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Measuring the fusion excitation function for an isotopic chain of projectile nuclei provides a stringent test
of a microscopic description of fusion. We report the first measurement of the fusion excitation function
at near-barrier energies for the 190+ 12C system. The measured excitation function is compared with
the fusion excitation function of 80+ 12C. A significant enhancement in the fusion probability of 1°0
ions with a 12C target as compared to '80 ions is observed. The experimental cross-sections observed at

near-barrier energies are compared with a state-of-the-art microscopic model.
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1. Introduction

While the fusion of both light and heavy B-stable nuclei has
been studied for several decades, only recently has the investi-
gation of fusion of neutron-rich nuclei become feasible due to
radioactive beam facilities [1-5]. In particular, examination of the
fusion excitation function for an isotopic chain of neutron-rich nu-
clei represents an unique opportunity. Since the charge distribution
of the neutron-rich projectile nuclei is essentially unaffected by
the additional neutrons, the repulsive Coulomb potential is largely
unchanged. Consequently, the comparison of the fusion excitation
functions for the different projectiles provides access to the change
in the attractive nuclear potential with an increasing number of
neutrons. As the initial step in fusion at near-barrier energies in-
volves overlap of the low density tails of the nuclear matter dis-
tribution, these reactions provide a sensitive probe of the compo-
sition and extent of the nuclear surface. An accurate microscopic
description of the fusion of neutron-rich nuclei is thus relevant to
the asymmetry term in the nuclear equation-of-state and in par-
ticular its density dependence [6].
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Despite the opportunity presented to learn about structure and
dynamics of low-density nuclear matter by examining the fusion of
light nuclei, relatively few isotopic chains have been investigated,
as radioactive beams are necessary. An initial measurement of fu-
sion induced with a neutron-rich oxygen nucleus, 2°0, on a 12C
target suggested an enhancement of the fusion probability as com-
pared to a standard fusion-evaporation model [7]. However, tech-
nical difficulties in the experiment prevented extraction of the total
fusion cross-section. Recently, the fusion of 1%1413C 4 12C has been
investigated using a novel active target approach [8]. At the above
barrier energies studied, no significant fusion enhancement was
observed relative to a simple barrier penetrability model. However,
close examination of the 13C+ 12C data presented reveals that at
lowest energies measured, the data slightly exceed the model pre-
dictions. It can be argued on general grounds that fusion enhance-
ment is best studied at near and below barrier energies. At low
incident energies, the importance of central (low l-wave) collisions,
which emphasize the attractive nuclear interaction, is enhanced. In
addition, low relative energy allows the changing internuclear po-
tential to effectively couple with collective excitations in the two
nuclei, resulting in a fusion enhancement. These expectations are
supported by the observation of an enhancement at sub-barrier
energies for the mass asymmetric system '>C+232Th [9].
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Fig. 1. (Color online) Schematic illustration of the experimental setup. The
MCPgesoLut detector is located approximately 3.5 m upstream of the compact ion-
ization chamber (CID) which is situated directly in front of the MCPrgr detector.
Evaporation residues are detected in the annular silicon detectors designated T2
and T3. Inset: Energy deposit versus time-of-flight spectrum for ions exiting RESO-
LUT that are incident on '2C target at Ej,, = 46.7 MeV. Color is used to represent
yield in the two-dimensional spectrum.

To definitively establish if neutron-rich light nuclei in more
mass symmetric systems exhibit a fusion enhancement at sub-
barrier energies, high quality experimental data is needed. As
beams of neutron-rich nuclei far from g-stability, which will pro-
vide the most stringent test of fusion models, will be available at
low intensity, it is crucial to develop an experimental technique
capable of measuring the fusion cross-section using such low-
intensity radioactive beams. In this work, we present for the first
time a measurement of the total fusion cross-section for 120 + 12C
at incident energies near the barrier and compare the results with
the fusion cross-section for 80+ 12C. The experimentally mea-
sured cross-sections are then compared with a microscopic model
of fusion.

The experiment was performed at the John D. Fox accelerator
laboratory at Florida State University. A beam of '80 ions, accel-
erated to an energy of 80.7 MeV, impinged on a deuterium gas
cell at a pressure of 350 torr and cooled to a temperature of
77 K. lons of 10 were produced via a (d, p) reaction and sepa-
rated from the incident beam by the electromagnetic spectrometer
RESOLUT [10]. Although this spectrometer rejected most of the un-
reacted beam that exited the production gas cell, the beam exiting
the spectrometer consisted of both 1?0 and '80 ions necessitating
identification of each ion on a particle-by-particle basis. Identifica-
tion of each incident beam particle in the beam mixture allowed
the simultaneous measurement of 80+ 12C and 20+ '2C. This
dual measurement provided a robust measure of the potential fu-
sion enhancement. Not only did it provide direct comparison of
the 1°0 and '80 induced reactions, eliminating systematic uncer-
tainties, but it allowed the comparison of the 10 data with a prior
high resolution measurement of the same reaction.

The setup used to measure fusion of oxygen ions with carbon
nuclei in this experiment is depicted in Fig. 1. After exiting the
RESOLUT spectrometer, particles traverse a thin foil (0.5 pm thick
aluminized mylar) ejecting electrons in the process. These elec-
trons are accelerated and bent out of the beam path and onto the
surface of a microchannel plate detector (MCPrgsorur) wWhere they
are amplified to produce a fast timing signal. After traversing the
thin foil of MCPggsorut, the oxygen ions passed through a com-

pact ionization detector (CID) located approximately 3.5 m down-
stream of MCPrgsorut. In passing through this ionization chamber,
ions deposit an energy (AE) characterized by their atomic num-
ber (Z), mass number (A), and incident energy. After exiting CID
the ions are incident on a 105 pg/cm? carbon foil. This carbon foil
serves both as a secondary electron emission foil for the target mi-
crochannel plate detector (MCPr¢r) and as the target for the fusion
experiment [11]. To maximize the production cross-section for 1°0
it was necessary to operate at a high incident energy and not mod-
ify the pressure of the deuterium gas cell. Therefore, in order to
adjust the energy of the beam incident on the target the pressure
in CID was adjusted. As the gas pressure in CID can be well con-
trolled it provides a much more uniform degrader than a solid foil.
Periodic insertion of a surface barrier silicon detector directly into
the beam path just prior to the target provided a measurement of
the energy distribution of 1°0 and '80 ions incident on the target.
The width, o, of the energy distribution for 120 ions was between
400-500 keV and was principally determined by straggling in the
deuterium gas cell, not CID. All the excitation functions have been
corrected for the width of the energy distribution.

By utilizing the timing signals from both microchannel plate de-
tectors together with the energy deposit in the ionization chamber,
a AE-TOF measurement is performed. This measurement allows
for the identification of ions in the beam as indicated in the inset
of Fig. 1. Clearly evident in the figure are three peaks associated
with 1207+ jons, 1807* ions, and 808+ ions. The cleanly identified
190 jons corresponded to approximately 31% of the beam intensity
with the 07* and '80%* corresponding to approximately 20%
and 29% respectively. The intensity of the °0 beam incident on
the target was 1.5-4 x 103 ions/s. Fusion of a 1?0 (or '80) nucleus
in the beam together with a '2C nucleus in the target foil results in
the production of an excited 3'Si (or correspondingly 3°Si) nucleus.
For collisions near the Coulomb barrier the excitation of the fusion
product is relatively modest, E* ~ 35 MeV. This fusion product de-
excites by evaporation of a few neutrons, protons, and « particles
resulting in an evaporation residue (ER). Statistical model calcula-
tions [12] indicate that for a 3'Si compound nucleus, the nuclei
30sj, 295, 28sj, 297, 28A], 27Mg, and 26Mg account for the bulk of
the ERs. Emission of the light particles deflects the ER from the
beam direction allowing its detection and identification using two
annular silicon detectors designated T2 and T3 that subtend the
angular range 3.5° < 6, < 25°. Evaporation residues are distin-
guished from scattered beam, as well as emitted light particles, by
measuring their time-of-flight between the MCPr¢r detector and
the silicon detectors [13] together with the energy deposit in the
Si detector. Using the measured energy deposit and the time-of-
flight, the mass of the ion is calculated allowing ERs to be cleanly
distinguished from the incident beam [11,14].

The fusion cross-section is extracted from the measured yield
of evaporation residues through the relation o fysion = NEr/(€gR 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, €gp is the de-
tection efficiency, and Ngg is the number of evaporation residues
detected. The number N; is determined by counting the particles
with the appropriate time-of-flight between the two microchannel
plates that additionally have the correct identification in the AE-
TOF map depicted in the inset of Fig. 1. The target thickness, t, of
105 pg/cm? is provided by the manufacturer and has an uncer-
tainty of +0.5 pg/cm?. The number of detected residues, Ngg, is
determined by summing the number of detected residues clearly
identified by the ETOF technique [14]. To obtain the detection effi-
ciency, €gg, a statistical model is used to describe the de-excitation
of the fusion product together with the geometric acceptance of
the experimental setup. The detection efficiency varied from 37%
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Fig. 2. (Color online) Fusion excitation function for 18120 jons incident on '2C target
nuclei. Panel a: Comparison of a high resolution measurement of the fusion excita-
tion function for 804 2C using this experimental technique with previous mea-
surements. Panel b: Comparison of the fusion excitation functions for 8190 + 12¢
measured simultaneously in this work. For clarity, the cross-sections for the 80 in-
duced reaction have been scaled down by a factor of two. Lines correspond to fits of
experimental data as described in the text. Bottom panel: The relative cross-section,
0(120)/o(180) and is depicted as a solid line. The shaded region represents the un-
certainties in the cross-section ratio. See text for details.

at the highest incident energies measured to 42% at the lowest in-
cident energy due to the changing kinematics of the reaction.

Shown in Fig. 2a is a comparison of a high resolution measure-
ment of the fusion excitation function for 80+ 12C (closed cir-
cles) with prior measurements reported in the literature [14-17].
This high resolution measurement was executed with a direct high
quality beam of 180 and utilized a similar experimental setup to
the present experiment [11,14]. Excellent agreement is observed
over the entire energy interval measured down to the ~20 mb
level where the lowest energy cross-section measurement by Eyal
[15] overlaps the high resolution data. This agreement indicates
the validity of the present experimental technique. Presented in
Fig. 2b is the dependence of the fusion cross-section on incident
energy for 190+ 12C (up triangles) and 80 + 2C (down triangles)
measured in the present experiment. Also shown for comparison is
the high resolution measurement (closed circles) [14] for 180 + 12C
presented in Fig. 2a. It is clear from Fig. 2b that the measured
cross-section for the 80 beam in the present experiment (down
triangles) is in good agreement with the previous high resolution
measurements (closed circles), providing confidence in the radioac-
tive beam cross-sections simultaneously measured in the present
experiment.

Table 1
Fit parameters for the indicated fusion excitation functions. See text for details.
Ve (MeV) Rc (fm) hw (MeV)
Bo 412 7.66 & 0.10 739 + 011 290 + 018
Bo+12¢ 7.73 + 0.72 8.10 + 0.47 6.38 + 1.00

All of the excitation functions depicted in Fig. 2b manifest the
same general trend. With decreasing incident energy the cross-
section decreases as expected for a barrier controlled process. For
clarity the cross-sections for the 80 induced reaction have been
scaled down by a factor of two. At essentially all energies mea-
sured the 190 data exhibits a larger fusion cross-section as com-
pared to the '80 data. The most important feature of the mea-
sured excitation functions is that at the lowest energies measured
the fusion cross-section for the '°0 system decreases more gradu-
ally with decreasing energy than does the 80 system. To examine
these differences in the fusion excitation functions in more detail
and quantify them we have fit the measured cross-sections with
the following functional form:

R% 2w
a=ﬁhw-ln{l+exp[%(5—‘/€)“ M

where E is the incident energy, V¢ is the barrier height, R¢ is
the radius of interaction, and fiw is the barrier curvature. This
functional form describes the penetration of an inverted parabolic
barrier [18]. The fit of the high resolution '80 data is indicated as
the solid black line in Fig. 2b. The solid red curve in Fig. 2b depicts
the fit of the 1°0 data. With the exception of the cross-section
measured at E., &~ 12 MeV, the measured °0 cross-sections are
reasonably described by this parametrization. The extracted pa-
rameters for the 80 and 120 reactions are summarized in Table 1.
It is not surprising that the barrier height, V¢, remains essentially
the same for both of the reactions examined as the charge den-
sity distribution is essentially unchanged. With increasing neutron
number an increase in R¢ is observed as one might expect. This
increase in the radius can be viewed by calculating the quantity
Rc/A'3 where A is the mass number of the compound nucleus.
While for the 180 induced reaction this quantity has the value of
2.38, for the fusion of 190, a value of 2.58 is observed. The most
significant change in the fit parameters is a substantial increase in
the magnitude of fiw for the 120 case reflecting a narrower barrier,
indicating an increased attractive nuclear potential.

Depicted in Fig. 2c as the solid (red) line is the dependence
of the measured ratio of ¢(1°0)/o(180) on Ec .. At energies well
above the barrier o(1°0)/o(180) is essentially flat at a value of
a2 1.2. As one approaches the barrier it rapidly increases to a value
of approximately 3.5. Hence, the addition of a single additional
neutron in 20 as compared to 180 results in a dramatic enhance-
ment in the fusion cross-section at sub-barrier energies.

To assess the sensitivity of our result to the low energy points,
we have analyzed the data in the following manner. Re-fitting the
data with elimination of the lowest energy data point results in
effectively the same enhancement curve depicted in Fig. 2c. A sim-
ilar result is obtained if instead, the second lowest energy data
point is eliminated and the data is re-analyzed. The resulting en-
hancements lie well within the shaded region presented in Fig. 2c.
Elimination of the two lowest energy data points (an extreme case)
acts to increase the extracted enhancement. This latter result is
understandable as there is no constraining data in the sub-barrier
regime. These results indicate that the measured enhancement fac-
tor is robust and does not simply depend on the last data point.

In order to understand this fusion enhancement we have com-
pared the experimental results with the predictions of a micro-
scopic model. In recent years it has become possible to perform
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Fig. 3. (Color online) Comparison of the measured fusion excitation functions for
18,190 jons incident on '2C target nuclei with the predictions of the DC-TDHF model.

time-dependent Hartree-Fock (TDHF) calculations on a 3D Carte-
sian grid thus not requiring any artificial symmetry restrictions
and with much more accurate numerical methods [19,20]. Over
the past several years, the density constrained TDHF (DC-TDHF)
method for calculating heavy-ion potentials [21] has been em-
ployed to calculate heavy-ion fusion cross-sections with consid-
erable success [22]. While most applications have been for sys-
tems involving heavy nuclei, recently the theory was used to study
above and below barrier fusion cross-sections for lighter systems,
specifically for reactions involving various isotopes of O+ O and
0+ C [23,24,14] relevant for the reactions that occur in the neu-
tron star crust. One general characteristic of TDHF and DC-TDHF
calculations for light systems is that the fusion cross-section at
energies well above the barrier are usually overestimated [25,26],
whereas an excellent agreement is found for sub-barrier cross-
sections [23]. This overestimation is believed to be due to various
breakup channels in higher energy reactions of these lighter sys-
tems that are not properly accounted for in TDHF dynamics and
contribute to fusion instead. Nevertheless, the agreement is re-
markable given the fact that the only input in DC-TDHF is the
Skyrme effective nucleon-nucleon interaction, and there are no ad-
justable parameters. The DC-TDHF calculations involving the 80
nucleus requires the use of pairing to obtain a correct spherical
initial Hartree-Fock state. We have used the density dependent
pairing with the SV-bas Skyrme parametrization [27] to achieve
this. This nucleus with frozen occupations was then used in the
TDHF time evolution. The initial state for the 1°0 nucleus requires,
in addition to pairing, the use of all the time-odd interaction terms
in the Skyrme interaction due to the odd neutron number, which
are present in the TDHF program. In our previous paper [14] we
have also performed coupled-channel calculations (CCFULL) for the
180 4 12C system with similar results to the DC-TDHF calculations.
The complex level scheme for an odd-mass nucleus necessitates in-
formation for all of the experimental transitions. Inclusion of only
some levels requires inclusion of an imaginary potential to account
for the neglected ones complicating the calculation for 1°0 signifi-
cantly.

Presented in Fig. 3 is a comparison of the measured fusion
cross-sections with those predicted by the DC-TDHF model. While
the model provides a reasonable description of the fusion excita-
tion function for 120 in the energy regime measured, its descrip-
tion of the fusion excitation function for 30 is notably poorer.
Closer examination of the 180 excitation function reveals that the
model overpredicts the cross-section at above barrier energies but

provides a good description in the interval 7.5 MeV < E. . <
8.5 MeV. For even lower energies than those depicted here it has
been demonstrated that the DC-TDHF calculations underpredict
the experimental cross-sections [14]. As the treatment of pairing
within the initial nuclei is known to have a significant influence on
the fusion excitation function [14], it is reasonable to hypothesize
that the better prediction for '°0 is due to the lack of pairing in
the last valence neutron of '°0. By extending the measurement of
the 190 excitation function to lower energies as well as performing
a high quality measurement of 20210 4 12C this hypothesis could
be tested. The availability of these neutron-rich oxygen beams at
the GANIL/SPIRAL1 facility in Caen, France makes this measure-
ment feasible.

In summary, we have developed an experimental technique
to directly measure fusion induced by low-intensity radioactive
beams (103-108 jons/s). Using this approach we have measured
for the first time the fusion of 10+ 12C at incident energies near
and below the barrier to investigate whether fusion of neutron-rich
light nuclei is enhanced relative to their B8 stable isotopes. Com-
parison of the fusion excitation function for 0+ 12C with that
of 180+ 12C, clearly demonstrates that for the 1°0 system, fusion
is significantly enhanced. Well above the barrier this enhancement
is approximately 20% which can be related to an increase in the
radius due to the presence of the additional neutron. Near and be-
low the barrier the fusion enhancement is even more dramatic,
increasing to more than a factor of three at the lowest energy mea-
sured. Comparison of the experimental data with a microscopic
model revealed that the DC-TDHF model was capable of describ-
ing fusion in the 0+ 12C system. The improved description of
the 190 reaction as compared to 30 may signal the diminished
importance of pairing in the 1?0 fusion reaction. This result moti-
vates measurement of fusion, using this technique, for even more
neutron-rich oxygen nuclei at energies near and below the barrier
to elucidate the defining characteristics of this fusion enhance-
ment.!
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