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Abstract

Angular distributions of the proton stripping reactions **0(d, n0)!" Fy,
and °0(d, n1)!7F* leading to the first excited state of " F' at incident
deuteron energies E; = 2.29 — 3.19MeV have been analysed using the
DWBA formalism. A conspicuous evidence of the proton halo in the
outgoing channel of the transfer reaction '°0(d, nl}!"F* was observed.
In order to obtain realistic spectroscopic factors from the {d, nl) reaction
it was necessary to introduce a long-range absorptive component in the
optical potential of the outgoing channel n +'7 F*. This effect is nat
observed in the *®0(d, n0}F,; reaction data.

One of the most exotic features observed in unstable nuclei is the nentron
halo, first reported by Tanihata et al [1] in 'Li and ®3He nuclei. This phe-
nomenon can be understood as the spreading of the wave function of the valence
neutrons to distances far from the core and is explained by the association of two
factors: small separation energies and low angular momentum of the bound neu-
trons. The experimental signatures of the neutron halo are an abnormally large
reaction cross section and the presence of a narrow component in the transverse
momentum distribution of the core ® L4 observed from the fragmentation of ** Li
[2]. In proton rich nuclei, the proton halo is expected to be less prominent due
to the Coulomb barrier which reduces the tail of the wave function of the bound
proton. Nuclei such as #B and the first excited state of 17F(0.495MeV;2s, /2)
are candidates for a proton halo, the latter having a proton bound only by
E; = 0.1 MeV in an s-state. Some evidence of the halo characteristic effect of
these two nuclei have been reported {3, 4, 5, 6]. An interesting signature of the
proton halo of the first excited state of "F* is the strong increase in the as-
. trophysical S-factor for the proton capture reaction °0O(p, ¥)'" F™* to this state
observed at low energies [6]. This enhancement is an effect of the long range



tail of the wave function of the valence proton in the '7F(0.495; 25, /). Halo
phenomena in nuclei is of great interest in astrophysical issues since its presence
can considerably enhance the neutron and proton capture cross sections, having
consequences for the energy production in stars and in the nucleosynthesis of
elements.

In this paper we present a new dynamical effect of the proton halo in the first
excited state of 7 F*, observed as a long-range absorptive component in the op-
tical potential for the outgoing channel of the transfer reaction 80(d, n1)!7 F*.
We present the results of a DWBA analysis of the proton transfer angular dis-
tributions 80(d, n0)'" F,; and %0O(d,n1)'"F* at energies near to the reaction
thresholds for these reactions 1.627MeV and 2.127MeV respectively. The in-
clusion of a long-range absorptive component in the “normal” neutron-” F*
optical potential is necessary to reproduce the spectroscopic factor of the vertex
<17 F*|*0 > which is known to be close to 1. This “anomalous” component, of
the absorptive potential is not manifested in the 160(d, n0)!7 Fy,; reaction data.

The experimental data were measured at Sdo Paulo Van de Graaff accelerator

‘in the 1960’s by O. Sala{7], O. Dietzsch at al.[8]. Several complete angular
distributions of the elastic scattering 80(d, d) and transfer reactions ‘°O(d, n)
and %0(d,p) were obtained in the energy range from E; = 2.29MeV up to
E; = 3.27MeV in steps of 50 — T0keV. The energy resolution due to the beam
and target thickness was about 12 keV. The cross sections show fluctuations as
a function of the energy which have been smoothed out by performing an energy
averaging of the angular distributions. The energy averaging was performed in
an energy interval of about 140 keV by interpolating the excitation functions at
fixed angles using second degree splines. This procedure is important in order
to smooth the narrow fluctuations which have been observed in the excitation
functions.

As a first step for the DWBA analysis, the optical potential parameters for
the entrance channel d +1% O were determined by fitting the elastic scattering
-angular distributions at 4 energies. The energies of the elastic scattering angular
distributions were choosen in order to cover the entire energy interval of the
measurements. We used the search version of the computer code SFRESCO [9]
and started the search procedure from two different sets of initial parameters
{8, 10]. In table 1, ¢ and b are the final potentials obtained from the search. In
figure 1b the elastic scattering fits corresponding to potentials ¢ {(dashed) and
b (solid) for two representative energies are shown. Potential b is a variation
of the Satchler potential {10} with some parameters slightly changed in order
to improve the fit to the low energy '90(d, d) data. Although excellent fits of
the elastic scattering angular distributions could be obtained at each energy by
small variations in the potential parameters, we decided for simplicity to use a

fixed set of parameters (potential a and &) for all four energies. Very similar
fits for the transfer angular distributions and similar spectroscopic factors have
been obtained with the potentials (¢ and 5) for the entrance channel. Thus, in
the subsequent discussion of the DWBA analysis, we will present only the result



using potential b.

The deuteron form factors used in the analysis of the 160(d, n0) and '*0(d, n1)
reactions were calculated using the Reid soft core potential with contributions
of | = 0 and I = 2 to the deuteron wave function. As for the form factor of
the p +1% O bound state, a real volume Wood-Saxon potential was considered
with standard geometrical parameters r, = 1.25fm and a = 0.65fm;the depth
of the single particle potential was adjusted to reproduce the binding energies
and number of nodes of the bound-state wave function. A spin-orbit term with
depth of 6.0M eV and the same geometry was also included.

Very little information is available for the neutron-17F optical potential at
these low energies. The instability of }7F means that there are no experimental
‘elastic scattering data. Thus, for the n +17 F outgoing channel we used an
optical potential (called potential ¢ in table 1) which was obtained from ref.

[11, 12]. Using this potential in the outgoing channel, very good fits of the
- 160(d, n0)'7 F,, reaction have been obtained. '

- The compound nucleus contribution to the transfer cross section was esti-
mated by Hauser- Feschbach calculations [8]. An isotropic angular distribution
of a few millibarns has been obtained by the Hauser-Feshbach estimate for the
transfer reactions. For the (d,n0) reaction the compound nucleus contribution
is about 10—~ 30% at forward angles. For the (d, nl) reaction which has a forward
peaked cross section of some hundreds of millibarns the compound contribution
is negligible. The spectroscopic factors C?S, which normalize the DWBA cal-
culations to the experimental data were obtained by including the calculated
compound contributions.

We obtained a normalization factor C%8 = 0.85(8) for the (d,n0) reaction.
We consider the spectroscopic amplitude < d|n >= 1.0. This result agrees very
well with previous measurements [6, 13, 14, 15} of the spectroscopic amplitude

- <1V Fpe|'80 >. In figure lc the fits for two energies of the (d,n0) reaction are
" presented. '

Tn contrast to the (d,n0) results, the analysis of the reaction **0(d, n1)*7 F*
using potential ¢ in the outgoing channel provided normalization factors of
C2S = 0.7, which is in disagreement with the values C%S =~ 1.0 obtained from
previous measurements. The DWBA cross sections for the (@, n1} reaction were
about a factor 1.3 above the experimental data in the forward angle region as
shown by the dotted lines in the upper part of figure la. Also the form of
the angular distribution was also not so well reproduced with potential ¢. The
observed overestimate of the transfer cross section can not be accounted by
reasonable variations in the parameters of the single particle potential for the
p +1% O =17 F* bound state. The increase in the radius parameter, from the
standard r, = 1.25 fm to some higher values, which could be expected as a
halo effect in the bound state, would result in an increase in the transfer cross
section in contradiction to the experimental data. This motivated us to try

“modifications in the outgoing channel optical potential.

Using the search version of the FRESCO program we fixed the expected



normalization factor €28 = 1 for the (d,n1) reaction and performed an auto-
matic search in the parameters of a component added to the optical potential ¢
of table 1. This additional component was choosen to have real and imaginary
parts (6 parameters) and two different shapes: Wood-Saxon and the derivative
of a Wood-Saxon. This component would act as a correction to the “normal”
potential ¢ and was left free to allow a different geometry. The search was
performed for (d,n1) angular distributions at 4 energies independently. The re-
sulting correction had always the same characteristic for the 4 energies and two
shapes: a long-range pure imaginary (absorptive) potential with a large radius.
The real part of the correction was always negligible and in most cases null. In
" table 1 we call potential d a typical parameter set obtained for the correction
term using a Wood-Saxon shape. In the upper part of figure la we present the
fits obtained (solid line) at the four energies analysed using the correction term
d of table 1 added to the “normal” potential ¢. In order to display the effect
of the correction term, the solid and dashed caiculations presented in figure la
" have the same normalization factor. Some ambiguity in the fits for the (d,nl)
' reaction was observed using different parameters of the correction term. We
found that a lower diffuseness implies a larger radius and a larger depth of the
imaginary component. Also very good fits have been obtained using a deriva-
tive of the Wood-Saxon shape with large radius and diffuseness. In all cases,
the common feature was the large radial extension of the imaginary potential
_indicating a halo-like effect. ' _

The same search procedure was applied to the (d,n0) reaction data and a
null correction was found indicating that this anomalous long range potential,
necessary to fit the (d,n1) data, is not present in the n+7 Fys channel. In fact,
the inclusion of the correction term d in the {d,n0) analysis changes the shape
of the angular distributions in complete disagreement with the experimental
"data. This is evidence that the proton halo is much less prominent in 17 Fys, as
we would expect due to the higher binding energy Ey = 0.6 MeV and higher
angular momentum 1ds;s of the bound proton in the ground state compared to
the Ej = 0.1 MeV; 25y, first excited state of e,

1t is interesting to observe how the transfer process **O(d, n1)'7F is sensitive
to a region in r-space where the mainly long range absorptive potential is present.
This is shown in the upper part of figure 2 where we present the x? for the (d, nl)
reaction calculated at Ey = 3.051MeV as a function of Reye, which is the lower
cutoff of the radial transfer integrals. This calculation shows that the transfer is
sensitive mainly to a radial region beyond 6 fm where the long range absorptive
halo is present (lower part of figure 2).

We also analysed the data from [15, 16, 17] of 1°0(d, n1) reactions at energies
Ey = 8 MeV and Eg = 12.0 MeV. For the higher energy data we used the optical
potential of Satchler in the deuteron channel and potential ¢ in the outgoing
neutron channel in the DWBA calculation. The spectroscopic factor obtained
from this analysis for the (d,nl) reaction was C?S = 1.0, indicating that this
anomalous effect is not present at higher energies. It is worthwhile to mention



that, at the incident deuteron energies of the present paper, the corresponding
kinetic energies in the outgoing channel n 417 F* are between 300 keV and 700
keV, in the range of astrophysical energies. It seems that at these low energies
the transfer process is very peripheral and particularly sensitive to the halo
. properties.

In summary, we observed an “anomalous” decrease in the magnitude of the
experimental 80{d,n)!" F* cross section at forward angles which we attribute
to the proton halo of the first excited 1/2% state of YF*. The effect of the
halo is observed in the DWBA analysis since a long range imaginary component
was necessary to be added to optical potential in the outgoing channel n +7
F* in order to explain the data. This component was not necessary in the
180(d, n0)}" F,, analysis, where no halo is expected. The effect of this long
range absorptive potential is basically to decrease the calculated (d,n1) cross
section at forward angles, resulting in more realistic spectroscopic factors for the
<17 F*|180 > amplitude. One would expect an increase in the transfer cross
section involving halo nuclei, however this was not what we observed probably
due to the competition with other reaction channels. The long range absorptive
correction to the outgoing potential in the (d,nl) reaction can be understood
as a dynamical effect of the 7 F* proton halo, probably related to the opening
of more reaction channels in the n +17 F* scattering. Neutron capture and/or
17 F* breakup could be some reaction channel candidates. The observed effect
can be directly related to an anomalous enhancement of the n +7 F =18 &
capture cross section at astrophysical energies. The sensitivity that the transfer
reaction 10(d,n)!"F at very low energies shows to certain spacial regions in
r-space seems to play an important role in the present observations.
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Fig.1: o) DWBA calculation for the 80(d,n)!"F* with (solid) and without
potential d(dotted), b) elastic scattering angular distributions using potential b
(solid) and o (dashed), c) 0(d,n)'" F,; DWBA calculations with potential c.
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Fig.2: a) x2, for the DWBA calculation for the (d,7n1) reaction at 3.061MeV
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