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1. Introduction

The 11C(α , p)14N reaction is considered to be part of a pathway responsible for the nucle-
osynthesis from the pp-chain region to the CNO region, in addition to the well-known triple-alpha
process. This reaction path is likely to be effective in extremely high-temperature hydrogen burn-
ing processes, such as the breakout process from the hot pp-chains [1] in low-metallicity stars, or
theνp-process in core-collapse supernovae. Recent simulations of theνp-process [2] suggest that
the 7Be(α ,γ)11C reaction, mostly flowing to the subsequent reaction11C(α , p)14N, considerably
contributes and eventually affects the abundance pattern of the p-nucleiaroundA = 90–110. It is
important to know the11C(α , p)14N reaction rate to review its contribution in the pathway. There
are reaction rate data sets of this reaction available from the time-reversal reaction measurements
with the activation method [3] or the Hauser-Feshbach statistical model calculations by the code
NON-SMOKERWEB [4]. However, the former provides only the11C(α , p0)

14N reaction rate, and
the latter has no information on resonances, and thus none of them could provide a correct reac-
tion rate. In order to resolve this issue, we have performed the first-everdirect measurement of
the 11C(α , p)14N reaction cross sections aiming at measuring separately the proton decaysto the
different states in14N in the 11C(α , p)14N reaction in the center-of-mass energy range from 1 to
4.5 MeV, including the Gamow windows from 1.5 to 3 GK of astrophysical interest.

2. Experiment

The measurements were performed by means of the thick-target method [5] in inverse kine-
matics with secondary beams produced by CRIB (CNS Radioactive Ion Beam separator) at the
Center for Nuclear Study (CNS), the University of Tokyo [6]. We usedtwo 11C beams at different
kinetic energies to cover a wide excitation energy range in15O, and a11B beam for calibration with
the known11B(α , p)14C reaction cross sections [7, 8]. The11B3+ primary beam was provided by
the RIKEN AVF cyclotron at 4.6 MeV/u with a maximum intensity of 1 pµA. The secondary beam
particles11C were produced via the1H(11B,

11C)n reaction with a 1.2–1.7-mg/cm2-thick cryogenic
hydrogen gas target. The energy of the11B beam for the calibration run was degraded with the
same target condition as above. The energy losses of the secondary beams in the secondary4He
gas target were directly measured separately from the reaction measurement runs with a Si detector
at 5 different gas thicknesses from 0 to 1.24 mg/cm2. The beam conditions used for the experiment
are summarized in Table 1.

A schematic plane view of the experimental setup is illustrated in Fig. 1. We used two types
of beam monitors (i.e. Parallel Plate Avalanche Counters (PPAC1, PPAC2) and/or a Microchannel
Plate (MCP) detector) for beam trajectory and timing measurement. The different incident11C
energies were produced by switching between PPAC2 and the MCP mountedas the second beam

Table 1: Secondary beam conditions used for the experiment

Beam particle Ecm range [MeV] Beam rate [pps] Purity [%] 2nd beam monitor
11C6+ 2.3–4.5 1.0×105

∼100 MCP
11C6+ 0.0–2.7 3.1×105

∼100 PPAC2
11B5+ 2.9–4.5 2.6×105

∼100 PPAC2
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Figure 1: Schematic plane view of the experimental setup

monitor. The target had a semi-cylindrical shape whose length from the entrance to the exit on the
beam axis was 140 mm.4He gas of 400 Torr was confined by a 2.5-µm-thick Havar foil at the
entrance and a 25-µm-thick Mylar foil at the exit. The incident11C beam energy of 10.1 MeV
and 16.9 MeV covered the center-of-mass energy range of 0–4.5 MeV inthe4He gas target. Recoil
protons andα particles, as well as small numbers of deuterons and3He particles, were clearly iden-
tified with ∆E-E silicon telescopes. Each∆E counter was a double-sided stripped silicon detector
and the E counter was a single-pad silicon detector.

3. Analysis and Results

We successfully identified the final states in14N from the time-of-flight information of the
reaction particles between PPAC1 and the SSDs and the kinetic energy of therecoil protons, as
each transition for a given recoil proton energy takes place at a different position in the target. The
proton events with the high- and low-energy beams are shown in Fig. 2-(a)and (b) respectively,
where the ordinates indicate the time difference with respect to the(α , p0) time while the abscissae
indicate the kinetic energies of protons. The time difference and energy range of the(α , p1) and
(α , p2) are consistent with the calculation, so that we can identify them as illustrated in Fig. 2. In
the low-energy run, the(α , p0) and(α , p1) can be separated relatively easily, and only a narrow
energy range of the(α , p2) is energetically allowed in addition. In the high-energy run, the(α , p1)

events could partially overlap the(α , p0) and (α , p2), but its effect should be sufficiently small
as its yield apparently much lower in the overlapping region. For a(α , p2) excitation function,
the higher energy part down to the onset of the(α , p3) is used. Currently, only clearly-identified
regions marked with hatched lines in Fig. 2 are used for the excitation functions in Fig. 3.

The center-of-mass energy, as well as the scattering angle, can be uniquely reconstructed with
the kinematic quantities, such as the beam energy loss distribution in the target, the beam track,
the proton energy, and the proton detection position. The detection efficiency at each center-of-
mass angle and energy are calculated based on the Monte Carlo simulation. Atpresent, the cross
section was determined assuming isotropy, with the error bars indicating the statistical error and
the deviation from isotropy. In Fig. 3, the newly determined excitation functions for the(α , p0),
(α , p1) and(α , p2) are plotted. The(α , p0) function of this work is mostly found to be consistent
with the excitation function deduced from the time-reversal reaction data [9]via the principle of
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(a) Low-energy run (b) High-energy run

Figure 2: Identification of the protons at the 27◦ telescope. Each abscissa indicates the proton energy and
each ordinate indicates the time difference with respect tothe(α, p0) events with (a) the low-energy beam
and (b) the high-energy beam. The data in hatched areas correspond to the excitation functions in Fig. 3.

detailed balance, except around some resonances at lower energies.The (α , p0) functions for the
low- and the high-energy run show a good consistency in their overlapping region. The(α , p1)

covers the stellar temperatures up to 3 GK where the(α , p2) cross section can be extrapolated to
be sufficiently small.

Figure 4 shows a summary of the relative reaction rates obtained by the present work, the
NON-SMOKERWEB [4], and the time-reversal reaction labeled “CF88” [3], which is the one cur-
rently accepted. The newly obtained reaction rate for the(α , p0,1,2) differs from either CF88 or

Figure 3: Excitation functions of the11C(α, p0)
14N (Low-energy run: magenta circle, high-energy: red

square),11C(α, p1)
14N∗ (green triangle), and11C(α, p2)

14N∗ (blue cross) reactions. The black dashed line
is obtained from the previous time-reversal reaction studies [9].
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Figure 4: Comparison of the relative reaction rates among the NON-SMOKERWEB calculation [4] (dotted
line), the(α, p0,1,2) reaction of this work (solid line), and the(α, p0) reaction of this work (dashed line) to
the time-reversal reaction data (dashed-dotted line).

NON-SMOKERWEB. A more detailed discussion requires further works; the angular distributions
of the differential cross sections are being analyzed for more proper integrations instead of assum-
ing isotropy.

4. Conclusions

We successfully observed the(α , p0), (α , p1) and (α , p2) transitions separately and deter-
mined their preliminary excitation functions. The resonant shapes and absolute values of the
(α , p0) excitation function agree reasonably well with the ones from the time-reversal reaction
data over the energy range of measurement. Although the(α , p1), (α , p2) excitation functions can
be deduced only in the limited energy ranges, they are still useful to estimate their contribution
to the total reaction rates at the stellar temperatures of 1.5–3 GK. But the conclusive reaction rate
requires a more reliable total excitation function with a careful treatment of theangular distribution.
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