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Simultaneous analysis of elastic scattering and fusion in *He + *Zn: A transition in direct reaction
mechanismes, striking threshold anomalies, and halo effects
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Using the extended optical model, a simultaneous analysis is carried out of elastic scattering and fusion
reactions induced by the neutron halo *He projectile on a %Zn target. Dynamic polarization potentials U, Up, are
introduced which can be associated to fusion and direct couplings, respectively. Appropriate fitting parameters
leading to dispersive potentials are found which provide a good simultaneous description of the data. An
unexpected local maximum is uncovered in the energy dependence of the total reaction cross sections, indicating
a transition in the involved direct reaction processes, and a possible underlying mechanism is discussed. Uy is
found to follow the normal threshold anomaly but with an unusually large threshold energy. Up, on the other
hand, exhibits a breakup threshold anomaly, but with a strikingly high value of the peak energy, which can be
associated to the above-mentioned transition. The results also are discussed within the context of possible halo

effects.
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I. INTRODUCTION

Many studies involving nuclear reactions induced by
weakly bound heavy ions, stable or radioactive, have appeared
in literature in the latter few decades [1-4]. Among the ra-
dioactive nuclear projectiles, those having a halo have been at
the forefront of current research worldwide because of their
unique, unexpected features. Haloes are a consequence of the
weak binding of the last one or two valence nucleons, whose
corresponding wave function leads to an extended cloud of
diffuse nuclear matter surrounding a relatively stable core. It
has been found that for halo nuclei there is a general domi-
nance of direct reactions over fusion at near and sub-barrier
energies with important contributions of neutron transfer pro-
cesses [1]. Within this context, perhaps the most studied light
halo nucleus is °He [2,4], partially due to the relative ease
of producing fairly intense beams of it at energies around the
Coulomb barrier [4]. In addition to having a two-neutron halo
[5], ®He is also an interesting object of study because of its
Borromean feature [6], whereby separation of any one of three
clusters in (*He +n + n) leads to an unbound system.

Several reaction mechanisms such as fusion, transfer, and
breakup have been studied with interesting and sometimes
astonishing results, as reviewed for instance in Refs. [1,3,4].
Measurements of the elastic scattering process, which is
usually considered a rather simple phenomenon, have also
provided interesting new perspectives [2].

Considering only medium-mass targets, the ®He 4+ %Zn
measurements reported in [7-10] constitute perhaps the most
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complete set of °He data around the Coulomb barrier. Previ-
ous analyses of this system have focused either on the elastic
scattering or the fusion data separately, but no simultaneous
description of both processes has been given so far. In Ref. [8],
for instance, the optical model potential extracted from the
elastic scattering data was used in a fusion calculation with
the CCFULL code [11], but the fusion data were considerably
overestimated. A different potential, having a considerably
reduced radius, was necessary to describe the fusion exci-
tation function. On the other hand, Crema et al. [12] used
the Sdo Paulo potential (SPP) [13] to calculate the fusion
cross sections for *He projectiles on several targets, including
7n. By introducing appropriate coupled channels within a
barrier penetration model (BPM), the corresponding fusion
data for all analyzed systems could be coherently interpreted
with the conclusion that the SPP provides an appropriate bare
potential to describe fusion (see also Ref. [14]). However,
it can be shown that the SPP by itself cannot reproduce
the elastic scattering data, even if an interior imaginary po-
tential is introduced to simulate the BPM calculations for
fusion [see Eq. (1)]. It was actually suggested in Ref. [14]
that, unless full coupled channel calculations are performed
(which is presently out of reach), it becomes necessary to
add appropriate polarization potentials to the SPP, with pos-
sibly very significant contributions. Some authors have in fact
questioned the use of the same optical potential to explain
simultaneously fusion and quasielastic experimental data [15].
The aim of the present work is to obtain an optical poten-
tial that can simultaneously describe data for two processes:
the elastic scattering angular distributions reported in [8,10],
and the fusion excitation function obtained in [8,9] for the
®He + %Zn system.
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A common framework will be used in the analysis of the
two processes, following a similar procedure to that used
in a recent work [16], where a systematic study of elastic
scattering and fusion of the stable, weakly bound nucleus
®Li with the four targets *Ni, *°Co, ®Ni, and *Zn was
performed. The so-called extended optical model (EOM) in-
troduced by Udagawa and Tamura in the 1980s [17,18] was
used in that study. In this model, two types of polarization
potentials are introduced in the optical potential, which can
be associated to direct and fusion couplings, respectively. One
interesting feature of this model is that phenomenological
potentials can be found which provide simultaneous descrip-
tions for both the elastic scattering and the fusion data in the
overlapping energy region where both processes have been
measured. The obtained potentials do satisfy the dispersion
relation [19,20] and it was actually shown in Ref. [16] that
the constraint of having dispersive potentials might be useful
to identify seemingly unphysical data; in addition, it can help
eliminate possible ambiguities in the parameters of the EOM
potential.

It was also concluded in Ref. [16] that, for all ®Li-projectile
systems mentioned above, the energy dependence of the direct
polarization potential is consistent with the breakup threshold
anomaly (BTA) [21,22], while the fusion polarization poten-
tial follows the usual threshold anomaly (TA) [19,20]. Such
TA, characterized by a rapid falling down of the imaginary
strength of the fusion polarization potential at and below the
Coulomb barrier, is consistent in this case with the fact that
fusion channels are strongly suppressed below the barrier. The
BTA, on the other hand, is associated to the weakly bound
nature of the projectile, which can cause absorption stronger
than usual into breakup (or other direct) channels around or
even below the Coulomb barrier. This leads to a possible
increase in the imaginary strength of the direct polarization
potential for energies close and below the Coulomb barrier,
followed by a drop to zero at some point when the energy is
further lowered; these features partially characterize the BTA.
Whereas attractive real parts were obtained for the fusion
polarization potentials, an effective repulsive contribution was
present in the direct polarization potentials. This is consistent
with observations that, whereas in the case of strongly bound
nuclei (where the TA holds) the real part of the potential
shows an increase in attraction as the energy is lowered below
the Coulomb barrier, the scattering of weakly bound nuclei
shows a reduction of attraction [3]. It has been actually shown
that the effects of breakup couplings can cause an effective
repulsive contribution [23]. Since the ®He projectile has an
even weaker binding than °Li (0.98 vs 1.47 MeV), it should be
interesting to investigate whether a similar threshold behavior
is also present in the case of the *He 4 *Zn system.

Section II briefly describes the formalism and the general
form of the potentials used, while in Sec. III the obtained
polarization potentials are presented and the respective pre-
dictions for elastic scattering, total reaction and fusion cross
sections are shown. Section IV is devoted to discuss the en-
ergy behavior of both the total reaction cross sections and
the extracted polarization potentials, as well as some effects
related to the halo nature of ®He. Finally, a summary and the
conclusions are given in Sec. V.

II. BRIEF DESCRIPTION OF THE FORMALISM

The model potential used here, defined within the general
framework of the EOM [17,18] but containing important par-
ticularities, has been described in detail in Ref. [16]. Briefly,
the potential is written as

Uror = Voare + Veout — [iWine + Ur + Upl, (D

where Vioy is the Coulomb potential (with radius re =
1.2 fm) and W, is a volume Woods-Saxon potential interior
to the barrier whose depth, radius, and diffuseness are given
by Wy = 50MeV, ry = 1.0 fm, and ¢y = 0.2 fm, respectively.
The SPP [13] is used as the bare nuclear potential, Vi, taking
due account of the experimental nuclear density obtained for
®He in Ref. [24].

Ur and Up are complex polarization potentials which can
be associated to couplings of the elastic channel with cor-
responding fusion and direct channels, respectively [25-27].
A volume Woods-Saxon (a derivative Woods-Saxon) shape is
used for Ur (Up), respectively, and, in order to keep the num-
ber of free parameters at a minimum, in each case the same
radius and diffuseness are used for both, the respective real
and imaginary parts. Thus, U p can be written as

Up(r,E) = Vp(r,E) + iWp(r, E)
= (Vro(E) + iWpo(E)) f(r), 2

Up(r,E) = Vp(r,E) + iWp(r, E)
= (Vpo(E) + iWpo(E)) f'(r), 3

where  f(r)=1/(1 +exp[(r —Rr)/ar]) and Rp =
rp (All,/ 3+ At1 / 3), being A, ; the mass number of the projectile
(target), respectively. The reduced radius is taken as
rp = 1.4fm while the respective diffuseness is fixed at
arp = 0.43 fm for all energies. These values have been used
in similar descriptions of several systems [18,25-28] and
did also give consistent results in the systematic study of
medium mass targets with °Li projectiles [16]. In Eq. (3),
f/(r)=4x EXP/(1 + EXP)*, EXP= exp|—(r — Rp)/apl].
Rp = rD(A},/ 34 At1 / 3), where rp is the reduced radius and ap
is the respective diffuseness.

To fix the values of rp and ap, a prescription introduced in
Ref. [16] was used, whereby the elastic scattering angular dis-
tributions are reduced as shown in Fig. 1, where the abscissa,
d, is the reduced distance of closest approach on a Rutherford
trajectory, given by

1 1
D=dAP +A*) = -Dy(14+ ———
(4" +47) 270 +sin(ec.m_/2)

Z,7,é*

with Dy = 4)

The solid black curve in Fig. 1 corresponds to a fit of the
three-parameter nonlinear function g(x) = a(1 + exp[—k(x —
x.)])~!. This is just an auxiliary function having no physical
meaning; it has the property that g(1.51) = 0.25 and this
defines the strong absorption distance for the present system
as dg = 1.51 fm. This is also the value assumed for rp [16],
ie., rp = 1.51fm. As for the dotted magenta curve, it is a
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FIG. 1. Plot of do /dogyy vs d for the *He + %Zn elastic scatter-
ing data of Refs. [8,10]. The meaning of the curves is explained in
the text.

plot of the two-parameter function 1 — y f/(r), where f'(r) is
the derivative Woods-Saxon form factor defined in connection
with Eq. (3). Fixing rp as above leaves only the parameter ap
in f'(r). The two parameters y and ap are fitted so that the
right wing of the dotted curve matches the solid curve, which
gives the value ap = 1.22 fm for the diffuseness of the direct
polarization potential Up.

Within the EOM, the fusion cross section is obtained from
the absorption in both W, which accounts for absorption in-
side the barrier, and W, which incorporates absorption under
the barrier. The corresponding expression is [17]

2
Otus = %wnwim + Wrlx ™), ®)

where v is the relative velocity and x ) is the distorted wave
function that satisfies the Schrodinger equation corresponding
to the full optical potential of Eq. (1).

Summarizing, an optical potential has been defined hav-
ing four free parameters: the real and imaginary strengths of
the polarization potentials, (Vpg, Wpo) and (Vrg, Wgo). These
parameters will be varied to simultaneously fit the respec-
tive fusion and elastic scattering data. In addition, dispersive
potentials will be searched for, i.e., potentials satisfying the
dispersion relation, which is written as [19,20]

W(E")
E' — Eg)(E' — E)

!/

E—Es [®
V(E) = V(Es) + P/
T o (

In expression (6), P stands for the principal value and V (Ey) is
the value of V (E) evaluated at some reference energy E = Ej.
Considering the particular functional forms of the polarization
potentials [Eqgs. (2) and (3)], Eq. (6) reduces to a relation
between the respective potential strengths. In general, the con-
straint of having dispersive potentials amounted to make only
minor adjustments to the values obtained from the automatic
parameter optimization.

TABLEI. Strengths obtained for the polarization potentials at the
different experimental energies.

E.m. MeV)  Vpg MeV)  Wpo MeV)  Vpg MeV)  Wro (MeV)
9.0 —0.43 0.3 3.9 2.5
12.3 —0.54 0.52 4.0 33
13.6 —0.60 0.2 2.0 3.3
16.4 —0.64 0.27 1.8 4.2

III. RESULTS

The optical model calculations were carried out using
the code FRESCO and its search version, SFRESCO [29]. For
each energy E;, where an experimental angular distribution
do /dQ2(0, E;) has been measured, a corresponding value of
ors(E;) was obtained, by interpolation of the respective ex-
perimental values. A simultaneous fit of do /d2(6, E;) and
orus(E;) was performed in the usual way, by minimizing the
corresponding value of x2/N. The validity of the dispersion
relation was checked, separately for the direct and the fusion
polarization parts of the potential, and additional adjustments
to the parameters were made when needed. The final strength
values of the polarization potentials are shown in Table I.

Figure 2 shows the measured elastic scattering angular
distributions along with the curves calculated from the optical
model potentials obtained in the present work. Reasonably
good descriptions of the data can be observed, which are
actually similar to those obtained in the original work of
Ref. [10]. The present potential, however, has the imposed
additional constraints of reproducing the fusion cross sections
and satisfying the dispersion relation.

The predicted fusion cross sections are compared to the
respective experimental quantities in Fig. 3, where the cor-
responding values of the total reaction cross sections also
are shown. The fusion predictions at the two lowest energies
perfectly match the experimental values and those for the two

0 20 40 60 80 100 120 140 160
Oc.m. (deg)

FIG. 2. Symbols: elastic scattering angular distributions reported
in [8,10]; the solid curves are the results of present fits and the dashed
curve will be explained in Sec. IV B.
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FIG. 3. Calculated total reaction and fusion cross sections com-
pared to the experimental values. Open symbols show the present
theoretical results while filled symbols represent the reported data.
(Pie04: [8]; Scull: [9]).

highest energies slightly overpredict the data, but they are still
consistent, however marginally, with the reported error bars.
It is worth mentioning that the reported values of o involve
the subtraction of a substantial nonfusion yield of %Zn whose
contribution was estimated by means of a statistical model
calculation [8,9]. Additional fusion measurements would be
needed to clarify the slight discrepancy with our calculated
results.

On the other hand, the predicted values for the total reac-
tion cross sections are consistent with the respective values
reported for the two lowest energies in Ref. [8]. No total
reaction cross sections have been reported earlier for the two
highest energies.

Summarizing, the potentials obtained within the frame-
work of the EOM in the present work do provide a
simultaneous description of the elastic scattering [8,10] and
fusion [8,9] data reported for the halo system °He + %7n.
Some consequences and further discussion will be given in
next section.

IV. DISCUSSION
A. A transition in the direct reaction mechanisms

One can notice in Fig. 3 that o presents a local maxi-
mum at ~12.3 MeV; in particular, the respective experimental
point shows a og value larger than that corresponding to
the next higher energy, 13.6 MeV. Even considering respec-
tive uncertainties, included in Fig. 3, such a behavior can
be clearly pointed out (see Sec. IVB for further details). It
may be mentioned that, by doing calculations with different
optical potentials that reproduce well the elastic scattering
angular distributions, realistic uncertainties were assigned to
all present values of og. One of these optical potentials was
in fact the one used in the original experimental work of
Ref. [10].

The above local maximum also can be corroborated by
looking at the experimental cross sections for « particle yields
in ®He + %Zn reactions, which were measured in Refs. [8,9]
and also reported in Ref. [10]. In the latest reference, the

TABLE II. Comparison of the direct reaction cross sections esti-
mated in the present work, oy, with the integrated o particle cross
sections, oy, obtained in the present work from the measurements of
Refs. [8-10].

Ec.m. (MCV) Odir (mb) Oy (mb)
9.0 339 £83 366 £ 23
12.3 969 £ 109 994 + 8

13.6 663 £ 111 743 + 56
16.4 842 £ 211 974 + 17

authors concluded that such « particles stem mainly from
nonelastic breakup mechanisms involving the transfer or ab-
sorption of the loosely bound neutrons by the target. As a
matter of fact, most of the corresponding direct reaction chan-
nels are expected to be accounted for by these inclusive o
yields. We have integrated the « particle angular distributions
of Refs. [8-10] (see Sec. IV B for details) to get respective
cross sections oy, which are presented in Table II along with
the direct reaction cross sections estimated in the present work
as ogir = 05"¢ — o0 (see Fig. 3).

One can see from Table II that og;; and o, are consistent
with each other and, in addition, they both show a local
maximum at the energy 12.3 MeV. In other words, the lo-
cal maximum observed in ok, which was obtained from the
present EOM analyses of elastic scattering angular distribu-
tions, is consistent with the local maximum obtained from the
experimental « particle yields. Thus, such maximum must be
originated by some kind of transition in the involved direct
reaction mechanisms.

A local enhancement in the total reaction cross sections has
been observed in measurements with *He and °Li projectiles
on a 28Si target [30]. Such enhancement was ascribed to a
transition in the rearrangement of the loosely bound neutrons
in the projectile, which may appear with a high probability
between the surfaces of both reacting nuclei, thus enhancing
strongly the mutual attraction and leading to an increase in
the total reaction cross section. The probability of neutron
rearrangement would depend on the ratio between the relative
speed of colliding nuclei, v,, and the average speed of outer
neutrons in the projectile, v,. For a low value of y = v, /v,,
the neutrons can make several turns around the nuclear cores
of colliding nuclei during the passing time, when such nuclei
are close to each other; in this case, the neutrons may have
enough time to interact with the target and actually affect
the reaction cross section. Penionzhkevich et al. [30] interpret
the local maximum as resulting from a transition between an
adiabatic and a nonadiabatic rearrangement of the neutrons.

By using the approximations described in Ref. [30], a ratio
y ~ 0.47 is estimated corresponding to the energy 12.3 MeV
in the present system. For the reactions analyzed in Ref. [30],
the enhancement was especially significant in the energy
range where y & 1. In order to corroborate whether the above
mechanism may be responsible for the local maximum ob-
served in the present system, it would be interesting to have
proper theoretical calculations describing the time evolution
of the loosely bound neutrons of ®He in collisions with ®*Zn.
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Such local maximum, which is yet to be understood, will be
seen in Sec. IV C that leads to a threshold anomaly which
shows a strikingly irregular behavior.

B. About robustness of previous results

Given the importance of the above results, it is worth
mentioning a few supporting words. First, the vertical scale
in Fig. 2 was chosen so that the complete theoretical angular
distributions could be plotted, which may leave the impression
of an apparently important lack of large angle data for the
two highest energies. One might thus wonder whether an ac-
tual measurement of cross sections at those large angles may
change the values of extracted total reaction cross sections and
perhaps discard the claimed local maximum.

This is actually not a real issue, because the smallest mea-
sured values of do /dogryy are already at the low levels of 0.08
and 0.02 for E. ;,, values of 13.6 and 16.4 MeV, respectively.
No significant effect should be obtained from the even smaller
cross sections that could be expected at larger angles. To make
this more evident, the same angular distributions have been
plotted in Fig. 4, but using a linear scale. For the two largest
energies, the observed trend of the data clearly indicates that
any possible experimental points lying in the angular region
above 95° most probably will not have any significant influ-
ence on the corresponding fitted curves and therefore on the
respective values of og°.

To further stress the above point, it was checked that the
extracted total reaction cross sections are mainly sensitive
to the angular region where data actually exist. The case of
the angular distribution corresponding to E., = 13.6 MeV
is illustrated here; this energy is actually the most critical

20 40 60 80 100 120 140 160
Oc.m. (deg)

FIG. 4. The elastic scattering angular distributions from Fig. 2, but plotted in linear scale (data from [8,10]).

one to define the decreasing part of the mentioned local
maximum in o5, It has been shown that, within the EOM
framework, angular distributions at large angles are mainly
sensitive to the fusion polarization potential [31]. To simulate
a possible change of the angular distribution in the region of
large angles, the respective value of Wro was increased from
3.3 (see Table I) up to 4.5 MeV (a decrease of Wro would
not be consistent with the dispersion relation discussed in
Sec. IVC). As a result, 05 changed by a negligible 0.16%,
but in the decreasing direction, i.e., in the direction that in
principle would help elucidate even better the local maximum.
The fusion cross section did increase, but only by 2%, a
rather insignificant change too. The elastic scattering angular
distribution, on the other hand, suffered a small deviation
upwards mainly in the large angle region, as seen in the dashed
magenta curve of Fig. 2. Therefore, o2 is not sensitive even
to fairly significant changes in the elastic scattering angular
distribution at the largest angles.

Summarizing, it is clear that the extracted values of the
total reaction cross sections reliably and unambiguously stem
from the published data. The respective uncertainties, as-
signed in the usual way (see Sec. [V A), can also be considered
quite realistic. The robustness of the observed local maximum
in o€ is thus verified.

The procedure to extract the values of o, reported in
Table II deserves special attention too. The corresponding o
particle angular distributions are presented in Fig. 5 [8—10].
The blue solid curves represent the IAV model calculations
reported by Ferndndez-Garcia et al. [10], while the red dot-
ted curves are the angular distributions that were actually
integrated to obtain o,. These later curves were obtained by
doing a linear interpolation for internal points (two internal

054612-5



AGUILERA, TORABI, AND MORALES-RIVERA

PHYSICAL REVIEW C 104, 054612 (2021)

g OI expI I I I EI I= 9 NI[CV
LS TAV model ¢.m.
£ 100l *°*° Integ=366(23) )
G
=
E]
o}
o
10 t t
\‘a [C oo
= M *es O exp
£
= 100¢ E IAV model 7
% M oo oo Integ = 994(8)
E]
e}
o
10 t t t t t t t t
E Ec.m.= 13.6 MeV
—g O exp
Z 100 IAV model 5
% o oo Integ = 743(56)
3
3
10
= 16.4 MeV
s
EE:/ 100 L ;AV nlodel
3 eeee Integ =974(17)
E]
o} 1570
kel 2 . .
20 40 60 80 100 120 140 160 180

10
0

Olab (deg)

FIG. 5. « particle angular distributions integrated to obtain o,
(data from [8-10]). Curves are described in the text.

points were added artificially in the case of E., = 9MeV)
and using the blue curves as a guide to extrapolate.

For large angles, the trend of the data and the comparison
with the respective trend of the IAV curves reasonably define
the most probable extrapolation. The left-hand side extrapo-
lation is somewhat more uncertain, but the falling trend of
the IAV curves toward small angles was always followed. The
number resulting from the integration of the left tail in each
case, below the lowest measured angle, was assigned as the
respective uncertainty reported for o, in Table II.

Independently of the extrapolation criterion chosen, a care-
ful visual comparison of the experimental « particle angular
distributions corresponding to 12.3 and 13.6 MeV, clearly
indicates that the former one encloses a larger area, i.e., it
corresponds to a bigger integrated cross section, thus cor-
roborating the presence of a maximum in o,. The fact that
there is an almost perfect coincidence between the og;; and
o, columns of Table II does actually add trustability to the
described extrapolation procedure.

C. Threshold anomalies

In Fig. 6 the variation with energy of the polarization-
potential strengths obtained in the present work (see Table I) is
displayed. The left panel refers to the fusion polarization po-
tential, Ur. The strengths corresponding to the imaginary part,
Wro, can be approximated by the solid straight lines shown.
The threshold energies where the inclined straight lines of

Fig. 6 have strength zero are obtained as done in Ref. [16],
by finding the value at which the linear fit to the quantity
Sr.p = /Eorp reaches zero [32]. Here, o represents the
experimental fusion cross section, ofs, and op = og — Ofys.
This procedure was carried out as illustrated in Fig. 7, yielding
a value of 6 MeV for both thresholds.

The piecewise linear approximation to Wgq is then used
in the dispersion relation, Eq. (6), to obtain the dashed curve
in the lower left panel. This later curve is consistent with
the points extracted for Vg from the optimization procedure,
within error bars. Such error bars were obtained as described
in Ref. [16], by finding extreme strength values for which an
acceptable description of the corresponding angular distribu-
tion can still be obtained.

Likewise, the right panel of Fig. 6 refers to the direct
reaction polarization potential, Up. The piecewise linear ap-
proximation in the upper part and the dashed curve in the
lower part have similar meanings as explained above for Up.
It is noticed in this case also that the dashed curve is consistent
with the respective points, within uncertainties.

The previous paragraphs can be summarized by saying that
the polarization potentials obtained in the present work do
satisfy the dispersion relation. The particular energy behavior
in each case can be further discussed within the context of the
so-called threshold anomalies.

At first sight, the energy behavior of the fusion polarization
potential seems very similar to that observed for °Li induced
reactions [16], as briefly described in Sec. I. Similar to the
®Li-projectile systems, an apparently typical TA behavior is
observed for Up. One can see in Fig. 6 that an attractive real
part is obtained and, besides, there is a rapid falling down of
the imaginary strength below the energy Ey, &~ 9.5 MeV. This
energy, however, is in the present case substantially shifted
up with respect to the barrier height. Indeed, from the SPP
used in the present work one gets the barrier parameters Vp =
8.28 MeV, Rp = 9.66fm, so the shift amounts to ~ +1.22
MeV. This result may need to be corroborated by further
measurements including finer energy steps but, if confirmed,
it would indicate that fusion channels become strongly sup-
pressed in the present system even at energies which are more
than 1 MeV above the barrier. Consistent with this, one can
easily estimate from Fig. 3 and Table II that, at 9 MeV, the
fusion cross section amounts to only ~32% of o,.

As for the energy variation of the direct-reaction polariza-
tion potential, Up, the behavior observed in the right panel
of Fig. 6 is also qualitatively similar to that observed for the
°Li induced systems of Ref. [16], which follow the BTA.
However, in contrast to the latter systems, where Wpy shows a
maximum at an energy Ep,x which is at or below the barrier, in
the present case the corresponding value of E,x (12 MeV)
is strikingly high, about 45% above Vp. Nevertheless, it is
also remarked that negative real parts are obtained for Up,
implying a repulsive effective contribution of the direct po-
larization potential. This feature has been seen to characterize
the BTA observed in many systems and has been actually
related to the effect of breakup couplings [23]. We conclude
thus that the present data yield a direct-reaction polarization
potential which follows a behavior of the BTA type, but with
a strikingly large value of Ey .
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The prominently large value of Wpq at Epax =~ 12 MeV is
correlated with the observed local maximum in o commented
on in the previous subsections; in other words, the presence
of such local maximum leads to the unusual BTA-type be-
havior described above. A possible mechanism behind this
local maximum also was commented there, although it was
pointed out that more theoretical work is needed. The origin
of the observed up shifts in Ey, and E., wWith respect to
observations for other systems, could probably be attributed
to the halo character of ®He, but this is yet to be understood.
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FIG. 7. Straight line fits to Sgp for data corresponding to the

%He + %Zn system [8,9]. Threshold energies are 6 MeV in both
cases.

It is worth comparing with results from a similar analysis
for data corresponding to the ®He 4+ 2%Bi system [33-35],
which were analyzed within the EOM in Ref. [26]. The au-
thors concluded that the fusion potential exhibits a threshold
anomaly very similar to that observed for tightly bound pro-
jectiles. The value of Ey, is in this case 18.5 MeV, slightly
lower than the respective SPP barrier (19.06 MeV). The larger
value of Egy/Vj for the present ®*Zn target may be due to
the corresponding lower Coulomb repulsion in this later case.
This may facilitate the halo tail to get closer to the target,
thus allowing direct-channel dominance over fusion to set up
at higher energies relative to the Coulomb barrier. As for the
direct reaction potential, no threshold anomaly was observed
for the case of the 2“Bi target [26]. However, the maximum
energy analyzed in that case was only 12% above the respec-
tive Coulomb barrier, far lower with respect to the barrier than
the value E,x & 1.45Vj obtained in the present case. Higher
energy measurements for ®He 4+ 2*’Bi would be needed in
order to confirm (or discard) the presence of a similar BTA
behavior in this heavier system.

D. Halo features in *He + %Zn

The values obtained above for the parameters rp, ap of
Up (1.51, 1.22) fm can be compared to those obtained in
Ref. [16] for °Li on the same target (1.6, 0.85) fm. It may
be remarked that the same prescription introduced in such
reference to phenomenologically extract these parameters out
from the elastic scattering data, was also used in the present
work. Whereas for the halo nucleus ®He the radius is slightly
lower (by 6%) than for °Li, the corresponding diffuseness is
considerably higher (by 44%). This is actually consistent with
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the conclusions of Ref. [36] that neutron-halo nuclei react-
ing on medium mass targets present a distinctively extended
direct-interaction region as compared to stable weakly-bound
or tightly bound projectiles.

Indeed, the critical interaction distance d;, where the nu-
clear interaction between the colliding nuclei begins to be
felt, was deduced for many systems in Ref. [36]. As discussed
there, the difference of d; with the strong interaction distance,
A = d; — ds, corresponds to a region of predominance for
direct reaction processes. The systematics of Ref. [36] showed
that A progressively increases when going from tightly bound,
through stable weakly bound, to halo projectiles. For the
particular case of (°He, °Li) +%7Zn, it can be seen that the
respective values of A differ by 48%, close to the 44% dif-
ference in diffuseness mentioned above. Reference [36] deals
only with medium mass targets but similar conclusions also
were obtained from analyzes of several projectiles with a
heavier target [37], which indicates that the relatively higher
values of A for ®He are actually due to the halo character of
this projectile, independent of the target.

Therefore, the extended region for direct interactions with
®He is explained in the present prescription by a large dif-
fuseness of the direct polarization potential. This long-range
component of the potential would reflect dynamic effects of
the long tail of the neutron-halo wave function and could be
associated to the large transfer/breakup probabilities observed
experimentally (see last column of Table II), as well as to the
effect of a large value of the respective Coulomb dipole po-
larizability. More theoretical work is needed in order to fully
understand the detailed origin of this long-range component.

The halo effects in the present system also can be tested
from an analysis of the total reaction cross sections, og, €x-
tracted from the optical model calculations and presented in
Fig. 3 for the four energies measured. It has been shown [38]
that the oy results obtained for many systems with a *He
projectile present a systematic behavior that can be contrasted
with respective results for the corresponding core nucleus,
“He. The observed differences between the two projectiles can
be interpreted in terms of the halo feature.

Basically, in Ref. [38] the values of o were reduced by
dividing them by the factor y = (AY/? + A;"*)? while the ener-

gies were in turn divided by & = Z,Z, /(A)/* + A} to obtain
reduced energies. A plot of oRreq VS Ereq for nine systems hav-
ing ®He as projectile, giving a total of 28 points, showed that
the respective values followed a common trajectory. A similar
plot corresponding to “He projectiles on eight different targets
(a total of 43 points) did also follow a common trajectory,
this one lying below the previous one. Both trajectories were
nicely parametrized with the expression

2
w €07op
GRCd = 2
ERed

2
In {1 + exp [g(ERed — VRed):| }, (7

where Ereq = Ecm. /& is the reduced energy, €y = hwy/& is
the reduced barrier-curvature parameter, ro, = Ro/ n1/2) is the
reduced radius, Vgeq = Vo/& is the reduced barrier height,
and o, = 0" /n is the reduced cross section corresponding
to Wong’s formula [39]. For °He (4He), the best-fit values
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FIG. 8. Reduced total reaction cross sections for *He + *Zn. The
curves are explained in the text.

of Vred, rosn, €0 were 0.780, 1.79, 0.43 (0.913, 1.39, 0.175),
respectively.

The two curves obtained by replacing the above values of
reduced parameters in Eq. (7) are plotted in Fig. 8, along with
the reduced values of the total reaction cross sections of Fig. 3.
One can see that these latter values do follow the trend of the
®He-projectile curve, keeping the previously observed striking
enhancement with respect to the curve corresponding to “He
projectiles. As discussed in Ref. [38], this enhancement can
be interpreted as being the consequence of both, a static halo
effect directly related to the extended size of the halo nucleus,
and a dynamic halo effect related to an increased diffuseness
of the absorption in / space.

Although the two lowest-energy experimental data of
Fig. 8 were also analyzed within the same context in Ref. [38§],
the ox values in that case were obtained by using different
optical potentials [8]. The present analysis includes in ad-
dition two higher energy data, from Ref. [10], and uses the
present EOM potentials to extract all og values. The con-
clusion of combined static and dynamic halo effects is thus
shown to be valid for ®He 4 %*Zn independently of the optical
potential shape (as long as the elastic scattering data are well
reproduced) and, in particular, it holds also for the two newer
experimental data.

V. SUMMARY AND CONCLUSIONS

The data reported in the literature for elastic scattering and
fusion of the neutron halo system ®He 4 %Zn were analyzed
within the framework of the extended optical model. The SPP
was used as bare potential and dynamic polarization poten-
tials Ur and Up were obtained, which can be associated to
fusion and direct reaction couplings, respectively. Following
the method of Ref. [16], a volume Woods-Saxon shape was
used for Up while Up had a derivative Woods-Saxon shape;
the respective strengths, a total of only four free parameters,
were fitted to the data for each energy, watching always the
validity of the dispersion relation. A good description of the
elastic scattering angular distributions and the fusion excita-
tion function was achieved.
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A substantially large value was used for the diffuseness,
ap, of the direct reaction polarization potential, Up. Such
value, obtained from the elastic scattering data through a
prescription previously introduced [16], is a clear indication
of the presence of a long range absorption and simulates
an extended region of direct reaction dominance, which is
characteristic of halo systems [36].

An unexpected local maximum was uncovered in the
total reaction cross sections which was shown to be cor-
related with respective measurements of inclusive « par-
ticles produced in direct reactions. This indicates some
kind of transition in the involved direct reaction pro-
cesses and a possible mechanism responsible for it was
discussed.

The energy dependence of Ur followed a trend consis-
tent with the threshold anomaly but the threshold energy Ey,
was noticeably above the barrier, by ~1.22 MeV. This is
in contrast to the typical behavior observed for instance for
Li-induced systems [16], where Ey, is closer to the barrier.
Likewise, Up(E) was consistent with the qualitative behavior
typical of the breakup threshold anomaly, but the peak energy
Enax was in this case strikingly high above the barrier, by
about 3.7 MeV. For other weakly bound systems analyzed pre-
viously [16], Enax is close or even below the barrier. The same
mechanism behind the local maximum mentioned above must
be responsible for the observed BTA. Such atypical behavior
of Ey, and En.x is probably related to the halo character of
®He, but more work is needed in order to be fully understood.
In particular, further measurements would be convenient to
corroborate the present results.

The total reaction cross sections obtained from the optical
model calculations were properly reduced and plotted versus
respective reduced energies. The corresponding points nicely

followed the trajectory obtained previously from a system-
atics of many ®He-induced systems, which is considerably
enhanced with respect to the similar trajectory corresponding
to *He-induced reactions [38]. These results corroborate the
presence of static and dynamic halo effects in the *He + %*Zn
system.

In summary, for the present system it was possible to find
dispersive polarization potentials for both the direct-reaction
and the fusion parts, which simultaneously described the re-
spective elastic scattering and fusion data. These findings
can be globally enclosed within the results of the extensive
work done previously in the framework of the EOM. Both
tightly bound [25,40,41] and weakly bound [16,26,28,42-45]
systems have been successfully analyzed using the EOM. The
fact that Up(E) presents a behavior of the BTA type while
Ur(E) is more similar to the usual TA behavior, has been
also observed for other weakly bound systems [16,27,28,42—
44,46]. Different from all previous results, however, the
present halo system exhibits an unusually high value of Ey,,
the threshold energy related to Wro(E), as well as a strikingly
high value of the energy E.x at which the maximum in Wpy
occurs. This latter result could be indicative of some non
conventional reaction mechanism that sets up at the energy
Eax, a possibility for it was discussed but this is yet to be
understood. It would be desirable to have further measure-
ments including additional energies in *He +%Zn and also

with other ®He-projectile systems, which may corroborate the
present results.
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