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The '"'Li nucleus is a typical example of a halo
nucleus with a large radius of its matter distri-
bution, with a very large interaction radius and
a small separation energy. The idea of the ex-
istence of a two-neutron halo in ''Li was experi-
mentally verified in studies of the differential cross
sections of the 'Li+p elastic scattering in the en-
ergy range 60-75 MeV /nucleon. In [1,[2, 3, 4], we
study the 'Li+p elastic scattering and breakup at
three incident energies 60, 68.4 and 75 MeV /nucleon
using microscopically calculated optical potentials
(OPs) within the hybrid model [5]. Note, the mi-
croscopic OP was also utilized in 2012-2013 for the
93Nb(p,3He) inclusive reaction mechanism investi-
gation [6], for analysis of the ®®He scattering on
protons [3] and SHe on 12C [7].

The main expression for the OP is as follows:

Uppt = NRVE(r) +iNWH(r) + V1. (1)
The real part V¥ of the nucleon-nucleus OP is a
result of a folding of the nuclear density and of the
effective NN potential and involves the direct V2 (r)
and exchange parts VEX(r):

VE@r) = VP )+ VEX(r). (2)
The imaginary OP W is based on the high energy
approximation (HEA) and obtained as a folding of
the form factors of the nuclear density p and the
NN amplitude of scattering fnxn(q):

WH(r) = — th(}NN / N dqq”jo(qr)p(q) fyn ()
0

(2m)
where &y is the NN total scattering cross section
averaged over the isospin of a nucleus.

The expression for the spin-orbit contribution
Vis to the OP has the form:

1dfr(r)

Vis(r) =2X2 [Vor o L dfi(r)

W,
t O dr

Jas).

where A\2=2 fm? is the squared pion Compton wave-
length, Vj and Wy are the real and imaginary parts
of the microscopic OP at r=0.
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The cross sections are calculated by means of
the DWUCK4 code for solving the respective
Schrodinger equation. For the densities of protons
and neutrons in ''Li we use the Large Scale Shell
Model (LSSM).

We show in Fig.[T the results of our calculations of
the "'Li+p elastic scattering cross sections for the
three energies £ = 62,68.4 and 75 MeV /nucleon.
For each energy we present two curves, with and
without accounting for the SO term. One sees, the
above microscopic OPs provide a satisfactory agree-
ment of our results with the experimental data.

In addition to the analysis of ''Li+p elastic scat-
tering cross section, we study other characteristics
of the reaction mechanism, such as the 'Li to-
tal reaction cross section, the breakup cross sec-
tion and related quantities. A simple two-cluster
model (previously applied in [8] for the He+12C
breakup mechanism) in which two clusters are sug-
gested, namely the °Li core (c) and the correlated
pair of neutrons h = 2n is considered. Within this
model for the ''Li nucleus, first, the density distri-
butions of °Li core and h-halo should be introduced.
Second, the folding potentials of interaction of each
of the clusters with the incident proton have to be
computed. Then, the sum of these two potentials
must be folded with the respective two-cluster den-
sity distribution of ''Li that causes the necessity to
get the wave function of the relative motion of two
clusters. We calculate the latter as a solution for
the Os or 1s states of the Schrédinger equation by
using the WS potential for a system with reduced
mass of both clusters. The WS parameters are ob-
tained by fitting the binding energy of given states
to the empirical separation energy value of h-cluster
and the rms radius of the cluster function.

The s-state (I = 0) wave function of the relative
motion of two clusters is

(n)

n 1
00 = ¢ )(3)

(s) = ¢y

n=20,1

3)

and thus, the respective density distribution is de-
fined as a probability for clusters to be at a mutual
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Figure 1: The 'Li+p elastic scattering cross section
at F = 62, 68.4, and 75 MeV /nucleon. Solid line:
without SO term; dashed line: with SO term. The
values of N’s are given in [1].

distance s:

A =105 G = LI G (@)
In the framework of the ?Li+2n model of ''Li one
can estimate the 'Li+p OP as a sum of two OP’s
of interactions of the c¢- and h-clusters with protons
folded with the density pén) (s) (n=0, 1)

Ut (p) = v o) 4 iy em) = /dsp(n)( )%

UL (r+ (2/11)s) + U (x = (9/11)s)]
The potential Uc(n) is calculated within the micro-
scopic hybrid model of OP. For OP of the h-p inter-
action we use the sum of two v, potentials as

U =200 = 20(r)(1+7), 7=04, (5

v(r) = 12061487 53,4063 _ 97 55,0467,

Using the eikonal formalism one can obtain the
probability that after the collision with a proton
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Figure 2: Cross section of diffraction breakup in
HTi+p scattering at E = 62 MeV /nucleon for the
cases of n=0 (dashed line) and n=1 (solid line).
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Figure 3: (The same as in Fig.[2] but for the strip-
ping reaction.

(z — o0) the cluster h (or ¢) with an impact pa-
rameter b remains in the elastic channel:

1S:(5)]2 = exp {—l/j:odei (m)} (6)

hv

where i = ¢, h, W is the imaginary part of the micro-
scopic OP U®™) . Consequently, the probability for
the cluster to be removed from the elastic channel
is (1 —15]?). Thus, the common probability of both
h and c clusters to leave the elastic channel of the
HLi+p scattering is (1 — [Sk|?)(1—|S.|?). After av-
eraging the latter by po(s) (which characterizes the
probability of h and ¢ to be at a relative distance
s), we obtain the total absorbtion cross section. The
sum of both absorption and breakup cross sections
gives the total reaction cross section. Our estima-
tion gives that absorbtion channel contribution to
the total reaction cross section is about 20%. In
Figs.[2 and[3 we show the results for the diffraction
breakup and stripping ''Li+p scattering at E = 62
MeV /nucleon, respectively. These results give pre-
dictions because of missing experimental data for
such processes accompanying the ''Li+p scattering



at £ < 100 MeV /nucleon.

Conclusions of our study are following.

(i) The microscopic optical potentials and cross
sections of ' Li+p elastic scattering were calculated
at the energies of 62, 68.4, and 75 MeV /nucleon
and were compared with the available experimental
data. The spin-orbit contribution to the OP was
also included in the calculations. The regulariza-
tion of our microscopic OP’s is achieved by intro-
ducing the fitting parameters Ng, Ny, Ngo, N}go
related to the “depth” of the separate parts of OP.
They are, in principle, the only free parameters of
our approach, in contrast to other phenomenological
ones. Using the physical criterion of the behavior of
the volume integrals as functions of the energy we
obtained a definite set of the fitted N’s parameters
that give satisfactory agreement of our results with
the data on elastic ' Li+p scattering cross section .

(ii) We consider another folding approach that
includes ''Li breakup suggesting a simple °Li+2n
cluster model for its structure for estimations of
the elastic scattering cross sections, as well as of
the momentum distributions in the processes of the
proton scattering on clusters and the corresponding
S-functions in “Li+p and h+p scattering. Thus, the
analysis of other types of the reaction mechanism,
such as the ''Li breakup, makes it possible to un-
derstand their significant role in the formation of
the OP responsible for the 'Li+p elastic scatter-
ing. It turns out that the breakup channel gives
ot that exceeds 80% from o%¢*, while it is around
a half of o%¢* in the case of SHe+12C.

(iil) Predictions are done for the longitudinal mo-
mentum distributions of ?Li fragments produced in
the breakup of 'Li at 62 MeV /nucleon on a pro-
ton target. We calculated the diffraction and strip-
ping (when the cluster 2n leaves the elastic channel)
cross sections of the reaction of ''Li on a proton tar-
get at energy 62 MeV/nucleon. We note that our
breakup gives the width of the peak between 70 and
80 MeV/c, while the widths of about 50 MeV/c are
known from the reactions of ''Li on nuclear targets
9Be, ?3Nb and 8! Ta at energy 66 MeV /nucleon. In
relation with this, here we should mention that at
the energy of the range 60-70 MeV /nucleon a distor-
tion due to the nuclear and Coulomb forces could af-
fect the cross sections as well as effects of the three-
body admixture n+mn+ c of a total wave function of
1Ti. We emphasize the necessity of experiments on
stripping and diffraction reactions of ''Li on proton
targets at energy E < 100 MeV /nucleon.

(iv) We construct the single-particle density dis-
tribution of ''Li in the framework of the two-cluster
model. Our density is shown to be close to the phe-
nomenological density obtained by fitting to the ex-
perimental differential cross sections of scattering of
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HLi at 700 MeV /nucleon on a proton target.
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