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Studies of the 2a and 3a channels of the '>C+'>C reaction in the range of
E_.,=8.9 MeV to 21 MeV using the active target Time Projection Chamber”
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Abstract: The "C+'"°C fusion reaction was studied in the range of £, =8.9 to 21 MeV using the active-target Time
Projection Chamber. With full information on all tracks of the reaction products, cross sections of the

C( C ‘B )mO channel and the 12C(12C,3oc)12C channel could be measured down to the level of a few milibarns.
The C( ’c, Be) OgAS_

transfer reaction mechanism. The 12C(IZC,301)12C reaction channel was studied for the first time using an exclusive

reaction channel was determined to be 10 J_’%“ mb at £, ,=11.1 MeV, supporting the direct a

measurement. Our result does not confirm the anomaly behavior reported in the previous inclusive measurement by
Kolata et al. [Phys. Rev. C 21, 579 (1980)]. Our comparisons with statistical model calculations suggest that the 3a
channel is dominated by the fusion evaporation process at £, > 19 MeV. The additional contribution of the 3a
channel increases the fusion reaction cross section by 10% at energies above 20 MeV. We also find that an addition-
al reaction mechanism is needed to explain the measured cross section at £, <15 MeV at which point the statistic-

al model prediction vanishes.
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I. INTRODUCTION

The "C+'"C fusion reaction at deep sub-barrier ener-
gies is a key reaction in massive stars, type la super-
novae and superbursts [1-3]. Lacking sufficient detec-
tion sensitivity, direct measurements are currently lim-
ited to E.m > 2.1 MeV. Theoretical extrapolation is in-
dispensable for determining the reaction rate for astro-
physical applications. The coupling effect of the excited
states of projectile and target nuclei is important for the
prediction of the fusion reaction cross section at energies
around and below the Coulomb barrier. Esbensen et al.
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[4] studied the coupling effect in the C+'"*C fusion reac-
tion and pointed out that mutual excitations to the high-
lying states of 2 | at 4.44 MeV, 07 at 7.654 MeV and 37
at 9.641 MeV of ‘c play an 1mportant role. While the
transition from the ground state to 27 is relatively well
determined [5], the other transitions to the 07 and 37
states lack sufficient experimental constraints. As the 0 *
and 37 states decay via the 3a channel a dlrect measure-
ment of the inelastic scattering of C( C3a) ’C will
provide a useful constraint for studies of fusion reactions
around and below the Coulomb barrier. However, the
measurement of the 12C(IZC,3oc)12C channel is rather diffi-
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cult as it involves a relatively high multiplicity and the
difficult detection of low energy charged particles. There
has been no direct measurement of the 3a channel to date.
Kolata et al. determined the 3a cross section by subtract-
ing the contributions of the a and 2a channels from the
observed p-ray yields [5, 6] from the summed o particle
yield. However their result showed a minimum cross sec-
tion at E., ~ 19 MeV. Such an abnormal behavior is dif-
ficult to explaln using any theory. An exclusive measure-
ment of 30c+ C is needed to verify the result.

The C( ’c, Be) °0 channel is a possible channel for
the "°C+'"°C fusion reaction. It was found that the ‘Be
channel reaction cross section is smaller at E., > 3.91
MeV, but larger at E., < 3.13 MeV than the agp+ 2‘ONeg_S.
channel cross section. It was also found the cross section
exceeds the DWBA calculation by nearly 3 orders of
magmtude at EC m.=2.43 MeV, suggesting that the forma-
tion of "C+"C dinuclear states becomes a predominant
process at 1nc1dent energies of E.p, < 3.13 MeV [7]. As
the outgoing *Be decays into two «a pamcles at low ener-
gies, the detection of this channel in the overwhelming
background arising from elastic scattering processes is
quite challenging. So far, this reaction channel has only
been studied once at sub-barrier energies using an emul-
sion detector [7]. New experimental techniques are
needed to push the measurement down to sub-barrier en-
ergies to further study the *Be+'°0 reaction channel.

Fusion reactions involving weakly bound nuclei are
important for nuclear physics as well for the develop-
ment of the superburst model in astrophysics [1, 8].
However, such experiments are rare due to low radioact-
ive ion beam intensities and a low detection efficiency.
To overcome these difficulties, an active target method
has been developed (see Refs. [9, 10] and references
therein). The active target detector acts as the target for
the reaction and as the detection medium at the same
time. These detectors are usually designed in the form of
a multi-sampling ionization chamber or Time Projection
Chamber (TPC), which have nearly 47 solid angle cover-
age for charged particle detection [10, 11]. The incident
particles and reaction products can be tracked by the de-
tector, enabling the use of a thick target without inducing
additional significant losses in energy resolution. The fu-
sion excitation functions could be measured over a wide
energy range using a single incident beam energy. For ex-
ample, a MUSIC detector was used at the Argonne Na-
tional Laboratory for measuring the cross sections of the
e Be e systems with a beam intensity varying
between 500 and 5000 particles/sec [12, 13]. The fusion
cross section was determined by identifying the fusion
evaporation residues against the elastic or inelastic scat-
tering events based on their different ionization energy
losses in the gas volume. Due to the absence of 3 dimen-
sional (3D) tracks in MUSIC, accurate measurements of
the reaction multiplicity and the stopping power of each

product cannot be obtained. A measurement of the fusion
cross section below ~ 100 mb is rather challenging. A
more complete measurement of the fusion residues and
the decayed particles is needed to lower the limit of the
cross section measurement.

We present the first experiment involving exclusive
measurements of the excitation functions for the 3a chan-
nels of *C+"C at energies around the Coulomb barrier.
With the three d1mens1ona1 tracking capability of TPC,
the 2a, 3a particles and *Be channels could be detected in
addition to the reaction residues. Although the beam in-
tensity is only a few hundreds of counts per second (cps),
the exclusive measurement of the 2a, 3o channels pushes
the measured cross section limit down to 10 mb. Our
measurement of the 3a channel contradicts the minimum
cross section observed at £, ,=19 MeV. In the following
sections, the detector setup and experimental procedure
are described. The experimental results are presented to-
gether with a discussion of the results.

II. EXPERIMENTAL DETAILS

The experiment was performed with a 1024-channel
TPC named pMATE (prototype Multi-purpose time pro-
jection chamber for nuclear Astrophysical and Exotic
beam experiments). A schematic of the experimental
setup and pMATE TPC detector are shown in Fig. 1. The
primary beam of ’C*" was delivered from the sector-fo-
cusing cyclotron at the Heavy Ion Research Facility in
Lanzhou (HIRFL), China [14]. The beam energy and
beam current were 4.91 MeV/u and 300 enA, respect-
ively. In order to obtam a low beam intensity down to the
order of several 10° cps for the active target, the e
particle was, scattered by a gold foil with a thickness of
0.81 mg/cm in a scattering chamber. The TPC was in-
stalled at a scattermg angle of 30°, as shown in Fig. 1.
The scattered "C particle entered the TPC gas chamber
through a 10 um mylar foil with a 10-mm opening aper-

Fig. 1.
used for the measurement.

(color online) Schematic of the experimental setup
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ture, which was 80 cm away from the scattering Au foil.
pPMATE TPC was mounted inside a 380 mm (L) x 355
mm x 285 mm (H) stainless chamber. In this Pc+c
measurement, isobutane (C4H;y) was used as the active
target. The gas pressure and flow were controlled by a
gas handling system to ensure the stability of the TPC
running conditions during the test and measurement. In
order to cover a wide energy range of the reaction, the
gas pressure in TPC was set to 106 mbar and 50 mbar. In
the latter case, an aluminum degrader with a thickness of
29 um was placed before the TPC entrance window for
tuning the beam energy to the wanted energy range.

The pMATE TPC has an active volume of 100
mmx200 mmx200 mm (H). With a uniform electric
field, which was formed by field wires, electrons from
primary ionizations in the active region drift towards the
anode readout plane. The avalanche of primary electrons,
known as gas amplification, is performed using a stack of
2 thick Gaseous Electron Multipliers (GEMs) mounted on
the readout plane [15]. In order to measure the multipli-
city for reaction products, the anode is segmented into
32x%32 rectangular pads of 3x6 mmz, which is shown in
the upper part of Fig. 2. The pad columns are numbered
from 0 to 31 along the incident beam direction (z axis in
Fig. 2). A detailed description of the pMATE TPC and its
performance can be found in Ref. [16].

The pad signals are read out using a 1024-channel di-
gitized GET system [17]. The trigger rate is limited to
500 Hz considering the number of fired pads to be around
90 for each event. The corresponding data flow rate is es-
timated to be on the order of ~ 100 MB/s. In order to re-
duce the data flow and the possible data loss, it is neces-
sary to avoid triggering the unreacted beam ions and
elastic events at forward angles. For this purpose, a silic-
on detector was installed downstream of the TPC field
cage inside the gas chamber (see Fig. 1). In the 12C+12C
fusion reaction, the heavy residues tend to travel in a dir-
ection close to the incident beam. The gas pressure was
adjusted to ensure the fusion residues stopped before the
Si detector, while the unreacted beam particles could be
detected by the Si detector. An anticoincidence between
the signal from the Si detector and the signal from the
GEM of TPC was used as the trigger for the GET elec-
tronics for capturing fusion reaction events and removing
unreacted beam particles and most of the forward scatter-
ing events. To obtain the beam particle profile in TPC,
the signal of the Si detector was also used occasionally in
some runs after being scaled down.

In the current experimental setup, a constant gain op-
timized for fusion-residue and a particle detection is
achieved over the entire pad plane. The detection
threshold is around 50 keV in each readout pad. Alpha
particles with energies above ~15 MeV or protons with
energies above ~0.56 MeV do not generate tracks in TPC
as their energy depositions in each pad are below the de-
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Fig. 2.  (color online) Events measured with the pMATE

TPC at a gas pressure of 50 mbar. (top) Trajectories projected
in the readout pad plane for one typical scattering event (left)
and fusion event (right). The color is proportional to the en-
ergy-loss on each pad. (bottom) Histogram of the energy-loss
profile of the unreacted beam particles along their incident dir-
ection. The energy-loss profiles of the reaction events in the
top panel (red line—top left, black line—top right) are also
plotted for comparison. The pad columns are numbered from
0 to 31 along the z axis, which defines the beam direction.

tection threshold.
III. ANALYSIS AND DISCUSSION

A. Track reconstruction

One advantage of the active-target TPC is that it re-
cords the tracks of every charged particle and provides
the energy-loss, position and angle for each track. This
capability cannot only help us tune the beam direction
and reject events coming from scattering on the entrance
window foil or the wires of the field cage, but is also cru-
cial for an unambiguous identification of the type of reac-
tion. The experimental traces of a typical scattering event
and a fusion event measured with pMATE TPC are
shown in Fig. 2. On the bottom of Fig. 2, the Bragg
curves (energy-loss in each pad column along the beam
incident direction) of these two events are shown togeth-
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er with the energy-loss profiles of the unreacted beam
particles passing through the TPC gas region. The Bragg
curves for these reaction events are similar to the energy-
loss signals of beam particles before the reaction happens.
When the reaction happens, the Bragg curve suddenly in-
creases around the reaction vertex. As shown in Fig. 2, it
is rather challenging to cleanly identify fusion events
based only on these interfering elastic or inelastic scatter-
ing events. Information on the tracks of the emitted light
particles from the fusion reaction is needed to determine
the exact type of reaction.

Identification of the trajectories of the reaction
products is the major task in a reconstruction of the reac-
tion events. For most nuclear reaction measurements us-
ing TPC, the light particles from the reactions are usually
scattered at large angles relative to the projectiles. In
these cases, track reconstruction is straightforward. By
extrapolating the tracks to the beam axis, the reaction ver-
tex can be determined. In the case of fusion studies, re-
construction is complicated by the fact that the direction
of the fusion residues is close to the beam direction. In
order to eliminate interference from beam ions, the beam
trajectory before the reaction has to be removed first. In
our analysis, a pad region is defined for the "C beam ac-
cording to the beam trajectory projected on the pad plane.
Using the energy-loss (AE) profile in this beam region, as
shown in Fig. 2, the reaction position (or column) can be
determined by checking AE. The fired pads from this pos-
ition to the beam entrance correspond to the beam traject-
ory and are removed from further track analyses of the re-
action products.

An example of a track reconstruction for one
elastic/inelastic scattering event obtained in our experi-
ment is shown in Fig. 3. Two scattering particles cannot
be separated at the point at which the two tracks merge in
the readout pad plane (top panel in Fig. 3). However, in
the drift plane, which is perpendicular to the readout
plane, two distinct tracks are observed, as shown in the
middle panel of Fig. 3. The drift coordinate is determ-
ined by the electron drift time multiplied by the drift ve-
locity. Here, we adopted the two-dimensional Hough
transform method for separating the track, an algorithm
commonly used in image analysis based on a given set of
image pixels (see Ref. [18]). In the Hough transforma-
tion, each point at (x,y) is transformed into a curve in the
(0,R) parameter space (Hough space) using the formula
R=xcosf+ysind in the @ interval of 0<f<x. If the pixels in
the pad or drift plane form a straight line, their trans-
formed curves will intersect at one point in Hough space.
As an example, the points in the drift plane (middle pan-
el in Fig. 3) are transformed into the Hough space shown
at the bottom of Fig. 3. It should be noted that the points
of the unreacted beams were removed before the trans-
formation. By searching the intersection points in the
Hough space in an iterative way, multiple tracks were de-

15~ =06
. : 12c2
g/ i beam 04
= 10F “
o 1 0.2
- o
5 o v by P IR N R R R | 0
0 5 0 15 20

Fig. 3. (color online) Example of a Pc+c scattering event.
(top) Track projection to the pad plane. (middle) Projection to
the drift plane along the electron drift direction. The solid
lines are the linear fittings of the tracks identified by the
Hough transform algorithm. (bottom) Hough space made from
the points in the middle panel, where the points belonging to
the beam were removed before the transformation. The red
open circles indicate identified particle trajectories.

termined separately. The solid straight lines in this figure
represent the linear fittings, which are weighted by the
charges deposited on each pad. It is seen that this proced-
ure shows a good and stable track reconstruction per-
formance over the entire range for scattering particles.
Using 3D tracks, the particle energy loss, range and angle
can be obtained and the reaction vertex can be calculated
by tracing back to the beam axis.

The response of the pMATE TPC to the fusion reac-
tion was also investigated using a similar tracking meth-
od. The top plot of Fig. 4 shows a strong ionization at the
end of the beam-like trajectory. Looking at the event tra-
jectories in the drift plane at the bottom of Fig. 4, this
track was identified to be formed by fusion residue which
has higher 4 and Z than the "C beam. These particles are
stopped quickly by the gas after the reaction. The energy
loss of another track is very different. The AE per pad is
about ten times smaller than that of the °C beam. As the
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Fig. 4. (color online) Energy-loss for a fusion event with
one a emission. (top) Projection of the energy-loss in the pad
plane. (bottom) Track projection in the drift plane. The
straight lines are the linear fittings of the tracks identified by
the Hough transform algorithm.

roton is below the detection threshold and no tritons or
He are expected in the "C+"C reaction in the current en-
ergy range, we can identify this particle as being an al-
pha using its energy-loss profile in the gas. Note that the
range of the fusion residue in the gas is relative short and
hence its points in Hough space sometimes fall into the
alpha track. In order to resolve the track of heavy residue,
we follow the changes in stopping power ( dE/dX) along
the 3D track. Starting from the end point in a track, the
averaged dE/dX is calculated at each point with a step
size of 12 mm towards the reaction vertex. If the aver-
aged dE/dX becomes two times larger than the previous
one, the corresponding data points after that position will
be removed from the track. These filtered points will be
analyzed by a new Hough transform to identify the alpha
track.

An example of a four body event in the exit channel is
shown in Fig. 5. Due to the good tracking capability for
multiple tracks, three evaporated alpha particles were de-
tected directly and the recoiling fusion residue is also
clearly seen here. After removing the beam trajectory, all
recorded trajectories were reconstructed successfully us-
ing Hough transformation, as shown in Fig. 5.

The emission of a heavier cluster decay “c+’c -
160+"Be (g.s.) has been studied extensively in previous
works [7, 19, 20]. It was also observed in this work. For a
ground-state *Be decay, two alpha particles are emitted
with a narrow opening angle between each other. An ex-
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Fig. 5. (color online) Similar to Fig. 4, but for 3a emission
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Fig. 6. (color online) Energy-loss plot for a fusion event
with a possible 8Be-particle emission. (top) Projection of the
energy-loss in the pad plane. (bottom) Three dimensional
points for track reconstruction. The straight lines are the lin-
ear fittings of the tracks identified by the Hough transform al-
gorithm.
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ample, as observed in this work is shown in Fig. 6.

12 12 . .
B. C+ "C fusion cross section

To identify the c+"C fusion events, the maximum
stopping power (dE/dX,,,,) of each track is calculated us-
ing a step size of 1 cm. In Fig. 7(a), dE/dX,,,, is plotted
against the total ionization energies of the tracks for dif-
ferent particles. In this plot, alpha particles from the fu-
sion events are located around the coordinate origin and
can be clearly separated from the scattering events. Fu-
sion residues with a recoil energy of more than 5 MeV
are also well separated from the scattering events.
However, some residues with smaller energies have
rather smaller dE/dXm.,x and partly overlap with the
scattered particles.

For reaction channels evaporating protons and neut-
rons (xpn channels), the kinematic kick on the fusion
residue is less significant than for channels which in-
clude the evaporation of a particle(s). dE/dXpmax versus
the kinetic energy spectrum of the fusion residues is
shown in Fig. 7(b). In the current experiment, the kinetic
energies of the fusion residues were high enough to be
separated from the beam particle, "C. For the a(s)t xpn
channels, once an alpha particle is identified, this reac-
tion can be categorized as a fusion event. The dE/dXyax
spectra gated with detection of 1 a and >2 as are shown
in Figs. 7(c) and (d), respectively. Due to the require-
ment of an «a track, the fusion residues can be well identi-
fied without any interfering scattering events.

The fusion reaction yields are obtained by counting
the number of fusion events in each pad column along the
beam direction. As the first and last several columns were
required to detect the tracks of beam and reaction
particles, the current pMATE TPC provided 18-20 en-
ergy points in each run. The number of "C beam particles
was determined from the rates recorded by Silicon down-
stream. A realistic Geant4 simulation was performed to
determine the beam energy at each reaction vertex and
the energy uncertainty. In the current work, uncertainty in
the reaction energies was determined (e.g. ~ 0.84 MeV
(1o) at Eyea=22 MeV), which is dominated by the kin-
ematic broadening of the scattered 2Cs by the Au target
and energy straggling in the degrader and the counting
gas.

The fusion cross sections were obtained in the ranges
of Ec;n=15.3-21.1 MeV and E,;, =8.93-13.69 MeV with
gas pressures of 106 and 50 mbar, respectively. Due to
false triggers in the GET system during the measurement
at 50 mbar, we were not able to determine the absolute
cross section of the °C+"°C reaction. To solve this prob-
lem, the total fusion cross sections in the second run at 50
mbar are normalized to the results measured by Kovar et
al. [21] with a scaling factor determined with a chi-square
analysis. The total fusion cross sections shown in Fig. 8
agree well with the previous measurement [21] and the
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Fig. 7.  (color online) dE/dXmax Vversus total energy depos-
ition of particle (£) for the detected particles in TPC. The data
were obtained at a pressure of 50 mbar and the plots were gen-
erated under the following conditions: (a) all tracks of the re-
action products, (b) no alpha tracks identified in the reaction
products, (c) single alpha particle identified in the reaction
products, and (d) two or more alpha particles identified in the
reaction products. Events localized around the coordinate ori-
gin come from the alpha particles. Regarding fusion residues
with a recoil energy of less than 5 MeV, they partly overlap
with the scattered particles indicated with a black polygon. By
requiring the presence of a particles, the fusion residues can
be clearly identified without interference by the scattering
events.
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Fig. 8. (color online) Measured excitation function of the

total fusion cross section (red solid squares). Data from Ref.
[21] and theoretical calculations [23] are plotted for comparis-
on and shown respectively as triangles and a blue solid line.

calculations using the the energy-dependent version of
Wong's formula proposed by Rowley and Hagino [22].

C. 12C(”C 2a)160 channel

The dommant channel of the 2a+ xpn channels is
C( ’C 2a) °0, as the other channels are negligibly small
according to the statistical model calculation using Em-
1re [24] For examyle the cross section ratio of
C( ’C 2a+p) N to C( ’c 2(1) ‘0 is estimated to be
0.02 according to Empire. The contributions of the other
channels are even smaller or totally closed due to the en-
ergy threshold.

The 3-body decay events were simulated in the 2a se-
quential decay mode. TGenphasespace provided by
ROOT [25, 26] was used to generate the phasespaces of
these decay particles. The population and decay probabil-
ities of the excited states in the intermediate “’Ne nucleus
were taken from the statistical model calculation. In the
*Be mode, an ‘Be particle is emitted before it decays into
two o particles with a decay energy of 93 keV.

The 2a sequential decay was simulated using the stat-
istical model codes, Empire and Talys [27]. The po ula-
tion of the excitation energy distribution of the 0 is
shown in Fig. 9. Using the kinetic energy derlved from
the measured range and angle of the detected O the QO
value was calculated using the following equation,

0s065.
(1)

Here E; is the beam energy in the laboratory frame, Ej is
the kinetic energy of "0 as derlved from the measured
range in TPC, and 65 is the angle of '°0. The spectrum of
the Q value is shown in Fig. 10. It should be noted that
the O value includes not only the excitation energy of "0
but also the internal kinetic energy of the two a particles

12 16 VI2-16-E; - E;
= =-1|E +|=+1|E; 21—~ 53
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1"“\“‘\““‘\‘”‘“\
0 2 4 6 8 10

180 excitation energy (MeV)

Fig. 9. (color online) Excitation energy spectrum of %0 sim-
ulated using the statistical model at £,=24 MeV.
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(color online) Experimental QO-value spectrum cal-

Fig. 10.
culated with the kinetic energy and angle of %0 for events in
the range of £,=18-28 MeV. The red line is the simulated res-
ult with £,=24 MeV.

in the center of mass frame (CM) of the two a particles.
The minimum internal kinetic energy of the two «a
particles is 0 while the max1mum value corresponds to
the zero kinetic energy of '°0 in the CM frame, which
can be calculated usmg E{/2+Q¢—E,. Here E, is the ex-
citation energy of '°0 and Qo equals —0.113 MeV, which
is the O value of the channel decaying to the ground state
of '°O. The allowed (Q-value range for "°O for a given E,
is from —E,—0.113 MeV to —E;/2-0.113 MeV. Accord-
ing to the statistical model prediction at El =24 MeV
shown in Fig. 9, the most populated states of '°O are the
ground state and the excited state at 6.049 MeV. There-
fore, the Q values of the ground state and the 6.049 MeV
state range from —0.113 to —12 MeV and from —6.162 to
—12 MeV, respectively. Our experimental result shown in
Fig. 10 confirm these results.

Simulations of '°O (6160) angle versus the opening
angle between two a particles (6,,) are shown together
with the experimental results in Fig. 11. It is clear that the
majority of the experimental results agrees well with the
simulation result using the statistical model calculation.
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Fig. 11.  (color online) Spectrum of the angle of 0 (6160)
versus the opening angle between the two o particles. Data
points are obtained from the measurement at 50 mbar. The
simulation done in the 2a sequential decay mode and the ex-
perimental results are shown in contour and scattered points,
respectively. The contours cover 95% of the total simulated
events.

D. "“c("C,’Be)'°O channel

It is also possible that two a particles are emitted to-
gether as a *Be which decays into 2a particles. The tradi-
tional approach is to measure the energles and angles of
the two emitting as and then identify the *Be cluster with
the reconstructed relative kinetic energies of the 2as [20].
Identification of "Be has also been reported simply based
on the measurement of the polar angle between the two «
particles [19] in the range from Ecm—l7 5 to 34.5 MeV.
The active target captures both '°O and the two a particles
with a 100% geometric efficiency with a nearly complete
kinematic measurement. The only missing information is
the energies of the two a particles which penetrate the
active volume in the current expenment

The simulated spectra of the 0 angle versus the
opening angle between the two as using the *Be emission
mode are shown together with the expenrnental results in
Fig. 12. The states of the final residue, %0, include the
ground state and the excited states at 6.049, 6.13, 6.917,
7.116 and 8.872 MeV. States with higher excitation are
not included because they decay by alpha emission. To
investigate the contributions of different '°O states, the
spectrum is generated by gating the Q Value obtained
with the detected range and the angle of '°0. In total, we
find 1 event that agrees with the simulation done using
the ground state of °O, corresponding to 10+24 mb.

Our result is shown together with the cross section
measurement by Cujec et al. [7] as the modified S factor
(S* =0 -E-exp(87.21/ VE+0.46E)) in Fig. 13. Consider-

12C(IZC,gBe)IGOg_S_ a direct o-transfer reaction, the
cross section has been evaluated for the L=0 transfer in
the distorted-wave Born approximation (DWBA) with the
PTOLEMY program [28]. The optical-model potential
(V==50 MeV, W=-10 MeV, R, = 1.26 fm, and a =0.4 fm)
is used in the DWBA calculation for ingoing and outgo-
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Fig. 12.  (color online) Spectrum of the angle of 0 (6160)

vs. the opening angle between the two o particles from *Be
emission. The simulated and experimental results measured at
50 mbar are shown in contours and scattered points, respect-
ively. A cut of abs (Q-value) < 1 MeV is applied to the experi-
mental data.

1018
107 //’_\\\ = Cujec1989
o / N ® Present
10
S s
> 10
g 1014
o 1013
1012
NN SR T R TR RN B
0 2 4 6 8 10 12 14
Ecm. (MeV)
Fig. 13. (color online) Modified S factor (S*) of 12C(]2C,
8Be)]()Og.s.. Current measurements and those of Cujuec are

shown as red and black points, respectively. The red solid and
black dashed lines are the DWBA calculations using the
product of spectroscopic factors of 0.06 and 30, respectively.

ing channels, which is taken from Ref. [7]. In the calcula-
tion, the node number of the a-cluster was set to 2 ac-
cording to the shell model configuration. The product of
the alpha spectroscopic factor was set to 0.03 according
to the theoretical calculation [29]. Taking into
account the identical nuclei in the entrance channel, an
additional factor of 2 was applied to the calculated cross
section to reproduce the calculation by Cujec et al. at en-
ergies around 5.5 MeV. In order to match with the experi-
mental result at 2.93 MeV, the product of the spectro-
scopic factors needs to be scaled up by a factor of 500.
However, our measurement agrees with the calculation
using spectroscopic factors of 0.06, suggesting that
12C(IZC,SBe) IGOg.S' is dominated by the direct a transfer
process in the range of 3.13 to 12 MeV. The large differ-
ence between the experimental data and the DWBA cal-
culation at lower energies indicates the possibility of new
physics, e.g., the impact of the molecular structure in the
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entrance channel on the reaction mechanism. While the
emulsion detection used in the Cujec experiment is un-
able to record the coincidence of two a particles in the
time domain, TPC can detect ‘Be unambiguously by re-
cording the full information with the large background of
scattered "C particles. Therefore, this offers a new oppor-
tunity for investigating the interesting channel below 3.13
MeV and helping us achieve a better understanding of the
formation of *Be clusters in the “C+"C reaction.

E. "c(’C,3¢)"’C channel

The complicated 3a channel can be easily identified
against other contaminants by visualizing the a tracks to-
gether with the fusion residues in TPC. Our result is
presented in Fig. 14. At energies above E_,=19 MeV,
our result tends to agree with the result of Kolata et al.
[21]. Both measurements are consistent with the Empire
calculation and support the explanation of fusion evapor-
ation. Although the cross section of this channel is at the
level of 100 mb at energies above 20 MeV, which is
about 10% of the total fusion cross section, it has been ig-
nored in the "°C+"C total fusion due to the technical chal-
lenge involved [21, 30]. Our measurement provides valu-
able data for the complete fusion cross section and our
statistical model calculation proves the dominant contri-
bution to be from the fusion evaporation reaction.

At energies below E_,,=19 MeV, the abnormal trend
reported in Ref. [6] is replaced by much lower 3a cross

2% Kolata1980 = Present
103 — Hagino2015
r W;!?:'!}
R

Cross section (mb)
2
T T T 1T H\‘
B3

—_
o
T
=
-
-
T
——a—

Fig. 14.
emission cross sections with the statistical calculation. Red
squares: experimental data obtained with pMATE TPC. Black
stars: experimental data measured by Kolata et al [5]. Blue

(color online) Comparison of experimental 3a-

line: Prediction of the fusion evaporation model calculated us-
ing EMPIRE. The total fusion cross section by EMPIRE is
normalized to the calculation in Ref. [23].

sections and the localized minimum near 19 MeV disap-
pears. At E_,, < 15 MeV, we still find some 3a events
with a cross section at the level of 10 mb while the Em-
pire calculation predicts a vanishing cross section. Con-
sidering that the cross section of inelastic scattering up to

the 4.44 MeV of ’C is in the order of 100 mb around 15
MeV [5], the 3a events may indicate the possible contri-
bution of a direct reaction other than fusion evaporation,
such as the proposed inelastic scattering leading to
O+(7.654 MeV) and 37(9.641 MeV) [4]. As the statistics of
the current measurement are rather low and the kinetic
energies of the o particles are missing, a follow-up meas-
urement with better statistics will be useful in recon-
structing the unbound states of the break-up 3a events,
providing decisive evidence for the direct reaction com-
ponent.

IV. SUMMARY AND OUTLOOK

The "“C+"C fusion reaction was studied in the range
of E.m.=8.9 to 21 MeV using the active-target Time Pro-
jection Chamber. Due to full information on all tracks of
%1216 lzree}gctio?é products, the cross, S{czctions12 of the

C("C, Be) O, channel and the “C( 1(23’3012 (83 ch%n—
nel were measured down to ~10 mb. The "C( "C, Be) O
reaction channel is determined to be 10 *3* mb at
E.n=11.1 MeV, su})porting the direct o transfer reaction
mechanism. The ' C(IZC,Ba)uC reaction channel was
studied for the first time using an exclusive measurement.
Our measurement does not confirm the anomaly behavi-
or reported in the previous inclusive measurement. Our
comparisons with the statistical model calculations sug-
gest that the 3a channel is dominated by the fusion evap-
oration process at E., > 19 MeV. The additional contri-
bution of the 3a channel increases the fusion reaction
cross section by 10% at energies above 20 MeV. We also
find that an additional reaction mechanism is needed to
explain the measured cross section at E., < 15 MeV at
which point the statistical model prediction vanishes.

The techniques developed in this work provide a new
opportunity for studiyng difficult reactions such as

IQC(QC,gBe)mOg_S. at E.m. < 3 MeV and fusion reactions
involving radioactive ion beams. Compared with tradi-
tional detectors and techniques in nuclear physics, the
main advantage of the pMATE TPC detector is the ex-
tremely high efficiency and its capability of simultan-
eous detection of multiple charged particles. In the active-
target mode, reaction cross sections can be measured over
a wide energy range down to a few milibarn with a beam
intensity of ~ 100 particles per second. Motivated by this
unique opportunity provided by TPC, fusion reactions in-
duced by neutron-rich isotopes will be started in the fu-
ture, which is very difficult using traditional detectors due
to their low-intensity radioactive beams.
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