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The real parts of the alpha-alpha and alpha-nucleus potential, particularly for 40:4448Cq

and 8Ni targets are determined from a realistic two-nucleon potential using an energy-
density functional approach and are found to be non-monotonic with a short range
repulsion in their functional forms that are similar to those needed in accounting for
elastic scattering data. The deduced alpha-alpha potential has no bound states and the
calculated decay width of ®Be of about 6.4 eV at about 200 keV energy is in agreement
with the measurement.
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1. Introduction

Although alpha-ray was discovered over a century ago and identified to be doubly
charged helium atom for nearly a hundred years® 2, the actual nature of alpha-alpha
and alpha-nucleus potential, particularly for light and medium-light nuclear targets
remains incomplete. Recently, however, significant progress has been made in this
direction both phenomenologically and from the fundamental aspect, relating these
potentials to basic two-nucleon interaction using energy-density functional, noted
henceforth as EDF, approach, by the groups of Basak in Bangladesh, Reichstein in
Canada and ours in the U.S.A. In this lecture, dedicated to the celebration of the
first centennial of the discovery of alpha particles, I present a gist of this endeavor.
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The puzzle of alpha-nucleus potential started with the experiment of Corelli®et al.
who measured unexpected large cross section, termed ALAS, of elastically scattered
alpha particles by a number of nuclei, e.g. 22Si, 328, which could not be analyzed
by the standard optical model. This feature has subsequently been detected for
many light nuclear targets as noted in ref. 4. Phenomenologically, two groups of
local potentials, one proposed by Michel and his collaborators®® which has a deep
attractive real part having functional form of the squared Woods-Saxon potential,
noted henceforth as the Michel potential, and the other by Malik and his group,
a complex molecular potential with a non-monotonic real part, termed henceforth
as NMS, have been reasonably successful in accounting for the data in many cases.
Attempts to relate Michel potentials to two-nucleon potential in terms of folding
model (FM) have met with a limited success. Quite often the potentials derived
from FM need renormalization and the density distribution of alpha-particle used
in folding procedure may not reproduce adequately its observed binding energy.
Furthermore, in many particle-transfer reactions, e.g. 22930Gi(q,d)3031:32P and
2Si(,p)®P, the data are better accounted for by NMS potentials rather than
Michel potentials in the entrance channel’=®. The general forms of these NMS
potentials can be derived from realistic two-nucleon interactions within the context
of the EDF approach outlined in the next section. In section 3, we present the results
for a number of targets with a particular emphasis on alpha-alpha interaction at
low energies.

2. Energy-Density Functional Theory

The EDF theory for nuclear reaction is based on the Kohn-Hohenberg theorem!?

which states that the total energy, F, of a system of interacting fermions can always
be expressed as a functional of its energy-density, €[p(r)],

E= [ elolotryier )

The energy density of nucleonic matter may be written as 11+12

elp(r)] = T(p) + Vim(p) + Vy4{p) + Ve(p)- (2)

In (2), the contribution of the kinetic energy to the energy-density, 7'(p) for a nucle-
onic matter with Z protons and N neutrons can be calculated using the statistical
theory and is given by
2 2
7(0) = )G - )t + (1 + ) ol )
In (3),o is the neutron excess (N — Z)/A.
The mean potential,V,,,(p), generated by the mutual interaction among nucleons,
i.e. the Hartree-Fock potential, can not be calculated directly from the two-nucleon
interaction due to the strong short range repulsion but can be approximately ob-
tained by evaluating the K-matrix elements using plane wave basis and is given
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by
Va(k) = > [(kq|Knnlkq) — Exchange] + > (kq|Knp|kq). ()
q<knf q<ka
Vp(k) = Z [(kg|Kpplkq) — Exchange] + Z (kq|Kynp|kq). (5)
q<kpy G<kny

In (4) and (5), n and p stand for neutron and proton, respectively, and k£ and ¢
are wave number and momentum transfer, respectively, and f stands for Fermi-
momentum. Since k is related to density, the mean nuclear potential, V;,,(p), is
density dependent which can be represented as

Vin(p) = b1(1 + a10)p + ba(1 + az0®)p’t + bs(1 + aza?)ps. (6)

where a; and b; (i=1,2,3) are parameters determined by fitting the calculated energy
per nucleon versus the density of nucleonic matter curve.
Vy(p) in (3) represents inhomogenity correction to T'(p) and the nucleonic cor-
relation energy not included in the mean field and is taken to be
m* .\ (Vp)?

Vi(p) = n(— . 7

o) = (g~ F 7

In (7), M is the nucleonic mass and the parameter 7 is determined by fitting the

known nuclear masses with observed density distribution functions''. The Coulomb
energy among protons with the correction due to the Pauli principle is given by

1-)

3. (8)

Vi(p) = 0.359(1 — a)/df% — 1.0636]
r—7
The observed nuclear masses calculated using (1) are very well reproduced with
observed density distributions through proper root mean squared radii''.
The potential between an alpha-particle and a target nucleus, V(R), in the
sudden approximation is given by'?

V(R) = E[p(r, R)] — Elpa(r, R = 00)| — Elpr(r, R = o0)]. ©)

where the first term in the right hand side, RHS, represents the energy of the com-
posite overlapped system of an alpha-particle and a target nucleus at a separation
distance, R. The second and the third terms on RHS are, respectively, masses of
alpha particle and target nucleus which can be taken from the observed masses or
calculated using the EDF theory!!. In the sudden approximation employed here,
the density of the composite system, p(r, R), is the sum of alpha-particle and target
nuclear densities'?

p(r) = pa(r) + pr(r). (10)
For target nuclei, other than alpha-particle, considered here, pr(r) are taken from

ref. 13. The density distribution function of alpha particle, p,(r), is reasonably
represented by the following Gaussian function

pa(r) = 4(2) 2exp(—772). (11)

™
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with n=7.56 fm® and v=0.5, the binding energy (BE) and root mean squared radius
(RMSR) of alpha-particle are, respectively, given by 19.01 MeV and 1.732 fm that
are to be compared to the observed values of BE=28.3 MeV, and RMSR between
1.67 and 1.70 fm, respectively. The central density of 0.254 fm—2 of alpha-particle
is slightly lower than 0.32 fm~2 needed to fit electron scattering data.

3. Results and Discussion

The main features of alpha-nucleus potentials calculated for various target nuclei up
to Zr in the context of EDF theory, are that its functional form is non-monotonic and
the magnitude of the attractive part is shallow, i.e., the potential is non-monotonic
shallow, as the acronym NMS signifies. In fact, by slightly varying the parameters
characterizing the calculated NMS potential with an imaginary part, one can usually
fit the elastic scattering data well, as noted for ?8Si target for the first time'.
Empirical complex NMS potentials describe very well low energy alpha-scattering
data, for elastic and non-elastic processes by 2#Mg and 28Si (ref. 8, 15). The standard
form used for this empirical complex NMS potential, V' (R), is the following:

Rev(r) = ~Tol1 + exp(" 20 114 el (2P 4 Ve, (12)
ImV (r) = —Wp exp(—%) W exp|—(~ ;%f 5)2). (13)

With
(Z1Z3/2Rc)(3 —r?/R%) for r < R¢

Vo(r) =4 (Z1Z2€2 1) for r> Re

(14)

In the above, Z1, Z5, and R¢ are the charges of projectile, target, and Coulomb
radius, respectively. In the following, we discuss the extents to which the real parts
of the empirical NMS potential in (12) (a) conform to those calculated using the
EDF theory and (b) describe the elastic scattering data of alpha-particle by “He,
404448y and ®8Ni, noting that these have also been successful for other targets.
We note here that the EDF calculations, presented here, are strictly valid for zero
kinetic energy or, at energies equal to Coulomb barrier where two colliding particles
have almost no kinetic energy. At much higher energies, the formalism may only
serve as a guide to the general feature of the functional nature of the interaction.

3.1. o« — o Potential

The calculated potential of the oo — & system, shown by solid triangles in the upper
insert of Fig. 1, can be well described by Vgpr of the functional form (12), with
Vo=15.56 MeV, Ry=3.25 fm, a=0.492 fm, V1 =49.24 MeV, R1=1.510 fm and D;=0
fm, as well as a functional form where the first term is replaced by a Gaussian
function'®. Since non-elastic processes start well above 20 MeV excitation energies,
there is no need to add an imaginary part to this potential. Except for the 5.26 MeV
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(lab) data, the EDF potential can generally account for the shape and magnitudes
of the data at 2.0, 3.0, 8.87, 11.88 and 15.2 MeV (lab), as can be seen by comparing
the calculations, noted as dashed lines, to the experimental data, shown as solid
dots, in Fig. 1.
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Fig. 1. EDF calculations (solid triangles) for « + « elastic scattering are fitted, in solid line,
with Vgpp comprising the WS attractive part and Gaussian repulsive core. The predicted cross
sections using Vgpr (dashed lines) and those (solid lines) with the NMS potential, Vg, in
Table 1, are compared to the experimental data (solid dots) at 2.0, 3.0, 5.26, 8.87, 11.88 and 15.2
MeV (lab).

The inability of the EDF potential in explaining the 5.26 MeV (lab) data points
towards its failure to account for the onset of the threshold of d-wave to elastic scat-
tering. One can, however, describe the data at all six energies by slightly changing
the potential parameters, Vy to 15.40 MeV, Ry to 3.95 fm, a to 0.40 fm,V; to 150.0
MeV, and R; to 1.68 fm, leading to the new NMS set, Vprr in Table 1.
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Table 1. Comparison of the parameters of the EDF generated potential,
Vepr, and those of the real part of the NMS potential, Vg7, needed
to fit the experimental data.

Target Set Vo Rg a i R1 D1 Re

‘He Vgpr 1556 3.25 0492 4924 151 0.00 4.00
Verr 1540 395 040 150.00 1.68 0.00 5.80
40Ca  Vepr 2985 538 0.64 16.00 2.15 1.75 4.48
Verr 3180 538 054 18.00 215 1.75 6.00
“Ca  Vepr 2920 552 0.64 15.80 2.10 1.75 4.62
Verr 3240 552 067  14.00 210 1.75 6.00
8Ca  Vgprp 4120 532 070 3200 254 1.68 4.50
Verr 4400 532 070 31.70 254 1.68 6.00
58Ni  Vgpr 2850 592 0.668 2000 230 215 850
Verr 3600 592 0668 1500 230 215 8.70

The fits to the data using Vprr are shown as solid lines in the lower inserts of
Fig. 1 and are very good. In the tail region, the two potentials are very similar,
whereas they differ from each other in the interior region, mainly in the magnitudes
of the repulsive part, which is primarily determined by the density function of alpha-
particle near the origin. The Gaussian function (11) used in describing the alpha
density does not determine the magnitude of its central part very well and hence,
this repulsive part of the potential is not well described by the EDF calculation.
Nevertheless, the non-monotonic nature of the o — « potential is established and
the theory determines the key part of the potential responsible in describing the
low energy elastic scattering, namely, the tail region, from a realistic two-nucleon
interaction, rather well. The data in this region are also well described by a simple
deep monotonic potential'®'”, However, such potentials bind two alpha particles
forming ®Be in s- and d-states. On the other hand, ®Be is, experimentally, unbound
with a decay width of (6.84£1.7) eV (ref. 18). The NMS potential deduced here does
not bind ®Be and has a resonance at about the right energy with a decay width of
6.36 eV, thus solving an old problem.

3.2. a—104%448Cy Potential

The detailed analyses!® of elastic scattering data by %04448Ca indicate that the
observed data are well explained by the empirical deep monotonic Michel®%20 po-
tentials as well as NMS potentials derived from the EDF calculations. The observed
density distributions of all three isotopes are described by three parameters Fermi
function'®. The BE calculated using EDF theory are, respectively, 340.44, 381.95
and 419.02 MeV for °Ca, #*Ca and *3Ca which are very close to the observed val-
ues of 342.06, 380.97, and 416.0 MeV, respectively. For alpha particle, -y in (11) for
this case is taken to be 0.45 fm leading to a BE of 20.96 MeV, RMSR of 1.825 fm
and central density of 0.217 fm~3. The calculated potentials for all three targets
are shown in the left insert of Fig. 2 with solid triangles. The functional form of
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the potential, while maintaining a NMS character, dips down near r=0 which is the
consequence of the wine-bottle shape of the density distribution functions of these
nuclei.
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Fig. 2. Same as in Fig. 1 with the shifted Gaussian repulsive core for (a) a+%°Ca, (b) a+*Ca
and (c) a+*8Ca. The corresponding fits (solid lines) to the data using the V gy parameters are
shown in (d), (e) and (f), respectively.

Calculated potentials are reasonably given by the parameter set, marked as Vgpr
in Table 1, and shown as solid lines in Fig. 2. The data are reasonably reproduced by
using the parameter sets, noted as V pyr, in Table 1 using the imaginary components
of the potential described in ref. 19. The closeness of Vgpr and Vg parameters
in Table 1 exemplifies once again that EDF method provides a reasonable way to
ascertain alpha-nucleus potential from a realistic two-nucleon interaction.

3.3. a—38Ni Potential

The real part of «-Ni potentials derived from the EDF theory is also reasonably close
to those needed to fit the data using NMS potentials®. For example, the calculated
potential of the alpha-3®Ni system, which also has a wine-bottle density distribution,
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is shown in the upper insert of Fig. 3, as solid triangles. Except for the interior part,
this potential can reasonably be expressed by the parameters, noted in Table 1 as
Vepr, and is shown as solid line in the upper insert of Fig. 3. A very similar
potential, the parameters of which are termed as Vg in Table 1, can reasonably
account for the data between 18.0 and 50.2 MeV, as exhibited in the lower part of
Fig. 3. The data for 69:62.64Nji targets can similarly be described by NMS potentials,
whose real parts are close to the ones derived from the EDF calculations.
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Fig. 3. Same as in Fig. 2 for a4-38Ni. The EDF potential (solid triangles) is fitted with the Vgpr
set in (a). The fits to the data using the Vprr set (Table 1) are shown in (b) and (c).

4. Conclusion

The examples and calculations for a number of medium light targets indicate that
the general forms of real parts of alpha-nucleus potential can reasonably be derived
from the realistic two-nucleon potential using the EDF method.
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