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Abstract

The double folding optical potential of the ' Be+2°®Pb reaction has been constructed using
the JLM effective interaction. The total reaction cross sections and the elastic scattering
differential cross sections at E =20 - 80 MeV /nucleon have been obtained using the derived

potentials with and without including the breakup potentials .
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1 Introduction

Recent experiments with radioactive nuclear beams [1] have revealed in the last two decades a
new phenomenon called ”nuclear halo”. This phenomenon was first observed in the mid-eighties
during the determination of the reaction cross sections for the interaction of neutron-rich nuclei
with various targets at high energies [2]. At that time, the unusually significant increase in the
reaction cross sections observed for neutron-rich nuclei is an indication for the unexpected increase
in the nuclear radius.

Therefore, it has been established from the study of the structural properties of neutron-rich
isotopes of lightest elements that nuclei such as %8He, 'Li, 11121Be,'"B and !6:'C have a
localized central core surrounded by a dilute halo of neutrons.

The angular distributions of elastic and inelastic scattering of neutron-rich nuclei on proton,
carbon , silicon and lead targets at intermediate energies are studied in several articles [3, 4]. It has
been established that halo breakup is responsible for a damping in the elastic scattering angular
distribution in the range ~ 5% — 20°. Also from studying charge exchange reactions it was found
that the halo breakup effect reduces the absolute cross sections by about 50% [5]. Thus, one must
take into account the couplings to transitions to the low-lying excited states as well as to the reso-
nance and breakup (continuum) states. This means that the bare nucleus-nucleus optical potential
should be supplemented by the so called dynamic polarization potential (DPP). Contributions from
the DPP to the optical potential may be simulated by a surface phenomenological correction using
splines added to the real part of the potential [6] or using a complex phenomenological surface
Woods-Saxon (WS) potential with a repulsive real part [7].

Recently, in our previous paper[8] we studied the core recoil and nuclear breakup of the valence
nucleon. A microscopic absorptive potential is obtained within a semiclassical approach and the
angular distribution of the elastic scattering cross sections of 1Be+2%8Pb at 20-80 MeV /nucleon
were calculated using a Woods-Saxon potentials plus the DPP which comes from the calculated
Coulomb and nuclear breakup effects. It would much more satisfactory if the full potential could be
derived from a microscopic basis so that there would be no free parameters at all in the model. In
the present work we test the double folding (DF') approach based on what is the so- called Jeukenne,
Lejeune and Mahaux (JLM) interaction [9] to reanalyze the 1Be+2%Pb at 20-80 MeV /nucleon
with full microscopical potentials with and without including DPP. The derived reaction cross
sections are investigated. The effects of changing the form of the nuclear density of !'Be nucleus

on the results is considered.

2 Formalism

The optical model potential is an effective interaction V(R) between the two, projectile and target,

nuclei separated by the distance R, which can be used in the conventional non relativistic Schrdinger



equation

[—ZL—MVZ L V(R) — Beax(R) =0 (1)

The asymptotic behavior of its solutions y(R) describes the projectile target elastic scattering
when the projectile and target are well separated,u is the reduced mass of the system and F¢
is the energy of the relative motion in the center-of-mass system. The potential V(R) can be
expressed as

V(R) = Ve(R) —U(R, E) (2)

where the Coulomb potential Vo (R) represents the interaction of the charge of the incident projec-
tile, Zpe, with the charge distribution due to protons, Zre in the target nucleus which is usually

considered as a homogeneously charged sphere of radius Rc. Then we get

A R?
= . T <
Veo(R) T (3 R%),R < Rc¢ (3)
and
Z,Ze?
Vo(R) = 22X~ R > Rc (4)

where the Coulomb radius R¢ = rc(A}J/?’ + A;/ 3) and r¢ is the radius parameter. The central
optical potential U(R, E) is complex . The nucleus nucleus real V¥ (R, E) and imaginary volume

WPF (r, E) potentials are expressed as:-

VPF (R, E) = / / P (1) P, (72) X (8, pis s paos py, EB)drtdrs (5)

where ,s = |R — 7, + 72| and

WUDF(Tv E) = //pllBe(rl)p208pb(T2) X wnn(sap“BevlhostaE)dﬁdr_ﬁ (6)

where p denotes for the nuclear density and vy, and w,, for the real and imaginary part of the
effective nucleon nucleon (NN) interaction.
While, according to [10] the surface imaginary optical potential Wg(R(t), E) due to breakup
can be related to the breakup probability as
+oo h

Ws(R(t), B)dt = —5 Py, (b) (7)

—o00
where P, are the breakup probabilities in the various channels. The total breakup probability

will be given by the nuclear pé\i p(bc) and Coulomb breakup pﬁp(bc) as

Doy (be) = Po(be) (py, (be) + 0§, (be)). (8)

and R(t) = b, + vt is the classical trajectory of relative motion for the nucleus nucleus collision.

The core survival probability has been parameterized as [11]
Py(r) = |Sor|* = exp(—In 2el(Fe=r)/eol), 9)

with the strong absorption Ry = 1.4(14},/3 + A;/S)fm and ag = 0.6fm [11, 12]. And, Ser is the

scattering s-matrix due to the core-target interaction.



The effective interaction of (JLM)[9] is obtained in a Brueckner-Hartree-Fock (BHF) approx-
imation from the Reid soft-core NN potential. This interaction is complex, energy and density-
dependent and, therefore, provides simultaneously both real and imaginary volume parts of the
DF optical potential.

The real and imaginary parts of the JLM effective interaction are expressed respectively as[9, 13]

U7Ln(87pllBeap208Pb7E) = (1 - 6RP?1/26)V1(0208P177E)17'(3)

wnn(sap“BeapmngvE) = (1 - BRP?{SBe)W(P?UstaE)h(S) (10)

where, Or and (; are the projectile density dependence parameters for the real and imaginary

parts respectively, and
1

h(s) = Wexp(fsz/tz). (11)

The range parameter ¢ is chosen to equal 1.2 fm for both real and imaginary parts. Derivation
details of v (pz0s py, F) and va(p20s pp, F) components are shown in Refs.[9, 13].

The real and imaginary DF potentials (5,6)are obtained using the modified momentum space

folding code DFPOT([14, 15]. As already discussed in Refs.[8, 16], the imaginary surface potentials

proposed to account for the nuclear and Coulomb are respectively given by :-

N oy 1
Wg' (R, E) = *7Pbup(R)\/ﬁ (12)
and
WE(RE) = e (R (13)
ST et R
with,
Phuy(R) =Y An exp (—R/ay), (14)
Phun(R) = B exp (—R/Bn), (15)

The dimensionless coefficients A,, and B,, and range parameters «,, and 3, in (fm)are given found

in Table 2 of Ref.[8].

2.1 Nuclear matter densities

Several studies [17, 18] have generally assumed the neutron halo nuclei to be composed of a compact
nuclear core surrounded by a halo of neutron(s). Following this prescription, we consider the 1n-
halo nucleus "'Be to be composed of a °Be core and a halo of one neutron. Hence, we propose

the density of ''Be nucleus as:
Prip, (1) = Prop, (1) + pu(r) (16)

It is well known ''Be nucleus contains an intruder 2s, /2 neutron configuration in its ground
state, although the 1p;/, configuration is normally expected. The energy of the 2s; /o becomes

very low because of the large asymmetry in the proton and neutron numbers.



The density distribution of °Be core is assumed to be of a Fermi form as [19]

r—2.0
0.511

Pros. (1) = po/[1 + exp( )] (17)

where py can be determined from the normalization condition

47r/p(r)r2dr =10 (18)

2

™ ms

This density produces a root mean square (rms) radius, (r2,)*/? of '®Be nucleus equals 2.45 fm.

For the density of the distribution of the halo we adopt the form of Dasso et al. [20]

o = (/27) exp(;fkr) (19)

where the exponential slope k is adjusted to reproduce the measured value < 72, . >/2= 2.73 fm
of 1Be nucleus [21]. In the same time, k is related to the separation energy S, =0.504 MeV by the
relation

(hk)* = 2uS, (20)

where p is the effective mass of the core-halo system [4, 18]. When S,, decreases, the tail of the
matter distribution becomes longer. From both of the adjustments (using the rms radius or Eq.
(20)) we obtain the slope k equals ~ 0.148 fm~!. As seen from Eq.(20), when S,, decreases k
becomes smaller and thus the tail of the halo distribution becomes longer.

Another form of the density of the 1n-halo is also taken in a Gaussian form as [22]
pn = (ay/m) Peap(—r?/a®) (21)

where the a parameter is adjusted to reproduce < r2, . >'/2= 2.73 fm. The 2°*Pb nuclear matter

density is taken in the fermi form as [13]

r —6.80

0.515 ) (22)

P208 py, (T) = pO/[l + 6.’17])(

The computer code HIOPTM-94 [23] is used to carry out elastic scattering calculations. For the
sake of confirmation elastic scattering calculations are repeated using DWEIKO code [24]. Both

codes result in identical outputs.

3 Results and discussion

The resulted nuclear matter density of *!Be nucleus (16) using the halo density defined by versions
D1 (19) and D2 (21) are shown in Fig.(1) in comparison with that of the °Be core nucleus (17).
It is clear that at r< 5 fm the density of 'Be is mainly formed from the core. However, at r> 5
fm the contribution from the halo is superior. When we adjusted the k parameter in the density

of the halo to < r2

rms

>1/2=2.93 fm [25] a negligible effect is noticed.
Both versions of the halo density defined by, Eqgs.(19) and (21) , yield an extended tail in

the 1Be density. However, all over the surface region (3-8 fm) , the density using D1 version
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Figure 1: Nuclear matter density distributions of ! Be.
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Figure 2: The real part of the optical potentials generated based upon the JLMR effective interactions obtained

from expression (5).
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Figure 3: The imaginary part of the folded potentials generated based upon the JLMI effective interactions

obtained from expression (6).

is relatively greater than that using D2 one, although both versions reproduce the same value of
the rms , 2.73 fm. The DF real and imaginary potentials are calculated using the two versions of
the halo density D1 and D2. However, it is found that , both versions reproduce identical results
all over the radial ranges R<8 fm. Therefore, we confined the elastic scattering calculations with
D1 versions only. Figure (2) demonstrates the 1% Be-208Pb real DF potentials based upon the
JLM effective interaction at energies of 20, 40 and 80 MeV. It is obvious that, for both 1911 Be
potentials the depth decreases with increasing energy all over the shown radial range. In the mean
time, we notice that, at all considered energies, both potentials coincide in the inner region (R<
12 fm). However, ' Be potentials are characterized by an extended tail in the surface region. This
resembles the behavior of the nuclear matter density illustrated in Fig.1. In Fig.(3) the resulted DF
imaginary potentials are shown. A different behavior is noticed in the inner region (R< 6 fm) where
the depth of potentials increases as energy increases. In the surface region the behavior is similar to
that of real potentials. The angular distributions of the 1911 Be+2%Pb elastic scattering differential
cross section extracted using the derived density-independent and density-dependent (g =0; =3
fm?) complex DF potentials are shown in Fig.??. It is clear that the density dependence treatment
slightly shift the phase of the structure of the angular distribution. Of course, without comparing
the calculated cross sections with the corresponding measured ones one can not judge how far the
density dependence effect may improve the fits with data or not. On the other hand, we illustrate

in Fig.(4) a comparison between the calculated 'Be+2°®Pb imaginary DF potentials before and



after introducing the DPP composed of the nuclear and Coulomb and surface parts represented,
respectively, by Egs. 12 and 13. It is evident that the DPP is almost negligible in the interior part,
R < 13 fm. One may observe also that in the surface part the DF potential is completely neglected
with respect to the DPP one, where for instance at R= 20 fm, the latter dominates by a factor
of about 103. In the mean time, it is interesting to notice that superiority of the Coulomb part
with respect to the nuclear one dominates as R increases; at 20 fm the Coulomb part is 10 times
the nuclear one while at 30 fm this factor grows up to 100. This is clearly a reflection of the long
range effects of the Coulomb potential itself and of the core-recoil it causes[16]. Figure7 shows the
calculated cross section at 20 MeV /nucleon. It is evident that the DPP clearly reduces the derived
values in the angular range ©¢jy; > 7. It is obvious also that the Coulomb breakup reduces the
elastic scattering more than the nuclear breakup. Regarding the angular distributions extracted at
40 and 80 MeV /nucleon, as shown respectively, in Figs. (6 and 7) , one may notice that as energy

increases the effect of the breakup potential quantitatively and qualitatively increases.
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Figure 4: The angular distribution of 101 Be+208Pb reaction at the energy 20 MeV /nucleon with and without

the density dependence of the JLM interaction.

The anomaly of ' Be projectile with the DF potential based upon the JLM interaction is noticed
where a reducing renormalization factor (Br=3) is required . This behavior is attributed to the
break-up effect of the loosely bound nucleus !Be. Therefore, we investigate, the effect of involving
the dependence on the projectile and target densities in the effective NN interaction by using the
density-dependent version of the JLM interaction.

We tested the effect of an imaginary parts W (r, E) and W§ (r, E) of the DPP on the results. It
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breakup effects(Coulomb , Nuclear and Coulomb+Nuclear breakup)
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Figure 7: Same as Fig (5) but for 80 MeV /nucleon

was found, however, that involving an imaginary DPP which improve the ability of the DF potential
to reproduce the total reaction cross sections data without need to reducing renormalization factor

as shown in Table 2., i.e is able to cease the anomaly of ''Be nucleus.

3.1 Total reaction cross section

In the case of a halo projectile, the nucleus-nucleus S-matrix can be written as

ISvn|? = |Ser[?e™Prur (23)

where Scp takes into account all core-target interactions while the term e~ "*ur depends only
on the halo neutron breakup probability. For a halo nucleus at high incident energy the transfer
probability is going to be much smaller than the breakup probability, therefore the surface potential
has been identified here with the breakup potential.

As discussed already in [10], the relation between the total reaction cross section and the
breakup cross section, can be understood by expanding the exponential in Eq.(23) to first order in

P, and integrating over the impact parameter b.. One immediately finds

1 — Sy (be)|* 1 — |Sor(be)[2e™ Prun o)

= 1- |SCT(bc)|2 + |SCT(bc)|2(pé\ip (bc) +pap(bc)) (24)

Q
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Table 1: Optical potential parameters obtained using the real and imaginary JLM folded potentials
to analyze the elastic scattering of ' Be+208Pb at 20-80 MeV /nucleon. Real and imaginary volume
integrals in MeV.fm? are Jg and J;, total reaction cross section in mb is o ,root mean square
radius of real and imaginary potential in (fm) are (ry)'/2,(r;)!/? strong absorbtion radius and

partial wave are I/, and Ly 5.

E/nucleon Jr (ry)1/2 Jr (r))'?2 op Lijs Rip
(MeV.fm?) (fm) (MeV.fm?) fm (mb) fm
10 5¢ 4208 py 20 337.0 7.33 101.3 7.04 3782 192 10.6
11p, 4208 py 20 336.3 7.42 101.3 7.13 4021 214 10.8
10 g 4208 py 40 513.1 7.37 122.2 7.71 4231 145 11.67
1l pge 4208 py 40 510.7 7.46 121.9 7.79 4542 162 12.0
10p, 4208 py 80 616.4 7.38 130.1 8.07 4163 102 12.3
11p 4208 py 80 613.7 7.48 129.7 8.14 4571 115 12.6
Br=pr=3

105¢ 4208 py 20 163.0 7.50 48.83 7.21 3492 180  10.0
11p. 4208 py 20 168.8 7.65 50.68 7.36 3754 204  10.3
10, 4208 py 40 247.6 7.54 58.84 7.85 4019 140 11.3
llpe 4208 py 40 256.3 7.69 61.00 7.98 4061 150 11.6
105 4208 py 80 297.5 7.55 62.36 8.20 4017 100 12.1
11p, 4208 py 80 307.9 7.7 64.88 8.32 4264 113 12.4

Table 2: Total reaction cross section in (mb) of 1Be+2%%Pb at 20-80 MeV /nucleon with and
without the DPP effects.

E/nucleon op  of  of  ol¢t
(mb) (mb) (mb) (mb)

20 3754 4740 8120 8473

40 4261 4691 6743 7113

80 4264 4177 5285 5634
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27r/bcdbc (1—|Snn(be)]?) (25)

oor + O’l])\ip + O’lip. (26)

Q

The fact that the cross sections values of Table 2. are in very good agreement with the relations
contained in Eqgs.(25) and (26) is a proof of the accuracy of the hypothesis Eq.(23) for the nucleus-
nucleus S-matrix and of the separation of the imaginary potential into a volume and a surface

term, with the surface term identified with the halo breakup potential.

4 Conclusions

In the present work, we have used the standard optical model to analyze the differential cross
section of ' Be+2%8Pb elastic scattering at 20-80 MeV /nucleon through the double folding approach
supplemented by an analytical form to the dynamic polarization potential (DPP). The double
folding model with an energy target density dependent Jeukenne, Lejeune, and Mahaux JLM
effective nucleon-nucleon interaction is used to obtain both real and imaginary parts of the central
optical potential. The dependence of the potential on densities of projectile and target nuclei
in a factorized form is considered. This result is consistent with that obtained recently [8] from
the analysis of the same reaction. It would therefore seem that breakup does play an important
role in the elastic scattering of ' Be nucleus, and that when properly included it may be possible
to describe the scattering without a renormalization of the folded potential. New experiments
are needed to measure the cross section at different energies and on different targets in order to

systematically study the folded optical potential and find general trends of the breakup reactions.
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