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Total cross-sections of the halo nuclei in both the zero- andhe nite-
ranges are calculated at energy range of 25 800 MeMi, by using the carbon
nuclei as a probe. The calculations are based on the Opticalimit Approxi-
mation (OLA) of the Glauber theory and are done for Li, Be and B isotopes
using the nite and the zero range interactions. We found that the total
cross-sections depend slightly on the nuclear density. Onhie other hand,
there is a discrepancy between the calculated results of bhtranges in the
surface region of the reaction probability. The theoreticd results for the
zero- and the nite-range are compared with experimental ddaa. We found
that the zero-range predictions are consistent with expennental data more
than the nite-range.

PACS numbers: 24.10.1i, 24.10.Ht, 25.60.Dz, 21.45.+v

1. Introduction

Nuclear physicists discovered twenty years ago that some diie lightest
nuclei can have a matter radius as large as those found in theehviest natu-
rally occurring elements [1]. This was explained by weakly bund nucleons
that form a dilute cloud around a central nuclear core [2]. Soh a structure
is called a neutron halo.

These extended nuclei behave very di erently from ordinaryones. Nor-
mal nuclei are dicult to excite or break apart, but halo nucl ei are fragile
objects. They are larger than normal nuclei and interact wih them more
easily as well. In fact, the halo is a quantum phenomenon thatloes not obey
the laws of classical physics. A schematic picture for the sticture of the
two-neutron halo nucleus''Li compared to the nucleus of lead-208, which
has almost 20 times more nuclear particles, is shown in Fig..1
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Fig. 1. Comparison between the halo nucleus'Li and the stable nucleus?®€Pb.

The study of nuclei far from the valley of stability is an ememging frontier
eld in nuclear physics. The study of exotic nuclei providesnew and exciting
opportunities for probing the details of the nuclear force ad understanding
exactly how nuclei are put together and how they react. Furtrermore, the
properties of exotic nuclei are key for understanding the prduction of the
elements. Additionally, the study of exotic nuclei is essetial in many elds
of astrophysics, where they are used to model stars, supewvay X- ares and
all the cosmic cauldrons where the elements were created.

Up to now much e ort has been made to the study of neutron halo
structure, such as the discovery of neutron halo nuclef®He, 11Li, 1114Be
[3] and the recent work on'°C [4,5]. At the same time, some work has been
performed on proton halo nuclei,e.g. 8B and 1’Ne. Due to Coulomb e ect,
the formation of proton halo is more di cult and complicated compared to
neutron halo structure.

Experimental study of unstable nuclei has considerably adanced via the
technique of using secondary radioactive beams. The quaftigs measured
in the study include various inclusive cross-sections, foexample, reaction or
interaction cross-sections, nucleon-removal cross-séms, Coulomb breakup
cross-sections and momentum distributions of a fragment.

These quantities have played a pivotal role in revealing thewuclear struc-
ture of unstable nuclei, particularly halo structure near the drip line [6]. The
total reaction cross-section (r) is one of the most fundamental quantities
characterizing the nuclear reactions as well as for probinfpr nuclear struc-
ture details.

Several methods are available to study the total reaction arss section,
such as the multi-step scattering theory of Glauber [7], theransport model
method of Ma et al. [8] and the semi-empirical formula of Koxet al. [9] and
Shenet al.,, [10] etc. For the rst one, because of its simplicity, the optical
limit approximation (OLA) of the Glauber approach is the most common
used method [7]. The optical phase in the OLA is given by a furntional of
the densities of the projectile and the target.
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The aim of this work is to calculate the total reaction crosssections in
the zero-range and nite-range for'?C, 8 17B, 7 14Be and® 9%!!Lj isotopes
incident on a '?C target in the energy range of 25 800MeVh. It should
be noted that this work is motivated by the comments of the rekree of our
previous paper [11].

The out line of this paper is as follows: in Section 2 we brie ydiscuss
the formalism used in our calculations. Section 3 shows theesults. Finally
we present the summary in Section 4.

2. Eikonal approximation of the Glauber theory

Within the Eikonal approximation, the trajectory of the pro jectile is
approximated by a straight line, while the Adiabatic approximation neglects
the excitation energies of the colliding nuclei. These apmximations are
needed to derive a simple, tractable expression for the sdating amplitude.
Under these approximations the scattering amplitude is gien by

. Z
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where q is the momentum transferred from the target to the projectile,
ba two-dimensional impact-parameter vector perpendiculato the z-direction

and si(P) is the projection onto the x y-plane of the nucleon position vector
relative to the projectile’'s c.m., ri(P) R((;;Pnz;.

The wave function ) denotes the projectile's intrinsic state speci ed
by a quantum number with its c.m. part being dropped ( =0 stands for
the ground state). Similarly, the target state is denoted by ™ Thus, fgo
stands for the elastic scattering amplitude. See, for exanip, Refs. [7,12]
for more details.

The phase-shift function Ny in EQ. (1) is a basic ingredient for the
scattering amplitude. It describes theNN scattering and is related to the
NN potential Vyn by

71
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where # is the asymptotic velocity of the relative motion between the pro-
jectile and the target and 2 is a unit vector in the z-direction. The NN
potential contains complicated spin isospin dependenceso yn in general
becomes an operator acting in that space. The use of such an enator in
Eqg. (1) is extremely involved, and here it is treated as just afunction by
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ignoring the spin isospin dependence as is usually done. BhANN prole
function N (b) is introduced and often parameterized in the form [13]

1 i

an () =1 @ m®= ot e P (3a)

nn (b)) = 14—| N e P2 (nite  range); (3b)
1 i

NN (D) = —% NN (b) (zero range): (3c)

Here nn is the total NN cross section and the parameters and! are
determined so as to t the NN elastic di erential cross section as well as
the NN reaction cross section at relevant energy.

To get the elastic scattering amplitudef oo we need to calculate the phase-
shift function (b)

* , +
i (b e M voynh P (M I e M
e =3 1 wn(b+sy s o o = 4
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The above matrix element contains a multi-dimensional intgration,
which is obviously not easy to perform in general. Recentlyjt has been
demonstrated [14] that the phase-shift function can be evalated by Monte
Carlo method without approximation. However, for simplicity the optical
limit approximation is routinely used. In the following, we explain the opti-
cal limit approximation.

2.1. The optical limit approximation

The optical limit approximation makes it possible to calculate the optical
phase through the densities of the projectile and the targets follows

27
e o =exp drds ,(r1) ;(r2) nn(b+si s2) ;  (5)

where s1(sy) is the projection of ri(rz) in x y plane, .(r1) and ,(r2) are
the densities of the projectile and target, respectively.

The needed input to the above equation are the densities of #hprojectile
and the target and the values of theNN -parameters. The densities which
we used here were taken from [15], while the values of the pareters were
taken from [16].

For the nite-range, we use Eqg. (3b) for the expression of theNN pro le
function, while we use Eq. (3c) for the zero-range.
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2.2. Reaction cross section in the Eikonal approximation

The Eikonal model provides a convenient framework for caldating inte-
grated cross-sections for a variety of processes involvinggeripheral collisions
between composite projectiles and stable targets. The retion cross sec-
tion for a projectile-target collision is calculated by integrating the reaction
probability with respect to the impact parameter b

Z 2
r= db1 €& ® (6)

where the phase shift function is obtained from Eq. (5). Here, we de ne
the reaction probability as

Plh=1 €& ® N (7)

3. Results and discussion

The total reaction cross-sections fof?C + 12C at di erent energies from
25 to 800 MeV/n are calculated. Results for both the nite-range and the
zero-range are presented. In Fig. 2, we compared the niteange and the
zero-range calculations with the experimental data from Ré& [9].

As can be seen from the gure there is a good agreement betweéme ex-
perimental data and the zero-range calculations, convergethe nite-range
overestimates the experimental data in the region of 100 30 MeV/ n.

—— Zero Range
---- Finite Range

Reaction cross section (mb)

E(MeV/n)

Fig.2. Comparison between the reaction cross-sections aallated for 12C + 12C
at di erent energies with the nite-range (dashed line) and zero-range (solid line).
The experimental data are taken from [9].
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In Fig. 3, the total reaction cross-sections for'*Be incident on a 12C
target (left panel) and for 'Be incident on a '?C target (right panel), in
case of the nite-range and the zero-range calculations areompared.

Both 'Be and “Be are halo nuclei, from the calculations the di erence
between the zero-range and the nite-range at 25MeVh are 234 mb and
241 mb while at 800 MeV/n are 37 mb and 39 mb, respectively. By comparing
these values with those of'?C + 12C which are 236 mb at 25MeVh and
39mb at 800 MeV/n, we found that the di erence between the nite-range
and the zero-range did not depend on the system. Rather it degnds only
on the energy. The nite range overestimated the zero range yp16% and
5% at 25MeV/n and 800 MeV/n, respectively.

Fig. 3. Comparison between the reaction cross-sections aallated for 'Be + 2C
(right panel) and #Be + 2C (left panel) at di erent energies with the nite-range
(solid line) and the zero-range (dashed line).

In Fig. 4 we compared the total reaction cross-sections fof “Be inci-
dent on a2C target in the case of nite-range and zero-range calculatins
at xed energy 25MeV/n (left panel) and at 800 MeV/n (right panel). In
both cases, there was a di erence about to be xed.

The reaction cross-sections in case of the nite-range exeded that in the
case of zero-range, this result supports what we found in Fig. As shown in
Figs. 2, 3 and 4, the results with nite-range interaction are systematically
larger than those of zero-range one. This behavior could benderstood as
follows: The factor of nite-range in Eq. (5) increased the surface part
of the density and since the reaction cross section dependsostly on the
surface, so the reaction cross section increased.

To see this e ect, we plot in Fig. 5 the reaction probability for 1°C + 12C
for both zero-range and nite-range cases. Thus, it seemsasonable to argue
that the reaction probability with nite-range increases in the surface and
that comes in-line with the course of our discussion.

Moreover, it is interesting to see in what region of the readbn probability
the di erence between ?Be and *Be occurs, since the structure of*Be is
2Be+n+n.
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Fig.4. The reaction cross-sections for 4Be +!2C calculated at 25MeV/n (left
panel) and at 800 MeV/n (right panel). Dashed line is for the zero-range while
solid line is for the nite-range calculation.
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Fig.5. The reaction probability for 2C + 12C in case of the nite-range and the
zero-range calculated at energy of 25 MeM.

In Fig. 6, we plot the reaction probability of both 1°Be and 1“Be as
a function of the impact parameter at 25 MeV/n. As one can see, the dif-
ference appears in the surface region. This is simply becaushe di erence
between!?Be and 1“Be is a two neutron in the surface.

The e ect of the density on the reaction cross section is diagssed in
Fig. 7, where we compare the reaction probability in the casef two densities
Relativistic Mean Field (RMF) and the Extension of this for malism with
eld theory motivated e ective Lagrangian approach (E-RMF ) mentioned
in Ref. [15]. The upper graph compares the reaction probabty for *Be +
12C reaction at energy of 25MeVh for the two densities.
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Fig. 6. Comparison between the reaction probability for'4Be and its core at energy

of 25 MeV/n.
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Fig. 7. The reaction probability of the two densities in Ref. [15] (RMF (solid),
E-RMF (dashed)) at energy of 25MeV/n, for *Be + 2C (upper graph) and for
7B + 12C (lower graph).
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The lower graph compares the reaction probability for'’B + 12C reaction
at energy of 25 MeV/n for the two densities. We have chosen this energy to
maximize the di erence between the reaction probability fa both systems.
As we see, there is almost no di erence between the two dengts. This is
why we have used only one density in our calculations.

Fig. 8 compares the nite-range and the zero-range calculans with the
experimental values (when available) fo 7B, 7 “Be and® % !!Liisotopes
incident on a 12C target.
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Fig.8. The reaction cross-sections for Li, B and Be isotopesncident on a *>C
target at energy of 800 MeV/n in comparison with the experimental data. The solid
line shows the calculations with the zero-range and the dastd line represents the
calculations with the nite-range. The experimental data are taken from Ref. [16].
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In the rst graph, the nite-range calculations are greater than the
zero-range ones by about 39mb. The experimental values agravith the
nite-range calculations for 8B and more than the zero-range calculations
by 26 mb, while for 1°B the experimental values agree with the zero-range
calculations but they exceed the nite-range calculationsby 48 mb.

For 13 15B, the experimental values are less than the zero-range cal-
culations by 31, 27 and 36 mb, respectively, while they are &s than the
nite-range calculations by 71, 67 and 76 mb, respectively. However, for
17B they are greater than the nite-range calculations by 30 mband greater
than the zero-range calculations by 72mb. The second grapthews an in-
crement in the nite-range calculations by about 37 mb than the zero-range
calculations.

The experimental values harmonize well with both calculatons for
7:912Be, While for 1°Be the experimental values are consistent with the zero-
range calculations, but are less than the nite-range calclations by 43 mb.
Concerning 1'Be, the experimental values are greater than the nite-range
calculations by 38 mb and exceed the zero-range calculatisrby 75 mb. For
the last isotope “Be, the experimental values exceed the nite-range calcu-
lations by 102 mb and exceed the zero-range calculations by2mb. In the
third graph, the nite-range calculations outstrip the zer o-range calculations
by about 33 mb. The experimental values are in good agreemenitith both
the nite-range and the zero-range calculations for’:8Li and agree with the
nite-range calculations for 6Li, but overstep the zero-range calculations by
32mb. As for°Li the experimental values go in-tandem with the zero-range
calculations but they are less than the nite-range calculdions by 41 mb.

The experimental values for'Li go beyond the nite-range calculations
by 90 mb which overtake the zero-range calculations by 36 mb.

4. Summary

We have calculated the reaction cross-sections of some ligexotic nuclei
using the optical limit approximation of Glauber. We have used both nite-
range and zero-range interactions. We found that zero-rarg interaction
gives good tting to the experimental data better than nite -range. As we
go from high energy to low energy there is a sudden decreasethe reaction
cross-sections. The zero-range calculations explain thahis behavior is due
to the nite range parameter beta, which is not well determined. These
calculations support our previous nding in Ref. [11]. In addition, we found
that the di erence between the zero-range and the nite-rarge is in the
surface region of the reaction probability. The reaction coss-sections depend
little on the nuclear density. Finally, we found a good agreenent between
our calculations and the experimental data at high energies
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