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The elastic scattering data of p+*%He, available in the 40A-454 MeV
energy range have been analyzed in a microscopic framework using an
isospin, density and momentum-dependent finite-range effective interac-
tion in a single folding model. The folded potentials explain the p+*He
angular distribution data. For ®He, several density prescriptions of varied
rms radii are employed. All these prescriptions lead to almost same fit to
the ®He + p elastic angular distribution data with slight variations of the
imaginary strength. Microscopic calculations assuming proton scattering
from the smeared *He-core in 9He, ignoring the halo, can also reproduce the
experimental data if the strength of the imaginary part of the microscopic
potential is enhanced. Implications of these results are discussed.

PACS numbers: 25.40.Cm, 25.60.—t, 21.45.+v, 21.10.Gv

1. Introduction

Recent studies [1-4] on the neutron-halo nucleus *He have suggested that
it has a *He 4 2n structure, although ambiguity persists in determination
of its root-mean-square (rms) radius. Its low *He + 2n breakup threshold
(0.975 MeV) [5] insinuates a long tail in its wave function. Tanihata et al. [4]
claimed that the core *He essentially remains unmodified inside ®He and the
two neutrons form either a halo or a skin of ®He. From static density Glauber
model calculations of reaction cross sections, it was shown that the rms
matter radius of ®He is R, ~ 2.33 fm. The rms neutron radius (R, ~ 2.59
fm) of ®He was found to be larger than the proton radius (R, ~ 1.72 fm),
delineating an extended neutron density distribution, far beyond the proton
one. Al-Khalili et al. [6] considered corrections to this static density Glauber
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model calculations and showed that if the granular structure of the projectile
is represented by more realistic few-body wave functions, it increases Ry, to
2.71 fm. Several other theoretical models predicted [6-9] different rms radius
of 5He in the range of 2.32 fm to 2.76 fm adding further confusion to this
topic. Recently ®He + p elastic scattering data have been available at 41.6A
MeV [10], providing an opportunity to test the validity of these various
prescriptions with the help of folded potentials, which explicitly incorporate
the structure of the interacting nuclei.

We have reanalyzed the elastic scattering data of ®He + p at 41.64
MeV [10], in a microscopic folding model using more realistic density distri-
butions and an effective nucleon—nucleon interaction which, in addition to
being finite-range, momentum and density dependent, has an explicit isospin
dependence. Available 404 and 454 MeV p+*He scattering data [11,12] have
also been analyzed on equal footing to understand the role of *He as a core in
6He. Different density prescriptions of 6He are used with a hope to pinpoint
its rms radius.

2. Analysis

For single folding model calculations we use the SBM (Modified Seyler
Blanchard) interaction, which has different strengths for pp, nn and pn in-
teractions [13]. The ®He ground state densities used are obtained by using
Faddeev wave function models called, P1, FC, FC6, Q3, Q1, FB, FA, K,
C [6,7,14]. These models incorporate different n—n and n—« potentials with
a variation of two-neutron separation energy F(2n) from about —1.15 MeV
to —0.21 MeV and thereby a variation of rms radii of He. The rms radii
corresponding to the above models are 2.32, 2.50, 2.53, 2.54, 2.56, 2.64,
2.64, 2.66, 2.76 fm respectively. These radii are computed assuming that
the bare *He core rms radius is 1.49 fm [7]. However, the *He inside ‘He is
smeared due to its motion with respect to the center of mass of 6He. The
density of the smeared core is taken as the difference between the 6He and
2n-halo densities, the rms radius being different for different prescriptions.
Since the isospin sensitive interaction requires separate proton and neutron
densities, we have constructed them from the available *He models [6,7,14].
For the p-%He scattering, they were formulated from the bare core density
distribution of *He [7]. In the microscopic calculations both the real (V)
and imaginary (W) parts of the folded potentials are assumed to have the
same shape, i.e. Viicro(r) =V +iW = (Ng +iN7)U where, U is the folded
potential, and N, Ny are the renormalization factors for real and imaginary
parts respectively [15].

For comparing the results, a phenomenological optical model (OM) anal-
ysis of the data is first carried out, the best fit parameters (Table I) and the
respective Woods—Saxon and folded potentials (Fig. 1(a)—(c)) are shown.
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TABLE I
Optical potential parameters used in p-nucleus elastic scattering r. = 1.40 fm,
1/3
R, =1, AY
Nucleus E/A  V, To ao W, Ty ay Ws rs as Vso Tso as.o Ref.
(MeV) (MéV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm)
“He 40.0  51.0 1.100 0.350 4.19  2.390 0.10 2.75  1.100 0.350 [16]
“He 45.0  49.6  1..100 0.350 5.94  2.320 0.10 2.17  1.100 0.350 [16]
SHe 41.6  26.0 1.249 0.997 25.0 1.500 0.500 0.30 1.310 0.36 6.00 1.249 0.797 (this work)

For p+1He elastic scattering, at 40 and 45 MeV (Fig. 1(d), (e)), the
best fit parameters are taken from the existing literature [16] in which the
volume imaginary part (Wy) is zero and the non-zero surface imaginary part
(Ws) has large radius (rg > 2.3 fm). For the He + p data at 41.6 A MeV
(Fig. 1(f)), the search was carried out starting from the OM parameters
available for the SLi(p,p) scattering [17|. Unlike the *He(p,p) scattering,
both Wg and Wy, contribute in p(°He,%He), the best fit necessitating larger
potential radius (ry) and diffusivity (ag, ay’) compared to those of ®Li(p, p).

In semi-microscopic analysis, the real part of the optical potential is
replaced by the folded potential, and a search on the phenomenological
imaginary potentials is again carried out starting from the above param-
eters. In p4+*He, the parameter W had to be decreased from 4.19 to 1.50 at
40A MeV, and from 5.94 to 2.00 at 45A MeV incident energy. The radius rg
had to be changed from 2.32 fm to 2.40 fm for the latter. In both cases the
microscopic real part of the potential did not require any renormalization
factors, indicating no measurable breakup channel coupling effect for the
tightly bound *He nucleus. But, for the 41.6A4 MeV 6He 4 p, Np = 0.8 was
essential and ry had to be increased from 1.5 fm to 1.6 fm.

In the fully microscopic approach, the 404 and 454 MeV data for p+“He
scattering are well reproduced by putting Nr = 1.0, Ny = 0.08 (Fig. 2(a),
(b)). For the SHe + p scattering, the required value of Ng is 0.9 and that of
Ny is 0.9 for the P1 model (R,,(°He) = 2.32 fm), and 0.7 for the C model
(R (°He) = 2.76 fm) shown in Fig. 2(c). All the other density prescriptions
(N7 ~ 0.7 to 0.9) gave fits which lie in between the fits from the P1 and
C models. As shown in the inset of Fig. 2(c), the density distributions
differ significantly in the tail region. The tail part is expected to contribute
in the forward angle SHe + p elastic scattering data, which is distinctly
different from *He+-p scattering at nearby energies (Fig. 1(d)—(f)). Although
different density prescriptions do give somewhat different cross sections in
the forward angle region, none of them fits the SHe 4 p experimental data
better than others (Fig. 2(c)) and the difference amongst them is also very
small. This is possibly due to extremely small density of He at large radius.
In view of this reduced importance of the thin halo part in 41.64 MeV
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Fig.1. The real part of the phenomenological (solid) and the renormalized SBM
potential (dashed) for the interaction of (a) — p+*He at 404 MeV, (b) — p+*He
at 454 MeV, (c) — SHe + p at 41.64 MeV. The corresponding elastic scattering
angular distributions are shown in (d), (e), (f), where the solid(dashed) line is the
result of the phenomenological(semi-microscopic) optical model calculations. In (c)
and (f) the dashed(dotted) line correspond to calculation using P1(C) model. The
volume integral (J/A) of the real part of the potential in MeV fm? and rms radii
in fm are shown.
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Fig.2. Same as Fig. 1(d)—(f), but using microscopic real and imaginary potentials.
In (c), the calculation using only the smeared-core density of the P1 model is shown
by the solid line. The inset in (c) shows the density profiles of the P1 and C models
of He. All other density prescriptions lie in between. The smear core density (solid
line) corresponding to the P1 model is also shown.

elastic ®He + p scattering, a microscopic calculation is carried out with the
proton scattering from the smeared *He-core in SHe, totally ignoring the
halo. Interestingly, the experimental 41.64 MeV p(°He,%He) data could be
reproduced with 41.64 MeV smeared-*He + p calculations if N; = 4.5 is
used, keeping N = 1.0.
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3. Conclusions

It is pertinent to note that the 41.6A MeV SHe + p experimental angular
distribution is distinctly different from the p+?He at nearby energies, spe-
cially at forward angles, where the tail part of the wave functions contribute.
However, as all the density prescriptions used in our analysis gave almost
same overall fit to the experimental data (Fig. 2(c)), with slight variations
of N7 (0.7 to 0.9), the exact value of the rms radius of ®He could not be
pinpointed. The 41.64 MeV SHe + p data require renormalizations on the
real part of the folded potentials, and possibly indicates significant breakup
channel coupling effect on the elastic channel.

An important finding was that if the halo part of *He is totally ignored,
scattering of protons with the smeared core can also explain the data. This
observation indicates that the *He core plays a significant role in 41.6A4 MeV
6He + p scattering. But total absence of the 2n-halo contribution is possibly
not the correct picture as the experimental data could not be fitted un-
less a large Ny value is chosen along with Np = 1.0. Obviously different
Ny factors associated with different density prescriptions predict different
reaction cross-sections. Therefore, experimental data on proton induced
6He-breakup reactions or, angular distribution data of inelastic proton scat-
tering from SHe are needed for a better understanding of the structure of
the halo nucleus SHe.
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