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Abstract: We measured the 'YO+'"?C fusion excitation function using the MATE active-target TPC at IMP for
9.7< Ecm. <169 MeV. The results agree well with DC-TDHF and TDHF predictions, demonstrating the import-
ance of dynamical effects near the barrier, but disagree with earlier MUSIC-based measurements. The ?O+'’C sys-

tem exhibits a maximum fusion cross section consistent with those of f-stable O+C systems. A linear dependence of

1/E; and closest-approach distance on oxygen mass number is observed for '"'®!?0+"2C, indicating that additional

valence neutrons lower the critical energy. V-shaped excitation structures appear for 7O and '?O, and the anomalous

suppression previously reported for 'O calls for further experimental and theoretical study.
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I. MOTIVATION

Understanding the fusion of neutron-rich light nuclei
is essential for both nuclear astrophysics and nuclear
structure physics [1, 2].

From an astrophysical perspective, neutron-rich fu-
sion reactions contribute to the heat budget of accreting
neutron-star crusts and play a key role in triggering su-
perbursts, exceptionally energetic and long-lived X-ray
bursts [3, 4]. Compared to normal Type I bursts, a super-
burst releases about three orders of magnitude more en-
ergy and lasts roughly a thousand times longer. The event
is thought to be initiated by carbon-carbon fusion in the
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deep crust, where heat generated from pycnonuclear fu-
sion of neutron-rich isotopes, such as *O+*O and
3#Ne+3*Ne, is conducted upward and ignites residual car-
bon ash [5—7]. Determining accurate reaction rates for
these neutron-rich systems is therefore critical for model-
ing crust heating and ignition condition in accreting neut-
ron stars.

At the same time, studies of neutron-rich fusion reac-
tions are directly connected to the long standing question
of nuclear stability. Around Z~114 and N~ 184, theoret-
ical models predict an “island of stability” where super-
heavy nuclei could have relatively long half-lives [8, 9].
Conventional experiments using stable beams have lim-
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ited reach into this region; however, neutron-rich pro-
jectiles could offer an alternative route. The interplay
between extended neutron distributions—which may en-
hance barrier penetration—and weak binding—which can
promote breakup—makes it complicated in theory to pre-
dict the reaction cross section. Hence, the investigation of
the fusion reactions induced by neutron-rich beams not
only help us constrain astrophysical scenarios but also
sheds light on how excess neutrons affect nuclear reac-
tion dynamics.

Experiments using weakly bound or neutron-rich pro-
jectiles have yielded mixed conclusions regarding fusion
enhancement. The measurement of °He +2%Pb at Louv-
ain-la-Neuve [10] found no substantial sub-barrier en-
hancement, with large fission yields explained by two-
neutron transfer processes.

Carnelli et al. [11] performed systematic fusion stud-
ies of 1-15C + 2C using the MUSIC active target at Ar-
gonne National Laboratory. Their average cross sections
in the range of E.,, = 14-17 MeV followed the expecta-
tions of coupled-channel and Sdo Paulo model calcula-
tions, confirming the absence of exotic enhancement.

More recently, Singh et al. [12] studied the fusion of
Y0 + 2C using the RIB facility at Florida State Uni-
versity (FSU) at energies from E.,, =7.4 to 18 MeV. The
averaged fusion cross section of 'O + '>C in the range of
E.n=12-18 MeV is ~37% higher than that of '*'30+
12C, suggesting that the extended density tails of the un-
paired neutrons increase the fusion cross section signific-
antly. However, a recent measurement of '?O+'>C repor-
ted a 34% reduction in the fusion cross section for
E.m >13 MeV and good agreement with earlier data for
E.m <10 MeV [13]. A pronounced suppression feature
was also observed near E.,, ~ 12 MeV, for which no the-
oretical explanation was offered.

In this paper, we present a new measurement of the
YO+!2C fusion excitation function using an active-target
time projection chamber, covering 9.7 < E.,, < 19 MeV.
Our results are compared with the two previous measure-
ments, and the systematic behavior of the &!7181°Q+12C
fusion systems is examined.

II. EXPERIMENTAL SETUP FOR "0 + *C

The production of the '*O beam using the RIBLL1 re-
coil separator is illustrated in Fig. 1 [14]. A primary '808%
beam at 6.17 MeV/u (260 enA) from HIRFL [15] im-
pinged on a liquid-nitrogen—cooled deuterium gas target
(150 mbar) located in the T, chamber of the RIBLLI1
spectrometer, producing 03" through the 20(d, p)"°0O
reaction. A 10-pum Mylar degrader positioned at the first
dispersion plane (C1) reduced the beam energy before the
ions were refocused in the T1 chamber.

The beam was subsequently transported from T1 to
T2 using the second stage of RIBLL1. Two 10-um plastic

scintillators placed in the T1 and T2 chambers provided
Time-of-Flight (TOF) information, and a 300-um silicon
detector downstream of the T2 scintillator measured the
total kinetic energy. To suppress contamination from '°F,
the 7" charge state of 1°O was selected.

From the TOF-energy correlations obtained with the
plastic detectors and the silicon detector (Fig. 2), the sec-
ondary beam intensity was determined to be 10°~10* pps,
with a purity of approximately 70%. The main contamin-
ants were '80% and 807" at energies of 51.6 and
76.6 MeV, respectively.

The prototype MATE-TPC (pMATE-TPC) has an
active volume of 10 cm (W) x 20 cm (L) x 25 cm (H)
[16]. The drawing of pMATE-TPC is shown in Fig. 1.
The field cage uses three layers of Be—Cu wires (diamet-
er 0.1 mm) and double thick-GEM amplification (0.3 mm
thick). The rectangular readout plane comprises 1024
pads of the size of 3.1 mm x 6.3 mm. Signal processing is
performed through 1024-channels GET electronics. In
this paper, the beam direction is defined as the positive Z-
axis, the direction perpendicular to it in the readout plane
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Fig. 1.  (color online) Drawing of the RIBLL1 and pMate-
TPC, with the definition of coordinates in TPC.
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Fig. 2. (color online) The E vs. TOF spectrum measured in
the T2 chamber with two plastic detectors and a silicon detector.
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is defined as the Y-axis, and the electric-field direction is
taken as the X-axis, as illustrated in Fig. 1.

pPMATE-TPC located at 1.15 m downstream away
from the T2 chamber. It was separated from the upstream
vacuum by a circular 15 mm-diameter window made of a
10-pm-thick Mylar foil. pMATE-TPC was filled with a
Isobutane gas at a pressure of 100 mbar to act as the '>C
target. The 'O beam energy just before the second
plastic detector in the T2 chamber was determined to be
72.0 MeV with the magnetic field setting of the last di-
pole of RIBLLI.

During the experiment, the trigger was generated by
the signals of the GEM surface layer just next to the
readout pad. This signal was vetoed by 6 pads in the
beam path, located in the last two columns along the Z-
axis, to reject events that penetrated the TPC active
volume. The busy signals generated by the GET system
introduce a certain amount of dead time. A dead-time ef-
ficiency correction was obtained from the scaler by re-
cording the triggers with or without the busy signal. It is
therefore applied to correct the counts of the measured fu-
sion events. The event rate generated by the GEM signal
was around 1.5-3.3 kHz. After being vetoed by the veto
pads and busy signal, the trigger rate was about 70-200
Hz. The gain of TPC was optimized for fusion-residue.
With a threhsold of 0.12 MeV on each pad, our detector
only detected heavy ion and some « particles and was not
sensitive to protons and neutrons.

III. DATA ANALYSIS

A. Energy calibration of the O beam in TPC

After the 72.0 MeV O beam passing through the
plastic scintillator with a thickness of 10 um and the
Mylar window of the TPC with a thickness of 10 pum, the
energy was determined to be 62.2 MeV, according to the
energy-loss calculation using SRIM [17]. The LISE cal-
culation based on ATIMA yields an energy of 62.4 MeV
[18], only 0.3% higher than the SRIM calculation. The
energy spread was measured to be 1.8% (FWHM) using a
Si detector placed in vacuum behind the Mylar windows
in the TPC chamber.

The TPC chamber was filled with isobutane gas at a
pressure of 100 mbar. The resulting energy-loss curve of
the unreacted '*O™* and 'O beam particles along their in-
cident direction (Z-axis) is shown in Fig. 3. In this paper,
pads sharing the same Z coordinate are referred to as be-
longing to the same column, with the column number
defined from 0 to 31 from the entrance to the exit of the
beam. The energy loss at each column is the sum of the
energy deposit on the pads with the same column num-
ber. The range of the beam particle was determined by
fitting the energy losses in the last four columns to identi-
fy the point at which the energy loss drops to zero. It
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Fig. 3. (color online) (Upper panel) The calibrated energy

loss curve for the 807+ beam; (Mid panel) The calibrated en-
ergy loss curve for the 180" beam; (Lower panel) The calib-
rated energy loss curve for the '°0”* beam.

should be noted that the fraction of 807+ observed in
TPC is 1.3% and 0.7%, respectively. The significant im-
provement of the YO purity benefits from the selection
with a TOF cut. With the incident energy of 62.2 MeV of
the 'O beam after the TPC window, the energy loss in
the isobutane gas was simulated using SRIM, and by tun-
ing the gas density, the observed range was well repro-
duced by the simulation. From this comparison, the en-
ergy of the beam particle at the entrance of the TPC act-
ive volume was determined to be 49.7 MeV, and the en-
ergy loss in each column was normalized to the corres-
ponding simulated energy deposition. The uncertainty of
the incident beam energy of each pad was estimated by
varying the gas density within +0.95%. The beam en-
ergy uncertainty was determined as 0.18 MeV at the
beam energy of 44 MeV, 0.44 MeV at the beam energy of
25.6 MeV.

B. Reaction vertex

The reaction vertex is obtained with the energy loss
curve along the beam incident direction. dE(i) represents
the energy loss in the i—th column. The recorded events
were classified into two categories, reacted events and
un-reacted events, based on the condition dE(i) >
1.3dE(i— 1), with i ranging from 1 to 31. The location of
the i-th column was then identified as the reaction posi-
tion, and the i-th column was labeled as the react column
in this paper. An example of the reaction vertex determin-
ation is shown in Fig. 4. The exact 3D location of the re-
action vertex was determined by the intersection of tracks
of the beam particle and reaction products.
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Fig. 4.
based on the energy loss along the Z-axis. The red arrow

(color online) Determination of the reaction vertex

marks the reaction-vertex position. The black line represents
the pad-by-pad energy loss predicted by the SRIM calculation
after tuning the gas density to match the measured beam en-
ergy and range.

C. Fusion reaction events

The main reaction channels expected from PACE4
calculations [18, 19] are as follows:

190 4+12C 530 Sj4n, 0 =19.695MeV,
PO+12C =3 Al+p, 0 =11.908 MeV,
YO +12C =% Si+2n, 0 =9.085MeV,
90 +12C ¥ Al+p+n, 0 =6.180 MeV,
190 +12C -2 Mg +2p, 0 =-0.633MeV,
190 +12C 528 Si 4 3n, 0=0.612MeV,
190 +12C >3 Al+ p+2n, 0 =-3.248 MeV,
190 +12C - Mg +a, 0 =15.495 MeV,
YO+12C >® Mg+a+n, 0=9.051 MeV,
PO+2C - Na+a+p, 0 =0.480 MeV,

BO+2C 5B Mg+a+2n,  Q=-2.042MeV,
0 = -5.094 MeV,
Q =3.637 MeV.

YO+2C>P Na+a+p+n,
90 +12C -2 Ne + 2«,

In this work, we focus on fusion reaction events oc-
curring between the 5th and 18th columns, correspond-
ing to the energy range of 10.0 MeV< E,,, <16.5 MeV.
The average energy loss recorded in the first four pads
was set to be less than 1.5 MeV to reject unrelated events,
such as cases where two beam particles enter the TPC
simultaneously. The tracks in each event were identified
using the Hough-transformation method described in Ref.
[20]. For the reacted events, after excluding the pads with
the same Z coordinate as the react column, the remain-
ing tracks were classified into the beam-particle track and
the reaction-product track(s). The exact location of reac-
tion vertex was defined by the intersection of the tracks
and the react column. In this experiment, only one- or
two-track reaction-product events were observed, as the

TPC pad threshold was set to ~0.12 MeV and thus was
not sensitive to protons, neutrons, or some high-energy o
particles. Accordingly, two types of reaction events, one-
reaction-product-track events and two-reaction-product-
track events, were distinguished based on the number of
reaction-product tracks. In the following sections, we de-
scribe the selection of fusion-reaction events.

1.  One-track fusion events

For the one-track fusion events, only the fusion
residues were recorded as the reaction product. PACE4
calculation indicates that the scattering angles (6) of the
fusion residues are less than 20 degree in the lab frame
when E., > 9.7 MeV. The largest background comes
from the elastic scattering channel. Taking the elastic
scattering at E., =10 MeV as an example, when the scat-
tering of 'O is less than 20 degree in the lab frame, the
maximum kinetic energy of 'C is less than 4.4 MeV,
corresponding to a track length less than 2.2 cm. As our
pads width is 0.3 cm along the Y-axis, such a short could
only fire not more than 7 pads. If the reaction-product
tracks happened to have similar coordinates along the Y-
axis, the two tracks would overlap and the pattern of fired
pads in the readout plane would appear as a single track.
Besides that, few isolated pads occasionally fired by the
alpha particles may not recognized as tracks. To better
identify the tracks of heavy fusion residual and suppress
the elastic events, the least distance from the reaction
product track (dy) was calculated. In the following ana-
lysis, only the pads with dy < 2.0 cm were considered as
the pads fired by the candidate event of fusion reaction. A
typical fusion event and elastic scattering event are
shown in Figs. 5 and 6, respectively.

The energy-loss curve of non-reacting 'O ions was
used as a reference template. For each candidate fusion
event, its measured energy-loss curve was shifted along
the Z-axis until its trailing edge aligned with the template
endpoint. The y* value between the measured and tem-
plate energy-loss distributions was then calculated for all
pads beyond the reaction point (react column). By vary-
ing the pad-shift amount, the minimum y? was obtained,
providing an optimized alignment. For determining the
Bragg peak region of the shifted energy-loss curve, pads
23-27 defined in the energy loss template were priorit-
ized for scattering angles below 10°, and pads 25-27 for
angles between 10° and 20°. If fewer than three valid
pads were available in these ranges, subsequent pads bey-
ond 27 were included. The average Bragg energy loss
was calculated as

(d£> _ Eloss,sum (1)
dx / prage  Npaa X Pad Width (0.63 cm)’
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Fig. 5.
Track projection in the X—Z plane. (Upper right) Track projec-
tion in the Y-Z plane. (Lower left) Energy-loss curve along

(color online) One-track fusion event. (Upper left)

the Z-axis, with the measured energy-loss profile shown in
blue and the template curve in black. (Lower right) Energy-
loss curve after shifting to the position that yields the minim-
um 2, with the shifted curve shown in red and the template
curve in black. The red line in the upper panels represents the
fitted track of the fusion residue. The black line in the upper
panels represents a possible trajectory constructed by connect-
ing the reaction vertex with several fired pads, likely originat-
ing from a particles. The vertical lines in the lower panels in-
dicate the range used in the calculation of (dE/dX)Bragg -

For the events with react column>5 and react
column< 18, the dE/dxg,.,, versus the summing energy
of the reaction product tracks (track e) and the resulting
reduced x? versus frack e are shown in Figs. 7 and 8, re-
spectively. Using the cut shown in Fig. 7, the candidates
of the fusion reaction events were identified.

Here we take the reaction events occurring on the
18th pad as an example to illustrate our analysis of the fu-
sion events. These events have the lowest reaction en-
ergy, E.m ~10MeV. After applying the cut in
(dE/dx)prage Versus track_e, 191 fusion-reaction candid-
ates are identified, as shown in Fig. 7. These events were
further examined using the distributions of the reduced y?
versus track e and track e versus the total energy recor-
ded by the TPC (E o).

For elastic-scattering events, E is equal to the in-
cident energy of the beam particle (49.7 MeV). In most
cases, the fusion residues have smaller E\,, values than
the elastic-scattering events, because the light particles
emitted in the fusion reaction escape detection in the TPC
and carry away part of the energy. However, the PACE4
calculation shows a small probability that the kinetic en-
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Fig. 6. (color online) Example of a one-track event identi-
fied as elastic "YO+'2C scattering. The panel layout and line
descriptions are nearly identical to those in Fig. 5, except that
in the upper panels the red line represents the fitted track of
the scattered O, while the black line indicates a schematic
trajectory corresponding to the likely track, unresolved path of

the recoiling '*C.
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Fig. 7. (color online) For one-track events, (dE/dx)prage
versus the summed energies of the reaction-product tracks
with laboratory scattering angles less than 10° (left panel) and
between 10° and 20° (Right panel). The red dots indicates re-
action events on the 18th pad. The black box denotes the non-
fusion events.

ergy of a fusion residue may exceed the incident beam
energy. In contrast, the elastic-scattering events form a
well-defined group with E, clustered around the incid-
ent beam energy. We inspected the track plots of the can-
didate events to ensure that none exhibited the two-track
topology characteristic of elastic scattering, as illustrated
in Fig. 6. In total, we identified 3894 one-track fusion
events in the range of in the center-of-mass energy range
9.7MeV < E_,, <169 MeV.

D. Two-track fusion events
Although the pad-level threshold of 120 keV rendered
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our detector insensitive to protons and most o particles, a
fraction of a-evaporation events was still detected. For
events containing two reconstructed tracks, we first sor-
ted the tracks by their energy (track e). The track with
the larger rrack_e was taken as the fusion-residue candid-
ate. The same procedure used to identify fusion events in
the single-track case was then applied, and the classifica-
tion was subsequently confirmed by verifying the pres-
ence of the accompanying a track.

Figure 9 shows the correlation between (dE/dx)prg,
and the total energy of the reaction-product track

4000 w50 :
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= 2000 . o | S
g . '20F A
3 1000 X :
B . 10 i
%1020 050 & 36720730 40 50 60
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< . =30 i
= 2000 ° .
9 b 200 s
3 1000 : g
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Fig. 8. (color online) (Upper left panel) The reduced y? vs.

the summed energy of the reaction-product track for the re-
acted events with scattering angles less than 10°; (Upper right
panel) The summed energy of the reaction-product track vs.
the total energy deposition in the TPC for the events with scat-
tering angles less than 10°. The lower left and right panels are
identical to the upper left and right panels except for the re-
acted events with scattering angles between 10° and 20°. The
red dots indicates the candidates for the fusion reaction, iden-
tified by the cut shown in Fig. 7 on the 18th pad.
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Fig. 9.  (color online) For two-track events, (dE/dx)Brage

versus the summed energies of the reaction-product tracks
with laboratory scattering angles less than 10° (Left panel) and
between 10° and 20° (Right panel). The red dots indicates re-
action events on the 18th pad. The black box denotes the non-
fusion events.

(track e). A total of 867 two-track fusion events were
identified in the center-of-mass energy range 9.7 MeV <
E.m <169 MeV.

E. Angular distribution of the fusion residues

The measured angular distribution of the fusion
residues is shown in Fig. 10, together with the PACE4
prediction. The comparison indicates that PACE4
provides a reasonable description of the angular distribu-
tion. Because the measurements of Singh and Vadas [12,
21] covered only a limited angular range, their fusion
cross sections relied on the PACE4-calculated distribu-
tion for extrapolation. Our result therefore provides ex-
perimental validation of the angular distribution, helping
to reduce the associated systematic uncertainty in those
earlier measurements.

F. The ®Ne channel

The projection of (dE/dx)g.,, for events with track_e >
10 MeV and angle < 10° is shown in Fig. 11. A small
peak appears just above the ?O peak, whose centroid is
higher by a factor of 1.22 relative to that of 0. Accord-
ing to energy-loss calculations, the ratios of the maxim-
um dE/dx values are 1, 1.15, and 1.28 for '°0, ?°F, and
»Ne, respectively. The corresponding complementary
partners would be ''B for °F and 3Be for »Ne. Examina-
tion of the reconstructed track images confirms that only
BNe trajectories were present, without any accompany-
ing heavy recoil ions Fig. 12. This behavior is readily ex-
plained if the complementary reaction product, *Be in its
ground or excited state, promptly decays into two «a
particles. These o particles remain undetected in our TPC
because their deposited energies in TPC fall below the
detection threshold of 0.12 MeV. Therefore this small
peak is attributed to *Ne. Unfortunately the resolution of
(dE/dx)pree gets worse at angles larger than 10°. There-
fore we can not obtain the total yield of 2Ne in this work.

react_column :5 react_column :6 70 react_column :7

60- 60;
50 500
€40 £a0-
330- 330+
0] ©o0;
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%590 15 20 590 15 510 15 20
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70 react_column :8 70 react_column :9 70react7column :10
60 60F 60F
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Q20 0207 020
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Fig. 10. (color online) The measured angular distribution of
the fusion reaction products and the prediction obtained with
PACEA4. The corresponding energies of Pad 5 to 10 are 16.9,

16.3,15.8, 15.3, 14.7 and 14.2 MeV respectively.
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Fig. 12. (color online) Candidate **Ne event from a transfer
channel. The panel layout and line representations are almost
identical to that of Fig. 5 except the single heavy-ion track
(red line) in the upper panels are identified as *Ne. No accom-
panying track from a heavy recoil nucleus is observed.

A similar 2a emission channel was observed in the
study of '>C+'2C reactions at E.,, = 10—20 MeV, where
it was identified as a transfer process supported by
DWBA calculations [20]. Furthermore, PACE4 simula-
tions show that the branching ratio for 2?Ne production in
the fusion reaction is only about 0.5% at E., = 10.0 MeV
and 1.9% at E.,, =17 MeV, therefore we do not include
BNe among the fusion residues.

G. Effective energy

The energy loss across each pad varies from 1.2 MeV
to 2 MeV within the energy range of interest. It is there-
fore necessary to determine an effective energy at which
the experimentally obtained cross section, measured with
a relatively thick target, corresponds to the cross section

that would be obtained with an infinitely thin target.
The effective energy is obtained by calculating the en-
ergy at which the yield integrated over the entire target is
equally divided between energies above and below that
point [22].

A Monte-Carlo simulation based on the theoretical
cross sections predicted by the DC-TDHF calculations
(see Section IV) was performed to estimate the beam-en-
ergy distribution of fusion events for each pad. In this
simulation, the energy and angular distributions of the fu-
sion residues were generated using PACE4. The beam-
energy straggling was evaluated with SRIM, and the in-
trinsic beam-energy spread of the incident beam was also
included. As explained in Subsection III A, the uncer-
tainty in the effective energy of the incident 'O beam at
each pad was evaluated by varying the gas density within
its allowed range.

IV. RESULTS AND DISCUSSION

Figure 13 compares the fusion excitation function
measured in this work with the earlier measurement of
Singh et al. [12], the higher-statistics update by Vadas
[21], the recent measurement by Desilets e al. [13], and
theoretical predictions from time-dependent Hartree—Fo-
ck (TDHF), density-constrained TDHF (DC-TDHF), and
density-constrained frozen Hartree—Fock (DC-FHF). The
present measurement spans center-of-mass energies from
E.m ~9.7 to 16.9 MeV and agrees well with the TDHF
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Fig. 13.  (color online) (Upper) Fusion cross sections for the

Y0+12C system measured in this work (red stars) compared
with those of Singh et al. (black triangles) [12], the ITU2018
dataset (black filled circles) [21], and the TU2025 dataset
(black open circles) [13]. Also shown are TDHF, DC-TDHF,
and DC-FHF calculations. (Lower) Ratios of the measured
and theoretical cross sections to the DC-TDHF prediction.
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and DC-TDHF calculations, both of which incorporate
dynamical effects such as neck formation, nucleon trans-
fer, and collective excitation during the fusion process.
The only exception is that the TDHF and DC-TDHF pre-
dictions lie about 8%—10% below our measured maxim-
um fusion cross section at E.,, = 16 MeV and do not re-
produce the subsequent decline at higher energies. The
DC-FHF calculation, which treats fusion as penetration
through a static potential, yields cross sections an addi-
tional ~ 10% lower than the TDHF and DC-TDHF res-
ults, lies systematically below our measurement over this
energy range. The comparison with DC-FHF under-
scores the importance of dynamical effects in accurately
describing the fusion process.

Overall, our excitation function is consistent with
those reported by Singh et al. and Vadas after introdu-
cing a normalization of 0.94 on their data. However, there
is an exception near E., ~ 12 MeV where both the ori-
ginal Singh data and the improved Vadas data lie ~ 40%
below the theoretical predictions and our measurement.
The recent measurements by Desilets et al. done using a
MUSIC active target seems to confirm the structure re-
ported by Singh et al. and Vadas. Another challenge is
that the data of Desilets ef al. is 34% lower than that of
Singh et al. and Vadas, and 27% lower than our data at
E.m > 13 MeV. The measurement of Singh et al. and Va-
das was done with a thin carbon target and detector array
covering limited angular range. Their final cross sections
were obtained with the correction of the branching ratio
and angular distribution predicted by statistical model,
bring in some systematical uncertainties. However, our
measurement using active target Time Projection Cham-
ber does not depend on the statistical model calculation.
Our measurement supports the result of Singh et al. and
Vadas, and significantly differ from the Desilets et al.
measurement.

The 2Ne channel observed in our experiment is at-
tributed to an o-transfer reaction and is therefore ex-
cluded from the fusion cross section. The apparent sup-
pression near E., ~ 12 MeV reported in recent MUSIC
measurements may arise from the inclusion of this unre-
solved Ne transfer channel. The observed suppression
may also reflect inconsistent normalization factors among
different *O+!2C measurements and the treatment of dis-
tinct reaction channels. Further experimental and theoret-
ical studies are required to eliminate these systematic de-
viations and establish a consistent dataset.

To investigate systematic trends across the oxygen
isotopic chain, we fitted the '%'71%1°0+!2C fusion excita-
tion functions using the Wong formula [23],

ois(E) = (Rf9 Z—Z) In {1 +exp(W)} )

where Rp, V3, and %iw represent the barrier radius, height,
and curvature, respectively. At sufficiently high energies,
Eq. (2) reduces to the classical limit,

1%
O-fuszﬂlR%(l_fB>. 3)

To compare the systems at energies above the barrier,
we define a reduced fusion cross section

AV 41217 \?
Oreduced = 0 (W) > “4)

where A, is the projectile mass number. This corrects for
the small (~ 2% per mass unit) geometric changes in the
interaction radius across the oxygen isotopes. The experi-
mental reduced cross sections plotted against 1/E. ., are
shown in Fig. 14 together with the fitting results and the
TDHEF predictions.

It was reported in Ref. [28] that the ~37% enhance-
ment in the average above-barrier fusion cross section for
0 in the range 12 MeV < E.,,, < 18 MeV, relative to the
[-stable oxygen isotopes, could not be reproduced by ex-
isting theories. In contrast, our results show that TDHF
provides a good description of the "O+'2C data, al-
though it slightly overpredicts the fusion cross sections
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Fig. 14. (color online) The reduced fusion cross section vs.

the 1/E., for the '61718190+12C fysion reaction. The '°0+
12C data from Refs. [24, 25] are shown as blue circles and
squares; the 70+!2C data from Refs. [25-27] as magenta
squares, circles and triangles; the '30+12C data from Refs.
[24, 25] as green circles and squares, and the PO+!2C data
from Refs. [13, 21] as black filled circles and unfilled circles.
The data of this work are shown as red filled circles. The
magenta dotted-dashed line shows the best fit to the Hertz
measurement of 70+12C. The diagonal magenta and red sol-
id lines mark the angular-momentum values of 8% and 137, re-
spectively, around which the 70+!2C and 0O+!2C systems
exhibit the V-shaped structure in their excitation functions.
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for the '"180+2C systems as shown in Fig. 14.

The extracted barrier parameters are listed in Table 1.
Figure 15 compares the deduced R and Vp values with
the predictions of the Sdo Paulo [29] and Bass potentials
[30] and with TDHF [6, 31]. Experimentally, Ry exhibits
a relatively constant trend from 4=16 to 18, followed by
a ~0.6 fm rise at A = 19. In contrast, all three theoretical
models predict a more modest variation of only 0.2-0.4
fm. A similar trend is observed in the barrier heights
(Vp): while both experiment and theory show an overall
decrease with projectile mass number, the experimental
spread (= 0.6 MeV) is significantly larger than those pre-
dicted by the Sdo Paulo and Bass potentials (~ 0.2 MeV)
or by TDHF (~ 0.4 MeV). TDHF also predicts a notice-
ably lower barrier for the odd-mass isotope, presumably
due to the unpaired valence neutron occupying the 1ds,,
orbital, but such a signature is not evident in the experi-
mental data.

For the '°O+"2C system, which contains no sd-shell
valence neutrons, the maximum fusion cross section is
970 mb (reduced value of 1011 mb). In contrast, the -
stable isotopes with sd-shell neutrons, such as '"'80+12C,
reach maximum values near 1200 mb [32]. In the present
work, the YO+!2C system is found to reach a maximum
complete-fusion cross section of 1229+41 mb, a value
consistent with the f-stable sd-shell systems. The result
is shown together with parameters of other C+O fusion
reactions in Table 2. This result provides the first evid-
ence that the systematic enhancement associated with sd-
shell neutrons extends into the neutron-rich, S-unstable
isotope °0.

The energy at which the fusion cross section reaches
its maximum is defined as the critical energy (E.). The
values of 1/E. exhibit a linear dependence on the oxy-
gen mass number, as shown in Fig. 16, indicating that fu-
sion in the neutron-rich isotopes with more valence neut-
rons outside of the core reaches its maximum at increas-
ingly lower energies. With such a empirical linear rela-
tionship, we predict that the critical energies of 2°2'0+!>C
to be 13.3 MeV and 11.3 MeV, respectively. The critical
angular momentum /., which defines the highest partial
wave contributing to complete fusion, can be inferred
from the maximum fusion cross section and the critical
energy [33]. For '®!7181°0+12C, the critical angular mo-
menta are determined as 12.9%, 18.65, 16.2h and 14.8A,
respectively. The closest approach distance (R.) at the
critical energy (E.,) is obtained with

R.= lcrfl(Ecr)- (5)

A weak linear correlation between R, and the mass num-
ber of oxygen isotopes with sd-shell valence neutrons is
also observed and presented in Fig. 16.

The valence neutrons outside the core increase the

Table 1.
tion functions for '6!1718190+12C gystems. The final column

Barrier parameters extracted from fusion excita-

lists the center-of-mass energy range used in the fits.

Reaction Rp/fm Vg/MeV fiw /MeV Range/MeV
160 4 12¢@ 8.0+0.1 8.0+0.1 32+0.3 6.9-13.9
7o 4 12¢b 7.8+0.2 7.7+0.1 26+0.3 7.0-15.4
180 4 12¢2 7.8+0.1 7.5+0.1 2.5+0.2 6.9-20.0
90 4 12¢e¢ 8.5+0.3 7.4+0.3 35+15 7.4-15.4
190 4 12¢d 8.4+0.2 73+0.3 - 10.0-15.4

* Data from Refs. [24, 25]. The Ref. [25] dataset is renormalized to Ref. [24] using a
factor of 1.14.

® Ref. [25] renormalized using the factor above.

¢ Data from Ref. [21], renormalized to the present work by a factor of 0.935. A fit to
the unrenormalized data gives R, = 8.8 £ 0.3 fm.

4 Present work.
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Fig. 15. (color online) (Upper panel) Coulomb barrier radi-

us (Rp) vs. the projectile mass number for the '¢'"'%1%Q+!2C
fusion reaction; (Lower panel) Coulomb barrier height (V)
vs. the projectile mass number. The green, black and dark red
lines represent the theoretical prediction of Sdo-Paulo poten-
tial, Bass potential and TDHF, respectively.

nuclear radius and lower the effective interaction barrier.
Furthermore, when neutron transfer channels have posit-
ive O-values, coupling to these channels enhances the fu-
sion probability. For example, an upper limit of '?C+'2C
has been reported in the carbon isotopic chain: the
I2C+12C fusion cross section is bounded above by those
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Table 2.
Ece. Om, Omer, and €, are the maximum complete fusion

Fusion reaction parameters at the critical energy

cross section, the cross section error and the critical angular
momentum, respectively.

Reaction Eq./MeV o /mb O m.err/Mb ler (R)
2c 160 24.95 970.0 30 12.9
2c 170 24.78 1140.3 52 18.6
204180 19.95 1195.0 24 16.2
2c4+ 190 15.89 1229.0 41 14.8
6.6
6.4
—62 }; ******* }
= 6.0
=]
“58
5.6 I Rc=0.0618*Ap + 5.0677
5.4
15 16 17 18 19 20
Mass Number (Ap)
0.07
=) 3
2006 ® :
s
= 0.05 ¥
E
& 0.04
Al *  1/Ec.m.=0.0132*Ap-0.1887
0.03
15 16 17 18 19 20
Mass number (Ap)
Fig. 16. (color online) (Upper panel) The dependence of the

closest approach distance on the mass number of oxygen iso-
topes. (Lower panel) The dependence of the inverse of critic-
al energy on the mass number of the oxygen isotopes. The
open and filled circles represent 0 and 718190, respect-
ively. The dashed line is the best fit to the systems involving
1718190, The best fit equations to the "1%1°0 are also shown

in the figures.

of 2C+3C and C+"3C at energies below and above the
barrier [34]. Both our data and the theoretical models
considered here indicate such enhancements near the bar-
rier, forming an upper limit for the '°0+'2C fusion cross
section from the energies around the Coulomb barrier to
E.m ~ 12.5 MeV.

With the unpaired neutron in the 1ds, orbital, the
7190+12C fusion cross sections are expected to upper
bound that of the '*O+'2C system. For YO+'2C, this ex-
pectation is indeed confirmed. Its fusion probability ex-
ceeds those of all other systems discussed in this work. In
addition, its reduced cross section exhibits a V-shaped de-
pendence on 1/E.,, at energies above the critical energy,
similar to the oscillatory behavior observed in '*0+!2C.

The "O+'2C system shows a similar V-shaped pat-
tern, but not at the location of its fusion maximum. In-
stead, at 1/E., ~0.08 MeV~' (E., ~12.5 MeV), the

high-energy data of Hertz et al. [26] lie about 40% below
both the lower-energy measurements of Eyal et al. [25]
and the fusion cross sections of all other O+C systems.
This long-standing discrepancy between the two earlier
measurements [25, 26] motivated two recent active-tar-
get experiments at FSU and 1U [27, 35], which identified
transitional behavior between the two datasets, although
some differences remain [27].

The anomalous suppression observed in 7O+!2C at
energies above the barrier calls for additional experiment-
al and theoretical investigation. The V-shaped excitation
patterns and the linear correlation of the critical energies
in "1890+12C may be related to the specific role played
by the unpaired neutron in the 1ds,, orbital. A more com-
plete understanding of the fusion behavior above the
Coulomb barrier would provide valuable constraints
on nuclear interaction potentials and reaction models,
which is essential for reliable extrapolations to sub-barri-
er energies.

V. CONCLUSIONS AND OUTLOOK

We have measured the "O+'2C fusion excitation
function using the MATE active-target TPC at IMP over
the range 9.7 < E.,, <16.9 MeV. The results show good
agreement with DC-TDHF and TDHF calculations, con-
firming the importance of dynamical effects near the
Coulomb barrier, but differ significantly from the previ-
ous measurement performed with a MUSIC active target.
We suspect that the inclusion of the a-transfer channel
and differences in normalization may have contributed to
this discrepancy. The maximum fusion cross section
(~1200 mb) reported in the fS-stable O+C systems re-
mains valid in the *O+!2C system. A linear dependence
of both 1/E. and the closest-approach distance (R.) on
the oxygen mass number is observed for '"!81°0, indicat-
ing that additional valence neutrons systematically lower
the critical energy.

The V-shaped patterns are observed in the excitation
functions of '""?O+!2C systems. The anomalous suppres-
sion observed in "O+'2C at energies above the barrier
calls for additional experimental and theoretical investig-
ation. Future measurements with even more neutron-rich
oxygen beams, such as 220 at FRIB ReA3, will provide
further critical tests and new opportunities for theoretical
developments.

The planned CiADS + HIAF facilities [36, 37] will be
capable of providing neutron-rich beams such as *-%Kr
and '"-1%2Xe, potentially offering a new pathway toward
producing nuclei in the predicted island of stability [38].
Our experimental results and analysis highlights the ef-
fect of the valence neutrons on the complete fusion reac-
tion cross sections. Further experimental studies of the fu-
sion reaction or multi-nucleon transfer reaction with the
heavier neutron-rich isotopes are needed to guide the de-
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velopment of nuclear reaction theory.
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