increasing mass. This means that as 

the mass number increases of each nucleus the central density undergoes a slight 

diffusion and becomes less dense with increasing radius and volume [18]. The 

charge density distributions were obtained by folding the charge distributions of 

a proton with the proton density calculated with the HO wave functions  

( ) ( )
1

2 2 2
0.8  fmC P

rms rmsR R = +  
 where 0.8 fm is the rms charge radius of a proton  

[8]. In computing the observable charge densities using the SHF method, anoth-

er fact should also be considered that the nucleons themselves have intrinsic 

electromagnetic structure. Thus, one has to compute the proton, neutron, and 

mass densities with the intrinsic charge density of the nucleons. To illustrate the 

behavior of one particle nuclear density distribution, the calculated charge, pro-

ton, neutron and mass densities of the target nuclei listed it Table 1 are depicted 

separately in Figure 1. Different colors are used for distinguishing between the 

various nuclear densities of each nucleus. 

In general point of view, we can deduce that in the case of heavy nuclei, the 

nuclear density is constant near the center and falls fairly rapidly to zero at the 

nuclear surface. Their neighbors, so that, when one adds a new particle to the 

system, most of the others are not directly affected by its presence. Thus, interior 

density dose not substantially change by increasing the number of nucleons A.  

 

Table 1. The target nuclei used for production the therapeutic radionuclide. 

Decay mode T1/2 Jπ Z product reactions Jπ Z Target 

β− 

ε 

β− 

β− 

β− 

β− 

β− 

ε 

14.2 d 

70.8 d 

50.5 d 

64.0 h 

65.9 h 

15.4 s 

19.8 h 

64.1 h 

1+ 

2+ 

5/2+ 

2− 

1/2+ 

1+ 

1/2− 

1/2− 

15 

27 

38 

39 

42 

43 

78 

80 

32P 
58Co 
89Sr 
90Y 

99Mo 
100Tc 
197Pt 

197Hg 

(n, p) 

(n, p) 

(n, p) 

(n, p) 

(n, 2n) 

(p, n) 

(n, p) 

(p, n) 

0+ 

0+ 

1/2− 

0+ 

0+ 

0+ 

3/2+ 

3/2+ 

16 

28 

39 

40 

42 

42 

79 

79 

32S 
58Ni 
89Y 

90Zr 
100Mo 
100Mo 
197Au 
197Au 



A. A. Alzubadi, D. M. Hameed   

 

74 

 

Figure 1. The comparison of calculated neutron, proton, charge and mass densities of the selected target 

nuclei using SkM parameterization. 

 

Also, it is obvious that the central nuclear charge densities gradually decrease as 

the nucleons number A increases this is due to the charge in the self-consistent 

HF potential coming from the additional nucleons. This change in charge den-

sity is available in the interior and the surface regions of the nuclei. The contri-

bution of additional nucleons to the density is directly associated to the orbits 

that are filled. These orbits are changing the densities in the interior and the 

surface regions. 

The theoretical charge rms radii of the selected target nuclei have been calcu-

lated using various Skyrme parameterizations; SkM [19], S1 [20], S3 [21], SkM* 

[22] and T3 [23] and given in Table 2 along with experimental data for those 

nuclei where it exists [24]. The agreement with experiment is seen to be very 

good especially with Skyrme parameterization. The results are also displayed 

graphically in Figure 2. 

In the light of the discussion on the rms charge density radii results, the BE, 

proton, neutron rms radii and neutron skin thickness ( )n pT r r= −  for the se-

lected target nuclei have been calculated using SkM parameterization and listed 

in Table 3. Inspection of these data reveals that there is a good agreement with  
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Table 2. The calculated rms charge radii (in fm) using the SHF method compared with 

experimental data taken from Ref. [24]. 

Exp T3 SkM* S3 S1 SkM Nucleus 

3.2611 

3.7757 

4.2430 

4.2694 

4.4468 

5.4371 

3.279 

3.795 

4.240 

4.264 

4.368 

5.410 

3.301 

3.811 

4.267 

4.291 

4.395 

5.441 

3.293 

3.839 

4.300 

4.323 

4.446 

5.501 

3.185 

3.721 

4.185 

4.207 

4.323 

5.358 

3.276 

3.789 

4.300 

4.271 

4.377 

5.427 

32S 
58Ni 
89Y 

90Zr 
100Mo 
197Au 

 

Table 3. The rms charge radii, neutron skin thickness (in fm) and binding energies of se-

lected target nuclei using the SHF (in MeV). 

Nucleus rn rp rm T BEtheo BEexp 

32S 
58Ni 
89Y 

90Zr 
100Mo 
1197Au 

3.125 

3.697 

4.301 

4.272 

4.474 

5.525 

3.170 

3.697 

4.232 

4.204 

4.313 

5.373 

3.147 

3.697 

4.271 

4.242 

4.407 

5.464 

0.04 

0 

0.06 

0.06 

0.16 

0.15 

271.78 

506.46 

775.54 

783.90 

858.88 

1559.4 

271.1 

506.2 

785.5 

858.8 

860.4 

1555.7 

 

 

Figure 2. Rms charge radii for selected target nuclei calculated using various Skyrme pa-

rameterizations along with experimental data taken from Ref. [24]. 

 

the available experimental data. The binding energies seem, in general to be bet-

ter reproduced than the rms radii. Regarding to the neutron skin thickness, it is 

clear that as the mass number of the nuclei increases, the neutron density distri-

bution becomes more extended, but this concerns the proton densities to a 

smaller extent. This leads to the formation of a neutron skin in elements featur-

ing a high neutron excess.  

The initial neutron and proton exciton numbers have been calculated using 

Equations (20) and (21) and illustrated in Figure 3. Figure 3(a) shows the initial 

exciton numbers for 32S. It can be noticed that the neutron exciton numbers are 

approximately 0.5187 times greater than the proton exciton numbers in the 

range from 0 to 4.4 fm beyond this range the deference gradually decreases. The  
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Figure 3. The calculated density-dependent initial neutron (read line) and proton (blue line) exciton num-

bers for (a) 32S, (b) 58Ni, (c) 89Y, (d) 90Zr, (e) 100Mo and (f) 197Au using SkM parameterization. 

 

initial exciton numbers for 58Ni is given in Figure 3(b) the predicted exciton 

numbers are approximately the same and there is only a small difference in the 

range of 0 to 0.52 fm. In Figure 3(c) and Figure 3(d) we illustrate the initial ex-

citon numbers of the proton and neutron for 89Y and 90Zr, they are approx-

imately the same and the difference is in the range of 0 to 0.54 fm. Beyond 6 fm 
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the difference gradually increases. This behavior can be attributed to the small 

difference between the neutron and proton numbers in these nuclei. For the rest 

selected target nuclei 100Mo and 197Au. The calculated initial proton and neutron 

exciton numbers are shown in Figure 3(e) and Figure 3(f). The HM calcula-

tions predict the maximum difference in initial neutron exciton number at ap-

proximately 0.62 fm for region up to 6 fm. After this region, the difference in-

creases with increasing the nucleus radius. This difference can be attributed to 

increase the ratio of N/Z for these target nuclei. However; they predict the initial 

proton exciton number to be the minimum in this region. The initial proton and 

neutron exciton numbers have local minimum and maximum values, respec-

tively. 

The differential cross-sections of the investigated reactions have been calcu-

lated using the pre-compound code [25] illustrated in Figures 4-11. A compari-

son with data retrieved from the online EXFOR library is also made. The calcu-

lated proton emission spectra of 32S(n, p)32P reaction is shown in Figure 4 as a 

function of proton energy. The obtained results for the emission spectrum using 

HM with the density dependent initial exciton numbers is in a good agreement 

with the experimental result especially in low energy region. The calculated pro-

ton emission spectrum of 58Ni(n, p)58Co reaction is shown in Figure 5 along 

with the experimental data taken from Ref. [26]. As seen from figure, the maxi-

mum emission spectra of the experimental data are obtained in the range of 2.5 - 

4 MeV and overestimate the theoretical spectrum using HM and the direction 

deceases gradually with increasing energy. The calculated proton emission spec-

tra of 89Y(n, p)89Sr are plotted in Figure 6 as a function of energy. Generally, the 

proton emission spectrum using HM is over estimate the experimental data. Large 

discrepancy in the cross-section is observed up to 4 MeV between experimental  

 

 

Figure 4. The comparison of proton emission spectra of 32S (n, p) reaction at 14 MeV 

neutron energy. Experimental values were taken from Ref. [26]. 
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Figure 5. The comparison of proton emission spectra of 58Ni (n, p) reaction. Experimen-

tal values were taken from Ref. [27]. 

 

 

Figure 6. The comparison of proton emission spectra of 89Y (n, p) reaction at 14.6 MeV 

neutron energy. Experimental values were taken from Ref. [28]. 

 

values and HM calculation. After 4 MeV, there is an acceptable agreement with 

the experimental result. The proton emission spectrum using HM calculation 

together with the available experimental data for 90Zr(n, p)90Y reaction are plot-

ted in Figure 7. The prediction of HM and the experimental results are in rela-

tively good agreement with each other. Moreover, the HM results give highest 

results for the low energy region up to 4 MeV and even the size discrepancies 

decrease grossly as proton energy increases. Figure 8 shows the emission spec-

trum of neutrons for 100Mo(n, 2n)99Mo reaction treated by HM. The result 

showed reasonable agreement with experimental data except for low and high  
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Figure 7. The comparison of proton emission spectra of 90Zr (n, p) reaction. Experimen-

tal values were taken from Ref. [28]. 

 

 

Figure 8. The comparison of neutron emission spectra of 100Mo (n, 2n) reaction at 12 

MeV neutron energy. Experimental values were taken from Ref. [29]. 

 

energy regions where the calculated result is somewhat low. Whether this dis-

crepancy is meaningful and conclusion with the uncertainties of the calculation 

is yet an open question. The neutron emission spectra produced by 100Mo(p, 

n)100Tu reaction was illustrated in Figure 9. The experimental data and HM re-

sult give quite similar spectra within energy range from 10 - 25 MeV. On the 

other hand, the experimental spectrum gives the highest result than HM calcula-

tion in about neutron energy 6 - 9 MeV. The comparison of calculated proton 

emission spectrum of 197Au(n, p)197Pt reaction with the experimental data is pre-

sented in Figure 10. The HM succeed to reproduced the proton emission  
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Figure 9. The comparison of neutron emission spectra of 100Mo (p, n) reaction Experi-

mental values were taken from Ref. [30]. 

 

 

Figure 10. The comparison of proton emission spectra of 197Au (n, p) reaction at 14 MeV 

neutron energy. Experimental values were taken from Ref. [26]. 

 

spectrum in shape but the data obtained from EXFOR give higher results than 

theoretical estimation especially in low and high energy regions. The neutron 

emission spectra produced by 197Au(p, n)197Hg reaction calculated using HM is 

compared with the experimental data in Figure 11. The obtained theoretical 

spectrum is in a relatively good agreement with the experimental data. Moreo-

ver, the HM result gives lowest result in low energy region. 

4. Conclusion 

Several conclusions can be drawn from the present study. The results for binding  
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Figure 11. The comparison of neutron emission spectra of 197Au (p, n) reaction at 22 

MeV neutron energy. Experimental values were taken from Ref. [26]. 

 

energies and rms radii of the selected target nuclei calculated using the SHF me-

thod with SkM parameterization are more close to the experimental data than 

that of the calculated results with the other Skyrme parameterizations. Good 

general agreement has also been found in extensive comparisons of measured 

nuclear charge-density distributions with calculated using the SkM Skyrme pa-

rameterization. The SHF method is the useful for calculating of the spherical 

nuclei because this force is central and has zero range interactions. For proton 

and neutron induced PE reactions, the initial neutron and proton exciton num-

bers can be calculated from the corresponding neutron and proton densities us-

ing an effective Skyrme force. HM gives a smooth continuous PE spectra, whe-

reas the experimental results are quite different for each target nuclei, showing 

the effects of nuclear structure on the PE spectra.HM failed to reproduce the 

emission spectra in low energy region for medium target nuclei whereas it is 

succeeded in light and heavy nuclei. 
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