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Experimental near-barrier fusion cross-sections for !’F + *2C are compared to the fusion excitation
functions for %7180, ¥F, and ?°Ne ions on a carbon target. Normalized or reduced fusion cross-
sections are utilized in order to compare the different systems and account for the differing static
size of the incident ions as well as changes in fusion barrier. Fusion excitation functions for the case
of the mirror nuclei 'F and '7O with a single sd nucleon are compared. The '"F data are also
juxtaposed with nuclei involving multiple sd nucleons. Trends of the fusion cross-section above the
barrier beyond the expected systematic behavior are observed. These trends are interpreted as the
interplay of the sd protons and neutrons. The experimental data are also compared to a widely-used
analytic model of near-barrier fusion, a time-dependent Hartree-Fock model, and coupled channels

calculations.

PACS numbers: 21.60.Jz, 26.60.Gj, 25.60.Pj, 25.70.Jj

Nuclear fusion is a topic of considerable interest both
from a fundamental perspective as well as in the field
of nuclear astrophysics [1]. Nuclei just beyond a closed
shell present a unique opportunity to probe the inter-
play of shell and collective effects on the fusion process.
In particular, light nuclei just beyond the 1p;/, shell,
namely isotopes of oxygen, fluorine, and neon are good
candidates for examination. In this work, the fusion of
various isotopes of these elements with a carbon target
at near-barrier energies is examined. The results of this
work, which combines both stable and radioactive beams,
points to the potential of low-energy beams at radioac-
tive beam facilities [2, 3] for examining the impact of
neutron-excess on fusion.

Addition of neutrons and protons just beyond the
1py/2 shells of 160 clearly changes both the matter and
charge distributions of the nuclei. Theoretical calcula-
tions indicate that for a large neutron excess, e.g. 24O as
compared to 160, fusion with 60O target is significantly
enhanced [4]. The impact of adding just a few neutrons
or protons beyond the 1p 1 shell on fusion is less clear.
With increased atomic or mass number, the fusion bar-
rier and consequently the fusion cross-section is clearly
impacted. We propose to go beyond these trivial sys-
tematic differences and examine the detailed differences
in the fusion cross-section. A particularly interesting case
to investigate is fusion of the nucleus "F which exhibits
a proton-halo when in its 2s;/, excited state [5]. It is
presently unclear whether an increased radial extent re-
sults in a fusion enhancement or weak binding results in
a decreased fusion cross-section. For the case of '"F +
208PD, neither an enhancement nor a suppression of fu-
sion was observed relative to 1°F + 29%Pb [6]. However,
in the case of fusion with a large target nucleus, such as
208ph, the impact on fusion of adding two neutrons might
be diminished. Recently, the fusion cross-section for '"F
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+ 12C both at near-barrier energies [7] and higher ener-
gies [8] has been reported indicating that the low binding
energy of '"F and the halo properties of the low-lying first
excited state do not affect the low-energy fusion cross-
section. In this work we report an independent, higher
statistics measurement of near barrier fusion for '"F +
12C. By comparing the present measurement with fusion
induced by O, F, and Ne beams on '2C the impact of
adding a few protons and neutrons to the sd shell on the
fusion cross-section is examined.

I. EXPERIMENTAL DETAILS

Discovery of halo nuclei, notably ''Li [9, 10] was
achieved through systematic examination of the inter-
action cross-sections for lithium isotopes. At high in-
cident energy one expects the sudden approximation to
be valid in describing the collision of the nuclei. Conse-
quently, the nuclear densities do not have enough time
to rearrange as the projectile and target nuclei come into
contact. Thus, a measurement of the interaction cross-
section at high energy probes the nuclear size and other
geometrical features such as deformation, all of which are
considered “static” [9]. Hence, the measured interaction
cross-section, oy, provides a direct and effective measure
of the extent of the matter distribution.

To better understand the change in the static size of
the different nuclei considered in this work, we examine
the interaction cross-sections measured at high energy.
Presented in Table I are o7 for O, F, and Ne nuclei with
a carbon target [11] with the number of protons and neu-
trons in the sd shell indicated. The closure of the 1p 1
with N=8 provides a natural reference from which to ex-
amine the impact made by the presence of a few nucleons
in the sd shell. Addition of two neutrons to 10, 7F, and
8Ne increases the interaction cross-section by 50, 61, and
68 mb respectively. Addition of two protons to 60, i.e.
8Ne, results in an increase of o; by 94 mb while in the



TABLE I. Interaction cross-sections for oxygen, fluorine, and
neon nuclei with a carbon target at an Ex 900 A.MeV. Taken
from [11].

18Ne2p0n 20N62p2n
01=1076£25 mb|o;=11444+10 mb

17F1p0n 19Flp2n
071=982+32 mb |0;=1043+£24 mb

1600p0n 1800p2n
071=9824+6 mb |0;=1032£26 mb

case 180 to 2Ne, it increases by 112 mb. The difference
in the interaction cross-section with the addition of two
protons (94-112 mb) as compared to addition of two neu-
trons (50-68 mb) is presumably due to the repulsion of
the two protons with the 60O core. Such a difference is
not captured by systematics which relate the radius of
a nucleus to simply the mass number, A, suggesting the
advantage of using o; to account for trivial size effects.

While the excitation function for fusion of 16180, 19F,
and 2°Ne ions with a carbon target already exists, lit-
tle or no data exists for 1"F+12C or ®Ne+!2C. The ex-
periment was performed at the John D. Fox accelerator
laboratory at Florida State University where a beam of
160 ions accelerated to an energy of ~4.5 MeV/A was
incident on a deuterium gas cell. This cell served as a
production target and was maintained at a pressure of
350 torr and a temperature of 77K. Ions of '"F were
produced via a (d,n) reaction. These ions were separated
from the incident beam by the electromagnetic spectrom-
eter RESOLUT [12]. The beam exiting the spectrometer
consisted of both '"F and residual 'O ions necessitating
identification of each ion on a particle-by-particle basis.
The presence of both species allowed the simultaneous
measurement of 150 + 2C and '"F + '2C providing a
built-in reference measurement and comparison with the
well-established fusion excitation function for 60 + 12C.

The setup used to measure fusion of fluorine and oxy-
gen ions with carbon nuclei in this experiment is depicted
in Fig. 1. Upon exiting the RESOLUT spectrometer
particles traverse a thin foil (0.5 pm thick aluminized
mylar) ejecting electrons in the process. These ejected
electrons are accelerated and deflected from the beam
axis onto the surface of a microchannel plate detector,
MCPgrgsorur, where they are amplified, producing a
fast timing signal. The ions subsequently traverse a com-
pact ionization chamber (CID), situated ~3.5 m down-
stream of MCPrpsorur - In passing through this de-
tector ions deposit an energy (AE) characterized by their
atomic number (Z), mass number (A), and incident en-
ergy. Upon exiting CID the ions are incident upon a car-
bon foil which serves both as a secondary emission foil
for MCPrar as well as the target for the experiment. In
order to maximize the production cross-section for '7F,
it was necessary to operate at high incident energy and
keep the pressure of the deuterium production gas cell
at a constant value. Consequently, in order to adjust

3.5m ae16cm

&
<

16O,WF Beam

MC PRESOLUT

—
Elastic Scattering

n

SN

[0}

= ]

’§ ~.. Evaporation ]

SQ ! £ ‘R}mdues ]

5 of A :

@ [ Beam v i ]

i ' Scatter S 1
101 SR 7

H ! " E. 1 ! ! i
150 160 170 -25 -20 -15 -10
MCP TOF (ns) TOF (ns)

FIG. 1. (Color online) Schematic of the experimental setup
along with a PID and ETOF spectra. Particle identification of
the 'F and '°0O ions incident on the target is displayed in the
left plot. In the right plot a representative ETOF spectrum
(selected on "F) used to identify evaporation residues (ER)
at EL4ap=30.7 MeV.

the energy of the beam on target, the pressure in CID
was adjusted. As the pressure in CID can be well con-
trolled it provides a much more uniform degrader than a
solid foil. To determine the energy of the beam incident
on the target a silicon detector was periodically inserted
just prior to the target. This provided a measure of the
energy distribution of the '"F and 60 ions incident on
the target. The width of the energy distribution for 1"F
ions was between 400-500 keV and was principally deter-
mined by straggling in the deuterium gas cell, not CID.
All the excitation functions have been corrected for the
width of the energy distribution. Data were acquired at
each energy incident on the target between ~5 hours at
the highest energy to 10-15 hours at the lower energies.

The two microchannel plate detectors together with
CID permitted a AE-TOF measurement for each ion inci-
dent on the target. Measurement of the AE-TOF (Fig. 1)
clearly shows three peaks corresponding to "F+ 1607+,
and 0% ions. The intensity of the !“F beam incident
on the target was 3-7 x 103 ions/s with a purity of 37%-
54%.

Fusion of a 7F (60) nucleus in the beam together
with a '2C nucleus in the target foil results in the pro-
duction of an excited 2°P (2¥Si) nucleus. For near-barrier
collisions the excitation of the fusion product is relatively
modest, E* ~ 30-50 MeV. Emission of particles as the fu-
sion product de-excites, deflects the evaporation residue
(ER) from the beam direction. This deflection allows its
detection and identification using two annular silicon de-
tectors designated T2 and T3 that subtend the angular
range 3.5° < 0145 < 25°. Using the measured energy de-
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FIG. 2. (Color online) Fusion excitation functions for 60O
+ 2C (top panel) and '"'F + '2C (bottom panel). The
predictions of an analytic fusion model [13] are indicated by
the solid lines.

posit in the silicon detectors and the time-of-flight [14],
ERs were cleanly distinguished from beam particles by
their position in the ETOF spectrum as evident in Fig. 1
[15, 16].

The fusion cross-section, op is extracted from the mea-
sured yield of evaporation residues through the relation
or = Ngr/(égr x t x Ny) where N is the number of
beam particles of a given type incident on the target, t
is the target thickness, egr is the detection efficiency,
and Ngpg is the number of evaporation residues detected.
The number Ny is determined by counting the particles
with the appropriate time-of-flight between the two mi-
crochannel plates that additionally have the correct iden-
tification in the AE-TOF map depicted in Fig. 1. The
target thickness, t, for the foil used is determined by
the manufacturer to be 105 & 0.5 ug/cm? using an opti-
cal transmittance measurement. The number of detected
residues, Ngp, is determined by summing the number of
detected residues clearly identified by the ETOF tech-
nique as shown in Fig. 1 [16]. The uncertainty in accu-
rately determining the number of ERs is included in the
error analysis. To determine the total fusion cross section
it is necessary to know the geometric efficiency, egpr, of
the experimental setup. The efficiency was determined
by using a statistical model, evapOR [17], which simu-
lates the decay of a compound nucleus using a Hauser-

Feshbach approach. This program, derived from PACE2
[18], was optimized for the statistical decay of light nuclei.
By calculating the fraction of the evaporation residues
that lie within the detector acceptance, the geometric ef-
ficiency of the experimental setup is obtained. The detec-
tion efficiency varied from ~81% at the highest incident
energies measured to ~85% at the lowest incident energy
due to the changing kinematics of the reaction with an as-
sociated uncertainty of approximately 5%. Comparison
with a more widely-used statistical model PACE4 [18]
predicts essentially the same efficiencies. Due to the low
detection thresholds of the ETOF approach this detec-
tion efficiency reflects the coverage in the center-of-mass
frame of the annular silicon detectors. Using the effi-
ciency together with the measured evaporation residue
yield, the total fusion cross section is extracted. Since
the MCP efficiency affects both the counting of the total
number of beam particles and the number of evaporation
residues, it does not impact the measured total fusion
cross section. The accuracy of the target thickness and
the efficiency calculations is validated by the accurate de-
scription of the fusion excitation function for 160 + 12C
presented in Fig. 2.

TABLE II. Fusion cross-sections for '"F and 6O on '2C

Ecm. o Ecm. o
(MeV) (mb) (MeV) (mb)
7R 16()
18.824+0.32 TTT+47 16.0+0.34 839+69
17.034+0.32 781451 14.3+0.30 821476
15.714+0.32 630+47 13.1£0.32 594430
14.534+0.34 668+42 12.04+0.37 642166
13.531+0.35 555434 11.0£0.33 527+34
12.554+0.36 463126 10.1+0.36 336+30
11.264+0.37 343+25 8.9+0.38 224425
10.65+0.38 258427 8.3+0.39 104+21

II. RESULTS AND DISCUSSION

Depicted in Fig. 2 are the measured excitation func-
tions for fusion of 0 and '"F ions with a carbon tar-
get. The data are also presented in tabular form in Ta-
ble II. With the experimental technique used, both the
160 4 12C and '"F + 2C excitation functions are si-
multaneously measured. In the top panel, for 160, one
observes the good agreement of this measurement, de-
picted as the solid (red) circles, with the experimental
cross-sections reported in the literature [20-23]. This
agreement is strong evidence that the measurement of
the fusion excitation function for '"F + '2C is robust.
In the lower panel of Fig. 2 the measured cross-sections
for Y"F+12C (solid red circles) are presented along with
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FIG. 3. (Color online) Fusion excitation functions for
80+12C (top panel) and 2°Ne+*2C (bottom panel) together
with the predictions of the analytic model [13]. The fit of
the 2°Ne data by a one-dimensional barrier-penetration model
[19] is depicted by the dashed line.

the excitation function for YF+'2C. The multiple mea-
surements for °F [22, 24, 25] are in agreement within
the measurement uncertainties. As might be expected
naively by the reduction of two neutrons, the "F-induced
fusion of this measurement exhibits a lower cross-section
than 'F for all energies shown. The measured excita-
tion functions are compared with the predictions of an
analytic model based on a parameterization of the Sao
Paulo potential model coupled with a barrier penetration
formalism [13, 26, 27]. This model which has parameter-
ized a large number of reactions for low and mid-mass
systems is a useful tool for network simulations in the
near-barrier regime. Despite having several fitted param-
eters, the analytic model has no adjustable parameters
and thus serves as a useful benchmark of the expected
systematic behavior. The cross-sections predicted by this
model are depicted in Fig. 2 as the solid lines. In the case
of the 150 fusion the analytic model provides a reason-
able description of the overall behavior of the excitation
function. The failure of the analytic model to reproduce
the resonances is unsurprising as it assumes a smooth,
structureless barrier. For the fluorine isotopes, while the
excitation function for 1"F is reasonably described, the
experimental excitation function for F is clearly under-
predicted in the energy range measured. Nonetheless,

the analytic model does predict an increase in the cross-
section associated with the presence of the two additional
neutrons in F as compared to '"F.

Also presented in Fig. 2 is the excitation function for
ITF + 12C recently measured by Asher (solid blue tri-
angles) [7]. The statistical uncertainties of the Asher
measurement are significantly larger than those of the
present measurement. As importantly, the Asher mea-
surement has significantly larger uncertainty in the en-
ergy. Even considering the uncertainties of both excita-
tion functions it is clear that the Asher excitation func-
tion reports larger cross-sections or is shifted to lower
energies as compared to the present measurement. Sur-
prisingly, the excitation function measured by Asher for
Ec.m. <15 MeV is essentially consistent with the excita-
tion function for '°F. This result would imply that the
removal of two neutrons from '°F makes a negligible dif-
ference in both the barrier and the size of the fusing sys-
tem. Such a result is inconsistent with the analytic model
results which describes the expected systematic behavior.

The excitation functions for fusion of '*0 and 2°Ne nu-
clei with carbon are shown in Fig. 3. While good agree-
ment is observed for the various O datasets, [16, 21,
22, 28], in the case of 20Ne, for 12 MeV <E..,, <15 MeV
a discrepancy exists between the measurements of Hulke
[29] and deYoung [30]. This discrepancy at E¢.p,. ~15
MeV is larger than the reported uncertainties by both ex-
perimental measurements. Moreover, the shape of the ex-
citation function determined by Hulke [29] deviates from
the behavior of a smooth barrier as indicated by the ana-
lytic model [13]. The Hulke data [29] for E. ,, <11 MeV
and the deYoung data [30] can be described by a one-
dimensional barrier penetration model [19] as indicated
by the dashed line in Fig. 3.

TABLE III. Bass barriers (in MeV) for O, F, and Ne isotopes
160 180 17F 19F 201\Ie
Vg 7.95 7.78 8.95 8.77 9.74

In order to appropriately compare all the fusion exci-
tation functions for these light nuclei, we scale the fusion
cross-section by the interaction cross-section, oy, pre-
sented in Table I. In addition, the trivial effect of the
different barriers is accounted for by examining the nor-
malized cross-section, op /oy, as a function of the above-
barrier energy, E. .-V 5. The value of the barrier, Vg, is
taken from the Bass model [31]. The barriers calculated
in this model are presented in Table ITI. Addition of two
neutrons to '“F, namely '°F, results in a barrier reduc-
tion of 180 keV, comparable to the reduction of 170 keV
observed in going from 190 to #0. Addition of a proton
to 160 increases the barrier by 1.0 MeV but addition of
a second proton only results in a further increase of ~0.8
MeV. The uncertainties shown in the normalized cross-
section reflect the uncertainties in both or and o;. This
presentation allows one to investigate differences between
the nuclei shown after effectively eliminating systematic



differences in the static size and barrier. Comparison of
all the excitation functions in Fig. 4 yields some interest-
ing results. In Fig. 4a one observes that for (E..,,-V5)<9
MeV, the normalized cross-sections for 10 and 80 are
relatively comparable. The prominent resonance struc-
ture for 10-induced fusion is absent in the case of 0.
Above 9 MeV one observes that the normalized cross-
section for 0 exceeds that of 0. This increase in the
normalized cross-section indicates the impact of the two
sd neutrons on the fusion cross-section over and above
the increase in the static size. In further understand-
ing the role of sd valence nucleons on fusion, we elect
to choose 80 as our reference. The absence of strong,
sharp resonance structures in the 2O reaction supports
this choice. To facilitate the use of 180 as a reference we
have described the data by the smooth curve depicted in
Fig. 4a. This curve corresponds to a third-order poly-
nomial fit to the normalized cross-sections for #0 and
simply serves as an adequate representation of the 80
data in Fig. 4b.

Presented in Fig. 4b are the normalized excitation
functions for '°F, 2°Ne, and '"F in comparison to 80.
Within the measurement uncertainties the '°F data man-
ifests the same normalized cross-section as the #0. How-
ever, there is a subtle indication that the normalized
cross-section for 19F appears to be systematically slightly
lower than that of 80 for (E.,,-Vp)>9 MeV. The
(o /or) in this energy interval is 1.1140.04 for *¥O and
1.06+0.07 for '°F. This comparison between 0 and '°F
is complicated by the presence of the unpaired proton in
19F.

Examination of the normalized cross-section for 2°Ne is
more telling. For all energies measured, the 2°Ne normal-
ized cross-section is lower than that of both 0 and °F.
Unfortunately, lack of data between ~5 MeV<(E. .-
Vp)<15 MeV prevents a better characterization of this
excitation function. The normalized cross-sections for
ITF observed in this work are decreased as compared to
the cross-sections for 19F for the entire energy range mea-
sured. This decreased value for '”F as compared to '°F is
qualitatively consistent with the trend observed for 2O
and '60.

To investigate the interaction of the valence protons
on the valence neutrons we have performed Relativistic
Mean Field (RMF) calculations of the neutron and pro-
ton density distributions of light nuclei. In examining the
proton and neutron density distributions for neutron-rich
carbon nuclei from these RMF calculations, one observes
that with increasing neutron number not only does the
tail of the neutron density distribution extend further
out but despite a constant number of protons, the proton
density distribution is slightly extended [32]. This inter-
action between valence protons and neutrons is also re-
flected in the one proton separation energies of 10,180,
and 2°0 which are 12.1, 15.9, and 19.3 MeV respectively.

Based upon these calculations we hypothesize that the
slight decrease in the cross-section for F as compared
to 80 could reflect the attraction of the sd proton on
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FIG. 4. (Color online) Comparison of the normalized and
reduced excitation functions for fusion of 0 and %O ions
(top panel) and ®0, *°Ne, '°F, and '"F ions (lower panels)
on a carbon target. The line through the °Ne data simply
serves to guide the eye.

the two sd neutrons resulting in a reduction of the fusion
probability. The lower cross-sections for 2°Ne as com-
pared to 80 and '°F is similarly consistent with the at-
traction of the two sd protons on the two sd neutrons and
the consequent suppression of fusion. It should be appre-
ciated that the explanation of these observations is at a
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FIG. 5. (Color online) Comparison of the reduced fusion ex-
citation function and normalized excitation function for the
mirror nuclei !F and 7O with a '?C target.

qualitative level and a more quantitative description will
require more sophisticated theoretical calculations which
include nuclear structure.

To assess the sensitivity of our results to the use of
the interaction cross-section, oy, as a reference, we have
calculated the reduced cross-section as o /(Ap3+Ap3)?
where Ap and Ap are the mass number of the projectile
and target nuclei respectively. While more sophisticated
prescriptions for the reduced cross-section have been uti-
lized in comparing dissimilar systems, given the similarity
of the systems compared in this work this simple scaling
is appropriate [33]. Examining the dependence of this
quantity on (E.,,-Vp) in Fig. 4c reveals that although
the reduced cross-section for 2°Ne lies closer to that of
9F the trends observed in Fig. 4b remain the same in-
dicating the robustness of the observations.

Examination of mirror nuclei is a powerful tool in un-
derstanding nuclear structure. The mirror nucleus of '"F
is 170 in which the valence sd proton is replaced by a neu-
tron. We therefore compare the fusion excitation func-
tions for '"F + '2C with 17O + '2C in Fig. 5a. For
the reaction 7O + '2C, three datasets [21, 34, 35] span
the interval from sub-barrier energies to 14 MeV above
the barrier. Significant differences are apparent between
these three measurements. At the highest energy mea-
sured by Tighe, the measurement of Eyal predicts a cross-
section that is approximately 30% larger. In contrast, at

(Ec.m.-VB) ~6.5 MeV Hertz et al. report a cross-section
that is significantly lower than that of Eyal. This dis-
parity between the reported cross-sections is puzzling.
Superimposed on the 7O data is the present '“F mea-
surement. It is interesting that the low energy points
are in good agreement with Tighe while the high en-
ergy points (within uncertainties) are in agreement with
Hertz. Moreover there is an indication of a supression in
the cross-section at (E.,,-Vp) ~6.5 MeV. This agree-
ment of the reduced cross-section for !"F and 7O sug-
gests that for the case of a single sd nucleon, after the
difference in barrier is accounted for, it does not matter
if the valence nucleon is a proton or a neutron. The su-
pression of the cross-section at (E.,,-Vg) ~6.5 MeV is
reminiscent of the drop in normalized cross-section for
160 at (Ee.m.-VB) ~6 MeV which is attributable to res-
onances.

It is interesting to speculate on the cross-section su-
pression evident in the '"F and '7O excitation functions
at (Eem-Vg) ~6.5 MeV. If one considers the limit in
which the valence sd nucleon couples weakly to the dou-
bly closed shell 6O core, the structure effects observed
in the 190 excitation function should be only slightly al-
tered. Stronger coupling would act to mitigate the reso-
nance features in the excitation function. The absence of
significant resonance structure in the case of 'O thus in-
dicates a stronger coupling of the two sd neutrons to the
160 core than the lone sd neutron in 7O. These expecta-
tions are qualitatively in agreement with the one neutron
separation energies for 17O and 'O of 4.143 and 8.045
MeV respectively.

Also presented in Fig. 5a are the data from Asher.
These data exhibit a significantly larger reduced cross-
section in comparison to '7O. Presented in Fig. 5b are
the normalized cross-sections where the interaction cross-
section, oy, has been used instead of the simple A3 Sys-
tematics. The same trends observed in Fig. 5a are also
observed in this case although the error bars are larger
due to the uncertainties associated with o7j.

These observations for the fusion of light sd nuclei can
be summarized as follows. In the case of a single sd nu-
cleon the reduced fusion cross-section is insensitive to
the identity of the nucleon. However, the fusion cross-
section is enhanced by the presence of multiple sd neu-
trons. This increased cross-section is suppressed by the
presence of multiple sd protons. It should be stressed
that these changes in the fusion cross-section relative to
the barrier are beyond the systematic changes expected.
It is clear that further experimental data, particularly in
the case of 2°Ne, 170, and '"F would be extremely useful.

To investigate the role of dynamics in the '""'°F +
12(C reaction we performed time-dependent Hartree Fock
calculations. On general grounds the TDHF approach
is well-suited to describing the large-amplitude collective
motion associated with fusion. Artificial symmetry re-
strictions are eliminated by performing the TDHF cal-
culations on a 3D cartesian grid [36]. Recent calcula-
tions [37] have provided a good description of above-
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barrier fusion data [38, 39]. The TDHF calculations were
performed by initiating collisions for increasing impact
parameters in steps of 0.01 fm until the maximum im-
pact parameter for fusion is reached. Calculations were
performed using the Sky3D model [40], with a SV-bas
interaction with DDDI pairing. It should be noted that
pairing significantly impacts the fusion cross-section in
TDHF [16] emphasizing the need for its accurate descrip-
tion. The results of the TDHF calculations for '“F and
9F are depicted in Fig. 6a as the solid and dashed lines
respectively. While the model provides a reasonable de-
scription of the '9F data, the '"F cross-sections are over-
predicted. It should be noted that TDHF calculations
often slightly overpredict the above-barrier cross-sections
due to their neglect of breakup processes, complicating
direct comparison of the cross-section. Nonetheless, it
is noteworthy that the difference between "F and '"F
observed experimentally is not reproduced.
Coupled-channels calculations [41, 42] have been per-
formed to assess the relative importance of the ground
and excited states on the fusion cross-section. Results of
CCFULL calculations [43] in which only the ground state
of both target and projectile nuclei is considered are pre-
sented in Fig. 6b. A reasonable description of both ex-
citation functions is achieved. Inclusion of excited states
acts to increase the cross-section slightly, though primar-
ily at sub-barrier energies. The limited impact of excited

states on fusion of '“F in this near-barrier regime is con-
sistent with other measurements [6, 7]. This description
of the measured cross-sections corresponds to a poten-
tial in CCFULL with Rg= 7.89 fm, V5=9.17 MeV, and
hw=3.36 MeV for '"F and Rg= 8.42 fm, V53=8.58 MeV,
and Aw=2.94 MeV for '9F. While the limited span of the
experimental data does not permit a reliable extraction
of hw, the trend of increasing R and decreasing Vg with
the addition of two neutrons is qualitatively understand-
able reflecting the increased nuclear interaction. These
barriers can be compared to the Bass barriers presented
in Table ITI. Although the magnitude and trends of the
barriers in CCFULL is in rough agreement with the Bass
model, some differences are observed. In the case of '"F
the CCFULL barrier is larger than the Bass barrier, 9.17
MeV as compared to 8.95 MeV. In contrast, for '°F the
CCFULL barrier is smaller, 8.58 MeV as compared to
8.77 MeV for Bass.

IIT. SUMMARY

Systematic comparison of the fusion excitation func-
tions for isotopes of O, F, and Ne nuclei with a carbon
target can be used to examine the impact of valence sd
protons and neutrons on fusion. After accounting for
differences in the static size of the incident nuclei and
systematic changes in the fusion barrier, similarities and
differences are noted between fusion of 170, 180, "F,
9F and 2°Ne with a carbon target. For the mirror nu-
clei 70 and '"F with just a single sd nucleon, the iden-
tity of the nucleon does not impact the reduced fusion
cross-section after the trivial difference in Coulomb bar-
rier is accounted for. The cases of multiple sd nucleons
are more interesting. Although the reduced cross-section
for 17F is less than that of '°F for all energies measured,
at energies about 5 MeV above the barrier the reduced
cross-section for 7F is markedly less as compared to °F.
This decrease is similar to the one observed for 60 as
compared to 80. The observed trend can be interpreted
as the influence of multiple sd protons and neutrons on
the reduced cross-section. In this framework, at energies
upto 20 MeV above the barrier the presence of multiple
valence sd neutrons acts to increase the effective size of
the system that fuses above the increase in the static size.
Both the °0/180 and "F/'F manifest this behavior.
Comparison of a nucleus with sd protons and neutrons
to one with sd neutrons alone indicates that the presence
of the sd protons results in a decrease of the effective
size. This behavior is interpreted as the strong inter-
action between the sd protons and the sd neutrons. It
should be emphasized that this explanation of the trends
noted is qualitative and a quantitative description which
requires an accurate description of pairing effects is not
yet available. Both a widely-used analytic model of fu-
sion and a state-of-the-art dynamical model were used
to investigate the systematic behavior expected. While
both models predict a decrease in the cross-section with



removal of sd neutrons, the magnitude of the observed
reduction in the fusion cross-section for ’F as compared
to 19F is not reproduced. Coupled-channels calculations
which consider only the ground state nuclei are able to
reproduce the measured excitation functions despite the
presence of the low-lying 2s; /o proton-halo state. This
initial observation of the sensitive interplay of valence
neutrons and protons in the fusion of sd shell nuclei mo-
tivates further high-quality measurements of fusion for
neutron-rich light nuclei. A new generation of radioac-
tive beam facilities [2, 3], and in particular the availability
of low-energy reaccelerated beams, provides an unprece-
dented opportunity to explore this topic and improve our
understanding of low-density nuclear matter.
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