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Abstract—The radial form of nuclear matter distribution, charge
and the shape of nuclei are essential properties of nuclei, and hence,
are of great attention for several areas of research in nuclear physics.
More than last three decades have witnessed a range of experimental
means employing leptonic probes (such as muons, electrons etc.) for
exploring nuclear charge distributions, whereas the hadronic probes
(for example alpha particles, protons, etc.) have been used to
investigate the nuclear matter distributions. In this paper, p->''Li
elastic scattering differential cross sections in the energy range 60 to
75 MeV have been studied by means of Coulomb modified Glauber
scattering formalism. By applying the semi-phenomenological
Bhagwat-Gambhir-Patil [BGP] nuclear density for loosely bound
neutron rich ''Li nucleus, the estimated matter radius is found to be
3.446 fm which is quite large as compared to so known experimental
value 3.12 fm. The results of microscopic optical model based
calculation by applying Bethe-Brueckner—Hartree—Fock formalism
(BHF) have also been compared. It should be noted that in most of
phenomenological density model used to reproduce the p-''Li
differential elastic scattering cross sections data, the calculated matter
radius lies between 2.964 and 3.55 fm. The calculated results with
phenomenological BGP model density and with nucleon density
calculated in the relativistic mean-field (RMF) reproduces p-’Li and
p-''Li experimental data quite nicely as compared to Gaussian-
Gaussian or Gaussian-Oscillator densities at all energies under
consideration. In the approach described here, no free/adjustable
parameter has been employed to reproduce the elastic scattering data
as against the well-known optical model based studies that involve at
least four to six adjustable parameters to match the experimental data.
Calculated reaction cross sections og for p-''Li at these energies are
quite large as compared to estimated values reported by earlier works
though so far no experimental studies have been performed to
measure it.

Keywords—Bhagwat-Gambhir-Patil density, coulomb modified
Glauber model, halo nucleus, optical limit approximation.

I. INTRODUCTION

AST several decades have witnessed a variety of

experimental methods using leptonic probes (such as
muons, electrons, etc.) for exploring nuclear charge
distributions whereas the hadronic probes (for example
protons, alpha particles, etc.) are used for investigating the
distributions of nuclear matter. While all these approaches
were fruitfully employed for several years to study the stable
nuclei, the examination of the shape and radial extent of exotic
nuclei has developed a fresh and exhilarating field of research
[11, [2]. The nuclei located at far away from the stability line
in nuclear chart called exotic nuclei. These exotic nuclei are
unstable, and their lifetimes vary from a milli second to a
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second, which are much longer than the time scale of
nucleonic motion (~10% s) inside the nucleus. Since, these
nuclei short lived and rapidly decayed, they can be produced
by nuclear reaction with radioactive ion beam in inverse
kinematics.

The method of elastic proton-nucleus scattering in the
energy range 700~1000 MeV is well established for finding
precise and thorough knowledge on the radial shape and size
of exotic nuclear matter distributions [3]. Differential cross
sections for elastic scattering of proton with neutron-rich
lithium nuclei ®Li, °Li and "'Li (likely having halo structure)
for small-angle scattering were experimentally carried out at
energy nearby 700 MeV/nucleon, and experimental data were
analyzed by means of Glauber scattering theory [4], [5]. Using
GG (Gaussian—Gaussian) and GO (Gaussian-oscillator)
parameterization for modelling the nucleon distribution in Li
nucleus, calculation of Egelhofaf [4] indicates nuclear matter
radius of ''Li to be 3.53fm, quite large compared to that of
"Li (3.12 + 0.16fm) by Tanihata et al. [1], [2]. Moreover, in
a similar approach, Dobrovolsky et al. [5] suggests a slightly
less stretched matter distribution with a value 3.42 + 0.11fm
for ''Li. It is to be noted that in above these two theoretical
analyzes of >''Li at proton beam energy about 700 MeV, two
free nuclear density parameters are used in least square fitting
to reproduce the experimental data. Further, slightly more
advanced method [6] that takes into account three-body
character, suggests 3.55 % 0.10fm. for rms matter density
radius of ''Li, which is similar to that obtained by Egelhofaf
[4].

Elastic p-''Li scattering angular distributions data are
available in the energy range 60~75 MeV [7]. Most of the
theoretical studies of elastic scattering of p- *”*!'Li at energy
range 40~75 MeV are based on optical model as for example,
Hassan et al. [8] calculated the real part of the potential, using
folding technique and effective NN force, whereas the
imaginary part is acquired with Woods—Saxon shape in
analyzing the elastic p-''Li scattering cross sections. The
microscopic optical potential has been utilized to calculate
scattering cross section for p-''Li at energies 62,68.4 and 75
MeV in [9]. The folding approach and the density-dependent
M3Y effective interactions are employed to evaluate the real
part of optical potential and the imaginary part is considered
microscopically inside the folding model. For ''Li nuclear
density, the LSSM densities [9] have been used for protons
and neutrons. In the framework of microscopic optical
potential, hybrid model [10] is applied to study the differential
elastic scattering cross sections for p-''Li and the total cross
sections for reaction at energies 62,68.4,and 75 MeV. Very
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recently, Sharma and Haider [11] by applying BHF formalism,
have analyzed the elastic scattering differential cross section
data for p-'"Li at energy range 62~75 MeV by considering
microscopic optical potential.

In this work, p-’Li and p-''Li elastic scattering differential
cross section in the energy range 60~75 MeV have been
analyzed by means of Coulomb modified Glauber scattering
formalism [12]. By applying the semi-phenomenological BGP
[13] nuclear density for loosely bound nuclei, the information
on the nuclear matter distributions has been extracted. In
addition, GG and GO [5] nuclear density models have also
been used in the analysis of p-''Li elastic scattering
experimental data. The rms matter density and total reaction
cross sections g are compared with results obtained by earlier
researchers.

II.EVOLUTION OF ELASTIC P-NUCLEUS DIFFERENTIAL CROSS
SECTION

A. Glauber Formalism

In the Glauber multiple scattering formalism [14], the
amplitude for the elastic scattering of a projectile nucleon with
a target nucleus, mass number A described by the ground state
wave function ¥, may be expressed as:

Fo(q) = 3= [ db e (1 — 5 (b)) ()

where K is the c.m. momentum of the projectile-nucleus
system and S,;(b) in the impact parameter space b, represents
the elastic scattering S-matrix element which is connected to
the optical phase shift-function y(b) as:

Sei(b) = ex(®) = (l[l0| Hf=1[1 - FNN(b - Sj)] |l1uo) 2

where Iy (b) is the nucleon-nucleon (NN profile function and
s; is the two-dimensional coordinate of the i-th target nucleon
relative to its center of mass that lies on the plane
perpendicular to projectile momentum. The profile function
Tyn(b) is the Fourier transform of NN scattering amplitude

fun(@):
in(®) = [ e™ fun()dq (3)

Applying so called the optical limit approximation (OLA)
and utilizing the normalized intrinsic densityp(r) for the
target nucleus, (2) reduces to:

e*® = exp[~A [ drlyy (b — s)p()]. 4)

where, k represents the projectile nucleon momentum. The
Glauber model multiple scattering theory is very successful
for the small angle high energy scattering and the Gaussian
parameterization of fyy(q) has effectively been applied in
explaining the elastic scattering differential cross section
experiments [12], [15], [16]. To apply this model to some
lower energies such as below 100 MeV, its helpfulness should
be handled cautiously. Therefore, we treat the interactions of

proton-proton and proton-neutron separately and write fiyy(q)
as:

ikopi . —B.: .
Foi(@) = 2 (1 — iy )e it /2, i = p(n) (5)

where, the parameter B,,(B,,) are pp (pn) slope parameters
of elastic scattering differential cross section and.a,,(d,,) and
a,p(aym) are respectively, the total cross section and the ratio
of the real to imaginary parts of the forward scattering
amplitude. Using (5), (4) can be written as:

Sei(b) = e*® = exp[% fom qdq J, (gb) fpp(q) Fp(q) +
D [ 4dq Jo (4b) fopm(@) Fu(@)] (6)

Substituted (6) in (1) the elastic scattering amplitude F,;(q)
can easily be calculated.

To account the deviation of projectile trajectory due to
Coulomb field, one replaces impact parameter b in the elastic
S -matrix element S,;(b) by the distance of closest approach
b’ [12].The distance of closest approach is associated to bas:

b =&+ /(2 +b? )

with, & =n/K where K is the c.m. momentum of the
. Ze?
projectile-nucleus system as before, 71 2% denotes the

Sommerfeld parameter and v the incident nucleon velocity.
The final expression for elastic scattering differential cross
sections for p-nucleus may be calculated by:

2 = |F(@)+Fer (@) ®)

where F,(q) is the usual point Coulomb scattering amplitude.

B. Parameters of NN Amplitude fyy(q)

The parameters oy, and oy, of NN amplitude have been
obtained by using the formula in [12] which in the energy
range 101000 MeV reproduce observed values nicely:

0pp = 13.73 — 15.04v" + 8.7v"2 + 68.67v* 9)
Opn = —70.67 — 18.18v™" + 25.26v% + 113.85v (10)

where, op, and o0,, are defined in mb while to calculate
parameters ap, anda,, we use Ahmad et al. [17]
parameterization:

_ 2
@pp = —0.386 + 1.224 exp [—0.5 (=22) ] +

0.178
_ 2
101 exp|-05 (5222) |y
_ 2
apm = ~0.666 + 1437 exp |05 (“7522%) | +
_ 2
0617 exp [-05 (5222)'] =
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with incident nucleon lab momentum k is give in GeV/c.

The evaluated parameter values of fyy(q)at these energies
are quoted in Table L. It is to be noted that values of B, (B,n
are taken from [16] but at 68.4and75 MeV are with average
of these quantities between energies 60and80 MeV and then
between 70 and 80 MeV, respectively.

III. PARAMETERIZATIONS OF THE DENSITY DISTRIBUTIONS OF
NUCLEUS

In this work, the halo nuclei °Li and ''Li are considered to
have two valence nucleons. Moe specifically, in this picture,
the neutron densities of *''Li are expressed as:

PaCLi; 1) = p(N =4: Z=3;1) + p, (N=2; 1),
pn ('Lis 1) = p, CLis 1) + py (257)

A. Gambhir and Patil (GP) Density

The Gambhir and Patil (GP) phenomenological nuclear
density [18] pp(p) () is demonstrated by following formula:

ol

pi(r) = =) _(HR)); i=pn (14)

r2\|% a o
1+[0.5(1+R—2)] e “i +te i

with

a; =

h -4 |m
2\/weiandai—h\/;+1 (15)

where €; stands for the separation energy of the outermost
proton or neutron, m is the nucleon mass, and

q= { (z —1)e? proton
0 neutron.

The two unknowns entitiespg,pg are the normalization
constant of the proton and neutron densities. Thus, parameter
Rcalled half density radius is calculated by putting the
experimental charge root mean square radius (rmsr)r, of the
nucleus same as obtained by GP model proton density rmsr
1, after accounting for the charge rmsr of a proton.

For neutron-rich nuclei, the phenomenological nuclear GP
[18] density is modified by BGP [13] and the total neutron
density is assumed to be composed of core and tail parts:

pn () = peTe () + p*et (1) (16)

where, the core part pi°"¢(r)is given by (14) and the tail part
pt(r) of the halo nuclei takes the form:

tail r? = ot
P (T') = NO [m] (e“t + e“t> (17)

with, a; = Here,e; indicates the separation energy of

n
2./2me;
neutron of the halo nucleus with total neutron numberN,
whereas, R in the tail part corresponds to the core nucleus with

proton number Z and neutron numberN, = N — N;, where N
is the number of neutrons in the tail. The normalization
constant N, is determined by requiring that pt®!(r) should
give the exact neutrons number in the tail (halo). It is to point
out that (17) has the expected feature. Its asymptotic behavior
as seen from (17) is peaked near the surface region while
vanishing out at the center.

The proton density(N,Z) is calculated from the (14) by
taking separation energy of proton €,and R corresponding to
the nucleus (N,Z). By this, one expects that the slight
difference in the distribution of proton within the core (N, Z)
and the lightly bound nucleus(N,Z) has been taken into
account at least approximately.

"Li Density

p(r) fm

p(r) fm

Fig. 1 Proton, neutron, tail and matter density distributions in °Li and
"Li deduced using BGP phenomenological model

B. GG Density

The GG [8] phenomenological density distributions assume
that the nuclei consist of (core + tail) nucleons with different
spatial Gaussian distributions:

) = [ (22) as)

where i = c,t denotes the core R.and tail R, and are the rms
radii of the core and tail nucleon distributions p.(r)and p,(r),
respectively.

C.GO Density

The GO [8] density distributions in the halo nuclei, the core
is same as a Gaussian given by (18) whereas the tail density
p¢(r) is 1p — shell harmonic oscillator distribution which are
expressed as:

3
2

- @en(2) o

The total matter density distribution p,,(r), normalized to
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unity and the matter radius R,,in both the GG and GO
densities are expressed as:

pm(r) = [Ncpc(r) + (A - Nc)pt(r)]/A (20)

1/2
NCR§+(A—NC)R§] /

Ry = [F22C @n

where N and A indicate respectively, the nucleons number in
the core and the nuclear mass number.

TABLE I
PARAMETER VALUES OF THE NN ELASTIC SCATTERING AMPLITUDE AT
SEVERAL ENERGIES

E(MeV) gy, (fm_z) App ppp (fmz) Opn (fm_z) App Bpn (fmz)

60 4.575 1.637 0.335 13.16 0.86 0.455
62 4375 1.657 0.335 12.66 0.88 0.455
68.4 3.990 1.710 0.310 11.36 0.93 0.413
75 3.632 1.758 0.297 10.14 0.98 0.393

IV. RESULTS AND DISCUSSION

We, first present and discuss here the result of
phenomenological density distributions evaluated by BGP
[13] for °Li and 'Li nuclei and compare rms radii with
reported earlier studies. For °Li, we have found the rms
matter radius to be 2.56 fm as compared to so called
experimental value 2.61 fm obtained by Tanihata et al. [2].
Using four different phenomenological model density
distribution for °Li, Dobrovolsky et al. [5] indicated it to be
2.44 + 0.06fm which is further smaller than that of [1]. The
radial shape of nuclear matter distribution in °Li has been
demonstrated in Fig. 1.

In Table II, we have presented the results of calculated
matter, proton, neutron, core and halo (tail) radii using semi-
phenomenological BGP model density distribution for ''Li.
For comparison, corresponding radii obtained stated earlier
have also been displayed in the same Table. It is clear that
rms radius of ''Li is significantly larger than that of *Li. The
Li, known as a Borromean nucleus [19], which is a three-
body structure of nucleons that spaced out if any one of them
is removed. It is also seen that the calculated core size of ''Li
is larger than the experimentally obtained radius of *Li, which
has been considered as the core in ''Li. The reason for upsurge
in core size may be due to the movement of center of mass of
core about the center of mass of the entire nucleus.

It is to be noted that calculated matter radius varies with
minimum 2.964fm by Karataglidis et al. [20] to a maximum
3.55fm obtained by A1-Khalili and Tostevin [6] and with GG
model density distribution by Doborovosky et al. [5]. It is seen
from Table II that in most of phenomenological density model
used to reproduce the p-''Li differential elastic scattering cross
sections, obtained matter radius is quite large as compared to
so known experimental value 3.12fm by Tanihata et al. [1].
Interestingly, similar pattern also seen for tail (halo) radius
however, not large variations are found in the value of rms
core radius obtained by various calculations reported in this
work. In Fig. 1, we have also demonstrated the radial shape of
nuclear matter distribution in ''Li.

Finally, we present and discuss the results of p - *''Li
L . . do . o .
elastic differential cross sections ﬁ in the incident energies

range 60 75 MeV using the Coulomb modified Glauber model
[12]. The experimental data have been taken from [7]. Fig. 2
displays the p-°Li elastic scattering at 60 MeV where the
black solid line represents the result with BGP density and
circles represent the experimental data. It is seen that our
calculations using BGP proton and neutron density
distribution reproduces the experimental data over the whole
angular range. For comparison, we also performed calculation
using GG and GO density [5] and both these density
distribution, yield almost identical results and is difficult to
identify the plotted curves in the figure, which are represented
by olive dash-dotted curve. It is seen that calculated results
with GG or GO density distribution does not reproduce
experimental data beyond 45°.

TABLEII
THE CALCULATED RMS PROTON ( 7;,), NEUTRON (73, MATTER (Tinqtter)s CORE
(Teore), AND HALO) RADIIFOR ''L1

Authors (fm)

I Iy Timatter Teore Thalo

Present calculation 2.17 3.82 3446 2.85 537

Tanihata et al [1] 3.21 3.12 2.61 4.8

np 4 Egelhofaf [4] 3.53 2.54  6.28
Rafietal. [21] 2.334  3.677 3364
Karataglidis et al. [20] 2.964
AlKhalili and Tostevin [9] 3.55

3.55 256 631

Doborovosky et al. [5] 337 250 586

For comparison, the corresponding radii found stated previously have also
been indicated.

p- °Li at 60 MeV

10" . T . T . T . T
20 30 40 50 60
0

cm

Fig. 2 The calculated differential cross section for p-"Li scattering at
60 MeV; black solid line is obtained by using semi-
phenomenological BGP nucleon density distributions and green olive
dash-dotted line with GO density [5]. The data in circles are taken
from [7]

Finally, we present and discuss the results of p - *''Li
elastic differential cross sections Z—Z in the incident energies
range 60~ 75 MeV using the Coulomb modified Glauber
model [12]. The experimental data have been taken from [7].

Fig. 2 displays the p-’Li elastic scattering at 60 MeV where
the black solid line represents the result with BGP density and
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circles represent the experimental data. It is seen that our
calculations using BGP proton and neutron density
distribution reproduces the experimental data over the whole
angular range. For comparison, we also performed calculation
using GG and GO density [5] and both these density
distribution, yield almost identical results and is difficult to
identify the plotted curves in the figure, which are represented
by olive dash-dotted curve. It is seen that calculated results
with GG or GO density distribution does not reproduce
experimental data beyond 45°.

Fig. 3 The calculated differential cross section for p-''Li scattering at
62,68.4 and 75 MeV; Black solid line is obtained by using semi-
phenomenological BGP nucleon density distributions and green olive
dash-dotted line with GO density [5]. The data in circles are taken
from [7]

The calculated differential cross sections in the case of p-
"Li at energies 62,68.4and75 MeV are shown in Fig. 3. It is
obvious from the figure that results with BGP model density
reproduces experimental data fairly well as compared to GG
or GO densities [5] at all energies under consideration. In fact,
for p-'""Li at 62 MeV our result with BGP density agrees
nicely with experimental data over the whole angular range.
Earlier, Hassan et al. [8], Spasova et al. [10] and very recently,
Sharma and Haider [11] have analyzed (do/d Q) data for p-
*"He elastic scattering at these energies. These authors
employed either density reliant M3Y and KH effective NN
interaction potential within the optical model framework or
hybrid model of the microscopic optical potential or using the
BHF have calculated the optical potential. Though, these
researchers obtained fair success nevertheless it is well known

that optical model based analyses involve at least four to six
adjustable parameters to reproduce the experimental data.
Further, it is well acknowledged that the shell model or else
mean field based calculations cannot be employed directly in
neutron rich halo nuclei due to small binding energy of the last
nucleons (neutrons). The result obtained by these calculations
is, therefore, not essentially produce the precise account of
lightly bound halo nuclei. Here, it is worth to mention that in
our approach, no free/adjustable parameter has been used to
analyze the elastic scattering data. Each parameter of NN
scattering amplitude is experimentally known and our
phenomenological BGP density contains no free parameter.

Table III presents the results of total reaction cross
sectionssp for ''Li. For comparison, corresponding o
obtained indicated in past have also been displayed in the
same Table. The o for p-''Li probably has not yet been
experimentally studied. Our calculated values of o at
energies are quite large as compared to estimated values in
[10], [11].

TABLE IIT
THE CALCULATED REACTION CROSS SECTIONS FOR P- 'L AT ENERGIES
62,68.4 AND 75 MEV

Energy 62 MeV 68.4 MeV 75 MeV
Authors og inmb og inmb og inmb
Present Calculation 514.0 455.5 429.0
Sharma and Haider [11] 330 415 379 426 295 360
K Spasova etal [10] 457 462 122 154 232.6

For comparison, the corresponding cross sections obtained reported earlier
have also been shown.

V.CONCLUSION

The elastic proton-nucleus scattering has demonstrated to
be an effective technique for finding detailed and complete
statistics on the size and radial shape of nuclei called halo
nuclei. In this paper, p-'Li and p-''Li elastic scattering
differential cross sections in the energy range 60~75 MeV
have been studied by means of Coulomb modified Glauber
scattering formalism [12]. By applying the semi-
phenomenological BGP [13] nuclear density for loosely bound
"Li, the estimated matter rms radius is found to be 3.446fm
which is quite large as compared to so known experimental
value 3.12 fm by Tanihata et al. [2]. It is to be noted that in
most of phenomenological density model used to reproduce
the p-''Li differential elastic scattering cross sections,
calculated matter radius varies with minimum 2.964 fm [20]
to a maximum 3.55 fm [5], [6]. Interestingly, quite similar
pattern has also been seen for tail (halo) radius, however, not
large variations are found in the value of rms core radius
obtained by earlier studies reported in this work.

We also have found that our results with phenomenological
BGP [13] model density reproduces p-’Li and p-'Li
experimental data quite nicely as compared to GG or GO
densities [5] at all energies under consideration. Here, it is
worth commenting that, in our approach, no free/adjustable
parameter has been used to analyze the elastic scattering data
of p->!'Li at energy range 60 75 MeV/nucleon as against the

111



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:14, No:4, 2020

well-known optical model based analyses that involves at least
four to six adjustable parameters to reproduce the
experimental data. Our calculated total reaction cross sections
oy for p-'"Li elastic scattering at these energies are quite large
as compared to estimated values in [10], [11] though so far no
experimental studies has been performed to measure it.
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