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Elastic a scattering on the target nuclei “C, 2Si, and 3’S has been studied microscopically using
the framework of the generator coordinate method. Combined with the results of previous micro-
scopic investigations of elastic a scattering on the oxygen and calcium isotopes the present studies al-
low to set up some systematics which may lead to useful predictions concerning the general behavior
of elastic a scattering on target nuclei in the mass range 4~14—48. It is pointed out that the pure
elastic phase shifts (correspondingly, the real part of the optical potential) cannot serve as an ex-
planation for the different cross section behavior at backangles observed for elastic a scattering in
this mass region. It is qualitatively shown that these differences are due to absorptive effects.

NUCLEAR REACTIONS Generator coordinate method, study of a-'*C, a-2%i,
and a-¥S, comparison of elastic a scattering on target nuclei in the mass region
A =14—48 at low energies, backangle anomaly, molecular resonances.

I. INTRODUCTION

In the present paper we report on microscopic studies of
the a-'*C, a-8Si, and a-*’S scattering systems using the
framework of the generator coordinate method (GCM).
These first microscopic investigations on a scattering
from nuclei far aside from a main shell closure may final-
ly fill up the gap between the study of oxygen! and the
calcium isotopes.> Together with these previous results
they now give a rather complete overview on the elastic
a-scattering processes in the mass range 4=14—48 and
may be used to set up some valuable systematics concern-
ing the general behavior of a scattering in this mass re-
gion. The strong irregularities observed in the experimen-
tal cross sections of elastic a scattering, when passing
from one system to its direct neighbor,’~> have mainly
motivated these rather extensive theoretical studies, as the
different explanations given in the past revealed a number
of controversies.>” The present investigations and the re-
sults from previous studies’? put all a-nucleus systems
into one line, saying that none of the investigated systems
shows any specific target dependent structure effects. The
scattering behavior is a smooth function of the target mass
and the occurrence of molecularlike resonance formations
seem to be a common property of all systems, thus leaving
details of absorption processes as the only reasonable ex-
planation for the experimentally observed strong mass
dependencies. In fact, by a slightly more refined target
dependent absorption formula these mass dependencies
can be at least qualitatively understood. It is, however,
stated that for the future only the inclusion of absorption
processes into microscopic theories may help to give more
insight into the details of scattering processes.

II. THEORETICAL BACKGROUND

The many body wave function V¥ for the elastic channel
is expanded in terms of Slater determinants ¢(&,T),
describing the system at a given mean distance T of the
fragment nuclei

w(E)= [ ¢,V (DT,

where & stands for all single particle coordinates of the nu-
cleons, including spin and isospin. The expansion coeffi-
cients f(T) are determined by solving the Schrodinger
equation in the frozen density approximation

(¢(T")|H—E |¥)=0forall T’ .

(2.1

(2.2)

Substituting (2.2) into (2.1) one obtains a system of in-
tegral equations®

[($(F") | H—E |$(F))f(D)d’T=0 for all 7' . (2.3)

For nuclei with total angular momentum J =0 like a, *C,
28i, and %S, a partial wave decomposition of Eq. (2.3)
leads to the following set of uncoupled integral equations

fo‘”dr r2[H(r,r")—ENy(r,r")1f,(r)=0 for all r |
2.4)

which can be solved numerically imposing scattering
boundary conditions on f(r).>!® The integral kernels in
Eq. (2.4) are defined as
Hy(r,r')={¢s(r) | H | $y(r")) , (2.5a)
Ni(r,r')={s(r) | ds(r')) . (2.5b)

40 ©1984 The American Physical Society



29 PROPERTIES OF ELASTIC ALPHA SCATTERING . .. 41

In the present work, the fragment nuclei are described by
their (jj-coupled) oscillator shell mudel ground states
¢4(&4,T4) and @p(€p,Tp) centered around points ¥, and
Tp. Here the index A refers to the *C, 2!Si, and *2S nu-
clei, respectively, and B denotes the a particle. The func-

$1(E,T)=A[{(05)(0p3,,)%(0p, o, 1, =7)%, 5T} {(0s)%, — 5T} ],

(£, F)=A[{(05)*(0p)'X(0ds /)2, L7} {(0s)%, — 27)]

$3(&,1)=A[{(05)*(0p)'(0d5/5) (151 )%, 5T} {(0s), — 5T ],

where the index ¢,(£,T) (i=1, 2, and 3) refers to the a-'*C,
a-88i, and a-¥’S systems, respectively.

In order to get a simple factorization of the c.m. motion
equal oscillator widths for both fragment nuclei have been
chosen. In the present calculations they are the weighted
means of the b values which minimize the internal binding
energy of each individual fragment nucleus. The Brink-
Boeker force B1 was used as an effective nucleon-nucleon
interaction.!! The Coulomb interaction was treated exact-
ly including the exchange parts by use of a Gaussian rep-
resentation of the 1/7 term.!? Only for the a-'“C system a
spin-orbit (so) interaction was included which turned out
to be short-ranged compared to the central part of the in-
teraction. Thus, in the present studies inclusion of so
forces mainly affects bound state energies, but has only lit-
tle influence on the behavior of the phase shifts. Since it
has been shown also for other scattering systems consist-
ing of spin-zero nuclei!*!* that the inclusion of a spin-
orbit interaction has a neglectable impact on the phase
shifts, we omitted the spin-orbit interaction within the cal-
culations of the a-28Si and a-3°S systems.

Furthermore, it has to be noted that the present descrip-
tions of C, 28Si, and 32§ are rather poor approximations
of the realistic ground state wave functions.”>~17 As it has
been shown explicitly in studies of the a-'®0 system, dif-
ferent, but reasonable assumptions of the internal struc-
ture of the fragments only affects the prediction of bound
states and quasibound state energies.'® Consequently all
results sensitively depending on the intrinsic structure of
the nuclei will only be discussed qualitatively. However,
attention will be drawn on an energy range where the in-
fluence of the intrinsic structure of both nuclei is small.
This turns out to be at energies around the barrier in the
respective partial waves. These energy regimes primarily
are of interest for an understanding of the experimentally
observed differences in the backangle cross sections of
various target nuclei. It should be mentioned that in these
energy regimes elastic scattering is found to be mainly
sensitive to the tail region of the nucleus-nucleus poten-
tial,!” for which the neglect of a spin-orbit interaction'>*
as well as the adoption of common oscillator parameters
for both fragment nuclei (i.e., see Ref. 20) are justified.
Furthermore, resonances predicted for these energy re-
gimes in recent microscopic studies which were based on
the same approximations as used in the present investiga-
tion (i.e., GCM studies of the '%0-28i, '°0-*Ca, and **Si-

Si systems?'~23) are in fair agreement with resonant

tions #(&,T) are then taken as the antisymmetrized prod-
ucts

$(&,T)=A[d4(£4,T4)¢5(E5,T3)] -

Hence, the actual GCM basis functions run as follows:

(2.6)

(2.7a)
(2.7v)
(2.7¢)

T

structures deduced from the experimental data. Conse-
quently, despite the approximations incorporated into our
calculations we expect our results to be a meaningful tool
to study the experimentally observed irregularities of elas-
tic a scattering as outlined in the Introduction.

III. MICROSCOPIC STUDIES OF
THE a-'*C, a-?%Si, AND a-*’S SYSTEMS

A. The a-'*C system

The a-'*C system serves as an example to study possible
effects especially arising from target nuclei with a closed
neutron shell, and a 2h-proton configuration.” Within this
calculation the oscillator parameter was fixed at b=1.7
fm. As already mentioned the microscopic Hamiltonian
includes a nuclear spin-orbit interaction whose strength
was fitted to reproduce the splitting of the p;,, and p,,,
levels in 13C. The effect of the spin-orbit interaction on
the a-'“C bound states and phase shifts is discussed in
Ref. 14.

First indications of the properties of the a-'*C system
can be found in the energy surfaces

(¢s(r)| H | ¢y(r))
(¢1(7)|¢1(r)> ’

which are shown for the partial waves /=0—6 in Fig. 1.
It turns out that the energy surfaces for even / <4 exhibit
two minima at small and large separations, respectively, in
contrast to the occurrence of only one minimum in other
scattering systems (Sec. IV). Although minima of energy
surfaces cannot be directly interpreted as states of the
combined system,?* there is at least a close correspondence
to bound and quasibound states as is confirmed by solv-
ing25

det[H,(r,r')—E;N;(r,r')]=0,

Ei(r)= (3.1

(3.2)

where E; is now the energy of the bound and quasibound
state in the /th partial wave. The energy levels calculated
by (3.2) turn out to be lowered in energy by 1—2 MeV
compared to the energies of the corresponding minima of
the energy surfaces. However, from Fig. 1 it can be con-
cluded that the minima at large distances (» ~4.5 fm) cor-
respond to cluster states of the system, while the minima
near the shell model limit configuration (» <1 fm) contain
a dominating amount of shell model components. Due to
the strong restriction of our model space one does not ex-
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FIG. 1. a-"*C energy surfaces for the even partial waves
1 =0—6 calculated with the Brink-Boeker interaction B 1 (dashed
line) and the Volkov interaction V2 (solid line).

pect the energy positions of low-lying '30 states being
reproduced. By using a less repulsive nucleon-nucleon in-
teraction the agreement of the cluster states to experimen-
tal data can be improved, as this is indicated by Fig. 1 us-

K. LANGANKE, R. STADEMANN, AND D. FREKERS

29

ing the Volkov force V2 (Ref. 26) (b=1.57 fm) for com-
parison.?” Although the quantitative agreement to the ex-
perimental values is rather bad for all used effective in-
teractions we suppose that the physics behind the present
qualitative results do not change considerably using a
larger model space or a more realistic interaction: At
small distances the 2p-shell model components, which cor-
respond to a break of the inert @ or *C structure, are
favored in energy. Considering Pauli repulsion as well as
absorption these 2p configurations should not play an im-
portant role in elastic a scattering in *C. Therefore a-*C
scattering states will be more dominated by a-2h-cluster
configurations.?®

Due to angular momentum restrictions the shell model
limit configuration for the / =6 partial wave is a 4p-2h ex-
cited state. A shell model minimum does not appear in
the /=6 energy surface and the only minimum corre-
sponds to the a-2h configuration which then gets favored
due to the energy gain by clustering.

Figure 2 shows the a-'*C phase shifts as calculated by
the Volkov force V2. The sharp resonances in the even
partial waves correspond to the cluster states mentioned
above. The resonances in the odd partial waves represent
states which contain both, clusters and shell model com-
ponents, due to the fact that shell model and cluster states
within our calculations turn out to be nearly degenerate
for negative parity partial waves.

B. The a-2%Si and a-3’S systems

Since the results from the calculations of elastic a
scattering on 28Si and 32§ turn out to be rather similar to
one another we discuss the results of these calculations in
the light of @-28Si. Typical examples of a-*’S phase shifts
are included within the discussion of Sec. V. The Brink-
Boeker force Bl has been used as an effective nucleon-
nucleon interaction. The oscillator widths have been set to
b =1.88 fm for the a-*’Si system and to 1.91 fm for the
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FIG. 2. Phase shifts for the a-'*C system calculated with the Volkov interaction V2.
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a-3?S system. A spin-orbit interaction has been neglected
in both calculations.

By use of Eq. (3.2) bound states have been calculated for
the partial waves /<5 and /=7. As indicated by the
respective energy surfaces (see also the discussion in Sec.
1V) the bound states for the even partial waves seem to be
clearly dominated by shell-model components. Contrary
for odd partial waves a large amount of cluster contribu-
tions are present.

The 0% ground state of a-2!Si is calculated at —11.7
MeV compared to the a threshold. The discrepancy of
about 5 MeV compared to the experimental value is due to
the assumption of identical width parameters for both
fragments as well as to the sudden approximation. If one
minimizes the energy of the a particle and the 2*Si and *’S
nuclei independently by a variation of the respective b
values, the energy splitting between the S shell model
limit configuration (r—0) [approximated by the limit of
ansatz (2.7¢)] and the asymptotic a+2%Si energy (r— o)
is reduced by ~4.5 MeV. In previous calculations of elas-
tic a scattering on the oxygen and calcium isotopes the as-
sumption of identical width parameters and the sudden
approximation have only little influence on the results for
the following reasons: In the case of the oxygen isotopes
the width parameters of the individual nuclei do not differ
strongly®® when using the Volkov force ¥'1 and in the case
of the calcium isotopes the resonance structures depend
only weakly on the internal nuclear region due to strong
Pauli repulsion.’

The relative excitation energies of the 2% and 4% levels
in @+ 2%Si calculated at 0.12 and 0.8 MeV deviate consid-
erably from the experimental data. In this case this
discrepancy is mainly due to the neglect of a spin-orbit in-
teraction. Assuming that the *2S ground state is a rather
pure (ls;,,)* configuration outside the 2%Si core and the
2% and 4% levels contain (0d;,,)! and (0d;,,)* configura-
tions as suggested by shell model calculations,!” the so in-
teraction would be considerably repulsive and further
separate the 2% and 4% levels. By considering a reason-
able spin-orbit contribution of ~1.9 MeV to the (ds ;) sin-
gle particle energies the calculated 2+ and 4% levels would
be shifted to almost the experimental values. Unfor-
tunately a computational check of these assumptions was
not possible within reasonable computer time.

The energy positions of the first observed 1~ and 3~
states in *’S at —1.1 and —1.95 MeV (relatively to the a
threshold) are of the same order as the calculated 1~ and
37 levels at —2.4 and —1.85 MeV; however, a direct
correspondence between states must be regarded with
reservation due to the restrictions of our calculations.

The scattering phase shifts for the a-?!Si system (Fig. 3)
show the same overall behavior as it is known from elastic
a scattering on other target nuclei (cf. Sec. IV). The
present calculation gives evidence for the existence of
long-lived a resonances, most pronounced for the even
partial waves. A comparison of these predicted reso-
nances to experimental data is, however, not possible,
since elastic a-2%Si scattering has not yet been studied in
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FIG. 3. Phase shifts for elastic a scattering on 28Si. The bars at negative energies mark the energy position of the bound states cal-

culated by Eq. (3.2).
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detail to energies below the Coulomb barrier.

The present restrictions, i.e., identical b values for the
fragments, and neglect of a spin orbit interaction, are in
fact severe when calculating bound states or other quanti-
ties which are sensitive to the internal nuclear region, but
they are supposed to have only little influence on the posi-
tions of the high-lying a resonances.

We would like to note that the present investigation also
serves as an instructive example to demonstrate the
equivalence of bound and redundant states with what their
influence on nuclear phase shifts concerns. As it can be
seen from Table I, the number of redundant states n; is
not a monotonously decreasing function of [ as it is for
two doubly magic nuclei. These discontinuities of n; ap-
pearing around /=4 and 7 are due to angular momentum
restrictions and reflect the open-shell character of the tar-
get nuclei. On the other hand, the sum (m; +n;) of bound
and redundant states decreases monotonously with /, and
according to Swan’s generalization of Levinson’s
theorem> leads to a continuous behavior of the respective
phase shifts.

IV. COMPARISON OF ELASTIC a SCATTERING
ON sd AND pf-SHELL NUCLEI

The microscopic study of a scattering from composite
target nuclei is now covering rather completely the mass
range up to A =48 involving %0, 130, 28Sj, 32§, 40Ca, 42Ca,
#4Ca, and “Ca as typical examples. At this stage it there-
fore seems to be worthwhile commenting on the basic re-
sults of these calculations and setting up some systematics
which may lead to useful predictions concerning the gen-
eral trend of « scattering in the sd and pf shell.

The behavior of the energy surfaces for various a-
nucleus systems can be studied by the /=0 and 1 partial

TABLE I. Number of Pauli forbidden states for different a-
nucleus systems. In all partial waves / > 14 the number of Pauli
forbidden states is zero for the discussed systems.

1 0 2 4 6 8 10 12
(e 3 2 1 1 0 0 0
150, 20 4 3 2 1 0 0 0
28gi, 328 4 3 2 2 1 0 0
40Ca, “Ca, “Ca 6 5 4 3 2 1 0
“Ca 6 5 4 3 2 1 1
1 1 3 5 7 11 13
e 3 2 1 0 0 0 0
150, 0 4 3 2 1 0 0 0
28g; 329 4 3 2 1 1 0 0
40Ca, “Ca,

#“Ca, ®Ca 6 5 4 3 2 1 0

waves serving as typical examples (Fig. 4). It turns out
that if the target is !0 or an open sd-shell nucleus the
minima of the /=0 partial wave are located near the shell
model limit, while the minima of the /=1 partial waves
lie around » =3—4 fm, resulting in a strong parity depen-
dence of the energy surfaces for these systems. The parity
dependence almost completely disappears when passing to
the Ca isotopes, where the minima of the /=0 and 1 par-
tial waves both are located around r =5—6 fm.

These overall properties can be easily understood by the
effect of the Pauli principle and will be discussed for the
/=0 and 1 partial waves in the following. While in the
shell model limit the Pauli principle requires for the nuclei
160, 130, 28Si, and ¥*S, an excitation of the a particle to
sd-shell states (corresponding to an excitation energy of
8%iw) for the Ca isotope an excitation to pf-shell configu-
rations (127w) is necessary. Correspondingly the effect of
the Pauli principle is much more repulsive for the Ca iso-
topes than for the other nuclei discussed here and explains
why in the Ca case the minima exhibit at large separation
distances (the corresponding resonances are of cluster
type). For the other nuclei the minima are located at rath-
er small separations of the fragments corresponding to
states of the combined system with a larger amount of
shell model components.

The different parity dependence can be understood simi-
larly. Due to parity conservation the shell model limit
configuration for the negative parity (odd) partial waves
correspond to 17w excited states compared to the positive
parity (even) partial waves. Consequently, systems, for
which at least the minima of the even partial waves corre-
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FIG. 4. Energy surfaces for the systems (a) a-'°0; (b) a-'%0;
(© a-8i; (d) a-*Ca; (e) a-**Ca; and () a-**Ca exemplified for
the partial waves / =0 (solid curves) and /=1 (dashed curves).
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spond to states with a large contribution of shell model
components, show a strong parity splitting. The minima
of the odd partial waves are pushed to greater separation
distances by the stronger Pauli repulsion and their energy
positions are shifted up by some MeV compared to the
positive parity states. In contrast, for the Ca isotopes the
stronger Pauli repulsion hinders both fragments to
penetrate each other noticeably even for the positive parity
states. The shell model components to the a-Ca reso-
nances are therefore rather small which is reflected by the
weakness of the parity splitting.

For a discussion of the angular momentum dependence
see, for example, Sec. III and Refs. 24 and 31.

In Fig. 5 phase shifts for all microscopically investigat-
ed a-nucleus systems with target mass 4 > 16 are summa-
rized, where partial waves /=0,1 and 8,9 have been
chosen since they turn out to be typical examples. For
sake of clearness the phase shifts for the system a-*’Ca
and a-**Ca have been omitted, as they fit very well into
the general behavior of “’Ca and *8Ca.? The phase shifts
have been normalized to (n;+m;)m at E=0 according to

Swan’s generalization of Levinson’s theorem. Bound
states of the systems calculated by Eq. (3.2) are indicated
by bars in Fig. 5 (except the /=0 bound state of the a-32S
system which is calculated at far too low energy due to the
neglect of a spin-orbit interaction). The numbers of
redundant states are given in Table I.

The general behavior of the phase shifts can be summa-
rized as follows:

(1) The phase shifts exhibit two different series of rota-
tional states: narrow resonances with widths of less than
100 keV in the lower partial waves and broad barrier reso-
nances with widths up to some MeV. The barrier reso-
nances are supposed to dominate the cross section at ener-
gies above the Coulomb barrier and to be responsible for
the backangle anomaly in elastic & scattering.”*>33 A re-
cent investigation® of the narrow resonances in terms of a
microscopic potential model clearly supports the interpre-
tation of them as quasimolecular states. The barrier reso-
nances are also of molecular structure (two cluster rotator
states), but due to the difference in lifetimes only the nar-
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FIG. 5. Phase shifts for the systems a-'°0 (long dashed-dotted), a-'%0 (dotted), a-?Si (short dashed), @-*’S (short dashed-dotted),
a-*Ca (long dashed), and a-*Ca (full) exemplified for the partial waves /=0,1 and 8,9. The a-'°0 phase shifts are taken from Ref.
29. The bars mark energy positions of bound states calculated by Eq. (3.2).



46 K. LANGANKE, R. STADEMANN, AND D. FREKERS 29

row resonances may be interpreted as quasimolecular
states following the criteria given by Stokstad.>® It should
be stressed that the existence of quasimolecular resonances
in the lower partial waves is predicted for all investigated
a-nucleus systems and may therefore be assumed as a gen-
eral property of the pure elastic a-nucleus potential. The
actual observation of these states, however, depends
strongly on target-dependent absorptive effects.’® Until
now, the existence of quasimolecular states in elastic a
scattering has only been confirmed for the a-*’Ca sys-
tem.%

(2) At sufficiently high energies the phase shifts can be
parametrized by

SI(E)zcl 'E+C2 5

where C, turns out to be nearly independent of the respec-
tive scattering system. This result shows higher energy
elastic scattering to be rather insensitive to the internal
structure of the nuclei involved (except for absorptive ef-
fects). A similar parametrization has been found by Lee
et al.,’” except that the parameter of C; has been given as
a positive number. The negative sign of C; within our
calculations is, however, simply a matter of the general-
ized Levinson’s theorem.

(3) Comparing the phase shifts of the different scatter-
ing systems the respective partial wave phase shifts show
rather similar overall behavior. However, they increase
with increasing mass numbers of the target nuclei. Argu-
ing in terms of phase-equivalent local potentials the poten-
tial shapes have to be rather similar for the different sys-
tems and the potential depth will increase with increasing
mass numbers. Both effects have been confirmed within
recent calculations of microscopic a-nucleus potentials,
which have been determined from the GCM energy sur-
faces by use of Friedrich’s method.?*38

However, as the main conclusion from Fig. 5 we claim
that at energies sufficiently above the Coulomb barrier the
phase shifts follow a general trend monotonously depend-
ing on the mass numbers. Consequently, the pure elastic
calculations cannot give any explanation for the different
cross section behavior observed in elastic a scattering at
backangles. One may therefore conclude that this effect is
due to a different absorptive behavior of the various com-
posite nuclei as this is also indicated by experimental re-
sults.® Unfortunately this assumption cannot be proved
on a microscopic level due to present day computer facili-
ties, but it has been supported by semimicroscopic investi-
gations which considered absorptive effects by the in-
clusion of a phenomenological imaginary potential within
a microscopic theory.>*>*! In the following we want to
show a rather simple connection between the relative
strength of the backangle cross section and of the absorp-
tive strength, where both quantities are estimated as fol-

lows: following Eck et al.,*
1 M 0'(6[)
(E)=— 4.1)
€ Migl U'R(e,')

gives a measure for the strength of the backangle anomaly.
The quantities 6; denote such angles, where the backangle

cross section (in Rutherford’s units) has a maximum. The
relative absorptive strength of elastic a scattering on the
target nuclei g;, a; may now be approximated by

_ 4|V ]ai+4) |* plELL)
| €4;|V|a;+4)|* p(E],;)

Qi

’

(4.2)
Ef=E+Qila,y), k=ij,

assuming absorption proceeds mainly via coupling to the
compound nucleus.*® In Eq. (4.2) p(E*,I) describes the
level density in the compound nucleus 4, while the matrix
element (A4 | V|a+4) denotes the coupling of the elastic
channel |a+4) to the absorptive channels |4 ). Deviat-
ing from Ref. 42, we do not assume that Q;; is determined
simply by the ratio of the level densities. Hence, it is
known that for energies above the Coulomb barrier, to
which the following considerations are restricted, elastic a
scattering is dominated by broad overlapping barrier reso-
nances with / values around the grazing angular momen-
tum. At these considerably high energies the barrier reso-
nances in the elastic channel |a;+4) will most likely cou-
ple to configurations of the composite system which are
similar to the entrance channel resonance. Since only little
is known about the level densities of such particular clus-
ter configurations in nuclei (denoted by p.;), we assume the
quantity p to be proportional to the strength of @ struc-
tures within the compound system approximated by the
ground state a-spectroscopic factor S,(a; +4—4;) and
the level density in the compound system,

Pl E*, 1) ~Sqla; +4—A;)p(E*,]) . 4.3)

Making the further assumption that the coupling matrix
element |{a;+4|V|A4;)|? is target independent, Eq.
(4.2) can be approximated by
Sala;+4—4;) plE}LL)

Qi ~ (4.4)
where the level density is given by the statistical model.**
The level densities have been calculated as outlined in Ref.
2. Although the particular approximations (4.2)—(4.4) are
rather rude, most of these uncertainties will cancel within
the ratio (4.4). Hence, the quantity Q;; may be considered
as a reasonable estimate of the relative absorptive strength.

Figure 6 shows the quantities Q,-j_l and €;;=¢;/€; for
some target nuclei at the closures of the p and sd shell cal-
culated for E. =24 MeV (experimental data are taken
from Ref. 5) and normalized to the '*0 and **Ca nuclei,
respectively. To reduce the uncertainties within the a-
spectroscopic factors as much as possible the S, factors
have been taken as the mean values of those experimental-
ly determined ground state spectroscopic factors given in
Refs. 45—49. It should be mentioned that by omitting the
spectroscopic factors in Eq. (4.4) Q;; is not able to repro-
duce the relative strength of the backangle cross section
enhancement. For example, this assumption would
predict the ratio for the Ca isotopes “*Ca and *3Ca con-
trary to the experimental findings. On the other hand, the
ansatz (4.4) fails for the open-shell nuclei *2S and *S.
Nevertheless, Fig. 6 gives strong evidence for the assump-
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FIG. 6. Comparison between the relative strength of backan-
gle cross section and absorption for elastic a scattering on dif-
ferent target nuclei (normalized to '®O and *‘Ca, respectively).
For definitions see the text.

tion of the backward angle a scattering being mainly in-
fluenced by absorptive effects.

V. CONCLUDING REMARKS

The present paper summarizes the studies of elastic a
scattering on some target nuclei in the mass region
A=14—48 performed in the framework of the generator
coordinate method. As the main results these calculations
give explanations for most of the features of elastic a
scattering in the energy range E < 50 MeV.

(1) In previous calculations the backangle anomaly
could be traced back to overlapping barrier resonances
whose description is rather insensitive to a correct treat-
ment of the Pauli exchange between the two fragment nu-
clei. Furthermore, the GCM explains why pure folding
potential models are successful in reproducing elastic o
scattering at energies above the Coulomb barrier.’

(2) At sufficiently high energies (E > 15 MeV) the phase
shifts follow a systematic trend and increase with increas-
ing mass number of the target nucleus. Therefore, the dif-

ferent backangle cross-section behavior in elastic a scatter-
ing on nuclei of the mass region 4 =14—48 cannot be
caused by dynamical properties of the pure elastic channel
or by structure effects of the target nuclei. Especially neu-
tron blocking fails as a possible explanation of the isotope
effect.

However, there is strong evidence for the isotope effect
to be caused by a different absorptive behavior of the
scattering systems. Estimating the ratio of the absorptive
strength for different scattering systems roughly by as-
suming absorption proceeds mainly via coupling of the
barrier resonances to rather similar clusterlike configura-
tions of the composed system, a reasonable correspondence
between absorptive strength and backangle enhancement
of the cross section has been established.

(3) Long-lived resonances which can be interpreted as
molecular a-rotator states are predicted for all investigated
a-nucleus systems. The molecular resonances correspond
to cluster states in which both fragments overlap each oth-
er and which makes a correct treatment of the Pauli prin-
ciple indispensable for their description. The observation
of these molecular states, however, strongly depends on
absorption. Until now, their existence has been confirmed
only for the a-*Ca system experimentally.*

The present paper also indicates the limits of micro-
scopic one-channel calculations. Even in the case that
some of the shortcomings of these investigations (the ef-
fective nucleon-nucleon interaction, internal wave func-
tions, and adiabatic approximation using individual b
values) may be improved, one does not expect that these
calculations will give a deeper fundamental insight into
the properties of elastic scattering. The future task of mi-
croscopic investigations should therefore be extended to
the study of absorptive effects by including one or more
inelastic or reaction channels within the microscopic
theories.
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