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Abstract

The nuclear matter density distributions, elastic electron scattering charge form
factors and root-mean square (rms) proton, charge, neutron and matter radii are
studied for neutron-rich ®®He and *°C nuclei and proton-rich ®B and *’Ne nuclei. The
local scale transformation (LST) are used to improve the performance radial wave
function of harmonic-oscillator wave function in order to generate the long tail
behavior appeared in matter density distribution at high r. A good agreement results
are obtained for aforementioned quantities in the used model.

Keywords: halo nuclei, nuclear density distributions, elastic electron scattering form
factors, root-mean square radii.
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Introduction

In the mid-eighties, the pioneering discovery of steep rise of total interaction cross-section (a;) by
Tanihata and coworkers [1] induced by the scattering unstable nuclei on stable targets. Such large
enhancement is mainly attributed to the large spatially extension in the matter density distribution
explained by halo [2]. The nuclear halo in general are composed of loosely bound valance neutron(s)
or proton(s) (the halo), surrounding a compact core. such large diffusivity causes unusual spatial
properties of the nucleon density distribution, leading to nuclear sizes deviating substantially from the

R~ r,A"? rule.
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The use of radial wavefunction of harmonic-oscillator (HO) potential to calculate density
distributions in the no-core shell model for light nuclei resulted in poor agreement with experimental
data [3-6]. Besides that, two frequency shell model (TFSM) approach was employed on halo nuclei [7-
9] with variant success. Within this model, one can use two HO size parameters, one for bound core
(beore) and second for loosely bound valence nucleon(s) (brai), respectively. The transformed HO basis
derived by local scale transformation is a promising approach to regenerate the long tail behavior in
the density distribution [10,11]. knowing that the radial wavefunction of HO potential have Gaussian
decay at large r on contrary to the observed behavior of density distribution which have exponentially
decay. The proton and neutron density distributions are calculated with acceptable results using LST
for ®®He and "Li but with overestimated rms radii [12]. The LST applied with a good success to
calculate the scattering phase-shifts and the electric transition probabilities B(E1) and B(E2) for °He
scattered by “C and “®*Pb [13]. The nuclear Skyrme Hartree-Fock and Hartree-Fock Bogoliubov are
solved using the cylindrical transformed deformed HO basis to calculate density distributions and
axial multipole moments [14]. The cylindrical transformed deformed HO basis is applied successfully
to solve the nuclear Hartree-Fock and Hartree-Fock Bogoliubov to find the nuclear collective inetia at
the perturbative cranking approximation and fission fragments charge, mass and deformations [15].

This work is dedicated to calculate proton, charge, neutron and matter density distributions, the
corresponding rms radii, and elastic electron charge form factors for exotic *®He, ®B, **C and ''Ne
nuclei.

Theoretical basis

The nuclear density distributions of point neutron and proton for halo nuclei can be formulated as
[16]:

Pasp() = prgpt (1) + phiy’ (1) (1)
where pfl%e (r) represents the neutron/proton density distributions of core part calculated using the

radial wave functions (R,;(r)) of HO potential [17] as follows:
1 2
prcl%;e (r) = Ean X;l},;ore |Rnl (r, bn/p)l (2)
where X[[}';m represents an integer number denoting the neutrons/protons occupation number in the
nl shell; n and [ represent the principal and orbital quantum numbers respectively. b, ;,, represents the

HO size parameters for neutron/proton. The summation in Eq. (2) spans all occupied orbits of the core
part of any nuclear sample under study. The matter density distribution for the core can be written as

the sum of densities of core neutrons and protons (p’™(r) = p5°"e(r) + ps°(r)). pnf’ (r) in Eq.

(1), represents the density distribution for halo part and it is calculated using transformed HO (THO)
radial wavefunctions based on LST as follows [12]:

1 j 2

puty () = X R (b ©

where
d
Rut® (1. byyp) = @,/%Rnl(f(r): bn/p) ()
and
1
f@ = [; m (5)
O™

X ff/’i,h“l" in Eq. (3), represents the occupation numbers of neutron(s)/proton(s) in the halo part. f(r) in

Eq. (4), represents a function chosen so as to reproduce the proper asymptotic condition (exponential
shape) for the density distribution at large r, besides it leaves the interior shape of density unchanged
[12]. m and y in Eq. (5) are an integer and real numbers controls how sharply the tail of wave
function will be; such technique is going to be called HO+LST.

Again, the matter density distribution for whole halo nucleons can be written as a sum the densities
of halo neutrons and protons (o, (r) = pp(r) + pi (1)).

The charge density distribution (CDD), p.,(r) of the nucleus is obtained by folding the point

proton density in Eg. (1) with the charge density distribution of the proton itself as follows [18]:

pen(r) = fpp(r)ppr(r —r)dr’ (6)
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where p,,,.(7) is taken to have a Gaussian form [18]:

&)
a2
= apr 7
ppr(1) = e se ()
where a,, = 0.65 fm is chosen such that to produce the experimental rms charge radius of the

1/2
proton to be (r2)}/? = G) ayr ~ 0.8 fm.

Another way to reproduce the tail in the density is by using two HO size parameters, one for the
compact core (b, /p) and the second for halo part (bn/p) such technique is going to be called HO+HO.
The point neutron/proton density distribution in such away can be written as [16]:

Py () = pigy? (1, byyp) + oy’ (7 by (7)

The rms radii of neutron, proton, charge and matter can be directly calculated from their density
distributions [18]:

o = [Ty px(rtr ®)

In Eq. (8), X denotes to N (number of neutrons), Z (atomic number) and A (mass number),
respectively.

In the first Born approximation, the longitudinal electron scattering form factors off nuclei can be
written as [19, 20]:

Feen@ = Zar5 U105 e 2@ D] @ 9)
where g and t, represent the momentum transfer from electron to nucleus during scattering and
isospin quantum number for nucleon (t, = %for protonand t, = —%for neutron). |/;) and |]f) are the

initial and final states of the nucleus. f,(q) is the charge form factor of a single proton given by
Fourier transforms to Eq. (7). 0]C,t2=1/2(q) represents the Coulomb multipole operator of the
longitudinal electron scattering given by [19,20]:

Of,tz=1/2(CI) = €t,=1/2 Zj](qri)Y]M](Qri)

i=1
where j;(gr;) and Yy, () are spherical Bessel and spherical harmonics functions,
correspondingly. e;_ 4, is the charge of a single proton.
Eqg. (9) can be simplified to be related to transition charge density distribution as following [19]:

|FEn(@)|’ m” Jy(ar) prenyrdr|” (10)
where p.p, ; (1) is charge transition density distribution. For J = 0, Eq. (10) can be written as [19]:

2 4m\2 | ro0 . 2
Fen@|” = (55)"1fy” sin@r) pen(ryrar| (1)

Results and Discussion

The LST is used to improve the performance the radial wave functions of the HO potential. The
exotic *®He, °B, *°C and “"Ne nuclei are divided into two parts; the first is the stable core studied using
the radial wave functions of HO potential, the second is the unstable exotic parts which is studied
using the modified HO wavefunctions under LST technique. The MDDs, rms proton, charge, neutron,
and matter radii, besides elastic electron scattering charge form factor are computed. Besides, two HO
size parameters are used to regenerate aforementioned quantities; one for protons (b,) and the second
for neutrons (b,,).

The properties of the nuclei under study are presented in table 1. In Table- 2, the parameters, by,
b,, m and y used to fulfill the calculations are tabulated. Such parameters are chosen so as to
reproduce the rms radii and the tail in the density distribution.

The calculated proton, charge, neutron, and matter rms radii HO+LST technique are shown in
table 3. In table 4, the same things that mentioned in table 3 are calculated and presented, but using the
technique of HO+HO. Very good agreements are obtained for the calculated rms radii in comparison
with the corresponding to the experimental data for all nuclei under study in both HO+LST and
HO+HO techniques.
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The calculated MDDs are depicted in Figures- 1(a, b, ¢ ,d and e) for °He, ®He, ®B, *°C and ‘'Ne
nuclei, respectively. The solid and dashed curves represent the calculated matter density distributions
in HO+LST and HO+HO respectively. In general, it is clear that there are good agreements for the
calculated MDDs with experimental data in HO+LST technique, where the long tail behavior which is
a distinguishing feature of halo nuclei is well generated for the calculated matter density distribution.

In Figs. 2(a), (b), (c), (d) and (e), the elastic electron scattering form factors in plane wave Born
approximation for °He, ®He, ®B, *°C and *’Ne nuclei are presented by solid and dashed curves for
HO+LST and HO+HO techniques, respectively. The calculated charge form factors in HO+HO for all
nuclei shift downwards on contrary to the calculated results of HO+LST which enhance form factors
and shift the results upwards. The calculated charge form factors for the aforementioned nuclei are
future predictions for the planned electron colliders which may provide us with experimental data.
Table 1- Properties of exotic °He, ®He, ®B, *°C and *'Ne nuclei

X J™ [21] Half-Life Time [21] Type Separation Energies
SHe, o+ t1/, = 806.92 ms 2n Halo [22] Syn = 0.97 [23]
SHe, 0+ t/; = 119.1ms 4n Skin [22] 527524: 2-13?1[53]
8B, 2t t1, =770 ms 1p Halo [22] S, = 0.138 [23]
12C15 1/2* ty; =462 ms 1n Halo [22] S, = 0.53 [23]
1oNe; | 1/27 ty/, = 109.2 ms 2p Halo [22] Spp = 0.95 [23]

Table 2-The HO size parameters and y for exotic *He, ®He, ®B, °C and *’Ne nuclei

2XN b, (fm) b, (fm) Halo state m y(fm™1)
SHe, 1.559 1.547 1p3;2 6 15
8He, 1.435 1.362 1ps/2 4 1.435
eB, 1.6 1.595 1p1/2 10 1.360
Bcys 1.631 1.951 251/ 16 1.693
1”Ne, 1.657 1.64 1ds,, 8 1.617
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Table 3- Calculated and experimental proton, charge, neutron, and matter rms
radii in Fermi’s for exotic ®He, ®He, 8B, °C and 'Ne nuclei using HO+LST technique

Xy (rz);/Z (:2?522 (1)L (ﬁi??iz (r2)L/2 (:itg)z N (jijgzz
e | 100 | 1500 | 2o |0 | [P e
SHeg | 1757 | ez PN | 202 | 2D | 2500 "
8B, | 2742 2'@(]8) 2.827 2-?225(]6) 5 150 2.%264(]8) 5 535 2.?254(]8)
19¢,. | 2401 2"[‘206(]3) 2529 i 3.455 i 3.161 3-%266(]”
17Ne, | 2.948 - 3.041 3'0%227(]21) 2 440 ) 2750 2.{258(]7)

Table 4- Calculated and experimental proton, charge, neutron, and matter rms radii in Fermi’s for
exotic °He, ®He, ®B, '°C and *'Ne nuclei using HO+HO technique

AXy Core halo (r2)/? (75);522 (r2)M? (rEz);E)’)lz (L2 (1',52);[113)2 (rH)L/2 (75);2)2
SHe Z: - 1??2 bh = 2141 | 1.909 1-9[222](12) 2,068 2'0[652(]10) 2748 2{242(]7) 250 2'[520255)
8He Zle _ 11;? br =1.961 | 4 750 1'8[%]( 2 1.929 1-9?292(]26) 2727 2{222(]4) 2.52 2'[522253)
. bfl?;::l.lF;SS bp=2617 |, 2.{264(]8) - 2.?225(]6) 216 2.%264(]8) - 2.[525458)
°c blf;:lf%l b =3.391 | 5401 2"[*206(]3) 2529 . 3261 | - | 3016 3'[12%57)
17eN Zé - 122(1) by =238 | ;g8 : 3.043 3'0?227(]21) 2381 | - | 2722 2'[72257)
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Figure 1-The calculated MDDs for exotic °He (a), ®He (b), ®B (c), **C (d) and “’Ne (e) nuclei
represented by solid and dashed curves, respectively. The shaded areas are experimental data.
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Figure 2- The calculated charge form factors for exotic *He (a), ®He (b), °B (c), **C (d) and *'Ne (e)
nuclei represented by solid and dashed curves, respectively.
Conclusions

The LST is applied to the exotic nucleons for neutron-rich *®He and *°C nuclei and proton-rich °B
and *'Ne nuclei to find the nuclear proton, charge, neutron and matter root-mean square radii and
corresponding density distributions and elastic electron scattering charge form factors. Such technique
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unstable one to improve the HO radial wave functions successfully to reproduce the tail behavior in
MDDS at high r which is the main characteristic of halo nuclei. Two approaches are used in this
work, the first is HO+HO using two HO size parameters one for stable core and the second for
unstable halo part. The second approach is HO+LST, where one HO size parameter is applied for the
whole nuclear system, but LST is applied for exotic nucleons. Good agreement results are obtained for
aforementioned quantities.
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