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Fusion enhancement for neutron-rich isotopes of oxygen on carbon nuclei was probed. To measure
the fusion cross-section a 2°0 beam accelerated to Eiap/A=2.7 MeV bombarded the active-target
detector MuSIC@Indiana with a fill gas of CH4. Examination of the average fusion cross-section
over the interval 0.5<(E¢.m.-Vp)/Vp<1.2 for 16-20 4 12C reveals that while even isotopes of
oxygen exhibit essentially the same cross-section, the cross-section for odd isotopes can be either
enhanced or suppressed relative to the even A members of the isotopic chain. Theoretical models

fail to explain the observed experimental results.

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

The nature of neutron-rich nucleonic matter, both its
structure as well as the reactions it undergoes, is of fun-
damental interest to the fields of both nuclear physics
and nuclear astrophysics. Recent discovery of neutron
star mergers as a nucleosynthetic site for heavy elements
[1] underscores the importance of characterizing the be-
havior of extremely asymmetric nuclear matter. For reac-
tions involving neutron-rich nuclei the central question is:
“Do neutron-rich nuclei exhibit different behavior from
more stable nuclei?” For increasingly neutron-rich nu-
clei approaching the neutron drip-line, one can expect a
change based upon the increased importance of coupling
to continuum states [2, 3], emergence of new collective
modes [4], and changes to pairing/pairing dynamics [5, 6].
These changes can result in an enhancement of the fu-
sion cross-section [7] as well as breakup and transfer [8].
Systematic experimental investigation of these topics for
neutron-rich nuclei can provide insight into how nuclear
reaction properties evolve with isospin, a central topic of
next generation radioactive beam facilities [9-11].

Reactions with light nuclei present a unique opportu-
nity to examine the character of extremely neutron-rich
matter close to the drip-line and explore the impact on
fusion, breakup, and transfer. The systematic study of
heavy-ion fusion at near-barrier energies for an isotopic
chain is a powerful tool to investigate neutron-rich mat-
ter at low-density probing the neutron and proton den-
sity distributions and how they evolve as the two nuclei
approach and overlap [12-16]. At high energies, mea-
surement of the interaction cross-section revealed that
density distributions were spatially extended resulting in
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the discovery of halo nuclei [17, 18]. Subsequent mea-
surements probed the pair and single neutron transfer for
these weakly-bound neutron-rich systems [19, 20]. Fusion
of neutron-rich nuclei at low energies probes both the in-
crease in the spatial extent of the ground-state density
distribution, as well as changes in dynamics as the sys-
tem fuses. The density distribution probed by the fusion
cross-section is not just the one-body density distribution
but includes the quantal structure effects for the fusing
system. The same interplay of attractive and repulsive
forces in the two-component nucleonic matter that gov-
erns the composition and spatial extent of the low-density
tails also impacts the collision dynamics.

Comparison of the average fusion cross-section mea-
sured in 12715C 4 12(C [21, 22] with neutron-excess clearly
indicates an increased cross-section for °C [23]. Neither
static nor dynamical models are able to describe this un-
expected increase in the average fusion cross-section for
15C, motivating investigation of isotopic chains for other
light nuclei. Fusion of neutron-rich oxygen nuclei pro-
vides a good opportunity to investigate this topic further
and specifically explore the impact of additional neutrons
beyond the N=8 shell. Using radioactive beam facilities
one can now explore fusion of neutron-rich oxygen beams
to A=22 — nearly to the last neutron-bound nucleus 24O
[9, 11]. Closure of the 1p; /s shell with N=8 means that
all isotopes with A>16 have their valence neutrons in
the sd shell in their ground state. Prior measurements
revealed that for 190 + '2C a significant increase in the
above-barrier fusion cross-section was observed as com-
pared to 1#0 [14]. Well above the systematic increase ex-
pected, this increase was interpreted as an extended tail
of the neutron density distribution as the system fuses
[16]. Whether more neutron-rich isotopes of oxygen also



manifest an increased cross-section depends on the bind-
ing of the valence neutrons and the polarizability of the
density distribution. On general grounds, pairing of the
valence neutrons at the saddle point can impact this re-
sult. The present experiment provides the first measure-
ment of the total fusion excitation function for 2°0 +
12C and compares the average above-barrier cross-section
with that of less neutron-rich isotopes.
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FIG. 1. Panel a: Schematic of the experimental setup used
to measure fusion of 2°0 + 2C. The tilted foil MCP detec-
tor, MuSIC@Indiana, the veto detector, and the downstream
surface barrier silicon detector (SBD) are indicated. Panel
b: Identification of the incident beam utilizing the energy de-
posit in the first two anodes of MuSIC@Indiana.

The experiment was conducted using the SPIRALI fa-
cility at the GANIL accelerator complex in Caen, France.
A primary beam of ?2Ne at E/A = 80.3 MeV bombarded
a graphite target to produce a beam of 2°0. After accel-
eration to an energy of E/A = 2.7 MeV by the CIME
cyclotron, the 2°0 beam was selected in Bp by the AL-
PHA spectrometer and transported to the experimental
setup situated on the G21 beamline. A schematic of the
experimental setup is shown in Fig. 1la. The beam passed
first through a thin ~35 ug/cm? aluminized mylar foil
oriented at an angle of 45 degrees to the beam direction.
Electrons ejected from the foil by the beam were accel-
erated and transported by an electromagnetic field [24]
onto the surface of a 2D position-sensitive microchannel
plate (MCP) detector. The MCP detector provided a
continuous measure of the beam position, size, and in-
tensity during the experiment. Following the tilted-foil
MCP the beam impinged on the active target detector
MuSIC@Indiana at an intensity up to ~3x10% ions/s.

The MuSIC approach, in which the detector gas in a
transverse-field, Frisch-gridded ionization chamber serves

as both target and detection medium, has a couple of in-
trinsic advantages over thin-target measurements. Use
of a MuSIC detector provides a direct energy and angle-
integrated measure of the fusion products and allows si-
multaneous measurement of multiple points on the exci-
tation function [21]. In addition, MuSIC detectors are
self-normalizing since the incident beam is detected by
the same detector as the reaction products. These ad-
vantages make MuSIC detectors a particularly effective
means for measuring fusion excitation functions when
available beam intensities are low [25, 26].

In this experiment, MuSIC@Indiana [26], operated
with a fill gas of CHy gas (99.99% purity), was utilized
to measure the fusion cross-section. The purity of the
gas was independently assessed in situ with a residual
gas analyzer (MKS Microvision 2). During the exper-
iment, in order to span the desired region of the exci-
tation function, measurements were conducted at a se-
quence of pressures between 110 torr and 124 torr. The
gas volume is separated from the high vacuum preced-
ing it (= 7x1077 torr) by a 25 mm diameter, 2.6 ym
thick mylar foil. Passage of beam through the detec-
tor gas results in ionization characteristic of the incident
ions as they traverse the detector. Segmentation of the
anode into twenty strips along the beam direction, each
12.5 mm wide, yields a direct measure of this ionization
trace. This segmentation of the anode plane means fusion
events are associated with discrete locations (and there-
fore discrete energies) inside the detector. If fusion occurs
at a particular location a considerably larger ionization
signal is observed due to the larger specific ionization
of the fusion product (evaporation residue). To clearly
identify that fusion has occurred the evaporation residue
is required to stop in the active volume which requires
up to six anodes. Determination of the position at which
the fusion occurs enables measurement of the fusion ex-
citation function [25, 26]. To ensure a short collection
time of the primary ionization produced by an incident
ion, MuSIC@Indina was operated at a reduced electric
field of ~0.7 kV/cm/atm in the active volume. This field
results in an electron drift velocity of ~10 cm/us for CHy
[27], in principle allowing operation at beam intensities as
high as 1x10° ions/s. Further details on the design, op-
eration, and performance of MuSIC@Indiana have been
previously published [26, 28].

For each ion, the first two anodes of MuSIC@Indiana
were used to identify the ion using a AE1-AE2 mea-
surement and ensure the absence of beam contaminants.
Since upto six anodes were used to identify that fusion
has occurred, for a fixed incident energy and gas pressure,
thirteen points on the fusion excitation function were ex-
tracted. A key feature of MuSIC@Indiana is the ability
to precisely insert a small silicon surface barrier detector
(SBD) into the active volume from downstream, allow-
ing accurate determination of the energy loss of different
ions in the gas. The calibrated SBD was precisely in-
serted into the active gas volume under remote control
with an accuracy of <0.1 mm and used to measure the



beam energy at each anode. This measurement was per-
formed for each gas pressure utilized. Calibration with
different beams of ions [26] eliminates the sensitivity to
energy loss calculations which have uncertainties as large
as 15%.

Readout of MuSIC@Indiana by the data acquisition
system (DAQ) was triggered using a fast signal from
the MuSIC@Indiana cathodes. The large amplitude of
the signal associated with the deposit of several tens
of MeV into the active volume made triggering the de-
tector simple. For the majority of the 2°0 data, Mu-
SIC@Indiana was operated in self-triggering mode. In
this mode the data acquired is self-normalizing. For a
small fraction of the data, in order to improve the data
acquisition readout live-time (typically ~70% for 1x10*
ions/s in self-triggering mode), a small veto detector was
inserted into the beam path downstream of the active
volume of MuSIC@Indiana but within the same gas vol-
ume. This axial-field ionization chamber consisted of
three ~35 pg/cm? aluminized mylar foils spaced by 6
mm with a central anode. It provided a fast veto signal
for the DAQ from un-reacted beam that exited the active
volume of MuSIC@Indiana. Use of the veto allowed op-
eration of the MuSIC@Indiana at a rate of 3x10% ions/s,
three times faster than without the veto detector, with
a live time of =~70%. When the veto detector was em-
ployed, downscaled beam was acquired to provide nor-
malization. The fusion cross-section was calculated using
the gated AE1-AE2 spectrum and the downscale factor.
Comparison of the fusion cross-section acquired with and
without the veto detector confirmed that the measured
cross-section was independent of its use.

Presented in Fig. 1b is the AE 49-AE 41 spectrum of
MuSIC@Indiana used to identify an incoming beam par-
ticle. Clearly evident is a single peak for 2°0O without
discernible contaminant peaks. A locus of points with a
slope of approximately unity corresponds to pileup events
of two beam particles in MuSIC@Indiana. Near horizon-
tal and vertical bands correspond to pileup events associ-
ated with scattering from the mylar window as the beam
enters the active volume. All analyzed events are tagged
by requiring the identification condition indicated by the
gate shown in Fig. 1b. This selection provides a count of
the cleanly identified 2°O ions incident on the detector.

Representative ionization traces measured in Mu-
SIC@Indiana are depicted in Fig. 2. The black line in
all panels represents the average energy deposit of an
200 ion as it traverses the detector. Error bars indicate
the standard deviation of the energy deposit in an anode.
Indicated in panel a) is the ionization trace for a fusion
event occurring in anode 5. Fusion of the 2°0 with '2C
produces a 3?Si with an excitation energy of ~30-50 MeV.
De-excitation of this compound nucleus via emission of
neutrons, protons, and « particles results in an evapo-
ration residue which, due principally to its larger atomic
number as compared to the beam, manifests a larger ion-
ization signal. Prior to fusion the incident 2°O ion loses
energy as it traverses the gas. Knowledge of the position
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FIG. 2. Representative traces from MuSIC@Indiana for dif-
ferent types of events. Indicated as the black line in all panels
is the average trace for the 2°0 beam. Error bars indicate the
standard deviation of the energy distribution for the beam on
each anode. a) fusion in anode 5 b) Proton capture on 'H
early in MuSIC@Indiana and ¢) a two-body event at anode 5.

at which the fusion occurs thus allows determination of
the energy at which the incident ion fuses. Fusion events
are assumed to occur in the middle of the anode in which
they are detected. This simple assumption is reasonable
as the beam does not stop in MuSIC@Indiana [28]. Ac-
curate determination of the fusion cross-section relies on
the isolation of fusion events by their characteristic traces
from competing processes. In addition to the veto detec-
tor unreacted beam is rejected by the presence of an ap-
preciable signal (E,,q.> 1 MeV) in the most downstream
anode of MuSIC@Indiana. Following beam rejection, the
principal contributions, aside from fusion, are from pro-
ton capture events or two-body (elastic) scattering. A
representative trace for proton capture from the mylar
window or early in the CH4 gas is depicted in Fig. 2b.
Clearly evident is the increased ionization due to the in-
creased atomic number from 2°0 to 2'F. Portrayed in
Fig. 2c is a representative trace of a two-body event. In
this event the incident ion is scattered from a '2C nu-
cleus, retaining most of its energy. The back-scattered
12C introduces a large energy deposit into anodes 6 and
7 while the forward-scattered 2°O provides beam-like ion-
ization in the subsequent section of the detector. Two-
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FIG. 3. Comparison of the excitation functions for *"~2°0 +
12¢ with coupled channels and DC-TDHF calculations. Panel
a) Data taken from [29-32]; Panel b) Data measured in the
present experiment (solid symbols) along with prior measure-
ments (open symbols) [13, 28, 30, 33, 34]; Panel ¢) Data taken
from [14]. Panel d) Fusion excitation function for 2°0 + '2C.

body events are further distinguished by utilizing the left-
right segmentation of the anodes [25, 26].

Shown in Fig. 3 are the excitation functions for 17=2°0

+ !2C along with theoretical model calculations subse-
quently discussed. The excitation functions are examined
relative to the fusion barrier Vg taken from the Bass
systematics [35] which ranges from ~7.7 MeV to ~7.9
MeV for the systems considered. It should be stressed
that over the range of the isotopic chain considered the
barrier only differs by a maximum of 0.225 MeV. Re-
cent measurements of the 7O induced fusion provide a
high resolution measurement of the excitation function
in the near-barrier regime [29]. To validate the capabil-
ity of the present setup to accurately measure the fusion
cross-section, the excitation function for 20 + 12C was
measured with 180 ions incident at E/A = 3.3 MeV.
The resulting excitation function is displayed in Fig. 3b.
Relatively good agreement of the present measurement
(closed symbols) with the previously measured data is ob-
served confirming the ability of the present experimental
setup to accurately measure the fusion excitation func-
tion. When both vertical and horizontal error bars are
considered only two points, at (E¢,-Vp)~5.4 and 6.7
MeV, deviate significantly from the previously published
data. The deviation of these points is not presently un-
derstood. The only existing data for 17O + '2C in the
near-barrier regime is shown in Fig. 3c [14]. While it
is clear that a detailed description of the 9O excita-
tion would benefit from further data, a clear difference is
discernible for this system. Although 718290 are rea-
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FIG. 4. Dependence of the average cross-section on neutron
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sonably described by the CC calculations, the 12O data
are systematically high. The first measurement of near-
barrier fusion for 2°0 + '2C is presented in Fig. 3d. As
expected, the excitation function in the energy interval
3.7 MeV <(E.,,-Vp)<10 MeV manifests a general de-
crease with decreasing energy, consistent with a barrier
controlled process. A sharp drop in cross-section is ob-
served at (E.,,-Vpg)~ 5.3 MeV which might signal a
transition in the potential associated with individual F
waves [36-38] or presence of a resonance.

To examine the dependence of the average fusion
cross-section as a function of neutron excess we calcu-
late the average cross-section in the interval 0.5<(E,. ,, -
V5)/Vp<1.2. The choice of this energy interval is dic-
tated by the common region over which data exists for all
systems considered. In Fig. 4 the present experimental
results are compared with the prior data for 16170 +
12¢ [16, 29]. Surprisingly, the 2°0 data does not man-
ifest the large increase previously observed for O but
exhibits a cross-section that is essentially the same as
that of *¥0. The experimental data shown indicates that
based on the average fusion cross-section different cat-
egories emerge. One category is the case of the even
neutron number (spin-paired) nuclei 168200 which all
exhibit essentially the same cross-section. The other cat-
egory is that of the odd neutron number (spin-unpaired)
nuclei 170 and ?O. In this latter category 7O manifests
a suppression of the fusion cross-section relative to the
spin-paired nuclei while *?O, though with limited data,
exhibits an enhancement. Interpretation of the data is
aided by comparison with predictions of three theoreti-
cal models.

A simple approach to describe the fusion cross-section
is the Sao Paulo model which involves a double-folding



of the ground-state density distribution of the colliding
nuclei [42]. The frozen density distributions were cal-
culated within a relativistic mean field (RMF) approach
using the FSUGOLD interaction [43, 44] and the result-
ing average fusion cross-section is presented as the solid
line (RMF-SP). It provides a completely static reference
for the change in the fusion cross-section with increas-
ing neutron excess by only accounting for the increased
size of the colliding nuclei. To address the impact of dy-
namics we also performed coupled channels calculations
which consider fusion dynamics through coupling to ex-
cited states due to mutual Coulomb excitation of the col-
liding nuclei. Calculations with this coupled-channels ap-
proach have been relatively successful at describing the
fusion of nuclei at and near stability [45]. Predictions
of the coupled channels model, CC, are depicted as the
dashed lines in both Fig. 3 and Fig. 4. As evident in
Fig. 3, the CC calculations are in reasonably good agree-
ment with the experimental data for 0 and 2°0. In
the case of 2°0 for the lowest energies measured (E, , -
V)<5 MeV the CC calculations slightly overpredict the
measured data. In contrast for 17O the lowest energies
(Ec.m.-VB)<5 MeV are well described by the CC calcu-
lations while the cross-section at higher energies is over-
predicted. The CC calculations appear to underpredict
the experimental data systematically for 1°0.

In the present CC calculations only the first excited
state is included. Comparison of the cross-section with
and without the first excited state led us to ignore the
contribution of higher-lying states which contribute pro-
gressively less to the fusion cross-section. For both the
RMF-SP and CC calculations the dependence of the av-
erage fusion on neutron excess is similar. To examine the
role of dynamics within a different framework we also per-
formed density constrained time-dependent Hartree-Fock
(DC-TDHF) calculations. Depicted in Fig. 3 as the dot-
ted line, one observes that the DC-TDHF cross-sections,
for all cases but O, are systematically higher than the
experimental data although the shape of the excitation
function is reasonably reproduced. In contrast to the
RMF-SP and CC models the DC-TDHF predicts a sig-
nificantly larger average fusion cross-section indicative of
the difference in the initial neutron and proton density
distributions and to a lesser extent the dynamics in the
DC-TDHF model [16].

With the reference provided by the RMF-SP and CC
calculations we note that the cross-section for 0O and
180 is reasonably well described while the slight decrease
experimentally observed from 80 to 2°0 is less than the
increase predicted by from the RMF-SP model which re-
flects the change in the static size.

The fusion cross-section for 170 and 'O with an un-
paired neutron deviates significantly from the RMF-SP
and CC model predictions. It is particularly noteworthy
that this deviation is in opposite directions for the two
nuclei with a suppression evident for 7O and an enhance-
ment observed for **O, even though the one neutron sep-
aration energies of 4143 keV and 3956 keV for 7O and

90 respectively are essentially the same. The DC-TDHF
model, which includes dynamics, provides a significantly
larger cross-section than the CC calculations. While it
is in better agreement with the 2O cross-section it sig-
nificantly over-predicts both the neutron-paired cases of
16,18,20() a5 well as unpaired neutron case of 17O. These
results for both the spin-paired and spin-unpaired cases
suggest that for this isotopic chain the near-barrier fusion
cross-sections cannot be understood within the frame-
work of a simple barrier which systematically evolves.

Given the relatively strong binding of the neutrons
in 200 it is unlikely that neutron breakup is on aver-
age responsible for this near constancy of the average
cross-section for 2°0 as compared to '®O. Rather, it is
likely that the barrier/barrier distributions for the dif-
ferent nuclei do not follow a simple systematic trend.
If the barrier/barrier distributions change significantly
from one nucleus to another, reflecting the influence of
initial structure and pairing on fusion, then calculation of
an integrated cross-section over a common interval could
introduce the observed behavior. Direct extraction of
barrier distributions, possibly through the double deriva-
tive approach [46], requires higher resolution data than
is presently available, motivating future experiments.

Use of an active target technique allowed an effective
first measurement of the fusion excitation function for
200 + '2C at near-barrier energies. A large increase
of the average fusion cross-section previously observed
for 190 is not observed for 2°0. Rather, over the inter-
val 0.5<(E¢.n-Vp)/Vp<1.2. the average fusion cross-
section, <o >, for 2°0 is slightly decreased as compared
to '80. In marked contrast to the even neutron number
(N) cases, nuclei with an odd number of neutrons exhibit
significantly different behavior. The deviation of the odd-
N as compared to even-N nuclei could reflect differences
in pairing/pairing dynamics or the initial shell structure
that persist through fusion. Both static and dynamic
theoretical models are unable to describe the behavior of
the average fusion cross-section with neutron-excess for
the entire isotopic chain. To ascertain the role of initial
structure and pairing on fusion it is essential to perform
high-resolution measurements that confirm the enhance-
ment observed for 1?0 and extend measurement of the
fusion cross-sections for even more neutron-rich members
of this isotopic chain.

Data Availability Statements The supporting data for
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