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Abstract. In the present work, we have performed systematic studies of nuclear reactions of various light and
 medium mass nuclei (He, Li, Be, B, C, Ca, Ni, Zr and Sn isotopes) on12C and proton targets mainly at high energies
 using Glauber model and a comparison of the results with available experimental data is made. The microscopic
 nuclear densities needed for these calculations have been obtained using relativistic Hartree–Bogoliubov formalism.


In addition, other ground-state bulk properties are also calculated and compared with the available experimental
 data. It has been observed that the results obtained using the relativistic framework with the density-dependent
 meson exchange (DD-ME2) parameter set are in better agreement with the experimental data than with the density-
 dependent point coupling (DD-PC1) results. Also, we have seen that the total reaction cross-section increases
 with the increase of the projectile mass. The differential elastic scattering cross-section results obtained with both
 parameter sets are almost identical at low scattering angles and compare well with the experimental data. However,
 at higher scattering angles, they show significant differences from the experimental data.


Keywords. Binding energy; relativistic Hartree–Bogoliubov formalism; Glauber theory; total nuclear reaction
 cross-section.


PACS Nos 24; 24.10.-i


1. Introduction


Recently, the radioactive ion beam (RIB) facilities and
 advanced detection technologies have become standard
 tools to study nuclear structure and reaction properties of
 nuclei lying at the drip line (far away from theβstability
 line). The quantities measured in various nuclear reac-
 tions include the total reaction cross-sections, elastic
 scattering differential cross-sections, nucleon removal
 cross-sections, nuclear and Coulomb breakup cross-
 sections and momentum distributions of fragments in
 breakup processes on nuclear targets. These observables
 have been used to study the nuclear structure of unsta-
 ble nuclei in detail, particularly the halo structure near
 the drip lines [1–4]. From another side it has been found
 quite useful to understand the role of nuclear interaction,
 especially at proton/neutron drip line, as these reaction
 characteristics exhibit many interesting nuclear struc-
 tural features, such as one/two neutron halo, skin effect,


deformations, bubbleness and magicity/emergence of
 new shell gaps [5,6]. The measurement of the total
 reaction and differential cross-sections are particularly
 useful for these unstable nuclei as the effects produced
 by weekly bound neutron/proton nuclei are quite dif-
 ferent from the nuclear core. For stable nuclei, electron
 and proton elastic scattering data provide the charge and
 matter density distributions, while for unstable nuclei,
 not only electron elastic scattering experiments are yet
 to be performed, but also proton scattering data obtained
 from RIBs colliding with a proton target [7,8] are scarce.


Hence, deduction of the rms matter radius of unstable
 nuclei is mainly performed through measurements of
 reaction cross-section only.


The measurement of reaction cross-sections and mat-
 ter radii of 6,8He, 11Li and 11,14Be [7–9] has shown
 anomalously large values compared to that of the
 neighbouring nuclei. Also, very recently, the measured
 interaction cross-sections of very neutron-rich carbon
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(2)isotopes have 22C deduced to be a two-neutron halo
 nucleus (the 21C nucleus is unstable) [10–12]. The
 momentum distribution and the one-neutron removal
 cross-section have also shown that22C is a halo nucleus
 and N = 16 is considered to be a new magic num-
 ber in neutron-rich nuclei [13]. The observation of such
 nuclear halo and other novel features are closely con-
 nected with the evolution of the shell structure in He, Li,
 Be, B and C isotopes. These investigations have stimu-
 lated several theoretical studies in the past [14,15], yet it
 needs further refinement to reduce the theoretical uncer-
 tainty and to constrain the theoretical approaches. These
 are the arguments that motivate us to study the nuclear
 reaction cross-sections of such nuclei consistently with
 nuclear structure details. For these calculations, realis-
 tic nuclear density is required, which can be obtained
 from a certain number of nuclear models. Hence, it is
 very important to choose a suitable set of density/wave
 functions before employing them for further calcula-
 tions. We have used the relativistic Hartree–Bogoliubov
 (RHB) model for calculating the ground-state proper-
 ties of nuclei considered in the present paper. Cross-
 section studies have been performed using the Glauber
 model which can account for the breakup effect of
 the weakly bound nucleus [16,17]. The Glauber model
 has been successfully applied to study high-energy
 nucleus–nucleus reaction cross-section data. The model
 is based on the eikonal approximation which exhibits
 complex behaviour compared to nucleon–nucleon inter-
 action [18,19]. The main input to obtain the reaction
 cross-sections through Glauber model is the structural
 information of the nuclei involved, which is provided
 through the density profile. The Glauber model predicts
 the values of total reaction cross-sections at higher ener-
 gies which are much closer to the experimental data. In
 our previous studies, we have shown that the density
 obtained from the relativistic mean-field can be used
 effectively for reaction studies [20–22].


In the present work, we have calculated the nuclear
 reaction properties of even–even 4−8He,6−10Li,


10−14Be, 8−16B, 10−22C, 40Ca, 58Ni, 90Zr and 120Sn
 nuclei extending from the proton to the neutron drip line.


The evaluation of the credibility of the nuclear densities
 used as inputs for reaction studies has been performed by
 comparing the nuclear ground-state properties, i.e. the
 binding energies and charge radii, with the correspond-
 ing experimental values. The ground-state properties of
 the considered nuclei are calculated using the relativis-
 tic Hartree–Bogoliubov model with density-dependent
 meson exchange (DD-ME2) and point coupling (DD-
 PC1) interactions and with separable pairing interaction.


The nuclear reaction cross-section for light nuclei, such
 as He, Li, Be, B and C isotopes, as the projectiles
 on the 12C target are calculated using the Glauber


model, with densities obtained from RHB formalism.


We have also calculated the reaction cross-section in
 medium mass nuclei, namely Ca, Ni, Zr and Sn iso-
 topes, on proton target. The elastic scattering differential
 cross-sections are also analysed for various projectile
 energies. They give different types of diffraction pat-
 terns which depend on the diffuseness of the nuclear
 surface.


The paper is organised in the following manner. In §2
 we discuss the theoretical formalism used in the present
 work. The results for the ground-state properties (bind-
 ing energies, charge radii, density distributions, reaction
 cross-sections) are presented in §3, where a compari-
 son with the available experimental data is also given.


Finally, the summary of the results and conclusions are
 presented in §4.


2. Mathematical formalism


2.1 RHB theory


The relativistic Hartree–Bogoliubov (RHB) model [22]


is based on the density-dependent effective interactions.


Density-dependent meson exchange and point coupling
 interactions are used for the analysis of nuclear struc-
 tural phenomena. These models are briefly discussed in
 the following subsections.


2.1.1 DD-ME2. The Lagrangian density for DD-ME2
 interaction is given by


L=[γ (ι∂ −gωω−gρρτ−e A)−m−gσσ]


+1


2(ðσ)2−1
 2m2σσ2


−1


4μνμν +1


2m2ωω2−1


4Rμν· Rμν
 +1


2m2ρρμ· ρμ−1


4FμνFμν, (1)


where  is the Dirac spinor and m denotes the bare
 nucleon mass.mσ,mω andmρ are the masses ofσ,ω
 andρmesons, respectively .gσ,gωandgρand4eπ2 = 1371
 are the coupling constants for the σ, ωand ρ mesons
 and photons, respectively. τ denotes the Pauli isospin
 matrices.μν,RμνandFμνas field tensors of the vector
 fieldω,ρand photon can be written as


μν =∂μων−∂νωμ, (2)


Rμν =∂μρν−∂νρμ, (3)
Fμν =∂μAν−∂νAμ. (4)
We obtain the total energy by integrating the Hamil-
tonian density over ther-space which depends on the



(3)Dirac spinors, and the meson fieldsσ, ωμ,ρμ,Aμ:
 ERMF[, , σ, ωμ,ρμ,Aμ] =





d3r H(r). (5)
 The coupling ofσ-meson andω-meson to the nucleon
 field [23–25] in the phenomenological approach is given
 by


gi(ρ)=gi(ρsat)fi(x) for i=σ, ω, (6)
 where


fi(x)=ai


1+bi(x+di)2


1+ci(x +di)2 (7)


is a function of x = ρ/ρsat and ρsat denotes the
 baryon density at saturation in symmetric nuclear mat-
 ter. The eight real parameters in (6) are not independent.


The five constraints fi(1) = 1, fσ(1) = fω(1) and
 fi(0)=0, reduce the number of independent parame-
 ters to three. Three additional parameters in the isoscalar
 channel aregσ(ρsat),gω(ρsat)andmσ, the mass of the
 phenomenological σ-meson. The asymmetric nuclear
 matter calculations [26] within the Dirac–Brueckner
 approach suggested the functional form of the density
 dependence ofρ-meson couplings as


gρ(ρ)=gρ(ρsat)e−aρ(x−1). (8)
 The isovector channel is parametrised by gρ(ρsat)and
 aρ. The DD-ME2 parameter set used in the present study
 is given in table1.


2.1.2 DD-PC1. The effective Lagrangian for the
 density-dependent point coupling interaction is given
 by [27]


L=(iγ ·∂−m)− 1


2αs(ρ)()()


−1


2αv(ρ)(γμ)(γμ)


−1


2αT V(ρ)(τγ μ)(τγ μ)
 +1


2δs(∂ν)(∂ν)


−eγ ·A(1−τ3)


2 . (9)


The total energy-density functional of RMF for the point
 coupling model can be written as


ERMF[, ,Aμ] =
 


d3r H(r), (10)


where the Hamiltonian density H(r) can be obtained
 from the Lagrangian density. The functional form of the
 couplings is given by


αi(ρ)=ai +(bi +cix)e−dix, i ≡S,V,T V, (11)


withx =ρ/ρsat, whereρsatdenotes the nucleon density
 at saturation in symmetric nuclear matter. The details of
 the DD-PC1 parameter set are given in table2.


2.1.3 RHB theory with a pairing interaction. The
 RHB model represents a relativistic extension of the
 conventional Hartree–Bogoliubov framework in which
 mean-field and pairing correlations are treated self-
 consistently [28]. The RHB model gives a unified
 description of particle–hole (ph) and particle–particle
 (pp) correlations on a mean-field level by using the aver-
 age self-consistent mean-field potential that encloses the
 long-range ph correlations and a pairing field potential
 which sums up the pp correlations. The density matrix
 in the presence of pairing is generalised to two densi-
 ties, the normal densityρand pairing tensork. The RHB
 energy-density functional can be written as


ERHB[ρ,k] = ERMF[ρ] +Epair[k]. (12)
 The pairing part of the RHB functional is given by
 Epair[k] = 1


4
 


n1n1





n2n2


kn∗


1n1n1n1|VP P|n2n2kn2n
 2,


(13)
 wheren1n1|VP P|n2n2kn2n


2are the matrix elements of
 the two-body pairing interaction and indicesn1,n1,n2
 andn2denote quantum numbers that specify the Dirac
 indices of the spinor. The pairing interaction is taken in
 the form


VP P(r1,r2,r1,r2)= −Gδ(R−R)P(r)P(r), (14)
 where


R = 1


√2(r1+r2)
 and


r = 1


√2(r1−r2)


represent the centre of mass and the relative coordinates
 and the form factor P(r) is the Fourier transform of


p(k):


P(r)= 1


(4πa2)32e−r


2


2a2. (15)


The pairing force has a finite range and, because of the
 factor δ(R−R), it preserves the translational invari-
 ance. Finally, the pairing energy in the nuclear ground
 state is given by [29]


Epair = −G


N


PN∗PN. (16)



(4)Table 1. The parameter sets of DD-ME2.


M =939.00 mω =783.00 mρ =763.00 mσ =550.124


gσ(ρ(sat))=10.5396 gω(ρ(sat))=13.0189 gρ(ρ(sat))=3.6836 ap=0.5008


aσ =1.3854 aω=1.3879 bσ =0.9781 bω=0.8525


cσ =1.5342 cω =1.3566 dσ =0.4661 dω=0.4957


Table 2. The parameter sets of DD-PC1.


M =939.00 mω =783.00 mρ =763.00 mσ =550.124


aS(fm2)= −10.0462 bS(fm2)= −9.1504 cS(fm2)= −6.4273 dS=1.3724
 aV(fm2)=5.9195 bV (fm2)=8.8637 dV =0.6584 bT V (fm2)=1.8360
 dT V =0.6403 δS(fm4)= −0.8149


2.2 Reaction cross-section using the Glauber model
 2.2.1 Total reaction cross-section. The well-known
 Glauber model has been established to reproduce the
 experimental data at high energies. However, it fails to
 describe reasonably the collisions induced at relatively
 low energies. In such a case, the Glauber model is mod-
 ified to take care of finite range effects in the profile
 function and Coulomb-modified trajectories. The details
 to calculate the reaction cross-sections using the Glauber
 approach has been given by Glauber [30]. The standard
 Glauber form for the total reaction cross-section at high
 energies is expressed [31–33] as


σR =2π
  ∞


0


b[1−T(b)]db, (17)


where T(b) is the transparency function at impact
 parameter b. The function T(b) is calculated in the
 overlap region between the projectile and the target,
 assuming that the interaction is formed from a single
 nucleon–nucleon (NN) collision. It is given by [3]


T(b)=exp


⎡


⎣−


i,j


σi,j





dsρti(s)ρp j(|b− s|s)


⎤


⎦.
 (18)
 Here the summation is over the nucleons i and j,
 where i belongs to the projectile and j belongs to
 the target nuclei. The subscripts p and t refer to the
 projectile and the target, respectively.σi,j is the exper-
 imental nucleon–nucleon reaction cross-section which
 depends on the energy. The argument ofT(b)in eq. (18)
 is (|b − s|), which stands for the impact parameter
 between the ith and the jth nucleons. The Glauber
 model is designed for high-energy approximation. How-
 ever, it was found to work fairly well, for both the
 nucleus–nucleus reaction cross-sections and the dif-
 ferential elastic scattering cross-sections, over a broad


energy range [34,35]. Thus, for the finite range approx-
 imation, the transparency function is given by [36,37]


T(b)


=exp


⎡


⎣−
 


P,T





i,j


[i j(b−s+t)]ρPi(t)ρT j(s)dsdt


⎤


⎦,
 (19)
 where the summation indicesi and j run over neutron
 and proton for both the target and the projectile. Here
 the profile functionN Nfor optical limit approximation
 is defined as


N N =i j(beff)= 1−iαN N


2πβ2N N σN Nexp − b2eff
 2β2N N





(20)
 for the finite range and


N N =i j(beff)= 1−iαN N


2 σN Nδ(b) (21)
 for the zero range withbeff = |b−s+t|,bis the impact
 parameter in whichsandtare the dummy variables for
 integration over the z-integrated target and projectile
 densities.


The model-independent sum-of-Gaussians (SOG)
 method for analysing nuclear reaction cross-section was
 originally introduced by Sick [38] and since then it
 has been applied successfully in numerous studies for
 deducing nuclear charge/matter distributions from reac-
 tion data and also in the Glauber model calculations.


Henceρ(r)can be written as
 ρ(r)=


N
 i=1


ciexp[−(r −Ri)2/γ2], (22)
 where ci is the relative width of the ith Gaussian, Ri


is the position of theith Gaussian andγ is the width



(5)of all Gaussian, which is taken as around 1.35 fm [39].


Following the same approach in this work, the nuclear
 densities obtained from the RHB calculations are fitted
 to a sum of Gaussian functions. The expression given by
 (22) is further rearranged to match with the formalism
 presented in [17] as follows and to extract the needed
 coefficients ci and rangesai for reaction cross-section
 calculations.


ρ(r)=
 N


i=1


ciexp[−air2], (23)


whereai =(1−Ri/r)2/γ2. Here, the densityρ(r)is
 normalised to the mass number of nucleons


drρ(r)=
 A. The nuclear densities written in the Gaussian expan-
 sion enable one to calculate reaction cross-section
 analytically [17]. The parametersσN N,αN N andβN N


depend upon the proton–proton, neutron–neutron and
 proton–neutron interactions [40]. Then, the Glauber
 model is used to calculate the total reaction cross-section
 for both the stable and unstable nuclei considered in the
 present study.


2.2.2 Elastic scattering differential cross-section.


One of the advantages of the Glauber theory is that the
 same input which is used in the reaction cross-section
 calculation is readily applicable for the calculation
 of the differential cross-section of elastic scattering.


The diffraction pattern in the differential cross-section
 is expected to depend mainly on the diffuseness of
 the nuclear surface. Brief details of the mathematical
 formalism for calculating differential scattering cross-
 section are presented here. The nucleus–nucleus elastic
 scattering amplitude is written as


F(q)= i K
 2π





dbei q·b(1−eiχ(b)). (24)
 At low energies, this model is modified to include
 finite range effects in the profile function and Coulomb-
 modified trajectories. F(q)andFcoul(q)are the elastic
 and Coulomb (elastic) scattering amplitudes, respec-
 tively. The elastic scattering amplitude F(q)is written
 as


F(q)=eiχs
 


Fcoul(q)
 +i K


2π
 


dbe−i q·b+2iηln(K b)T(b)
 


(25)
 with the Coulomb elastic scattering amplitudeFcoul(q)
 given as


Fcoul(q)= −2ηK
 q2 exp


−2iηln
  q


2K
 
 +2iarg(1+iη)


, (26)


whereK is the momentum of the projectile andq is the
 momentum transferred from the projectile to the target.


Hereη= ZpZte2/h¯ν is the Sommerfeld parameter,ν
 is the incident velocity andχs = −2ηln(2K a)witha
 being the screening radius. The elastic scattering differ-
 ential cross-section does not depend on the screening
 radius a [31,41]. The results for the elastic scattering
 differential cross-sections will be shown in the figures
 as ratios to the Rutherford cross-sections:


dσ


dσr = (dσ/d)
 (dσ/d)r


= |F(q)|2


|Fcoul(q)|2. (27)
 2.3 Reaction cross-section using empirical formula
 A large number of empirical formulae (models) with
 different parameters for total reaction cross-section cal-
 culations have been introduced by several researchers
 [42–54]. These models are developed considering the
 black sphere model with different modifications added
 time to time to reproduce the experimental data. The
 available empirical formula has been compiled in table
 3. In the present work, we have also calculated the total
 reaction cross-section using the empirical formula given
 by Sihver et al [46,48,52] which is discussed below.


The model is dependent of the interaction radius Rand
 Coulomb barrierBusing strong absorption model [52]:


σR=πR2
 


1− B
 Ecm





, (28)


where R is the interaction radius, Ecm is the centre-
 of-mass energy of the collision and B is the Coulomb
 barrier of the projectile–target system:


BShen = 1.44ZPZTe2


RP+RT +3.2 − RPRT


RP+RT,
 Ri =1.12A


1
 3


i −0.94A−


1
 3


i , i = P,T, (29)


where ZP, ZT, AP, AT, RP and RT are the atomic
 numbers, mass numbers and interaction radius of the
 projectile (P) and the target (T), respectively. The inter-
 action radius Ris given by


RShen =1.1


⎛


⎝A


1
 3


P+A


1
 3


T +1.85 A


1
 3


PA


1
 3


T


A


1
 3


P+A


1
 3


T


−C(E)


⎞


⎠


+5(AT −2ZT)ZP


APAT +0.176E−


1


cm3


A


1
 3


PA


1
 3


T


A


1
 3


P+A


1
 3


T


.
(30)



(6)The energy-dependent transparency coefficientC(E)is
 C(E)=1.91−16.0e−0.7274E0.3493cos(0.0849E0.5904),


(31)
 where the projectile kinetic energyEis in MeV/nucleon.


The calculated reaction cross-section using Shen for-
 mula shows good agreement with the experimental data
 in high-energy region.


For proton as the target, we have calculated the total
 reaction cross-section using empirical formula given by
 Wellisch and Axen [54] in terms of mass number of the
 targetAandb0is the overlap or transparency parameter
 (see, for details, ref. [54]):


σR0 = fcorrπr02lnN[1+A1/3−b0(1−A−1/3)], (32)
 b0=2.247−0.915(1+A−1/3) and r0=1.36 fm,


(33)
 whereN is the number of neutrons in the target.


fcorr= 1+0.15e−Ekin


1+0.0007A , (34)


σR(Axen)= f1(log10Ekin,A)· f2(log10Ekin,A)·σR0.
 (35)
 The two functions can be written as


f1(x,y)= 1


1+e−P1(y)(x+P2(y)) (36)
 and


f2(x,y)=1+P3(y)
 


1− 1


1+e−P4(y)(x+P5(y))
 


,
 (37)
 where x is the log10Ekin in units of MeV and y is the
 target atomic number.


P1(y)=
 


8− 8


y −0.008y
 


, (38)


P2(y)=18.72−42.2


y −0.0224y, (39)


P3(y)=0.8+18


y −0.002y, (40)


P4(y)=5.6−0.01y, (41)
 P5(y)=10.96



 1+ 1


y
 


. (42)


3. Results and discussion


This section presents our calculated results of binding
 energies, charge radius(rch)and nuclear density for iso-
 topes of He, Li, Be, B, C, Ca, Ni, Zr and Sn using


the relativistic Hartree–Bogoliubov theoretical model
 with DD-ME2 (meson-exchange coupling) and DD-
 PC1 (point coupling) parameter sets. The calculated
 results are compared with experimental data.


3.1 Binding energies, nuclear radii and density
 profiles


The calculated binding energies for the considered
 nuclei along with the experimental values taken from ref.


[55] are presented in table4. It can be seen from table
 4 that the calculated binding energies from the RHB
 formalism are in good agreement with the available
 experimental data [55,56]. In comparison, the DD-PC1
 values of the binding energies are slightly higher than
 the DD-ME2 values and overestimate the experimental
 data. For the results given in table4, the square weighted
 mean square error with respect to the experimental data
 is 0.0010 and 0.0011 for DD-ME2 and DD-PC1 param-
 eter sets, respectively. The binding energy of a nucleus
 indicates the nuclear stability, as well as protons and
 neutrons decay energies. These results give the con-
 fidence to use DD-ME2 and DD-PC1 densities in the
 calculation of reaction dynamics.


The charge radius (rch) is obtained from the point
 proton rms radius through the relation given below [57]:


rc=


r2p+0.64, (43)


where the proton radius is considered to be 0.8 fm.


In table 4, we have presented the calculated values
 of charge radius using RHB (DD-ME2 and DD-PC1)
 formalism along with the experimental data, wherever
 available [58]. It is found that the calculated values of
 the charge radius agree well with the experimental ones.


For instance, the obtained values ofrchfor12C with DD-
 ME2 and DD-PC1 are 2.507 and 2.552 fm, respectively
 and they compare well with the measured value of 2.47
 fm. As can be seen, the calculated values of charge radii
 are slightly higher for DD-PC1 than for the DD-ME2
 parameter set. For the results given in table4, the square
 weighted mean square errors with respect to the exper-
 imental data are 0.0036 and 0.0043 for DD-ME2 and
 DD-PC1 parameter sets, respectively. Since the charge
 radius is obtained from the density profile, our RHB
 results for charge radii match well with the experimental
 results. We have used these densities to find coefficients
 ci and rangesai for reaction cross-section calculations.


To check the reliability of the calculated total nuclear
 densities, we have compared the calculated charge den-
 sities with the available experimental data (for40Ca and


90Zr), as shown in figure1. Figure1represents the densi-
ties of40Ca and90Zr as a function of radial distancer. In
figure1a, the nuclear charge densities with and without



(7)Table 3. List of empirical formulae for reaction cross-section calculations.


Interaction Models Relation/Value Reference


Nucleus–Nucleus Bradt–Peters σR=πr02(AP13 +AT13 −δ)2 [42]


Kox σR=πr02(AP13 +A


1
 3


T −δ)2(1−EBcmC ) [43]


Kox σR=πr02(A


1
 3


P+A


1
 3


T −a A


1
 3
 PA


1
 3
 T


A


1
 3
 P+A


1
 3
 T


−C)2(1− EBcmC ) [44]


Kox σR=πR2int(1−EBcmC ) [45,46]


Townsend σR=πR2int(1−EBcmc ) ,Rint=Rvol+Rsurf [47]


Shen σR=10πR2int(1−EBcm) [46,48]


Sihver σR=πr02[A13P+AT13 −b0[AP−31+A−31]]2 [46,49]


Tripathi σR=πr02(AP13 +AT13 +δE)2(1−Rc B


Ecm)Xm [46,50]


Kei Iida σR=π[(aP0+ap)f


1


p2 +(aT0+aT)f


1
 2


T]2 [51]


Sihver σR=πR2(1−EBcm) [46,52]


Proton–Nucleus Sihver σR=πr02[1+A


1
 3


T −b0[1+A−13 ]]2 [49]


Tripathi σR=πr02(AP13 +AT13 +δE)2(1−EBcm) [53]


Axen σR= f1(log10Ekin,A)· f2(log10Ekin,A)·σR0) [54]


Kei Iida σR=πa20[1+(ρDn0ac00 − aL00dLda|0)−1σσp N0p N]2 [51]


Table 4. The calculated values of binding energy (in MeV) and charge radiusrch(in fm) for the projectile and target nuclei
 using RHB (DD-ME2 and DD-PC1) formalism and comparison with experimental data [55,56].


Nucleus Binding energy Charge radiusrch


DD-ME2 DD-PC1 Expt. DD-ME2 DD-PC1 Expt.


4He 27.818 26.902 28.292 2.140 2.177 1.676


6He 28.979 29.321 29.270 2.118 2.131 2.068


8He 29.626 31.514 31.41 2.124 2.126 1.929


6Li 32.470 32.385 31.994 2.431 2.408 2.539


8Li 42.155 43.042 41.277 2.336 2.331 2.29


10Li 47.669 49.765 45.316 2.342 2.337 –


10Be 61.444 62.191 64.970 2.394 2.420 2.36


12Be 68.916 71.096 68.649 2.461 2.461 –


14Be 66.628 68.185 69.916 2.489 2.488 –


8B 37.865 38.744 37.737 2.725 2.666 –


10B 63.382 64.039 64.751 2.523 2.532 2.428


12B 81.517 82.641 79.575 2.496 2.516 –


14B 87.826 89.425 85.423 2.535 2.545 –


16B 88.076 90.012 88.144 2.566 2.569 –


10C 55.923 56.860 60.321 2.669 2.661 –


12C 87.317 87.517 92.160 2.507 2.552 2.47


14C 104.921 105.766 105.280 2.556 2.585 2.56


16C 108.544 109.970 110.752 2.585 2.607 –


18C 111.792 113.945 115.280 2.612 2.628 –


20C 114.573 117.580 119.18 2.636 2.649 –


22C 116.652 120.562 120.736 2.653 2.663 –


40Ca 342.778 344.791 342.120 3.475 3.457 3.476


58Ni 501.634 501.916 506.459 3.752 3.775 3.774


90Zr 783.195 785.273 783.898 4.268 4.267 4.272


120Sn 1019.399 1020.894 1020.539 4.645 4.645 4.652



(8)Gaussian fitting are illustrated. It is clear from figure1a
 that the densities calculated with DD-ME2 and DD-PC1
 compare well with the experimental data [59,60] and are
 almost similar except for a small difference at the cen-
 tre. In the nucleus, the nucleon density distribution in the
 central region reaches a maximum and starts decreasing
 towards the surface. Similarly, we have calculated the
 densities for90Zr using DD-ME2 and DD-PC1 param-
 eters and plotted in figure1b. In the case of40Ca, the
 densities obtained using both DDPC1 and DDME2 over-
 estimate slightly the experimental density at the centre,
 whereas in the case of 90Zr, the results show almost
 one to one match with the experimental charge den-
 sity. We have observed that RHB nuclear densities and
 nuclear densities fitted by a sum of Gaussian functions
 are quite similar. However, to calculate nuclear reac-
 tion cross-section, we require a sum of Gaussian for the
 total nuclear densities, and hence the coefficient for the
 same (ai,ci ) are given in table5for both DD-ME2 and
 DD-PC1 parameter sets.


3.2 Total reaction cross-section


One of the main inputs for calculating the reaction
 cross-section from the Glauber model is the densities
 of the projectile and the target. We calculate the total
 nuclear reaction cross-sections for even–even light mass
 nuclei (as a projectile) on 12C target using the well-
 known Glauber model for incident energy 30–1100
 MeV/nucleon and compared with the experimental data
 [1,61–63]. To calculate the total reaction cross-section
 for unstable nuclei, some phenomenological parameters
 are required to estimate theNNcross-section. HereσN N


is the total reaction cross-section of nucleon–nucleon
 collisions,αN N is the ratio of the real to the imaginary
 part of the forwardNNscattering amplitude andβN N is
 the slope parameter. The slope parameter determines the
 fall of the angular distribution of the nucleon–nucleon
 scattering. These parameters are usually dependent upon
 the proton–proton, neutron–neutron and proton–neutron
 interactions. The nucleon–nucleon cross-section (σN N)
 is estimated by the expression [64–66]


σN N


=NPNTσnn+ZPZTσP P+NPZTσnp+NTZPσnp


APAT ,


(44)
 where AP,AT,ZP,ZT,NP,NT are the mass number,
 charge number and neutron number of the projectile and
 the target, respectively .The value of the range parameter
 βN N as a function of projectile energy E is given by
 [67,68]


βN N =0.99 exp


 −E
 106.679





+0.089. (45)
 Figure 2 shows the variation of the total reaction
 cross-section for12C projectile on12C target with exper-
 imental data [17,62,63]. It can be seen from figure2that
 the DD-ME2 results match well for all E, particularly
 at higher values. At low energies, the Coulomb effect
 breaks the characteristic Glauber assumption that the
 projectile moves in a straight path along the collision
 direction, and gives the nucleus–nucleus interaction.


The theoretically calculated total reaction cross-section
 using the Shen formula is also given in figure2for com-
 parison. At high projectile energyσr is almost constant
 but in low energy regionσr decreases with energy. The
 results obtained with DD-ME2 and DD-PC1 densities
 are in good agreement with the experimental data. Also,
 we have presented the values of reaction cross-section
 obtained from the RMF approach using non-linear terms
 (NL3) parametrisation [41] in figure2. As one can see
 in this figure, the results of the reaction cross-section
 with RHB (DD-ME2) densities appear slightly better
 than the ones obtained with RMF (NL3) model.


In figure3, we present the total reaction cross-sections
 for 4−8He, 6−10Li, 10−14Be and 8−16B nuclei on 12C
 performing calculations with DD-ME2 and DD-PC1 at
 fixed E = 790 MeV/nucleon and make a compari-
 son with the experimental data [17,62,63]. In addition,
 we also calculate the total reaction cross-section using
 the Shen formula. A similar trend is observed for all
 calculations on different projectiles. Also, the total reac-
 tion cross-sections obtained from the DD-ME2 densities
 agree well with the experimental data.


Figure4shows the variation of total reaction cross-
 section for10,14,16,18,20,22C on12C target as a function
 of the projectile energy in the energy range of 30–


1100 MeV/nucleon and experimental results are also
 given for comparison [17,62,63,69]. The total reaction
 cross-section is higher at lower incident E (30–200
 MeV/nucleon) and start decreasing with the increase
 of E (400 MeV/nucleon). A small increment in σr


appears at about 500–800 MeV/nucleon and after that
 it is constant. The calculated results using the Shen for-
 mula at high energy are also constant. We have seen
 that the total reaction cross-section σr also increases
 with the increase of the projectile mass. For example,
 the total reaction cross-section for 16C is higher than
 σr for 14C with fixed 12C target. This increase in σr


may be related to the geometrical areaπR2. The sharp
decrease inσr with increasing projectile energy up to
400 MeV/nucleon at which pointπ production causes
the total cross-section to rise [70]. This remarkable dip
in total reaction cross-section can be attributed to the
behaviour of the scattering phase shift.



(9)(a) (b)


Figure 1. Comparison of charge densitiesρch obtained from RHB (DD-ME2 and DD-PC1) calculations for40Ca (a) and


90Zr (b). Experimental data [59,60] are also given for comparison.


Table 5. The Gaussian coefficientsc1,c2(in fm−3) and rangesa1,a2(in fm−2) for the projectile and the target nuclei using
 RHB (DD-ME2 and DD-PC1) densities.


Nucleus DD-ME2 DD-PC1


c1 a1 c2 a2 c1 a1 c2 a2


4He −1.21074 0.430376 1.40447 0.430362 −1.18094 0.518707 1.33754 0.493431


6He −1.21274 0.338221 1.40269 0.338139 −1.22195 0.406079 1.38382 0.387125


8He −1.21473 0.277103 1.40067 0.277053 −0.0344762 0.668599 0.198228 0.266596


6Li −1.21111 0.331916 1.40443 0.331834 −1.22467 0.418282 1.38844 0.3959


8Li −0.954186 0.317045 1.15509 0.216906 −1.22505 0.382127 1.39652 0.355307


10Li −0.0280104 0.746477 0.215441 0.24405 −1.22875 0.345937 1.39616 0.317875


10Be −0.715954 0.399514 0.932236 0.35115 −2.55755 0.364366 2.74063 0.346752


12Be −0.144797 0.524765 0.322591 0.255807 −2.95383 0.32823 3.12016 0.312574


14Be −0.029346 0.884583 0.225294 0.206446 −0.34928 0.338282 0.518984 0.248758


8B −0.90949 0.280753 1.10632 0.278896 −1.22359 0.377247 1.39324 0.351645


10B −0.115597 0.560674 0.328971 0.295178 −2.7156 0.365758 2.89883 0.348638


12B −0.238443 0.500846 0.436427 0.289529 −1.42745 0.353198 1.60728 0.317607


14B −0.155061 0.53503 0.342766 0.243962 −1.45564 0.322088 1.62735 0.289066


16B −0.0727572 0.625991 0.267665 0.203858 −2.74612 0.282948 2.91882 0.267825


10C −0.0714023 0.630206 0.282435 0.279806 −2.42795 0.360827 2.60865 0.342949


12C −0.252934 0.559829 0.477824 0.312322 −3.57555 0.358487 3.7741 0.342315


14C −1.11983 0.397884 1.30388 0.328356 −1.78721 0.339177 1.96548 0.306


16C −0.220029 0.494813 0.40971 0.242021 −4.06649 0.29889 4.24279 0.28573


18C −0.148886 0.502663 0.342854 0.210082 −1.65748 0.282132 1.83413 0.254483


20C −0.128874 0.470349 0.324278 0.191071 −1.59376 0.259582 1.7731 0.234468


22C −0.145042 0.407697 0.340242 0.182128 −1.45633 0.240223 1.64281 0.216755


40Ca −2.20954 0.182730 2.50586 0.168420 −2.19931 0.172717 2.4568 0.159720


58Ni −3.01691 0.15353 3.26215 0.1424370 −2.98792 0.149701 3.19114 0.138475


90Zr −3.39482 0.131204 3.50470 0.121798 −3.30983 0.123187 3.41661 0.114503


120Sn −3.50362 0.115378 3.67986 0.1044921 −3.49871 0.110147 3.57124 0.099754


The total reaction cross-section for an unstable+
 unstable projectile–target system is one of the main
 challenges in experimental nuclear physics. Such mea-
 surements give a better understanding of some of the


cosmological phenomena such as supernovae, X-ray
bursts and in the r-process nucleosynthesis. In recent
years, considerable efforts are under way at various lab-
oratories to look for RIB+RIB cross-sections. To study
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