


1 Introduction

In the past few years, the fragmentation of relativietic projectiles and the sepa-
ration of the produced fragments offered the possibility to prepare high-quality
beams of exotic nuclei. Experiments with these beams allowsd for investi-
gation of the properties of nuclei far from stability and their comparison to
the results obtained with stable or less exotic beams. The first experiments
[1, 2] mainly showed two surprising features. Firstly, the nuclear matter radii
of these neutron-rich nuclei extracted from measured total interaction cross
sections on targets with low nuclear charge Z are much larger than predicted
by the scaling laws usually used [3]. Secondly, the interaction cross sections on
high-Z targets are only understandable if it is assumed that electromagnetic
dissociation plays an important role, i. . is about 10 to 100 times larger than
for stable nuclei of similar masses. It has been assumed that this effect is due
to a low-lying giant resonance at about 1 MeV excitation energy [4].

In [5] presented were results on total charge-changing cross sections for
the lithium isotopes ®"Li on different targets. The high-energy reaction
cross sections of Li and Be isotopes are calculated using a simplified Glauber
model and densities constrained by the empirical binding energies [6]. The elec-
tromagnetic dissociation in the ('Li, ®Li) projectile fragmentation has been
studied using a formalism developed by Winther and Alder [7]. A large-scale
shell-model calculation is applied to the study of radii of neutron-rich p-shell
nuclei, using harmonic-oscillator and Hartree-Fock single-particle wave fiinc-
tions [8]. In [9] cross section measurements of the neutron-rich isotopes *%:11Lj
were done at 80 MeV/nucleon. In [10] a unified calculation of neutron-rich
isotopes in lithium has been performed in a hyperspherical basis in which the
underlying symmetry of each isotope exhibits a simple structure. The variation
in the binding energy as a function of mass number is qualitatively reproduced,
and the radial distribution of each isotope decreases exponentially asymptoti-
cally. It is shown that the form factors for isotopes of ®7Li well agree with the
experimental data at small moment transfer.

In the present paper we calculated in the unified way the properties of
neutron-rich Li isciopes. This paper is organized as follows. The structure



properties of the neutron-rich Li isotopes are discussed in scct. 2. Sect. 3 is
devoted to discussion on calculation results of the form factors and angular
distributions of elastic scattering of neutrou-rich lithiun isotopes. In sect. 4
we calculate nuclear interaction cross section of Li neutron-rich isotopes basic
concept of Carol’s microscopic model. 1t is based on the Glauber thicory and

semiclassical optical model.

2 The Structure Properties of the Li Neutron-
Rich Isotopes

Exotic nuclei close to the neutron drip fine are difficult wo describe microsco-
pically. The small binding energies and extended radial deusity distributions
of neutron-rich nuclei such as the lithiun isotopes, which are produced in ra-
dioactive beams [1, 2, 4, 9], are not correctly reproduced in either Hartree-Fock
or shell model calculations {6, 11]. For this rcason simple Gaussian parameter-
izations of the density distributions [6] have been used in order to describe the
large experimentally observed reaction cross scctions {1, 2, 4].

In [10] a fully microscopic calculation of the lithium isotopes has been per-

formed in a basis of hyperspherical functions with the symnictries properly
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taken into account [12, 13]. In this basis a better description of the asymp-
totic part of the wave functions is possible. Unlike some previous theoretical
treatments [7, 14], in [10] an attempt was done to provide a unified descrip-
tion of %7891 rather than that of just a single isotope. No attempt will
be made to parametcrize the effeclive interaction used for each isotope, rather
a simple parameterization for all the isotopes has been used. Furthermore in
this treatment tliere is no inert core [7, 14] and all of the nucleons are properly
antisymmetrized. Lastly because Jacobi coordinates were used, no problems
are encountered with the treatment of the center of mass [8].

In order to provide a unified description of all of the lithium isotopes we
use the following group theoretical description. ln the Table the spin and
isospin of each of the isotopes are given. From knowledge of the total isospin
the symmetry of each isotope is determined. As can be scen from the table the
corresponding Young diagram [f] for cacli isotope exhibits a situple structure.
ULiis constructed from °Li plus two ncutrons in the same manner as °Li from
"Li plus two neutrons . Fig. 1shows the convenient Young diagran for all the

Li-cich isotopes.
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Figure 1: Young diagram for all Li-rich isolopus
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Figure 2: Mean squared radius of Li isotopes

In [10] the variation in the binding energy as a function of mass number is
qualitatively reproduced, and the radial distribution of cacl lsotope decreases
exponentially asymptotically. Fig. 2 shows the calculation results from [10] of
the mean squared rddius of Li as a function ol mass number in comparison with
experimental data and calculation results from [6, 8]. It is scen that all the
calculation results are much smaller thau the experimenal value 3.10£0.17 fin

for 11Li, but our calculation results are bigger than the others.
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3 The Form Factors and Angular Distributions

of Elastic Scattering of Neutron-Rich Li Iso-
topes

With the radial density distributions of the isotopes of lithimn from [10] we
have calculated the form factors and cross sections of the angular distributions
of clastic scattering on '2C. The expression for the clastic and inclastic form

factors in the high energy approximation [15) has the foru:

Fij = 2niy Z /(""(J :)u.p{ ilgrs + Ol )]} jle)e de. (1)

e=+1 ' ‘

where the functions G, 4, ¢ take into aceount the distortion of electron wave

with the Coulomb field of nucleus (xee [15] ). In the Boru approximation G =

1, ¢ =0, §=g¢. The formula (1) is correet for g2 3> 1. VO)/E L. " < E,

wliere V(0) - the Coulomb potential in the center of nucleus, £ - loss of the
cnergy of the electron.

Elastic 8Li+12C and ' Li+'2C diflerential cross section are analyzed within

the framework of the standard double-folding model [16] for the real part of the

optical potential, using standard DDM3Y eflective uucleou-nucleon interactions

[17] and Wood-Saxon tmaginary potential. Real uptical potential is given by
U(]E) = .’\’/dﬂdﬂ_;p’,"(ﬂ Yo PV (Fla = 47— 1), (2)

where N is the overall potential normalization factor, pf* (p4') are the density
distributions of the projectile{ target) nuclei, and V{r) is effective intoraction.
Figs. 3 - 6 show our calculation resuits ef “Li and ''Li forin factors and cross
sections of SLi+12C and P LIHEC elestic seattering. Fig. 3 gives the ealcu-
lation results of the fornn fietors for "Liin comprrson with the experimental
data. Pig. 5 presents the caleulation resulis of the form factors of ML in
cotparison with the caleulation results with the density distribntion frum {6].
Fig. 4 and Fig. 6 show the caleulated results and experimental datacfor the scat-
tering SLi4"2C at £ "LD=210 MoV and YL 20 at £l "TLD=0637 Med

respectively, ‘The densivy [10] was used for "Li and "L while the used P20
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Figure 3: Form factor of ®Li
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density distribution was that obtained lrom clastic clectron scattering. A three-
parameter Fermi distribution [18] is

P+wr?/e?
r’l(—,[(_—/r)] @)
with ¢ = 2.355 frn, w = —0.149, r = 0.5224 .

‘The normalization of the rcal double-folding potential N and the thiree

() =
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Figure 4: The angular distribution of elastic *Li+'*C scattering
at 210 MeV

variables of the imaginary potential W, r, a were varied to obtain the optimal
fit to the data. The criterion of fitting is the usual one, namely we minimized
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Figure 5: Forin factors of *'Li: solid line is our result, dashed line

is result with Bertsch’s density distributions

the value:
2 _ 0. 112 2
X2 =D (Teep(©4) =~ Tineor(0:))* /(Do 05))° (1)
A charge radius parameter » = 1.3 was used [or the Coulomb potential.
Our analysis of the 210 MeV °Li + 'C clastic scattering yiclds for the

normalization of double foided potential a value 0.8. T'lie value of the real
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volume integral J, /A, A, obtained in our calculations is ~260 McV-fin® and
the value of the imaginary volume integral J;i /4, is 180 MeV-u®. The
values of the volurie integrals J,. /4 A, and Ji /AL caleulated according 1o
the equations given by Gupta et al. [19} arc 300 MeVofin? and 110 MeV-fin3,
correspoudingly. The total cross section of the reaction from our analysis is 1011
inb. T'lhis is in a good agreement with results of the simmple optical model [20],
where there were obtained the values Jy /A A, = 298, 401 MeV-fin®, Ji /4,4, =
= 160, 166 MeV-fin?, and 5= 11051 for different sets of paruncters. Iu
the paper [21] the first double folded analysis of the 210 MeV CLi + *2C elastic
scattering was carried out aud a value of the normalization of the double folded
potential was found 0.57; and the value of the hinaginary vohnine integral was
found ~170 McV-fu®.

Kolata et al. [22] have measured the elastic seattering at 60 MeV/nucleon
ol the exotie Tialo nueleus ''Li on a ¢ target and have carried out analysis

ol this scattering. Angular distribution for the elastic seattering of "'LI from

9



12C is shown in Fig. 6. The horizontal error bars indicate the averaging in-
terval of the experimental data due to the angular resolution of the detectivi
system including multiple scattering. The vertical error bars are puicly sta-
tistical. The calculations were carricd in the framework of different models.
The best agreement with experiment is achieved by calculating the 11Li 4+ 12C
elastic scattering in the framework of the coupled-chaunels method and adding
inelastic cross section for the excitation of the lowest 2t and 3~ states in 12C
which should make the largest contributicns. ‘T'lic result of this calculation
is shown by a dashed curve ia Fig. 6. The large disercpancy in the region
of 4 rernains unexplained.The total reaction cross scetion resulting from the
coupled-cliannels calcuiation is 1350 rab. The systematics [23] of ' Li interac-
tion cross section measurements predicts a value closer to 1605 mb. Satchler
et al. [24] have shown that introduction of long-range absorption due te the
fragmentation from the halo can increase the reaction cross section by several
hundred mb with negligible efiect on the predicted angular distribution.

Our calculation carried out within the framcwork of the standard optical
model gives the description of the ''Li + '*C elastic scattering comparable
with the results of [22] (solid curve in Fig. 6). OQur results yield a value 1.15
for the normalization of the double folded potential. ‘The total reacticn cross

section resulting from our calculations is 1613 b which is in agreement with

[23].

4 Nuclear Interac! .on Cross Section ¢f Neutron-
Rich Lithium Isotopes

One of the most fundamental quantitics characterizing the nuelear structure
in the heavy ions reacticns is the total rcaction cross section o.. This quan-
tity has been studied both theoretically aud cxpurimenially for various systems
particle+nucleus. Recently a possibility has appeared to m-:asure o, for unsta-
ble neutron-rich nuclei for the sake of determinating its sizes

In this paper we will present a calculation of the o, for Li isotopes scat-

tering on '2C at 80 and 790 MeV per nucleon. Here we use approximation to
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Figure 7: Diagrammatic representation of the nucleus-nucleus collision.

Each nucleus is divided into tubes denoted by ¢ and j. The value b is

the impact parameter

the Glauber model based on the individual nucleon-uucleon collisions in the
overlan volume of the colliding nuclei to calculate o, [25, 26].
In the absence of the Coulomb field for a zero-range interaction the nucleus-

nucleus reaction cross section in the framework of approximation to the Glauber

model can be written as

o, = 21r/bdb {1~ ezp[- onn /427‘1/7%(""1)/?'72(!"'1 -8, (3)

where onn is the nucleon-nucleon reaction cross section averaged over the
interacting n-n, p-p and n-p pairs, b is the impact parameter, ¥ is shown in
Fig 7. The thickness function pi (7)) is defined by

a0 = [ e+t =12), (©)

where p' is the nuclear density and z is the beam direction. The expression (5)
is derived by neglecting the transverse motion while the nuclei pass each other.

As the model was first developed for Lhe relativistic energy range, straight-
line trajectories were assumed for the projectile in Equation (5). In our calcula-
tion we have includ . deflection of the projectile duc o the Coulomb repulsion,

which can be important at subrelativistic chergies. At first order correction
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Figure 8: Total cross section for Li isutopes on '?(' target at 80
MeV /nucleon: our results, experimental data and ank’s theoretical

results

Coulomb effect can be taken into account by replacing p?(|7 — 17}) by p2 (|7 —
~¥' )[26], where ¥’ is the classical distauce of the closest approach of the pro-
jectile in the Coulomb potential.

The projectile and target density distributions are very impaortant in mi-
croscopic calculation o,.. We used density Li isotopes [10] and density of '2C
obtained.from the electron scattering data [27].

Quantities onn were caleulated using expressions from[2Y9]

12
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Figure 9: Total cross section for Li isotopes on '*C target at 790
MeV /nucleon

= (Nlea',,,, + Zpiﬂ',»,. + -'\",nZlonp + :\"[ Z,.a',,,,)/(.—lp:h)

ONN =
Onp = —T0.67— 18.18/8+ 25.26/3% + 113.850(mb). (7)
Opp = Oun = 13.73 = 15.04/8 + 8.76/ 3 + 68.67 (rub),

where 3 = v/c.

The reaction cross scctions of Li isotopes on'*C target at 80 and 790 MeV
per nucleon calculated nunicrically are shown in Figs. 8.9 in comparison with
the experimental data from {6, 28]. [t can be seen that the reaction cross
sections of MTLi on *C target agree with experimental data gquite well. In the
case of $THOLi 4 12C our caleulation resubis overestimate experituental data
for both cnergies 80 and 790 MeV /nuctean.

Note that in the case of 790 McV per nucleon experimental Jata for in-
teraction cross sections a; were used nstead of 6., o is o part of the total

reaction cross section. Evaluation of o, greater than o by about 55 has heen
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results

made in [16].
The total reaction cross section can be represented in a simple form

Tr = nrg(A:,/:’ + A:/3)2(1 - V.:/Ec.m.)) (8)
here ry - interaction radius parameter, V, - Coulomb barrier
Ve = (1442, Z,)/(A3 + AL7%). (9)

The increase of rp with increasing neutron excess of the nucleus is the so-
called isotopic effect in the total reaction cross section. This effect is observed
for protons, deuterons, a-particles and heavy ion scattering on neutron-rich
targets. In the framework of approximation to the Glauber model, isotopic

14
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Figure 11: Square of the radius parameter for Lithium at 790
MeV /nucleon. Boxes are experimental data, circles are our calculation

results

effects result from dependence of neutron distribution diffuseness on neutron
excess [30]. We have converted the calculated and the experimental o, into
r3 according to Eq.(8). Dependencies of 773 on mass nunber of Li isotopes
presented in Fig. 10 and Fig. 11 show that the calculated #r increases linearly
with increasing A,. This isin a accordance with experimental results for various

systems projectile+target (see [30]).
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5

Conclusion

We have calculated in the unified way thic propertics of neutron-rich Li isolopes.

We have studied the structure propui..cs of the neutron-rich Li isotopes, form

factors and angular distributions of clastic scattering of neutron-rich {ithium

isotopes. We have calculated nuclear interaction cross section of Li neutron-rich

isotopes based on the Glauber theory and semiclassical optical model. We have

compared the calculation results with the experimnental data and calculation re-

sults from other theoretical approaches. A good qualitative agreement has been

obtained for describing the nuclear structure aud the scattering properties.
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