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The total fusion cross section for the 17F + 12C system at incident energies near the top of the Coulomb barrier
was studied using the newly developed Encore active-target detector at Florida State University. The 17F nucleus
exhibits interesting nuclear structure properties in that although it has a low threshold against 17F → 16O + p
breakup (Sp = 600 keV), the valence proton is in the 1d5/2 shell in the ground state so that the nuclear matter
radius is predicted to be similar to that of the 16O core. By contrast, the low-lying 1/2+ first excited state (bounded
by 105 keV) with the valence proton in the 2 s1/2 shell is considered to be a proton halo. In this paper possible
influences of both the weak binding and the halo nature of the excited state on the total fusion cross section were
investigated. The new data reported here complement existing measurements for the total fusion of 17F with
heavy (208Pb) and medium mass (58Ni) targets by extending the range of systems studied to one where Coulomb
effects should be minimal. Total fusion cross sections for the stable counterpart systems 16O + 12C and 19F + 12C
were also measured to enable a systematic comparison. No significant influence of either the weak binding or the
halo nature of the 17F 1/2+ first excited state on the above barrier total fusion excitation function was observed
when compared with the stable counterpart systems.
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I. INTRODUCTION

Fusion measurements are a key component of research
in nuclear structure, nuclear reactions, and nuclear astro-
physics [1]. For example, the 12C + 12C fusion reaction
determines the burning conditions and subsequent isotopic
composition of the resulting ashes in massive stars [2]. Fur-
thermore, in neutron-rich stars fusion of exotic carbon and
oxygen isotopes may act as catalyzers for the so-called x-
ray superbursts [3]. Recently, fusion reaction experiments
involving light exotic beams have become the focus of several
studies since such nuclei have become accessible at existing
facilities. This area of research will only grow with the forth-
coming exotic beam facilities around the world. Beams of
short-lived radioactive nuclei present unique opportunities to
probe the dynamics of fusion reactions around the Coulomb
barrier. Weakly bound light exotic nuclei, in particular, pro-
vide the possibility to explore the interplay between fusion,
breakup, and transfer reactions over a much wider range of
binding energies and structural properties than those available
with stable beams [4]. A specific subclass of this type of
nucleus are the so-called halo nuclei which have extended
matter distributions [5,6] such that large breakup and/or
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transfer cross sections are observed at incident energies close
to the Coulomb barrier [7].

It has long been suggested that the fusion cross section
should be significantly enhanced in systems involving halo
nuclei [8,9] due to their extended size since the fusion prob-
ability is highly dependent on the size and the shape of the
interacting nuclei. On the other hand, due to their low thresh-
old against breakup it has also been suggested that there could
be significant suppression of fusion in such systems. However,
the question of whether or not fusion in systems involving
halo nuclei is enhanced has not yet been satisfactorily an-
swered experimentally. In fact, fusion reactions involving halo
nuclei have led to contradictory conclusions [4,8–10] which
could be the result of experimental uncertainties but also the
lack of sufficient data for a systematic comparison between
systems. A more fundamental problem is the lack of general
agreement as to the benchmark used to infer enhancement
or suppression and whether complete fusion or total fusion
should be considered (see, e.g., Ref. [4] for a discussion of
these questions).

Most experiments with halo nuclei have been carried out
on the neutron-rich side of the chart of the nuclides [4].
Results of fusion reactions with the neutron-rich halo nuclei
6,8He [11,12], 11Li [13], and 11Be [14,15] show an effect on
the fusion excitation function which is mainly manifested as a
reduction in the cross section above the barrier. This effect has
been explained by the low neutron removal thresholds of these
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systems [10], resulting in the loss of beam flux at relatively
long distances between the colliding nuclei due to breakup
itself and/or neutron transfer reactions.

For proton-halo nuclei, despite the expanded size of the
halo their weakly bound nature might also be expected to
manifest itself as a reduction of the fusion cross section
above the Coulomb barrier [10,16]. However, the few avail-
able experimental results appear inconsistent. For example,
the proton-halo nucleus 8B has been the object of various
studies with 58Ni and 28Si [17,18] targets. The 8B + 58Ni
system showed an enhancement in the fusion cross section in
all regions including well above the Coulomb barrier whereas
the 8B + 28Si system shows a slight suppression above the
barrier [17,18].

The conclusions concerning the fusion of 17F, the focus
of this paper, are also not definitive. The 17F nucleus has a
low breakup threshold (Sp = 600 keV) but since its ground
state is usually deemed to consist of a proton in the 1d5/2

shell outside the doubly magic 16O core it is not considered to
constitute a halo due to the large centrifugal barrier. Rather, it
is the low-lying 1/2+ first excited state (bounded by 105 keV)
with the “valence” proton in the 2s1/2 shell which is thought
to be a proton halo [19]. The inherent nuclear structure prop-
erties of 17F, therefore, make it a prime candidate for reaction
studies and for investigating the effect on the fusion cross
section of a possible proton halo in a low-lying bound excited
state rather than the ground state.

There have been several experimental studies using 17F
beams [9,20–28]. Among these studies, one measured the
fusion-fission cross section for a 208Pb target where it was
concluded that at energies around the Coulomb barrier no
enhancement of the fusion cross section is observed com-
pared to those for the stable 19F and the 16O core with the
same target [9], in contrast with the results for the 8B + 58Ni
system [17] but consistent with those for 8B + 28Si [18]. It
has been suggested that this lack of an enhancement in the
fusion cross section could be due to an effective polarization
of the 17F in the strong Coulomb field of the 208Pb target,
leading to a shielding effect on the halo proton [29]. In a recent
experiment where the reaction dynamics of the 17F + 58Ni
system was studied, it was found that the behavior of the total
fusion cross section was identical with that of the 16O + 58Ni
system at above-barrier energies, but enhancement was ob-
served below the Coulomb barrier which coupled discretized
continuum channels (CDCC) calculations demonstrated was
due to the effect of couplings to the 17F → 16O + p breakup
process [28].

The present paper reports a measurement of the total fusion
cross-section excitation function for the 17F + 12C system at
energies around the Coulomb barrier to search for the effects
of its weak binding in a light mass system, thus, obviating
any possible shielding effects and complementing the existing
data sets for medium and heavy mass targets by extending the
range of studies to a system where Coulomb effects should
be minimal. A novel detector system developed at Florida
State University allows for simultaneous detection of the in-
coming beam and the fusion products. The fusion products
are measured simultaneously over an extended energy range
without changing the energy of the incoming beam. The same

experimental conditions were used to measure the fusion cross
sections for the more tightly bound stable systems 16O + 12C
and 19F + 12C at energies near the Coulomb barrier, thus,
enabling a direct comparison of the fusion cross sections for
all three systems.

II. EXPERIMENTAL DETAILS

The experiment was performed at the John D. Fox accel-
erator laboratory at Florida State University (FSU). A 17F
radioactive beam was produced by the RESOLUT radioactive
beam facility [30]. A stable 16O beam from the SNICS ion
source was accelerated to 64.5 MeV by the tandem Van de
Graaff accelerator and boosted to 91.5 MeV by the coupled
LINAC accelerator. A liquid-nitrogen-cooled deuterium gas
production target kept at a pressure of 350 torr was bombarded
with the 16O beam. The radioactive 17F beam (t1/2 = 64.5 s)
was produced at a rate of ≈600 particles per second (pps)
in-flight via the 16O(d, n) 17F reaction and focused onto the
detector system by the superconducting solenoid of RESO-
LUT. The main contaminant was the primary 16O beam at
a rate of ≈1100 pps, which was used simultaneously in our
experiment. A measurement with a stable 19F beam from the
tandem accelerator was also performed.

The 69.1-MeV 17F beam and its main contaminant, the
58.1-MeV 16O beam, were delivered to the Encore active-
target detector. Encore is a multisampling ionization chamber
recently developed at FSU, optimized to measure fusion cross
sections with low-intensity exotic beams (�10 kHz). Encore
is based on the MUSIC detector at Argonne National Lab-
oratory (ANL) [31]. Details of the Encore detector will be
published in a separate paper [32]. This detector system
and analysis procedure has been successfully used at the
ANL for measurements of fusion reactions with carbon iso-
topes [3] as well as for measurements of (α, p) and (α, n)
reactions [33,34].

A schematic of the Encore detector is shown in the upper
panel of Fig. 1. The beam enters through a 2.11-mg/cm2

HAVAR window. Encore works as an ionization chamber
with an electric field perpendicular to the beam axis. The
detector is filled with gas which serves as both target and
counting material. Encore measures energy losses as the beam
passes through the detector. Ionization electrons produced by
the interactions of the beam with the gas drift towards the
segmented anode where the charge is collected, providing a
signal proportional to the energy deposited by the ionizing
particle.

After the beam enters the detector it travels 3 cm in a dead
region before entering the segmented anode region. Energy
losses of the beam are measured as it passes through the
detector via 16 anode signals (strips 1, 2, . . . , 16) subdivided
into left and right as shown in the lower panel of Fig. 1.
The left and right halves of the 16 strips are independently
read using two 16-channel MPR-16 preamplifiers connected
with high-density FGG lemo cables and added together in the
analysis. Two extra anode signals at the beginning and end
of the detector (strips 0 and 17) are read individually and are
used for vetoing and control. Signals from the cathode and the
Frisch grid are also read out. For this experiment Encore was
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FIG. 1. Upper panel: Three-dimensional schematic of the Encore
detector, a multisampling ionization chamber where the field cage
produces a perpendicular electric field. The field cage consists of
a negatively biased cathode, voltage divider wired planes, a Frisch
grid, and a segmented anode. The beam passes through the center of
the active region. Lower panel: Schematic of the segmented anode.
The first and last strips are used as veto and control, respectively.
The 16 strips subdivided into left and right halves are also shown.
The black arrow indicates a beam particle entering the active region
of the detector. A fusion reaction occurs in strip 7 creating an evapo-
ration residue (red arrow) which is identified by its larger energy loss
signal.

filled with CH4 gas at 168 torr. A gas handling system was
used to recirculate the gas inside the detector. The pressure
of the gas was constantly monitored by a pressure gauge.
The value of the pressure of the gas in the detector remained
constant within the precision of the gauge meter (0.5%) during
the full measurement. The CH4 gas used contains less than
1% of 13C, therefore, any contribution from reactions with the
13C in the gas is negligible. The gain of the anode segments
was optimized to be more sensitive to signals corresponding
to the interaction of the beam with the carbon in the CH4 gas.
Given the large difference in energy signals, the detector was
not sensitive to the light particles or to interactions between
the beam and the hydrogen in the gas.

The energy losses measured in each strip are analyzed on
an event-by-event basis. One event through the detector, called
a trace, is composed of 34 signals from the anode - 16 from
the right side, 16 from the left side, 1 from strip 0 and 1 from
strip 17. Most of the time Encore measures beamlike events.
A sample of the experimental 17F beam traces is shown by the
black lines in Fig. 2 where they are normalized to channel 500
for the analysis.

Guided by energy loss simulations, an algorithm was de-
veloped to search for fusion reactions in the detector on an
event-by-event basis. Fusionlike events are characterized by a
beamlike trace followed by a sudden jump in the energy loss
in the specific strip where the fusion reaction occurs due to

FIG. 2. Experimental traces measured in Encore. The beam
traces inside the detector (black) have been normalized to a fixed
value for the analysis. The normalization allows a consistent thresh-
old to be set when searching for energy jumps within the segmented
anode strips of the detector. Experimental 17F + 12C fusion events
occurring in strip 7 are shown by the red traces. A jump in energy
loss is seen as a result of the creation of an evaporation residue which
will stop in the detector prior to the beam. The inset in the top-left
corner shows the separation of the 17F and 16O beams in Encore due
to their different time of flight.

the larger charge of the evaporation residue. The evaporation
residue loses much more energy than the beam, therefore, the
fusion trace stays high for a few strips before going to zero.
Experimental fusion traces for the 17F + 12C system occurring
in strip 7 are shown by the red lines in Fig. 2. The left and right
segmentations of the anode provide multiplicity information
which allows events, such as elastic and inelastic scatterings
to be identified. Fusion events and beam events happen in
either the right or the left side of the anode strips (multiplicity
one), whereas scattering events have signals in both sides of
the anode strips (multiplicity two) and can be easily rejected.

Encore provides full angular coverage of the evaporation
residues allowing for a measurement of the total fusion cross
section per strip. This translates into a measurement of the
fusion excitation function of the system over a wide energy
range using a single beam energy. The range of the excitation
function is determined solely by the energy of the beam and
the gas pressure in the detector. Since Encore measures all the
beam all the time, it provides an absolute beam normalization
of the measured total fusion cross sections. Encore is par-
ticularly efficient for fusion measurements with low-intensity
exotic beams (�10 kHz) since there is no need to retune the
energy of the beam to measure several points in an excitation
function.

III. EXPERIMENTAL RESULTS

A silicon detector was mounted inside, at the end of the
detector, for beam tuning purposes. Without gas in the de-
tector and after the entrance HAVAR window, the energy of
the 17F beam was measured to be 61.2 MeV [full width at
half maximum (FWHM) = 2 MeV] in the laboratory frame
whereas that of the primary 16O8+ beam was measured to be
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TABLE I. Total fusion cross sections for the
17F + 12C system measured in the present experiment
as a function of center-of-mass energy.

Ec.m. (MeV) σ (mb)

19.4 ± 0.5 914 ± 88
18.4 ± 0.5 797 ± 89
17.4 ± 0.5 728 ± 85
16.3 ± 0.5 789 ± 91
15.2 ± 0.5 831 ± 94
14.0 ± 0.6 704 ± 89
12.8 ± 0.6 660 ± 86
11.6 ± 0.6 516 ± 81
10.3 ± 0.6 240 ± 55
8.9 ± 0.7 150 ± 47

51.2 MeV (FWHM = 1.7 MeV). Once the detector was filled
with gas, the 17F and 16O beams were separated in Encore by
their different time of flights and their different �E signals as
shown in the inset of Fig. 2.

In the present experiment the fusion excitation function of
the 17F + 12C system was measured inside the active region
of the detector over the range in the center-of-mass energy
corresponding to Ec.m. = 19.4 − 9.0 MeV with an average
energy of 1.2 MeV deposited in each strip. In order to extract
the total fusion cross section per strip, the identified fusion
events in a given strip are counted and normalized by the
number of beam events in the detector. The corresponding
energy and target thickness per strip, determined by the beam
energy, gas pressure inside the detector, and size of the strip
were calculated using LISE++ [35]. The study by Carnelli
et al. [31] showed the validity of this approach. The error
bars on the cross-section measurements are dominated by
statistics. Systematic uncertainties are due to target thickness
(i.e., the size of the anode strips, the pressure of the gas, and
variations in temperature). A conservative minimum of 10%
error bars on the cross sections has been adopted to account
for systematic uncertainties. The error bars in energy arise
from the 1.5-cm thickness of the strips and the possibility
of the reaction occurring anywhere within the width of a
particular strip. The error bars in the energy consider that the
reaction occurred in the middle of the strip. The measured
total fusion cross-section values are reported in Table I.

Fusion events from the primary 16O beam were measured
simultaneously in Encore with those for 17F. The fusion cross
sections for the 16O + 12C system, thus, obtained are plot-
ted in Fig. 3 together with previous measurements from the
literature [36–44]. The good agreement between the present
16O + 12C fusion data and the previous measurements gives
confidence in the 17F + 12C fusion measurements.

In order to make a systematic comparison of any effects on
the fusion cross section due to the exotic nature of 17F, we also
performed a measurement with its stable counterpart 19F on a
12C target. A 65-MeV 19F beam at a rate of ≈1 × 104 pps was
delivered to Encore which was filled with CH4 gas at a pres-
sure of 131 torr. This pressure was chosen to scan a similar
range in center-of-mass energy to the 17F + 12C measurement.

FIG. 3. Total fusion cross sections for 16O + 12C (black di-
amonds) measured in the present experiment compared with
previously published data [36–44].

The 19F arrived in the first control strip at 51 MeV, depositing
between 0.75 and 1.2 MeV in each strip with an average of
0.9 MeV. The absolute cross sections for the 19F + 12C system
in the energy range of Ec.m. = 17.8 − 11 MeV measured in
this experiment are plotted in Fig. 4 together with previously
published data [36,45,46]. The good agreement between the
Encore measurements and the previous data confirms the con-
sistency of our analysis procedure.

IV. ANALYSIS

One of the main issues when comparing fusion data for dif-
ferent interacting systems and, in particular, when addressing
whether cross sections are enhanced or hindered, is the various
ways that fusion data from different systems are presented and
compared. Whereas various reduced units may be found in
the literature [47–49], we have chosen to present our results
using those defined by Gomes et al. [50] which eliminate
the so-called “geometrical effects.” These reduced units, also
referred as the “simplified traditional method,” are completely

FIG. 4. Total fusion cross sections for 19F + 12C (black di-
amonds) measured in the present experiment compared with
previously published data [36,45,46].
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FIG. 5. Reduced total fusion cross sections for the 17F + 12C
(black circles) and 19F + 12C (red triangles) systems measured in this
paper. The corresponding no-coupling barrier penetration calcula-
tions using double-folded real potentials are denoted by the solid and
dotted lines, respectively. The fusion barrier heights extracted from
the potentials are indicated by the vertical arrows.

model independent and appropriate when used for systems of
similar masses [7], such as those considered in this paper.

In this representation,

Ered = Ec.m.

(
A1/3

p + A1/3
t

)/
(Zt Zp), (1)

and
σred = σ

/(
A1/3

p + A1/3
t

)2
, (2)

where Ec.m. is the energy in the center-of-mass system in MeV,
σ is the measured cross section in millibarns, and Ap, At , Zp,
and Zt refer to the mass (A) and the nuclear charge (Z) of the
projectile (p) and target (t) nuclei involved in the reaction.

In employing these reduced units we seek to minimize
biases arising from “trivial” differences in Coulomb barrier
heights and the A1/3 nuclear radius variation which could
“wash out” any structure effects that may be evident in the
data [50] whereas at the same time retaining any “static”
effects due to the increased size of the halo state. Using
this convention, our measurements of the 17F + 12C fusion
excitation function are plotted together with those for the
19F + 12C and 16O + 12C systems carried out under the same
experimental conditions using the Encore detector at FSU in
Figs. 5 and 6, respectively.

Also displayed in Figs. 5 and 6 are theoretical fusion ex-
citation functions for the three systems calculated with the
code FRESCO [51]. The real parts of the nuclear potentials
were obtained using the double-folding procedure and the
M3Y nucleon-nucleon interaction [52]. The 12C, 16O, and
19F nuclear matter densities were derived from the exper-
imental charge densities of Refs. [53–55], respectively, by
unfolding the proton charge density and assuming that ρNuc =
(1 + N/Z )ρp. The 17F nuclear matter density was taken from
Ref. [56]. The double-folded potentials were calculated with
the code DFPOT [57]. An imaginary potential of the Woods-
Saxon squared form with parameters W = 50 MeV, r =
1.0 × (121/3 + A1/3

p ), a = 0.3 fm effectively reproduced the
incoming-wave boundary condition, the total fusion cross sec-
tion being calculated as the absorption by this potential. In all

FIG. 6. Reduced total fusion cross sections for the 17F + 12C
(black circles) and 16O + 12C (blue diamonds) systems measured in
this paper. The corresponding no-coupling barrier penetration calcu-
lations using double-folded real potentials are denoted by the solid
and dotted lines, respectively. The fusion barrier heights extracted
from the potentials are indicated by the vertical arrows.

three systems it was found that no channel couplings were
needed to reproduce the experimental results, which were
well described by barrier penetration calculations [58]. The
fusion barriers (Vb), fusion radii (Rb), and barrier curvatures
(h̄ω) extracted from the double-folded potentials are given in
Table II.

The measured total fusion cross sections for the 17F + 12C
(black circles) and 19F + 12C (red triangles) systems plotted
in Fig. 5 agree with each other well over the measured energy
range when compared in reduced units. No enhancement or
reduction of the 17F fusion cross section compared with that
for its stable counterpart is observed. The FRESCO calculations
for both systems are also shown in Fig. 5 as solid and dotted
lines for the 17F + 12C and 19F + 12C systems, respectively.
The extracted barrier parameters for 17F and 19F are in close
agreement, suggesting that the weak binding of 17F and the
possible proton-halo nature of its low-lying 1/2+ excited state
have little or no influence on the fusion cross section in the
measured energy range, in accord with previous results for the
heavy 17F + 208Pb [9,22] and medium mass 17F + 58Ni [28]
systems.

The total fusion cross sections for the 17F + 12C (black
circles) and 16O + 12C (blue diamonds) systems are compared

TABLE II. Fusion barrier parameters for the systems studied
in this paper extracted from the double-folded potentials used in
the FRESCO calculations. When reduced according to the scheme of
Gomes et al. [50] the barrier heights Vb for the three systems are
almost identical: 0.78, 0.77, and 0.81 for 16O + 12C, 19F + 12C, and
17F + 12C, respectively.

System Vb (MeV) Rb (fm) Rb (fm)

16O + 12C 7.76 8.01 2.67
19F + 12C 8.37 8.36 2.56
17F + 12C 8.95 8.03 3.04
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in Fig. 6. No enhancement or reduction of the 17F fusion
cross section compared to that for its 16O core is observed
when the excitation functions are plotted in reduced units.
The FRESCO calculations for these two systems are also shown
in Fig. 6 as the solid and dotted lines, respectively. The Vb

values extracted for 17F and 16O are significantly different
(see Table II) as expected due to their differing Z values.
However, their reduced values 0.81 and 0.78, respectively,
are almost identical, suggesting that the valence proton has
little or no influence on the 17F fusion cross section over the
measured energy range. The Rb values are also similar: 8.03
and 8.01 fm, respectively, again suggesting that the valence
proton has minimal influence on the fusion.

The lack of enhancement of the 17F total fusion cross
sections compared to those for its 16O core is consistent with
calculated values of the ground-state rms matter radius of
17F which yield values similar to that of the ground state
of 16O (see, e.g., Ref. [59]). Although the rms radius of
the 17F 0.495 MeV 1/2+ excited state is significantly larger,
commensurate with its proposed halo status, the lack of en-
hancement of the 17F fusion cross section strongly suggests
that its influence on the fusion process is small, either through
coupling effects on the fusion barrier height or directly as a
result of fusion of the 17F after being excited to this state.

In order further to test this conclusion, coupled channel
(CC) calculations were also performed with FRESCO. The
“bare,” no-coupling potential was the same as that used in
the barrier penetration calculation described previously, the
total fusion cross section in this case being calculated as the
sum of the absorption by the Woods-Saxon squared imaginary
potential in all channels.

Couplings to the 0.495-MeV 1/2+ state of 17F and the
4.44-MeV 2+ state of 12C were included using standard col-
lective model form factors. The B(E2) for the 17F coupling
was taken from Ref. [60], and the nuclear deformation length
was derived from this value assuming the collective model and
a radius of 1.3 × 171/3 fm. The 12C B(E2) was taken from
Ref. [61], and the nuclear deformation length was taken from
Ref. [62].

It is possible to calculate the absorption by the imaginary
potential for individual channels using FRESCO, equivalent to
the fusion cross section in the model used here. In Fig. 7 we
present the excitation functions for the total fusion and for
each of the following channels: the entrance channel with both
the 17F projectile and the 12C target in their respective ground
states, 17F in its 0.495-MeV 1/2+ excited state, 12C in its
ground state, 17F in its ground state, and 12C in its 4.44-MeV
2+ excited state. Mutual excitation was not considered. The
data are omitted for the sake of clarity, but they are well
reproduced by the calculated total fusion excitation function.

The fusion excitation function obtained from the no-
coupling calculation (not shown) is visually indistinguishable
from the CC result on the scale of the figure down to values
of Ered = 0.75, a slight enhancement due to the coupling be-
ing visible at lower energies. Careful comparison of the two
calculations indicates that the coupling induces enhancement
of the total fusion cross section below the Coulomb barrier
and suppression above it, although the latter, in particular,
is too small to be seen on a logarithmic plot. The coupling

0.6 0.8 1 1.2 1.4 1.6
Ered

10
-3

10
-2

10
-1

10
0

10
1

Total
entrance channel
17

F 1/2
+

12
C 2

+

FIG. 7. Fusion excitation functions for 17F + 12C calculated us-
ing the code FRESCO. The solid curve denotes the total fusion cross
section, the dashed curve fusion for the entrance channel (projectile
and target in their respective ground states), the dot-dashed curve
fusion for the channel with the 17F in its 0.495-MeV 1/2+ excited
state, the 12C in its ground state, and the dotted curve fusion for
the channel with 17F in its ground state and 12C in its 4.44-MeV 2+

excited state.

effects of both the 0.495-MeV 1/2+ 17F excited state and the
4.44-MeV 2+ 12C excited state on the fusion may, thus, be
considered negligible over the measured energy range, con-
firming the conclusion of the barrier penetration calculation.
In addition, the breakdown of the total fusion cross section
into its individual channels shows that the contribution from
fusion with 17F in its 0.495-MeV 1/2+ excited state is small
over the measured Ered range, being about an order of magni-
tude smaller than the total. By contrast, fusion with 12C in its
4.44-MeV 2+ excited state is much more important, becoming
comparable to fusion from the entrance channel at the highest
Ered values. The calculations predict that fusion with 17F in
its 0.495-MeV 1/2+ excited state becomes more important
at subbarrier energies, but the trend suggests that it would
only make a significant contribution to the total fusion in the
relatively deep subbarrier region where the total fusion cross
section is small, only becoming equal to fusion with 12C in its
4.44-MeV 2+ excited state at Ered ≈ 5.5 where fusion from
the entrance channel still dominates the total.

The calculations presented in Fig. 7 used the same double-
folded real potential in all channels, calculated using the 17F
ground-state density of Ref. [56]. Thus, they do not take into
account the extended size of the 0.495-MeV 1/2+ proton-halo
state of 17F. However, test calculations where the diagonal
potential for the channel with 17F in this state was recalculated
using the appropriate 17F matter density of Ref. [59] which ex-
plicitly includes the proton halo gave almost identical results.

V. DISCUSSION AND CONCLUSIONS

To summarize, an experimental campaign to study the in-
fluence of the structure of the weakly bound proton drip-line
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nucleus 17F on its total fusion cross section with 12C was car-
ried out using the Encore active-target detector system at FSU.
Encore measures energy losses as the beam travels through
the detector using a segmented anode. The total fusion ex-
citation function over a wide energy range can be measured
with absolute normalization and without changing the beam
energy. Systematic measurements with its stable counterparts
16O and 19F were also performed under the same experimental
conditions.

The comparison of the data in reduced units presented
in this paper indicates no special influence on the total fu-
sion cross section over the measured energy range due to
the specific structure of 17F, in particular, the proton-halo
nature of its its low-lying first excited state, confirming previ-
ous findings for the heavy 17F + 208Pb [9] and medium mass
17F + 58Ni [28] systems. The lack of a fusion enhancement in
the present paper with the low-Z target nucleus 12C provides
a further test of the proposal by He et al. [29] that in the
17F + 208Pb system no enhancement in the fusion cross section
was observed because the large Coulomb field of the 208Pb
target polarizes 17F such that the proton follows the 16O core
in its interaction with the target. Together with the results for
the 17F + 58Ni [28] system the present paper suggests that, at
least, for incident energies down to the top of the Coulomb
barrier, a polarization effect of this type cannot account for
the lack of enhancement in the total fusion cross section for
17F since the charge products of the systems analyzed now
extend from 738 through 252 down to 54 and no enhancement
is observed.

Coupled-channel calculations showed that the influence
of coupling to the 17F proton-halo state on the total fu-
sion cross section for the 17F + 12C system was suppression
above the barrier and enhancement below (with respect to
the no-coupling calculation) although the size of the effect
was negligible except for energies Ered < 0.7. The CC cal-
culations further indicated that fusion from the channel with
17F propagating in the halo state makes only a small con-
tribution to the total fusion. Thus, the halo nature of the
0.495-MeV 1/2+ excited state of 17F is seen to have little or
no influence on the total fusion in the energy range studied
here, explaining the similarity of the fusion cross sections for
the 17F, 19F, and 16O + 12C systems when plotted in reduced
units.

Analogous CC calculations performed for the 17F + 58Ni
and 208Pb systems showed qualitatively similar behavior in
that the coupling to the 0.495-MeV 1/2+ excited state of
17F induced enhancement of the total fusion cross section
below the Coulomb barrier and suppression above, albeit the
coupling effects were more important and increased with in-
creasing target charge, a well attested effect. The coupling
effect is consistent with that seen in the CDCC calcula-
tions for the 17F + 58Ni system [28]. The breakdown of the
total fusion cross section by channels showed that the con-
tribution from the channel with the 17F propagating in its
0.495-MeV 1/2+ excited state was again small for both
systems.

Taking the results for the 17F + 12C, 17F + 58Ni, and
17F + 208Pb systems all together we see a consistent pic-
ture emerging. By far the most important influence of the
17F 0.495-MeV 1/2+ excited state on the total fusion is via
its coupling effect on the fusion barrier, and the size of this
effect scales with increasing target charge as for any inelastic
coupling. The main influence of the halo nature of this state
on the total fusion cross section will, thus, only be indirectly
via any impact it may have on the coupling strength linking
it to the ground state. Our final conclusion is, therefore, that
as regards the total fusion, 17F essentially behaves in a similar
way to any other nucleus with strongly coupled excited states,
neither its weak binding nor the halo nature of its first excited
state making any striking impact on this observable.

The self-normalizing and efficient capabilities of the
Encore detector make it an ideal system systematically to
study the fusion cross sections for other proposed proton-halo
nuclei: 8B [17,18], 17Ne [63], and 27P [64] and, thus,
determine whether there are any specific structure related
effect on the total fusion cross section for these nuclei at
energies near the top of the Coulomb barrier. Other “detector
targets,” such as Ne, Ar, Kr, and Xe could be used further
to explore the Z dependence of the fusion cross sections for
exotic proton-halo nuclei.
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