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Abstract A new method to obtain the nuclear radius from low energies total reaction cross section measure-
ments is presented. Elastic scattering angular distributions of °He on ”Be at two energies, namely, Ecp = 9.72
and 12.78 MeV, were analysed previously and the total reaction cross sections obtained are used to assess
the ®He nuclear interaction radius. A comparison with the radius of the °He obtained at higher energies is
presented.

1 Introduction

In arecent work [1], the ®He +°Be elastic angular distributions were analysed by Optical Model (OM), Coupled
Channels (CC), 3-body and 4-body Continuum-Discretized Coupled-Channels (CDCC) calculations. The total
reaction cross sections (for more details, see Ref. [2]) were obtained from each of the models and their average
value and standard deviation were used to calculate the reduced reaction cross sections with a method that
removes the geometric and Coulomb barrier effects, which allows a comparison between different systems at
different energies [3,4]. The ®He reduced reaction cross sections were compared with several other systems
induced by light projectiles, all of them on °Be target. As a result, the exotic system apparently presents a
higher reduced reaction cross section than stable systems [2].

In order to study the dependence of the observed enhancement with the target mass, we extended the
analysis to the SHe scattering on heavier targets from 9Be [2] to 27 Al [5], ®Ni [6], and '29Sn [7]. The results
showed a weak, but considerable, enhancement of Ao = 22(7) % for 16.2 MeV and 31(18) % for 21.3 MeV
in the total reaction cross section for °He+°Be system in comparison with Ao = 60 % observed for °He
scattered on heavy targets [2]. The enhancement of the total reaction cross section with the target mass is
expected, since reactions such as Coulomb breakup, inelastic excitations and neutron transfer reactions can
take place in the long range Coulomb field.

In particular, an important point in this analysis is to investigate whether one can obtain the ®He nuclear
radius from these cross section measurements. It is well-know that, at high energies (E ~ 790 AMeV), the
total reaction cross section is related to the radius of the system through a simple geometric relation: og = R%
where R; is the sum of the projectile and target radii [8] and is called interaction radius.

This terminology stems from the fact that the radius obtained directly from the total reaction cross section is
not the nuclear radius itself, as defined by the matter distribution of the nuclei, but it includes all the interactions
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between the target and the projectile as, for example, interactions in the long range Coulomb field, where there
is no overlaping between the nuclear matter of projectile and target. As a consequence, the radius obtained from
this simple geometric relation can be larger than the nuclear radius, defined as the radius where the nuclear
density reaches one half of the its saturation value.

Athigh energies and for light targets the effect of reactions occurring in the Coulomb field are negligible and,
therefore, the nuclear interaction radius should be, approximately equal to the nuclear radius [8]. However,
as the energy decreases approaching the Coulomb barrier, the effect of those long range interactions may
become very large. As a consequence, the interacting radius obtained directly from total reaction cross section
measurements using the above geometrical formula will result in a radius much larger than the actual nuclear
matter distribution radius.

Here, we present a new method to obtain the nuclear radius from low energy total reaction cross sections
measurements. The method is applied to He +°Be and *Be +°Be data. The °He nuclear radius is extracted
and compared with results from high energies.

2 The ®He Nuclear Radius

The ®He +“Be angular distributions were analysed previously with Optical Model (OM), Coupled Channels
(CC), 3b- and 4b- Continuum-Discretized Coupled-Channels (CDCC) calculations [1]. The results are pre-
sented in Fig. 1.

One sees in Fig. 1 that there is a considerable discrepancy among the different calculations. In particular
the 3-body CDCC calculations seem to reproduce better the data than the 4-body CDCC mainly at 21.3 MeV
backward angles, showing that, probably, the theoretical errors are at least of the same order of the experimental
ones. Optical Model presents the best fit to the data because there are free adjusted parameters.

The total reaction cross sections obtained from these analysis are shown in Table 1, and basically, agree
with each other except for the OM value at 21.3 MeV which is considerably larger than the other calculations.

The problem of obtaining the nuclear radius from total reaction cross section measurements at low energies
isachallenge. Ithas been recognized recently that a simple geometric formula (see Eq. 1 below) gives reasonable
values of the total reaction cross sections, provided that one uses the Coulomb barrier radius Rz and Coulomb
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Fig. 1 Elastic scattering angular distribution for SHe+?Be ata Ejg, = 16.2 MeV and b 21.3 MeV [1,2]. The solid circles are the
RIBRAS data, the dotted line is the OM, the dashed line is the CC, the solid line is the 3b-CDCC and the dotted-dashed line is
the 4b-CDCC calculation. Figure taken from Ref. [2]
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Table 1 The ®He +Be total reaction cross sections, ogin f m?, and the average values with errors

Ejb (MeV) oM (fm?) o €€ (fm?) o3P =CPCC (fm?) ot =CPCC (fm?) or (fm?)

16.2 151.3 144.5 148.8 164.3 152.2 (8.5)
21.3 194.4 144.9 148.3 164.8 163.1 (22.6)
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Fig. 2 Reduced total reaction cross section for different systems induced by exotic, weakly and strongly bound projectiles
[2,12-14,16]. Solid and dotted lines are the predictions from Eq. 1 for °He+°Be and *Be + °Be system, respectively

barrier strength Vp parameters obtained from double folding potential calculations such as, for instance, the
Sao Paulo potential [9].
The Coulomb barrier radius, Rp, can be obtained from og by using the geometric formula for the total

reaction cross section:
or=nR%(1— Vs 1)
R B E

More recently, a simple analytic formula was developed [10,11] which provides the Coulomb barrier
strength Vp and Coulomb barrier radius Rp parameters equivalent to the ones obtained from double folding
potential calculations.

Z,7e> 15
Vg =" — 2
B Ry Y ()
27.1(A},/3+A}/3)2
where x = —Zz
and
Rg = R+ 0.65In[x] (3)

Equation 3 provides the relation between the Coulomb barrier radius Rp and the nuclear interaction radius
R, that we are interested in.

We applied this method to the present *He +°Be data. We used as starting point the average values for o' as
presented in Table 1, and then R from Eq. 1. The Coulomb barrier for the ®He + °Be system, V3 = 1.22 MeV,

was obtained using Eqs. 2 and 3 with R = 1.3(A;,/3 + A,l/3). Finally, the ®He nuclear radius, R(p), is obtained
from Eq. 3, since R = R(p) + R(¢) and R(¢) is the target radius.

The 9Be target radius was calculated with the same method using 9Be +?Be data from Refs. [12,13], that
includes the total reaction and fusion cross section data. Figure 2 presents the reduced cross sections for °He,
4He and ?Be projectiles on °Be target [2,12-15].

The reduced energies and cross sections of Fig. 2 were obtained by dividing the center of mass energies by

Vg and the cross sections by JTR% with Vg and Rp from Eqgs. 2 and 3 and R = 1.3(A;,/3 + A,l/3). We remark

(see Fig. 2) that the total reaction and fusion cross sections for the “Be +°Be system are very much the same
at the energies of the measurements.

In Fig. 2, the solid curves have been obtained using Eq. 1 with Rp = 6.6 fm and Rg = 7.6 fm, respectively,
for °Be+°Be and °He +°Be system. The dashed curves are an estimation of the error bars in Rp. For Vp we
used the Eq. 2 with R = 1.3(A;,/ 3 +A ,1 / 3). The value of the ?Be radius obtained is 2.40+0.18 fm, in agreement
with 2.45+0.01 fm from Ref. [8]. The uncertainties in R were estimated by the two dashed curves presented
in Fig. 2. The uncertainty in R(®He) are affected by both, the uncertainties in Rp and from the ?Be radius
determination.

The value for He nuclear radius was obtained for the three energies (see Table 2) and the average result
is 2.45 £ 0.20 fm. In Ref. [8], a radius of 2.21 + 0.06 fm was obtained for ®He nucleus at 790 MeV/nucleon.
In Ref. [17] a value of 2.56 fm is obtained for the ®°He rms (root mean square) radius.
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Table 2 The Coulomb barrier radius (Rg), x, nuclear interaction radius (R) and ®He radius (R( p)) values

System Elan, MeV) Eem (MeV) Rg (fm) VEM(MeV) x R (fm) R(p) (fm)
“He+Be 16.2 9.72 7.44 (0.21) 1.22 51.45 4.88 (0.21) 2.49 (0.28)
16.8 10.08 7.21 1.22 51.45 4.65 2.26
21.3 12.78 7.56 (0.52) 1.22 51.45 5.02 (0.52) 2.62 (0.55)
9Be+“Be — — 6.60 (0.37) 2.54 29.31 4.40 (0.37) 2.40 (0.18)

3 Conclusions

A simple formalism is presented which allows the determination of the nuclear matter distribution radius
directly from low energy total reaction measurements. The formalism is applied to fusion and total reaction
cross sections measurements for the systems “Be + °Be and ®He +?Be systems allowing the determination of
the °Be and ®He radii. The results agree well with previous measurements at high energies.
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