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Abstract

We present here cross section calculations for vas nucleus-nucleus reactions
for elastic and inelastic scatterings in the framevk of the Glauber theory. The
CSC_GM code used in the computations was obtairmedhfthe CPC Program Library,
Queen’s University of Belfast, N. Ireland. The CSGM code is a Fortran 90 program
that was originally run on UNIX operating system.h& code was modified and run on
Windows xp. The projectile nucleus is assumed todeicture of a core plus valence

nucleon. Total cross sections f<1)3FC+12C and one nucleon-removal cross sections for
YC+2C are computed. The input data needed for the caddidns are the core and

target densities and the nucleon-nucleon profilenfttion. Results of the™*C+"C
reactions system are found to agree with the expmmtal data, especially at high
incident energies.
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1.0  Introduction

Experimental study of unstable radioactive nucks hdvanced considerably through the techniquesiafjuisecondary
radioactive beams. The quantities measured intypes of study are the various reaction cross sestibat include the total
reaction cross section, nucleon-removal cross aegtimomentum distribution of a fragment, etc. Bhgsantities play
important role in revealing the nuclear structufeiastable nuclei, particularly the halo structysepton and neutron skins.
Halo and skin are nuclear properties or structtines are peculiar to only unstable radioactive eucbizes and density
distributions (of both nuclear matter and charde)restable nuclei are therefore quite differentirthose of stable nuclei.

In this paper total and one nucleon-removal cressians for théC + *“C and'°C + '°C reactions are calculated in the
framework of the Glauber theory. The projectile lrus is assumed to have structure of a core nuglussa valence
nucleon. Measurement of these cross sectionsnsarsitandard work for the study of unstable nuclei

The Glauber model is a microscopic reaction thedryigh-energy collision based on the eikonal agpnation and on
the bare nucleon-nucleon interaction. It is nowtaadard tool to calculate the cross sections becdausan account for a
significant part of breakup effects which play eaportant role in the reaction of a weakly boundleus [1,2].

2.0  Theoretical Background

The reaction of a projectile nucleus P with a tangecleus T is considered. At the initial stagetlté reaction, the
projectile in the ground state, described with rnirisic wave functior?, impinges with momentuniK = (0,0,hK) on
the target in its ground state, described withrdrinsic wave functior®, . The center-of-mass wave function is removed
from Y0 (6, ). At the final stage of the reaction, the prajecgoes to the state specified by a wave functioa and the
target goes to the statespecified by a wave functio®c . The statea is not necessarily a bound state but may be a
continuum state that includes some fragments. Thenentum transferred from the target to the prdgds hg. The
scattering amplitude for this reaction is writtenthe Glauber theory as an integral over the impacameteb between the
projectile and the target [3] as

Fol@) =5 [y, 0.0 [] [ 0T Jwse,
o (1)

The integrated cross section for this reactioriviemgby
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dq 2
Ox = jF| Fac (q)|
The profile function’"in Eq. (1) is given by:

F0) =" % e

4 ®)

The parametersyy, @, andg usually depend on either the proton—proton (newtnentron) or proton—neutron case. The
argument of'ij in Eq. (2) isb + sP —sT, which stands for the impact parameter betwéeandjth nucleons. HereP (ST )

is the two-dimensional coordinates comprisingxhandy-components of thigh nucleon coordinate in the projectile (target)
relative to its center-of-mass coordinate.

()

21 Total reaction cross section
The total reaction cross section is obtained bymsinmgoac over all possible final statee except for the elastic channel:
Orec(P+T) = D 0, (4)

ac#00
With the use of the closure relatioEac|(//a@c><(/la@c| =1, and the unitarity conditiodl— r|2 =1, the reaction cross

section reduces to [4]
Orec(P+T) =Idb[1“eiXPT(b)‘2) ®

where the phase-shift functiggr is given by:

|D_P| |;|[1—I'(b+§P -5

Similarly the core-target total reaction cross ieecis given by [4]
: 2
O e (C +T) = Idb(l_‘elch(b)‘ j 8)

The core-target phase-shiflzr and the nucleon-target phase-shifty, are defined through the relevant densities by the
integrals:

eix pr (b) e ‘/IOGO ‘/IOGO (6)

ixer(b) = —[dr [dr'pc(™)pr(r)T(b +5s —s"), 9)
ixnr(b) = — [ drpr(NIT(b — 5) (10)
where the density, is given by:
p(r) = Ticie™" (11)
The projectile is assumed to be a system of a wackeus coupled with a valence nucleon. Its grostate wave function is
given by
TO = jo@o, (12)

wheredy is the ground-state wave function of the core, @pés the valence-nucleon wave function [4]

2.2 One-nucleon removal cross section
The one-nucleon removal cross secting, is obtained by [3]

J—N = z dkO-a:(k,g:O),c
c (14)

where the projectile nucleus breaks up into the awith an internal wave functioggg and one-nucleon in the continuum
state with asymptotic momentuhik, elative to the core. It is assumed that the cengains in its ground statg= 0, during
the collision, or in other words, the projectileshrao particle-bound state

The one-nucleon removal cross section is separatedthe elastic part (¢ = 0) and the inelastictpét # 0) as

b, >\2} as)

— d

O_\ =0_ t0_ , where
a'le = J‘db{<¢o‘e_2|mXCT (be )=2Imyr (b +s)
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and
gi_“ﬁ' = J’ db<¢0‘e—2lmxm<bc) — @ 2mier (be)-2imiyr (b _s) ¢0> (16)

The one-nucleon removal cross section for haloeiusl approximately equal to the difference betw#an two reaction
Cross sectiongyeadP + T) — 61adC + T).

3.0 Methodology

The Cross Section Calculations in the Glauber Model (CSC_GM) code is a Fortran 90 program that wagiraally run on
UNIX operating system. The program is modified amd on Windows xp. The code calculates the crossoses of various
reactions for a core plus one valence-nucleon systethe framework of the Glauber model. The crasstions which are
available in this code are the total reaction csesgion, the one-nucleon removal cross section. ifiput data specify the
reaction system, the type of cross section, andiatfyeet and core densities. The input data, read & filecsc.inp.in Table

1, represents the input data for tHE+C  reaction system in the format of the csc.inp. filae first line, according to
this format, gives the mass numbers of the tangetjectile and coreA;, Ap, and Ac), the second line gives the charge

numbers of those nucleZ{, Zp, andzc). The code assumé§J - AT =1. For a proton targefA; = 1 andZ; = 1. The third

line defines the incident energy of the projeqgbiée nucleon (in MeV). The fourth line defines tterameters of the nucleon—
nucleon profile function, Eq. (3 (in fM2), a, andp (in fm2). The fifth line gives the orbital angularomentum of the
valence nucleon. The sixth line gives the numbesadfissians used to fit the core and target desiséied the following lines
give the coefficientsi and the rangeai (in fm-2) as defined by Eq. (5). Results of the catafions are written on the file
reac.out

4.0 Results
4.1 Reaction cross sections for C+**C

The **C nucleus is described with AC + neutron system. The parameters of the profifetion Eq. (4) are taken from
Ref. [6]. Results of calculation at 800 MeV/nuclere given in Table 2.

The cross sections calculated at different incidergies are compared with the experiment in Eighe experimental data
are obtained from Ref. [7].
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Fig. 1. Total reaction cross sections' & +'°C . Experimental data are taken from Refs. [7].
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4.2 Cross sections fo’C+°C

The energy dependence of the one-nucleon remowess cection for thé’C+*C system is also studied. The ground state
of *°C is assumed to be §C + neutron system: The valence neutron is in #ig Drbit with the separation energy of
0.24 MeV [8, 9]. Thus'®C is considered to be a good example for a one-oeedtalo nucleus. In fact, the rms radius of the

neutron orbit becomes very large (8.5 fm). The dgind '8C is constructed from the harmonic-oscillator shedidel. Fig. 2
shows the energy dependence of the elastic andsiielone-nucleon removal cross sections. Note ttieatone-nucleon
removal cross section is given by the sum of threparts as discussed in section 3.2.
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Fig.2. Energy dependence of the neutron-removaiscsection for 19C+12C system. Both contributiohthe elastic and
inelastic processes are shown.

Table 1

csc.inpinput file for the **C+*C system

12.0 130 1 Ar, Ap, Ac

6.0 6.0 6.0 Z7 Zp, Z¢

800 Incident energy per nucleon (in MeV)

4.26 -0.07 0.21008
Profile function MW .a, b, in fm?

1 | (orbital angular momentum)

2 Number of Gaussians used to fit the core and
target densities

-1.23342874 0.462770142 Coefficient, range (in fif)

1.38536085 0.373622826
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Table 2
13 12
Resultgreac.out) for the C+7C system
projectile mass = 13.0, charge = 6.0
target mass = 12.0, charge = 6.0
Energy (MeV/nucleon 800
Proj. reaction cross section (mb) 924.6
Core reaction cross section (mb) 894.7
N-removal cross section (mb) 29.8
N-removal (elastic) (mb) 3.5
N-removal (inelastic) (mb) 26.2

5.0 Conclusion

A Fortran program was used to calculate variousections for reactions induced by the projeetiiech has a core
plus one valence-nucleon structure in the framewbtke Glauber theory. Results were compared awtilable data for the
total reaction cross section, and the one-nucleoroval cross section.

The Glauber model is obviously suitable for higlkergyy reactions. For reactions at lower energys(tean a hundred
MeV/nucleon), predictions of the Glauber model eather poor. Contributing factors might be inappiaje choice of the
effective interactions between the nucleon andtérget for the low energy reactions. With apprderiahoice of the
interaction potential the code can be modifiedefolaceycr andyyt With the corresponding phase-shift functions cwcsed
from the new potential.

Clearly the results for th&C+'°C reaction compared well with the experimental dedpecially at high energies. No

much difference was observed between the experaheata for the">C+'*C and **C+'°C reactions.[10, 11] Th&C
nucleus thus shows no sign of halo or skin strestufhis experimental observation is confirmedHgygresent calculations

The one-nucleon removal cross sectiod € +2C system is large reflecting the halo structure. @bwtribution from
the inelastic breakup process is much larger thah from the elastic process in the energy regeyohd a few hundred
MeV per nucleon. The elastic breakup cross sedtidess than 30% of the total one-neutron remowass section. For
example, at incident energy of 800 MeV, the elastid inelastic parts of the one-neutron removatsgection are 35.0 mb
and 106.3 mb respectively, and the total one-nautemoval cross section is 141.3 mb. The high vafuéis cross section
corresponds to a low binding energy for the lastimom in*°C and a halo structure of the nucleus. No experiatetata was

found in available literatures for tH8C+*C system.
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