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Abstract

The ground state densities of unstable neutron-rich 11Li and 12Be exotic nuclei are
studied in the framework of the binary cluster model (BCM). The internal densities of
the clusters are described by the single particle harmonic oscillator wave functions. The
long tail performance is clearly noticed in the calculated neutron and matter density
distributions of these nuclei. The structures of the two valence neutrons in 11Li and
12Be are found to be mixed configurations with dominant (1p1/2)2. Elastic electron
scattering proton form factors for 11Li and 12Be are studied using the plane wave Born
approximation (PWBA). It is found that the major difference between the calculated
form factors of unstable nuclei [11Li, 12Be] and those of stable nuclei [7Li, 9Be] is the
difference in the center of mass correction which depends on the mass number and the
size parameter . The reaction cross sections for 11Li and 12Be are studied by means of
the Glauber model with an optical limit approximation using the ground state densities
of the projectile and target, where these densities are described by single Gaussian
functions. The calculated reaction cross sections of 11Li and 12Be at high energy are in
good agreement with experimental data. The analysis of the present study supports the
halo structure of these nuclei.

Keywords: neutron-rich exotic nuclei; elastic electron scattering form factor; density
distributions; root mean square radii of halo nuclei
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1. Introduction

Nuclear size and density distributions are the basic quantities to describe nuclear properties [1]. The
charge densities can give us much detailed information on the internal structure of nuclei since they are
directly related to the wave functions of protons, which are important keys for many calculations in
nuclear physics. Electron—nucleus scattering is known to be one of the powerful tools for investigating
nuclear charge density distributions. Charge density distributions for stable nuclei have been well studied
with this method [2, 3].

The development of radioactive isotope beam techniques has opened a new field for the study of
unstable nuclei far from the stability line [4]. As a result, our knowledge of nuclear physics has also been
extended from stable nuclei to unstable ones. Experiments with radioactive isotope beams have already
shown that the properties of unstable nuclei are quite different from those of stable ones [5]. Therefore, it
is very interesting to investigate the properties of unstable nuclei theoretically with reliable theories and
models.

Halo nuclei, which have an extraordinary ratio of protons and neutrons (the proton-rich or neutron—
rich) and are so short lived, cannot be used as targets at rest due to their unstable properties. Instead, direct
reaction with radioactive isotopes beam can be done in inverse kinematics, where the role of beam and
target are interchanged [6]. The charge and matter distributions of these nuclei are tested in analysis of
differential and total reaction cross sections of proton scattering on halo nuclei by using different
phenomenological and theoretical methods. 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 halo
nuclei the corresponding charge densities are planned to be obtained by colliding electrons with those
nuclei [6].

Hamoudi et al. [7] have studied the ground state densities of unstable proton-rich °C, **N and Al
exotic nuclei in the framework of the two-frequency shell model (TFSM) and the binary cluster model
(BCM). In BCM, the internal densities of the clusters are described by single particle Gaussian wave
functions. They found that the calculated results are in very good agreement with experimental data.

One of the widely used models for analyzing the interaction and the reaction cross sections of nucleus-
nucleus scattering is the Glauber model. The Glauber theory has had considerable success in describing
high energy hadron-nucleus scattering [8] and it was natural to extend the Glauber theory to nucleus-
nucleus scattering.

In the present study, we analyze the ground state densities, elastic electron scattering proton form
factors and reaction cross sections of unstable neutron-rich *'Li and **Be exotic nuclei. The structure of the
two valence neutrons in ™Li and *Be is investigated and found to be a mixed configurations with
dominant (1py,)°. Elastic electron scattering proton form factors for “Li [*Be] is studied through
combining the proton density distribution with the PWBA. The difference between the calculated form
factors of unstable exotic nucleus 'Li [**Be] and that of stable nucleus ‘Li [*Be] is analyzed and
attributed to the difference in the center of mass correction which depends on the mass number and the

size parameter « (which is assumed in this case as the average of ¢, and «,). The reaction cross

sections for ''Li [*?Be] is examined by means of the Glauber model with an optical limit approximation
using the ground state densities of the projectile and target. The calculated reaction cross sections at high
energies are in good agreement with experimental data. The analysis of the present study suggests a halo
structure for these exotic nuclei.
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2. Theory
The one-body operator of the longitudinal transition density for point protons (with isospin t, =1/2)

or neutrons (t, = —1/ 2) is given by [9]

L. Ze(t Uty @), W
with
<>%

In Eqg. (1), the superscript (L) in the operator /BALMZ stands for a longitudinal operator, YAJ’MM (Qrk)

and o(F —T,) are the spherical harmonic and Dirac delta functions, respectively. The multipolarity AJ
of the transition is restricted by the following angular momentum and parity selection rules:
93| =AY <343,
and
. =(=1)* (for Coulomb transitions).
The reduced matrix element of Eq. (1) is expressed as [9]

(3¢5, )3) = mZOBBM(Jf,J.,AJab dal¥s lio)Roy, (DR, (1), )

where a and b label single-particle states for the considered shell model space, i.e. |a)=|n,l ) j,m,)

and |b) =[n,l, )| j,m, ), the states |J;) and ‘J f> are characterized by the model space wave functions,
R,;, () is the radial part of the harmonic oscillator wave function, <ja||YAJ ||jb> is the reduced matrix

element of the spherical harmonic, OBDM(J,,J.,Ad,a,b,t,) is the proton (t, =1/2) or neutron

(t, =—1/2) one body density matrix element given by second quantization as [9]
2, @8, ]]a,)
: ©)

V2AJ +1

As the model space wave functions have good isospin, it is appropriate to evaluate the OBDM elements
by means of isospin-reduced matrix elements. The relation between these triply reduced OBDM and the
proton or neutron OBDM of Eq. (2) is given by [9]

<J
OBDM(J,,J,,AJ,a,b,t,) =

T, 0 T

OBDM(t,) =(-)" ™" ﬁ( Lot JOBDM (AT =0)/2

z T z T (4)

+2t, (- JE( ; Ti JOBDM (AT =1)/2
where the triply reduced OBDM (AT) elements are given in terms of second quantization as
~ ]AJ,AT
_ (T A )

OBDM(i, f,Ad,a, B,AT) = (5)

V2AJ +1V2AT +1
Here, Greek symbols are utilized to indicate quantum numbers in coordinate space and isospace (i.e.,
a=at, f=bt,, ;=T and T, =J,T;).
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The OBDM (AT) elements contain all of the information about transitions of given multipolarities

which are embedded in the model space wave functions. To obtain these OBDM elements, we perform
shell model calculations by OXBASH code [10] using realistic effective interactions.

For the ground state density distribution, we have n, =n,, I, =1, j. =1],, J; =J; and AJ =0,
then Eqg. (2) becomes as

Py, (1) = <‘]iH/b:J:O,tZ (F)HJi>

6
ﬁ;oswu,,%o a,0,t,)(J Vo[ Jo )Roys, (DR, (1), ©
where
(bl ={ | )= i =230, o
a a 472_ \/E a \/E a Jads
The average occupation number in each orbit n, . is given by
n,, = ij :i OBDM(J;,J;.0,a,a,t,). ®

Exotic nuclei are considered as composite projectiles of mass A, and described, in Figure-1, as core
and valence clusters, of masses A, and A, bounded with a state of relative motion. It is assumed that
A, > A,. The internal densities of clusters are described by harmonic oscillator wave functions with
ranges o, and «, .

1
OBDM(J;,a,] = 0,t., [2j. + 1R, 9
Pepe(r) = q’ﬁxl 2L+1 Z M{J:a.] core) \[2jp + 1 | Ry, (| )
1
Peg(r) = “‘mxl EL+ n ZGEDMUHQ J =0,t,,valence) y2j, +1|R,, a(’r‘}| (10)

Upon convoluting the intrinsic cluster densities with their center of mass (c.m.) motions about the c¢.m. of
the projectile, the composite projectile density is given by [11]

Pom()=p,(N)+p () (12)

For simplicity, the subscript t, in these densities will be dropped, i.e.

P (1) = pc (1) + p, (1), (12)

where p_(r) and p,(r) are given by eq (6) with range parameters

62 =al+ ( Ao ] 6% =al+ [ ali J (13)
A +A, A +A,

Furthermore, the matter density of Eq. (12) may also be expressed as

P (r)=pP(r)+p"(r), (14)

where pP(r) and p"(r) are the ground state proton and neutron densities of halo nuclei expressed as

PP (r) = p2(r)+ p?(r) (15)

and

p(r)=p (r)+p (). (16)
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The normalization conditions for the ground state densities given in Egs. (12, 14-16) are
g= 4ﬂTpg (r)rdr, (17)
and the coorresponding rms radii are

S =

<r? >1’2—4§jpg(r)r4dr, (18)
0

where o (r) corresponds to the one of the densities [ o, (1), p.(r), p,(r), p°(r), p"(r)] and g
corresponds to the number of nucleons in each case.

Core
cluster

Valence
cluster

Figure 1- The two-cluster projectile and target coordinates.

The mean squared radius of the composite projectile < r? >, satisfies [11]

A <r’> =A <r’>_+A <r’>, +AA—AC<r2 >:§(A,0?V2+Acdf) (19)

P

This approach provides a projectile density with distinct components due to the valence and core
clusters. Such simple two component forms can be employed for calculating the density distributions of
light exotic nuclei and also employed as input to optical limit calculations of reaction cross sections.

However, a particular projectile single particle density, described by a given (A,,A,) mass split and
choice of the two component ranges (&,, &, ), does not define the underling structure of the projectile. If
one of the original clusters is point like, for example &, =0, then fixing &, and &, uniquely determines
a and hence «,.

Next we use the plane wave Born approximation (PWBA) to study the elastic electron scattering form
factors from considered nuclei. In the PWBA, the incident and scattered electron waves are represented by
plane waves. The elastic proton form factor is simply given by the Fourier-Bessel transform of the ground
state proton density distribution, i.e.

dn% o
F(@) = [ p" (M)]s(an)rar, (20)
0

where J,(qr) is the spherical Bessel function of order zero and g is the momentum transfer from the
incident electron to the target nucleus. Inclusion of the corrections of the finite nucleon size
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F.(q) =exp(-0.439° / 4) and the center of mass F,, (q) =exp(b®q”/4A) in the calculations needs

multiplying the form factor of Eqg. (20) by these corrections.
In this study, the quadrupole form factor F.,(q), which is important in ‘Li and °Be nuclei, is
described by the undeformed p-shell model as [12] :

2 1/2
Fe.(q) =<%>[5in [ i.@n)pf (ryredr (22)

where j,(qr) is the second order of the spherical Bessel functions, Q is the quadrupole moment and

considered as a free parameter to fit the theoretical form factors with the experimental data and p; (r) is
the quadrupole proton density distribution assumed, according to the undeformed p-shell model, to be the
same as that of ground state proton density distribution p”(r). Then, eq. (21) can be written as [12]:

()[4 )"
— H 2

Fe.(a) —?(aj Ijz(qr)pp(r)r dr (22)
Here, P, is a quadrupole projection factor given as:

P, =J(23 -1)/(J +1)(2J +3) (23)

where J is the angular momentum of the ground state.

The reaction cross sections for considered exotic nuclei are studied by the Glauber model [11], where
the internal motions of particles within the projectile (P ) and target (T ) are assumed slow compared to
the relative motion of centers of mass of the projectile and target. The reaction cross section for a
projectile incident upon a target is given by [13]

oy = Zzsz[l—T(b)]db(l— EB° J (24)

cm

where B, is Coulomb barrier, E_, is the kinetic energy in the center of mass system and T (b) is the
transparency function at impact parameter b. A straightforward calculation of T (b) is very complicated.
One of the simplest methods to calculate T (b) is the optical limit (OL) approximation. In this
approximation, which ignores any correlations between particles in the projectile or target, T (b) is written
as the squared modulus of the elastic S —matrix for the projectile-target system [14]

T()=[s3"®)], (25)
where

Sa-(b) = ep[i0g; (b)), (26)
and

Opr ()= R, [ [ 00 (1) () s (R + = @)

is the overlap of the projectile and target ground state densities (o, and p;, respectively) with an
effective nucleon-nucleon (NN) amplitude [ f, (r)] integrated along the assumed straight line path of

the projectile’s center of mass at impact parameter b. For zero-range NN amplitude and isospinT =0
target, fy, (r) has the form [14]

fNN (r) = (iENN /2)5([’) (28)
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where &, Iis the average of the free neutron-neutron (nn) and neutron-proton (np) total cross section
at the energy of interest. An explicit form for &, is given in ref. [15].

Expressing the projectile-target separation in cylindrical coordinates R= (5, R;), where z=3 is the
axis chosen along the incident beam direction, then [with the help of Egs. (27) and (28)] Eq. (26) gives

o = = 7 z T
S5 (b) = exp| — =t [di, [ o3 (1) 7 ()8 + 7, - rzb} (29)
Integrating over the coordinates r, then replacing r, by s, we obtain
o ., e
SgL (b) =exp| - ;N J.dSpP (s)pr (b + S‘)] (30)

where ,oFZ,(T) (s) is the z-direction integrated nucleon density distribution expressed as

Peqy(8) = TPP(T) (V s?+2° )dZ. (31)

with s the projection of r in the impact parameter plane.

It is obvious from Eq. (30) that the calculations of SS(b) requires only the projectile and target
ground state densities. For simplicity, both densities are described by single Gaussian functions with range
parameters a, and a;,respectively.

Results and discussion
The ground state proton, neutron and matter densities of the *'Li (S,, =0.3 MeV, z,,, =8.8 ms) [16,

17] and “Be (S,, =3.67 MeV, 7,,, =20 ms) [16, 17] exotic nuclei are studied by means of the BCM

[11]. The exotic nucleus is considered as a composite projectile consisting of core and valence clusters
bound with a state of relative motion [Figure-1]. The internal densities of the clusters, given by Egs. (9)
and (10), are described by single particle harmonic oscillator wave functions. The composite projectile

densities of *'Li and *?Be are calculated by Eq. (12). The nucleus *'Li (J7,T =3/27, 5/2) is formed by
coupling the core °Li (J”,T =3/2", 3/2) with the valence two neutrons (J*,T =0", 1). The nucleus
“Be (J*,T =0%,2) is formed by coupling the core **Be (J”,T =0",1) with the valence two neutrons

(37, T =0",1). The configurations (1s,,,)*, (LPs,)° and (1s,,,)"*, (Lps,,)°, are assumed for core

nuclei °Li and *°Be, respectively. Four different configurations are considered for the description of the
two valence neutrons in *'Li and **Be. The two valence neutrons are assumed to be in the pure 1p,, the
pure 1ds,, the pure 2sy, and the model space of Zuker-Buck- Mcgrory (ZBM), which includes the
orbitals, 1pyj, 1ds;, and 2syp,.

To obtain the OBDM elements for the two valence neutrons occupying the model space ZBM, shell
model calculations are performed via the computer code OXBASH [10] using the realistic interaction of
REWIL [18]. The ground state occupation numbers for the two valence neutrons in **Li and **Be are 1.605
for (1p1)° 0.345 for (1ds;,)* and 0.050 for (2s1,,)°. These occupation numbers indicate that the structures
of the two valence neutrons in *Li and "*Be is mixed configurations with dominant (1py)> As the halo
nucleons prefer to occupy orbits with low orbital quantum numbers (such as the s or p-orbital), these
occupation numbers supports the halo structure of these nuclei.

Figure- 2 shows the dependence of the matter density distributions (in fm™) on r (in fm) for 'Li
Figure- 2(a) and *Be Figure- 2(b) exotic nuclei. The long-dashed, dashed, dash- dotted and solid lines are
the calculated results when the valence two neutrons in *'Liand “Be move in the pure 1p,,, orbit, the pure
1ds, orbit, the pure 2s;, orbit and the model space of ZBM, respectively. The experimental matter
densities (denoted by the shaded area) of **Li [19] and *?Be [20] are also displayed for comparison. It is
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clear from Fig. 2 that the performance of the long-dashed and solid distributions are approximately the
same throughout the entire range of considered r. In addition, the long-dashed and solid distributions are
better describing the data than the others.

Figure- 3 demonstrates the contributions of the core nucleons (dashed lines) and the two valence
neutrons (dash- dotted lines) to the matter density (solid lines) for exotic nuclei *'Li Figure- 3(a) and **Be
Figure- 3(b). The feature of the long tail behavior (considered as a distinctive feature of halo nuclei) is
exemplified in the solid distributions of Figure- 3. Hence, this behavior (which is due to the two valence
neutrons) is in agreement with the experimental data.

Figure- 4 illustrates the calculated proton and neutron density distributions displayed as dashed and
dash- dotted lines, respectively. The long tail performance is clearly noticed in the dash- dotted lines. This
performance is related to the existence of the valence two neutrons in the halo orbits. The steep slope
performance is obviously observed in the dashed lines due to the absence of protons in the halo orbit,
where all protons of these nuclei are found in their cores only.

To seek out if the long tail behavior of the matter density distribution of the neutron rich nuclei
demonstrates noticeable effects in the process of elastic electron scattering, elastic charge form factors for
unstable neutron rich *Li (**Be) and its stable 'Li (°Be) are calculated by means of the Plane Wave Born
Approximation (PWBA). To compare the results of the form factor of the unstable nucleus *Li (**Be)
with that of the stable nucleus ‘Li (°Be), first present the calculated proton (Co+C,) form factors of ‘Li
(°Be) compared with the measured data taken from reference [21] ([22]). The calculated form factors in
Figures- 5 (a) and 5 (b) correspond to Li and °Be nuclei, respectively. The experimental data are very
well reproduced by our calculations. The C, and C, contributions are shown in this figure by the dashed
and dash- dotted lines, respectively.

Figure- 6 exemplifies the comparison between the calculated elastic Co proton form factors of the
unstable nuclei "'Li and “Be (dashed lines) and those of the stable nuclei ‘Li and °Be (solid lines). Figs.
6(a) and 6(b) demonstrate the proton form factors for nuclei pairs (*'Li, 'Li) and (**Be, °Be), respectively.
It is well known that the proton form factor is independent of the detailed properties of the two valence
neutrons. The major difference between the calculated form factors of the unstable nuclei (*'Li and **Be)
and those of the stable nuclei ('Li and °Be) is the difference in the center of mass correction, which
depends on the mass number and the size parameter ¢, which is assumed in this case equal to the average

of o, and «,. It is clearly noticed that the dashed and solid lines in Fig. 6 have only one diffraction
minimum and one diffraction maximum.
The reaction cross sections (o) are studied by means of the Glauber model with an optical limit

approximation at high energies for (*'Li and ?Be) projectiles incident on the '2C target using the ground
state densities of these nuclei. The densities of projectile and target are described by single Gaussian

functions with range parameters «, and a; for projectile and target nuclei, respectively [11]. The
calculated reaction cross sections are listed in Table (1) along with the corresponding experimental data
taken from refs. [23,24]. The calculated o, at 790 MeV for *'Li + **C system is 1064 mb, which agrees

with the analogous measured data 1060 + 10 mb within the quoted error [23]. The calculated o at 790

MeV for *?Be + **C system is 937 mb, which agrees with the corresponding experimental data 927 + 18
mb within the quoted error [24].

Table 1- Calculated reaction cross sections for *Li and *?Be exotic nuclei.

Exotic Experimental rms radii Calculated oy | Experimental o Energy (MeV)
Nucleus (fm) (mb) (mb) [23, 24]
Sl 3.27 +0.24 [23] 1064 1060 + 10 [23] 790
’Be 2.55 + 0.09 [20] 937 927 + 18 [24] 790
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Conclusions

The ground state proton, neutron and matter density distributions of unstable neutron- rich *Li and
'“Be exotic nuclei are investigated using the binary cluster model (BCM). Elastic electron scattering from
these two exotic nuclei are also investigated. The long tail behavior, considered as a distinctive feature of
halo nuclei, is evidently revealed in the calculated neutron and matter density distributions of these two
exotic nuclei. Besides, the noticeable difference that is found between the calculated overall proton and
neutron rms radii also indicates a definite degree of halo structure. It is found that the difference between
the form factors of unstable exotic nucleus ''Li [*Be] and that of a stable nucleus 'Li [°Be] is the
difference in the center of mass correction which depends on the mass number and the size parameter .
The calculated reaction cross sections of *Li and **Be at high energy (790 MeV) are in agreement with
those of experimental data. The analysis of the present study suggests that the structure of the two valence
neutrons in *'Li [**Be] is mixed configurations with dominant (1py,,)°. The present study supports the halo
structure of these nuclei.
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Figure 2- The calculated matter density distributions for exotic nuclei *'Li [(a)] and **Be [(b)]. The
shaded area are the experimental data of *'Li [19] and **Be [20].

2672



Hamoudi and Abdullah

Iraqi Journal of Science, 2016, Vol. 57, N0.4B, pp: 2664-2676

10°§-|' T T T T3 10°'|'|'|'|'|'|'§
1 -_- - -_- S:I:nizn;:?sity : A -- - -—- \(;:I':nizn;:t:sity ]
1 0.1 = Matter density = 1 0 \ Matter density _g
: § o ]
? 10°F 1a 1
E @ 3% f, (b) ]
= - 1 £ 107 ' E
€10°k P 4 E 2 ' ]
Q E ' 3 i ' \ i
F 7 ;@ 10%E Vo 3
10*F of L :
; 10°¢ : E
10-5_ P L 10-6'. [ :Xl ! | ]
0o 2 4 6 8 10 0 2 4 6 8 10 12 14

r (fm) r (fm)

Figure 3-The calculated matter density distributions for exotic nuclei *'Li [(a)] and **Be [(b)]. The shaded
area are the experimental data of *'Li [19] and **Be [20].

10°-|-|-|'|'§ 100§'|'|'|'I'|'|'E
----- Proton density E f - - - -~ Proton density E
o T ] wE L
: 2l ]
7 10 @ 17T b
g 1 €10k :
E -3 = E : ]
a 10 1 %10k .
10° 3 10‘5;— -
08—+ 1 11 ] 10$' A PR R B B S B
0 2 4 6 8 10 0 2 4 6 8 10 12 14

r (fm) r (fm)

Figure 4- Neutron, proton and matter density distributions for exotic nuclei 'Li [(a)] and **Be [(b)].
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Figure 5- Proton form factors of stable nuclei 'Li and °Be. The experimental data of 'Li and °Be are taken
from ref. [21] and [22], respectively.
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Figure 6- Comparison between the calculated proton form factors of unstable (exotic) nuclei (*'Li, *Be)
and those of stable nuclei ('Li, °Be).
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