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Abstract. Astrophysical reactions involving radioactive isotopes (RI) are of importance
for the stellar energy generation and nucleosynthesis especially in high-temperature astro-
physical sites, such as X-ray bursts, core-collapse supernovae, and supermassive metal-
poor stars. In spite of the essential difficulties in the experimental evaluation of those
reaction rates, there are several successful approaches to study them, owing to the re-
cent technical developments in the beam production, measurement method, and detec-
tors. Among them, the measurements of « resonant scattering and (@, p) reactions us-
ing the thick-target method in inverse kinematics are discussed. The experiments at the
low-energy RI beam separator CRIB, operated by Center for Nuclear Study (CNS), the
University of Tokyo, are introduced as examples for such studies.

1 Introduction

The essential difficulty in experimental nuclear astrophysics lies in reproducing the special conditions
of stellar environments. In stars, vast amount of atoms can be condensed with an extremely high
density and nuclear reactions with tiniest cross sections can be effective. Some processes are slow and
may take more than millions of years, which is much longer than our life, but stars can live such long
to complete the process. The typical temperature of stellar burning sites is 10’~10° K, which can be
regarded as a high temperature, but lower than the temperature corresponding to the Coulomb barrier
of the nucleus. This implies the astrophysical reactions may occur slowly, making the experiment to
simulate them extremely difficult.

Some astrophysical reactions involve radioactive isotopes (RI). Although the RI are seldom seen
on the earth, they may play an important role in stars. An example is the CNO cycle, which is a basic
energy generation process in stars, taking place even in our sun. In the CNO cycle, the radioactive
3N nucleus is produced via the '>C(p, y)!*N reaction. The B-decay half life of >N is 10 minutes,
which may restrict the speed of the cycle. If the cycle includes 'O by the '*N(p, v)'*O reaction
(the hot-CNO cycle), the slow B-decay of '*N is bypassed, and the cycle is accelerated, resulting in a
higher energy generation rate.
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The earliest study of astrophysical reaction with RI beam was in fact on this ’N(p, 7)'*O reaction
[1, 2]. Such measurements with RI beam often suffer from the limitation of beam intensities. The
intensity of RI beam is typically 103 particles per second (pps), while >10'* pps is available for
light-ion beams. This great difference in the beam intensity is fundamental for the feasibility of the
measurement. Another limitation is the target. In a normal experimental condition, short-lived RI or
neutrons can not be used as the target, and can only be used as the beam.

As far as we discuss astrophysical implication of RI-involving reactions, there are two favorable
facts which should be noted: 1) In most cases the RI in stars play an effective role in high-temperature
(explosive) phenomena, where the reaction cross sections are not too small. 2) We may think about
some reaction involving very exotic nuclei and having a very small cross section, which is extremely
difficult to be measured. In such a case, however, the reaction should be of small or no importance for
the astrophysics.

In spite of the technical limitation, there are several successful experimental approaches:

e Direct measurement for studying high-temperature phenomena
This is feasible with relatively high-intensity RI beam (’Be, >N [2] etc.), or high-cross section
reactions (such as (a, p) reactions).

e Studying resonance properties
Some reactions proceed predominantly via resonant reactions, and we only need to study the prop-
erty of resonances by transfer reactions [3], resonant scatterings [4], or some other methods.

e Indirect measurement with RI beams
Indirect measurements with the Asymptotic Normalization Coefficient (ANC) [5, 6], Coulomb
breakup [1, 7] or Trojan horse method [8] can be carried out even with RI beams.

In this article, we particularly discuss on the measurement of 'Be+a resonant scattering and the
direct measurement of ''C(a, p) reaction with the thick-target method in inverse kinematics (TTIK)
as successful examples.

2 Thick-target method in inverse kinematics

The TTIK [9] is a method suitable for astrophysical reaction studies. In that method, the beam energy
is degraded in a thick reaction target, and the reaction occurs at various center-of-mass energies. By
detecting the position and the energy of light particles emitted after the reaction, the reaction position
in the target and the reaction energy are deduced according to the kinematical relationship. This
method has several advantages, namely, (a) using inverse kinematics, we can study reactions with
short-lived RI which cannot be used as the target, (b) we can perform a simultaneous measurement of
cross section for a certain energy range without varying the incoming RI beam energy, (c) when the
beam is stopped in the target, we can perform measurements at 180° in center-of-mass angle, where
the Coulomb scattering is minimal, and (d) the inverse kinematics condition can be helpful for a high
resolution measurement at the energy region lower than the beam energy.

Many proton- and @-resonant scattering [4, 10—13] experiments have been performed with the
TTIK method at CRIB [14, 15], which is an RI beam separator operated by Center for Nuclear Study
(CNS), the University of Tokyo. Most of those studies are related to the astrophysical (p, y) or (a, y)
capture reactions. Direct measurement of (@, p) reactions, such as 140(a, p) [16], C(a, p) [17],
2INa(a, p), '8Ne(a, p), and >*Mg(a, p), have also been performed with the TTIK method using RI
beams at CRIB.
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2.1 "Be+a elastic resonant scattering

A typical example of the resonant scattering experiment at CRIB is for the "Be+a system. The
measurement allows us to evaluate the rate of the "Be(a, y) reaction, which is considered to play an
important role in the hot p-p chain and related reaction sequences [18]. Several reaction sequences
including the "Be(a, ) reaction should take place in some high-temperature environments at Tg > 0.2,
where Ty is the temperature in GK. During the vp-process in core-collapse supernovae [19], the
"Be(a, y) reaction may contribute as much as the triple-a process to the synthesis of elements heavier
than boron at the relevant temperature of 79 = 1.5-3 [20]. The Gamow energy window at the highest
temperature To = 3 corresponds to the excitation energy E.,=8.2-9.6 MeV in !'C.

In the measurement [4], a low-energy 'Be beam at 14.7 MeV was produced using a 2.3-mg/cm?-
thick hydrogen gas target and a primary 'Li beam at 5.0 MeV/u. The typical "Be beam intensity
was 1-2 x 103 per second at the secondary target, and the main measurement using a thick helium-
gas target was performed for 4 days, injecting 2.9 x10'° "Be particles into the target. We obtained an
excitation function of the elastic scattering with several peaks corresponding to the resonance structure
in ''C. The obtained excitation function is shown in the left panel of Figure 1. An R-matrix analysis
was performed to deduce the parameters of the resonances, as the calculated curve also shown in the
figure. A similar measurement was independently carried out by M. Freer et al. at other facilities
[21], but our measurement included y-ray detection to identify inelastic scattering events, and several
differences were found in the obtained spectra [4], such as a shift in resonance energy by 500 keV and
almost factor 2 difference in the absolute cross section.

The observed resonances may contribute to the astrophysical "Be(a, y)''C reaction rate at high
temperature, T9 > 1.5. We calculated the resonant reaction rate and compared it with the evaluation
in NACRE [22, 23]. In the NACRE evaluation, only 2 resonances at 8.1045 and 8.420 MeV are
included. These two resonances dominate the reaction rate Na{(ov) up to the temperature Ty ~ 3,
and a Hauser-Feshbach calculation was used to provide the reaction rate at higher temperatures. The
resonant reaction rates were calculated for four resonance parameter sets using analytical formula
described in [22], as in Fig. 1. In conclusion, the resonances at 8.90 MeV and 9.20 MeV have a
possibility to give significant contributions to the reaction rate for 79 = 1.5-3, although they are
unlikely to be comparable to the dominant contribution of the 8.420-MeV resonance.

2.2 Direct measurement of the ' C(«, p) reaction

(@, p) reactions often play an important role in the burning process [24] taking place at high tem-
perature stellar sites, such as, X-ray bursts, core-collapse supernovae, and supermassive metal-poor
stars. "' C(a, p) is one of the key reactions in the vp-process [20], and the first direct measurement
was performed at CRIB [17] with the TTIK. The experimental setup was essentially similar to the «
resonant scattering, as shown in Figure 2.

The TTIK is an efficient method as it allows us to measure reaction events occurring at various
energies simultaneously. However, it implies the identification of the exit channel may not be com-
plete, because the particles with different origins (such as elastic scattering and inelastic scattering)
can be detected at the same detector position with the same energy. This is not a crucial problem
for the resonant elastic scattering, in which the cross section is much enhanced by the interference
between the nuclear and Coulomb scatterings. For the (@, p) reactions, however, the reaction with the
transition to the excited states in the residual nucleus should be accounted for.

With the setup as shown in Figure 2 we identified the reactions with the transition to different states
in the excited '*O, namely, 'C(a, py), ''C(a, p1), and ' C(a, p,) with the time-of-flight information.
We evaluated the contribution of each of these reactions separately, and concluded that the (e, p;) and
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Figure 1. Excitation function of "Be+« elastic scattering with an R-matrix fit curve (left panel) and evaluated
resonant reaction rates of the "Be(«, ) reaction for the 8.90, 9.20, and 9.97-MeV resonances, calculated by the
analytical formula. (a) and (b) are for the same resonance, but with different spin-parity. The evaluation by
NACRE [22] and NACRE-II [23] are shown for comparison. The contribution by the 8.420-MeV resonance,
included in NACRE, is also shown.
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Figure 2. Experimental setup for the ''C(a, p) reaction measurement [17]

(@, py) reactions may enhance the reaction rate by 20% at most (see [17] for details). The reaction
had been studied also by the reverse '*N(py, @) reaction [25], however, such contribution could only
be evaluated by the !'C(a, p) reaction measurement.

3 Active target for an advanced form of TTIK

We have developed an active target, referred to as “GEM-MSTPC” [26], for an improved TTIK mea-
surement. That active target is basically a time projection chamber (TPC) with gas electron multiplier
(GEM) readout, operated with helium (90%) + CO; (10%) gases in the chamber. The helium gas
serves as the reaction target and the detector gas simultaneously, and we can detect the 3-dimensional
trajectories of the particles directly in the gas target. For the TTIK method, this active target pro-
vides additional information compared to the static-target experiment; the trajectory and energy loss
for each of the beam particle and the reaction products. This covers the disadvantage of the normal
thick target method, the potential misidentification of reactions when there are two or more possible
reactions.
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Several measurements have been performed with this active target, including the 3°S+« elastic
scattering [13]. In the 3°S+a experiment, we successfully obtained the Bragg curve of the beam par-
ticle in the target, and the elastic scattering events were clearly identified. However, the advantage of
the active target was preliminary in that experiment, because of the limited energy and position reso-
lution of TPC. Nevertheless, new resonances are observed and we evaluated the resonant contribution
to the *°S(a, p) reaction, which is one of the most effective reaction for the energy generation in X-ray
bursts [27].

GEM-MSTPC

PPAC Read out pattern

Figure 3. Active target “GEM-MSTPC” of CRIB

4 Summary

In spite of the technical difficulties in studying astrophysical reactions involving RI, there are several
approaches for the determination of reaction rates directly or indirectly. The TTIK is one striking
method to study astrophysical reactions with RI beams. So far, proton or @ resonant scattering exper-
iments to study properties of resonances, and direct measurement of (@, p) reactions are successfully
applied for the experimental evaluation of astrophysical reaction rates. More advanced techniques for
the RI beam production, measurement scheme and detection system would be required for a system-
atic understanding of RI-involving astrophysical reactions. The active target is one such technique
which can cover the present disadvantages of the TTIK.
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