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Abstract

The nuclear size radii, density distributions and elastic electron scattering charge
form factors for Fluorine isotopes (*"'*%24?%F) were studied using the radial wave
functions (WF) of harmonic-oscillator (HO) potential and free mean field described
by spherical Hankel functions (SHF) for the core and the valence parts, respectively
for all aforementioned isotopes. The parameters for HO potential (size parameter b)
and SHF were chosen to regenerate the available experimental size radii. It was
found that using spherical Hankel functions in our work improved the calculated
results quantities in comparison with empirical data.
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1. Introduction

Tanihita's discovery of an exotic nucleus four decades ago sparked tremendous
experimental and theoretical studies. The unusual ratio of protons to neutrons or vice versa
leads to exoticism in the ground and excited state structures of these nuclei [1]. One of the
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unusual structures of such nuclei is the long tail in density distribution and extraordinary size
radii. Such phenomenon is called the halo [2]. Besides, the energy of the last proton or
neutron in the final orbit is less than 1 MeV and prefers to be in orbits with angular
momentum [ =0orl =1 [3]. In contrast to stable nuclei, one should imply theoretical
changes in the nuclear models to study the properties of exotic nuclei [4]. In theoretical
calculations, the wave function is the key tool for studying the bulk properties of nuclei. The
HO WFs can be used but with limitations; their asymptotic behavior at large r is described by
Gaussian fall behavior [5,6]. As a result, changes must be made; HO WFs with two HO size
parameters have been used with acceptable results for some exotic nuclei [7,8]. The
transformed HO basis obtained by Local Scale Transformation (LST) is a promising method
for regenerating the long tail behavior in the density distribution [9,10]. The single-particle
wave functions of the HO and Woods-Saxon (WS) potential are employed to investigate the
stable core and unstable halo parts [11,12].

An advantage of our present study is the use of Spherical Hankel Functions (SHF) to
investigate the tail part of stable and exotic isotopes of Fluorine (*"**?°?*%F) The size radii,
density distributions, charge form factors were also studied. The SHF are used to describe the
valence orbits, whereas the HO WFs are used to describe the core.

2. Theoretical Bases
for free mean field, U(r) = 0 and E;, = —¢;,, (where E,;;. stands for the binding energy
of the last nucleons(s)), the radial part of Schrodinger equation can be written as[13]:

d?2 2d 2u I(l+1)
— - _ == - 7 = 1
ldzr rdr h2< Ltz 2ur? ke, (r) =0 (1)
Where: k;, (r) stands for the solution to Eq. (1), n,[,j and ¢, are the principle quantum
number, the orbital quantum number, total spin quantum number of a single particle and the

projection of isospin quantum number of a single particle (t, = % for proton and t, = —% for

neutron), respectively. It is clear that Eq. (1) describes the modified Bessel differential
equation which has two solutions; the modified Bessel functions of the first and second ranks.
The impotent solution is of the second rank at the region » > R, (R, is the point where the
wave function of the core and the MBF intersect) is given in terms of spherical Hankel
functions (SHF) of the first kind [14,15]

ey, (r) = —i'h{Yy (ir) 2)
since,

et i L+m) O™

XieT m! (I —m)! (2r)™
"2 m=0

hip (1) = (—) 3

The x¢, (;{l,tz = /%) and u denote the attenuation parameter and the reduced mass

among the core-valence system), respectively. Eq. (3) can be written in terms of Whittaker’s
functions [14]:

k ( ) WO,Z+%(2Xlrtzr) (4)
r) =
bz Xit, T

where
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l
[+ k)!
1(2x,,7) = e7 itz (Lt k) (5)
Ol+ k
=0 2Kk (L= 1) (xue,T)

For HO potential, U(r) = =V, + Emtzwzrz, Eq. (1) has the solution [16]:
Rnl(r,btz)::

1 2
= 1 2k
1 23 on2i-Dl2 [ 267 ym-17_ 1k (n=D12kQ1+1)! (r)
(21+1)"[ Vb (n-1)! ] (bt) e iz Yk=o(-1) (n—k—1)!k!(21+2k+1) \b¢, (6)

In Eq. (6), b, represents the HO size parameter for neutrons or protons.
The proton and neutron density distributions for stable *°F nuclide is calculated from:

l

itz
P = Y MarRugs, (b + 5y e[ )
aecore

Where A, represents the amplitude of the valence part (determined from normalization
the of neutron and proton numbers).

The proton and neutron density distributions for neutron rich isotopes can be written,
respectively as:

1 2
ptz=p(r) = E z na,tz=p|Rnala(r' btz=p)| (8)
aEcore
Apt,=n

1 2
Poan@ == Y TatyenlRugt, b=’ + 2 kG, (9)

aecore

Where n, . represents the number of protons(neutrons) in the shell a within the core (a
denotes the quantum numbers, n and [). The n; stands for the number of neutron(s) in the
valence part.

From Egs. (7), (8) and (9), the charge density distribution (CDD) is computed as [10]:

pch(r) = Pch,t,=p (r) + pch,tzzn(r) (10)
where
pencsep ) = [ Peymp@pprr =) (11)
and
pch,tz=n(r) = jp]=0,tz=n(r)pneu(r —r')dr’ (12)

ppr(7) and pe, () in Eq.(11 ) and Eq.(12) represent the CDDs of the single proton and
neutron, as defined by Elton [17] and Chandra and Sauer[18].

The root mean square (rms) of proton, neutron, charge and matter radii are calculated from
the following equation [18]:

ey = |7 [ otryrsar (13)
0

x stands for the proton, neutron, charge and matter.
Finally, the electron scattering Coulomb form factors in the plane-wave Born approximation
for J multipole can be written as:

Flu(@) =2 [ j;(qrpl, (ryr2dr (14)
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3. Results and discussion

The nuclear shell model with HO WFs and SHFs was used to determine the rms radii,
density distributions, and charge form factors for the isotopes *"?*#*%F_The core parts for all
isotopes under study were investigated using HO WFs, whereas SHF were used for valence
parts. Such treatment, denoted bz/ HO+SHF, were represented in the computations, knowing
that *°F is stable isotope while 1"**?*?°F are exotic ones.
In Table 1, the total spin and parity (J™), the total isospin (T), the half-life time (ty,), the HO
size parameters (b.) for protons and neutrons in the core, the x;. and single —nucleon

separation energies for the last proton (&,) and neutron (e,,) are shown for *"920242%F,

Table 1: the J™ T, the (t152), the and single-nucleon binding energies for Fluorine isotope

b, =1.652

6437400275 by, =17  xo, =0165 67947986

+ 0.0053699

bon =18  xop = 0.488

be, =177  xon, = 0.970 10.4318757

+ 0.0004633

b., =1.8

11 4+ 0.008 s bep =1.67 X1n = 0.550 6.6013362

+ 0.0000297

384 ben =17 xon =0.419 3.8120656
+0.016 ms b, =1.58 +0.1031976
bep =2
8.2 b _ig  Xin=0184 0.7308299
+0.0009 ms op T +0.1448941

In Table 2, the computed size radii for }"'°2242°F are tabulated and compared with the
experimental values. The parameters presented in Table 1 were chosen to gain as high a
match as possible for the calculated size radii in comparison with the experimental data for
Fluorine isotopes.

Table 2: Calculated and experimental charge, rms proton, neutron, matter radii for
17,19,20,24,26F

2.985 2.913 290 = 2.437 2478 + 2.70 271+

0.015[21 0.18[21] 0.18[21]
1

2.90 - 2.810 - 2.698 2.55 + 2.752 275 +
0.15[23] 0.07[22]

2.674 - 2.580 - 2.912 2.90 + 2.768 279 +
0.06[23] 0.03[22]

2,531 - 2.441 - 3.308 3.29 + 3.012 3.03 +
0.09[23] 0.06[22]

3.006 - 2.936 - 3.477 353 + 3.300 323 +
0.17[23] 0.13[22]
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In Figurel(a) the calculated CDD and in (b) the charge form factors for CO are portrayed
for °F. In Figure 1(a), the computed CDD agrees very good with the experimental data [25].
In Figurenl (b), the determined charge form factor agreed well in comparison with empirical
data of Brown et al. [24].
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Figure 1: The computed CDD and charge form factor for *°F. Solid curves represent
theoretical results. The experimental data for CDD in (a) are denoted by dotted line [25]. The
dotted and rhombic lines in (b) represent the experimental charge form factor taken Brown et
al. [24].

In Figure (2): (a), (b), (c), and (d) the computed MDDs for "?*?*2°F are jllustrated by
solid curves, respectively, the experimental data are shown by shaded areas. In Figures 2 (a)
and (d) for *"?°F, the computed results are in very good agreement with empirical data, where
the long tail are well produced. For ?°F and %*F, since their binding energies are very high (see
Table 1), the tall pushed highly towards the core, as can be seen in Figure 2(b) and (c). In
general, the results are in good agreement with the empirical data. Through the figure and
Table 1, it was found that 1"?°F with one-proton and one-neutron is a halo isotope, while 2>?*F
IS a neutron isotope of the skin.
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Figure 2: The MDDs computed for *'F, °F, 2*F, and *°F (solid curves). The shaded areas (in
a) represent the experimental data (from. Zhang et al. [21]), the shaded areas of (b), (c) and
(d) are from Ozawa et al. [22].

In Figure 3(a)and (b), the calculated MDDs and charge form factors for *"1920242°F gre
displayed together for comparison. The calculated are symbolized by solid, short-dashed,
long-dashed, medium-dashed and dashed-dotted curves for 1792242 respectively. In
Figure 3(a), it is clear that with increasing neutron numbers, the single-neutron binding
energy decreases, consequently, the long tail in the calculated MDDs increases; leading to the
upward shift due to the increase in the tunneling effect. In Figure 3(b), it is obvious that with
increasing neutron numbers, the calculated charge form factors shifted backwards and

downwards.
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Figure 3: (a) The computed MDDs (b) The charge form factors for

17,19,20,24,26,:

4. Conclusions

In conclusion, the ground state properties (size radii, density distributions and charge
structure factors) of Fluorine isotopes (*19%?*2°F) were investigated. The Spherical Hankel
Functions (SHF) are harnessed to study the valence part of all isotopes under study. The core
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parts are investigated using the HO WFs. The parameters of HO WFs and SHF were adjusted
to regenerate the available experimental rms proton, neutron, charge and matter radii. For
stable '°F, it was found that there was a very agreement with the experimental data for the
computed CDD and charge form factors. For exotic *"*°F, a very agreement was found for the
computed MDDs with the empirical data. While, for exotic 2***F, an underestimation in the
calculated MDDs in comparison with the empirical data was found due to the high binding
energies for the last neutron in valence parts leading to pushing the tail part of the MDDs
inwards. Besides, it is worth noting that with the decrease of the binding energy of the valence
neutron, the tail in the computed MDDs shifted upwards; this is attributed to the increased
tunneling effect.
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