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CALCULATIONS OF LIGHT, MEDIUM AND HEAVY NEUTRON-RICH 

NUCLEI CHARACTERISTICS 
 

Galina Krumova 
 

Angel Kanchev University of Ruse 
 

Abstract: Results of charge form factor calculations for several unstable neutron-rich isotopes of light, 
medium and heavy nuclei (He, Li, Ni, Kr, Sn) are presented and compared to those of stable isotopes in the 
same isotopic chain. Proton densities are compared to matter densities. Whenever possible a comparison of 
form factors and densities with available experimental data is also performed. The charge form factor of the 
6Li nucleus is obtained also on the basis of its cluster structure. 

Keywords: Charge form factors, proton and matter density, cluster structure 
 

INTRODUCTION 
It has been found from analyses of total interaction cross sections of scattering of 

particles and ions from nuclei that weakly-bound neutron-rich light nuclei, e.g. 6,8He, 11Li, 
14Be, 17,19B, have increased sizes that deviate substantially from the R ~ A1/3 rule. It was 
realized that such a new phenomenon is due to the weak binding of the last few nucleons 
which form a diffuse nuclear cloud due to quantum-mechanical penetration (the so called 
"nuclear halo"). Another effect is that the nucleons can form a "neutron skin" when the 
neutrons are on average less bound than the protons. 

Most exotic nuclei are so shortlived that they cannot be used as targets at rest. 
Instead, direct reactions with radioactive nuclear beams (RNB) can be investigated in 
inverse kinematics, where the roles of beam and target are interchanged. For example, 
proton elastic scattering angular distributions were measured at incident energies less 
than 100 MeV/nucleon for He and Li isotopes and even at energy of 700 MeV/nucleon for 
the same nuclei at GSI (Darmstadt). The charge and matter distributions of these nuclei 
were tested in analyses of differential and total reaction cross sections of the proton 
scattering on exotic nuclei using different phenomenological and theoretical methods. It 
was shown that elastic scattering of protons serves as a good tool to distinguish between 
different models of density distributions. 

Concerning the charge distributions of nuclei, it is known that their most accurate 
determination can be obtained from electron-nucleus scattering. For the case of exotic 
nuclei the corresponding charge densities are planned to be obtained by colliding 
electrons with these nuclei in storage rings. It is important to study how the charge 
distribution as well as the radii and diffuseness evolve with increasing neutron number (or 
isospin) at fixed proton number. This point may be very important for understanding the 
neutron-proton interaction in the nuclear medium. To this end the preliminary theoretical 
calculations of the charge form factors of neutron-rich exotic nuclei can serve as a 
challenge for future experimental work and thus, for accurate determination of the charge 
distributions in these nuclei. This can be a test of the different theoretical models used for 
predicting charge distributions. 

In recent years theoretical work has been done along these lines focusing on halo 
nuclei. Various existing theoretical predictions for the charge distributions in light exotic 
nuclei 6,8He, 11Li, 14Be, 17,19B have been used for calculations of charge form factors - for 
instance, those of Tanihata et al. for He isotopes, the results of the cluster-orbital shell-
model approximation (COSMA) for He and Li isotopes, the large-scale shell-model (LSSM) 
method (for He and Li isotopes) and that of Suzuki et al. for 14Be and 17,19B nuclei. The 
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charge form factors have been calculated within the plane wave Born approximation 
(PWBA). Calculations of form factors of heavier exotic nuclei within the PWBA are also 
available. 

In [1,2] we extend the range of exotic nuclei for which charge form factors have been 
calculated earlier. Along with the new calculations for He and Li isotopes, we present 
results on charge form factors of several unstable isotopes of medium (Ni) and heavy (Kr 
and Sn) nuclei and compare them to those of stable isotopes in the same isotopic chain. 
We also give the charge densities and compare them to matter density distributions. The 
calculated proton, neutron, charge and matter rms radii are compared with those for 4,6,8He 
and 6,11Li deduced from the proton scattering experiments at GSI and from the total 
interaction cross sections obtained from the measurements of Tanihata et al. and from the 
re-analysis of the same data. In our calculations for the He and Li isotopes we use the 
LSSM proton and neutron densities obtained in calculations based on the set of wave 
functions with exponential asymptotic behaviour. For the isotopes of heavier nuclei Ni, Kr 
and Sn we use proton and neutron densities which are obtained from self-consistent 
mean-field (HF+BCS, shortly HFB) calculations with density-dependent Skyrme effective 
interactions in a large harmonic-oscillator (HO) basis. Secondly, we calculate the charge 
form factors not only within the PWBA but also in the distorted wave Born approximation 
(DWBA) by numerical solution of Dirac equation for electron scattering in the Coulomb 
potential of the charge distribution of a given nucleus. 

A theoretical scheme for calculations of the charge density distribution and form 
factor of 6Li in the framework of the α-d cluster model of this nucleus is suggested in [3,4]. 
 

CHARGE FORM FACTOR AND DENSITY DISTRIBUTION CALCULATIONS 
The nuclear charge form factor Fch(q) has been calculated as follows: 
 

(1) Fch(q) = [Fpoint;p(q) GEp(q) + (N/Z) Fpoint;n(q) GEn(q)] Fc.m.(q), 
 

where Fpoint;p(q) and Fpoint;n(q) are the form factors which are related to the point-like proton 
and neutron densities ρpoint;p(r) and ρpoint;n(r), respectively. These densities correspond to 
wave functions in which the positions r of the nucleons are defined with respect to the 
centre of the potential related to the laboratory system. In PWBA these form factors are 
Fourier transforms of the corresponding point-like densities normalized to Z and N. In 
order that Fch(q) corresponds to density distributions in the centre-of-mass coordinate 
system, a factor Fc.m.(q) is introduced in the standard way [Fc.m.(q) = exp(q2/4A2/3)]. In Eq. 
(1) GEp(q) and GEn(q) are the Sachs proton and neutron electric form factors, 
correspondingly, and they are taken from one of the most recent phenomenological 
parametrizations. 

In [1], in addition to PWBA, we also perform DWBA calculations solving the Dirac 
equation which contains the central potential arising from the proton ground-state 
distribution. We use two codes for numerical calculations of the form factors and the 
results of both calculations are in good agreement. 

The theoretical predictions for the point-like proton and neutron nuclear densities of 
the light exotic nuclei 6,8He and 11Li, as well as of the corresponding stable isotopes 4He 
and 6Li are taken from the LSSM calculations. For 4,6,8He nuclei they are obtained in a 
complete 4ħω shell-model space. The LSSM calculations use a Woods-Saxon single-
particle wave function basis for 6He and 8He and HO one for 4He. For comparison we use 
also the "experimental" charge density for 4He and, i.e. the so-called "model-independent" 
shape of the density. The proton and neutron densities of 6Li are obtained within the LSSM 
in a complete 4ħω shell-model space and of 11Li - in complete 2ħω shell-model 
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calculations. For 6Li the single-particle HO wave functions have been used in the LSSM 
calculations and Woods-Saxon ones for 11Li. For 6Li we also use the point-proton nuclear 
density distribution which leads to the "experimental" charge distribution with rms radius 
equal to 2.57 fm. 

The point proton and neutron density distributions of Ni, Kr and Sn isotopes are taken 
from deformed self-consistent HFB calculations with density-dependent SG2 effective 
interactions using a large HO basis with 11 major shells. 

Figs. 1-8 display some of the obtained results. 
 

 
 
Fig. 1: Thin lines are LSSM point proton densities of 4,6,8He compared to the "experimental" charge 
density for 4He from "model-independent" analyses. Thick lines are LSSM matter densities of 
4,6,8He compared to matter density of 8He deduced from the experimental proton scattering cross 
section data (grey area). 
 

         
 

Fig. 2: Thin lines are LSSM point proton densities of 6,11Li compared to the point-proton density of 
6Li extracted from the "experimental" charge density in a "model-independent" analysis. Thick lines 
are LSSM matter densities of 6,11Li compared to matter density of 11Li deduced from the 
experimental proton scattering cross section data (grey area). 
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Fig. 3: (a) Charge form factors of 6He, 8He and 11Li calculated in BA (Born approximation) (thin 
lines) and SDE (solving the Dirac equation) (thick lines) using LSSM densities; (b) charge form 
factors in SDE for 4He (calculated by using “experimental” charge density and the LSSM density) 
and of 6,8He (using the LSSM densities); (c) charge form factor in SDE for 6Li (using the 
“experimental” charge density and the LSSM densities) and for 11Li (using the LSSM densities). 

 
Fig. 4: (a) Charge form factors for the unstable doubly-magic 56Ni, stable 62Ni and unstable 74Ni 
isotopes calculated by using the HF+BCS densities and the DWBA; (b) HF+BCS proton densities 
of 56Ni, 62Ni and 74Ni. 
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Fig. 5: (a) Charge form factors for the stable isotope 82Kr and for the unstable 92Kr and 94Kr 
isotopes calculated by using the HF+BCS densities and the DWBA; (b) HF+BCS proton densities 
of 82Kr, 92Kr and 94Kr. 

 
Fig. 6: (a) Charge form factors for the stable isotope 118Sn, unstable 126Sn and unstable doubly-
magic 132Sn isotopes calculated by using the HF+BCS densities and the DWBA; (b) HF+BCS 
proton densities of 118Sn, 126Sn and 132Sn. 
 

In addition, the charge form factor of 6Li nucleus is considered on the basis of its 
cluster structure [3]. The charge density of 6Li is presented as a superposition of two 
terms. One of them is a folded density and the second one is a sum of 4He and the 
deuteron densities. Using the available experimental data for 4He and deuteron charge 
form factors, a satisfactory agreement of the calculations within the suggested scheme is 
obtained with the experimental data for the charge form factor of 6Li, including those in the 
region of large transferred momenta (see Fig. 9). 
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Fig. 7: Charge form factors for the stable isotopes 4He and 6Li calculated using LSSM densities 
in PWBA and in DWBA in comparison with the experimental data. 

 
Fig. 8: Charge form factors for the stable isotopes 58Ni and 62Ni calculated by using the HF+BCS 
densities and the PWBA and DWBA in comparison with the experimental data. 
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Fig. 9: The charge form factor of 6Li calculated according to Eqs. (9)-(16) of [3] for c1=0.975, 
c2=0.025 (dotted line), c1=0.979, c2=0.021 (solid line), and c1=0.985, c2=0.015 (dashed line). The 
experimental data are as in Fig. 7. 

 
CONCLUSIONS 
The presented results can be summarized as follows: 

1. The previous studies are extended to the proton, neutron and matter 
densities and related charge form factors from the light neutron-rich exotic nuclei 6,8He, 11Li 
to examples of unstable medium (Ni) and heavy (Kr and Sn) isotopes in comparison with 
those of stable isotopes in the same isotopic chain. For He and Li isotopes are used 
proton and neutron densities obtained from realistic microscopic calculations within the 
Large-scale shell-model method. The densities of Ni, Kr and Sn isotopes are calculated 
within HF+BCS approach with a density-dependent effective interaction using a large 
harmonic-oscillator basis. 

2. The proton and matter density distributions for He and Li isotopes are 
compared. The calculated matter distributions for the halo nuclei are much more extended 
than the proton ones. The comparison of the proton density distributions for the isotopes of 
He, Li, Ni, Kr and Sn reveals the differences of the proton densities in a given isotopic 
chain due to the presence of neutron excess. There is a decrease of the proton density in 
the nuclear interior and an increase of its tail at large r with neutron number increasing. 

3. A comparison of the proton, neutron, charge and matter rms radii as well as 
of the corresponding diffuseness is performed for all isotopic chains under consideration. 
The general trend of the difference ΔR between the matter and proton rms radii is to 
increase with the number of neutrons but for the heavy isotopes this increase is moderate 
compared to that of the light ones. 

4. The calculated matter densities for 8He and 11Li are in fair agreement with the 
experimental data obtained by proton scattering on these isotopes in GSI. 

5. The charge form factors of He, Li, Ni, Kr and Sn isotopes are calculated by 
means of the densities mentioned above. The calculations are performed not only in 
PWBA but also in DWBA, solving the Dirac equation for electron scattering in the Coulomb 
potential of the charge distribution in a given nucleus. By accounting for the Coulomb 
distortion of the electron waves the form factors are shifted to smaller values of q which is 
clearly seen in the cases of the Ni, Kr and Sn isotopes where Z is large enough. This shift 
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is properly parametrized. In addition the charge distribution in the neutron itself is taken 
into account. The contributions of the neutrons to the charge form factors are less than 20 
% up to q ~ 2 fm-1. 

6. The differences between the charge form factors in a given isotopic chain are 
shown. A common feature of the charge form factors is the shift of their curves and minima 
to smaller values of q with the increase of the neutron number in a given isotopic chain. 
This is due to the corresponding enhancement of the proton tails in the peripherical region 
of the nuclei. 

7. The performed theoretical analyses of the densities and charge form factors 
can be a step in the studies of the influence of the increasing neutron number on the 
proton and charge distributions in a given isotopic chain. This is important for 
understanding the neutron-proton interaction in the nuclear medium. 

8. A theoretical scheme for calculations of the charge density distribution and 
form factor of 6Li in the framework of the α-d cluster model of this nucleus is suggested. 
The calculations show a reasonable description of the charge form factor of 6Li on the 
basis of a superposition of two density distributions: 

i) a folding density obtained from 4He and the deuteron charge densities. Provided 
corresponding experimental data for both densities is used, the calculations show 
that a good agreement with the data can be obtained when the weight of this 
contribution is about 97.5÷98.5%  and; ii) a sum of the 4He and deuteron charge 
densities with a weight of this contribution of about 2.5÷1.5%. 

This scheme has only one free parameter (c1 or c2) with a clear physical meaning, 
namely, it is the weight of the one of the contributions to the density of 6Li. 

9. The behavior of the charge form factor of 6Li for 0<q≤2.7 fm-1 is determined 
mainly by the folding contribution (of 4He and the deuteron densities) to the charge density 
of 6Li. 

10. The shell-model α-d cluster density of 6Li (i.e. the sum of 4He and the 
deuteron charge densities) is important (though with a small weight of about 2.5÷1.5%) in 
the central nuclear region and, correspondingly, it is responsible for the values of the 
charge form factor of 6Li at large values of q (q≥3 fm-1). 

11. The calculated within the suggested scheme charge rms radius of 6Li agrees 
with the experimental estimations of this quantity. 

12. The theoretical predictions for the charge form factors of exotic nuclei are a 
challenge for their measurements in the future experiments in GSI and RIKEN and thus, 
for obtaining detailed information on the charge distributions of these nuclei. The 
comparison of the calculated charge form factors with the future data will be a test of the 
corresponding theoretical models used for studies of the exotic nuclei structure. 
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Галина Крумова 
 

Русенски университет „Ангел Кънчев” 
 

Резюме: В тази работа са изложени резултатите от пресмятанията на зарядовите форм-
фактори на някои нестабилни, богати на неутрони изотопи на леки, средни и тежки ядра (He, Li, 
Ni, Kr, Sn). Същите са сравнени с тези на стабилни изотопи от същата изотопична верига. 
Сравнени са протонните и масовите плътностни разпределения. Направено е сравнение на 
форм-факторите и плътностните разпределения с наличните експериментални данни. Получен 
е зарядовият форм-фактор на ядрото на 6Li на базата на неговата кластерна структура. 

Ключови думи: зарядови форм-фактори, протонни и масови плътностни разпределения, 
кластерна структура 
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