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1. Introduction

CRIB [1, 2] is a radio-isotope (RI) beam separator operatgdCbnter for Nuclear Study
(CNS), the University of Tokyo, installed in the RIBF fatjliof RIKEN Nishina Center. CRIB
can produce low-energy (< 10 MeV/u) Rl beams in flight, usirighpry heavy-ion beams from the
AVF cyclotron of RIKEN (K=70). Most of the RI beams are proddcvia direct reactions such as
(p, n), (d, p), and EHe, n), taking place at an 8-cm-long gas target with a maximumspnesof
760 Torr. A cryogenic target system, in which the target gaslee cooled down to about 90 K, is
currently available, and an intenéBe beam of 2x 1% pps was produced using the system [3].
Solid targets such as beryllium foil can also be used as théygtion target. The secondary beam
is purified with an magnetic analysis using dipole magnetd,with a Wien filter, which can sep-
arate the beams according to their velocities. For reltilight Rl beams such a&8e, we can
obtain a good purity of almost 100% after the Wien filter.

RI beams which have been produced at CRIB are listed in Tghidth typical parameters.
The RI-beam energy is optimized for each measurement, amdeahanged according to the
primary beam energy, the thickness of the production taayad other conditions. The intensity
also varies depending on the conditions of the Rl beam ptamauc

2. Nuclear Astrophysics Experiments

The low-energy Rl beams at CRIB are suitable for studiestodplsysical reactions. An exper-
imental method often used was the thick-target method iers&/kinematics [4]. In that method,
the beam energy is degraded in a thick reaction target, aaatio@s occur at various center-of-
mass energies. We detect light particles emitted aftettimes; and reconstruct the kinematics.
This method has several advantages, namely, (a) we camrpesfmultaneous measurements of
cross section of various excitation energies without vagythe incoming Rl beam energy, and (b)
we can perform measurements at 189 center-of-mass angle, where the Coulomb scattering is
minimal. Many fruitful results have been obtained at CRIBhahis method [5-11].

A major topic of our interest is alpha-induced reactionsvesal (@, p) reactions, such as
140(a, p) [5], 11C(a, p), “!Na(a, p), ®Ne(a, p), and3°S(a, p) have been measured at CRIB.
The elastic resonant scatterings of alpha particle ustay ?!Na, ’Li [11] and 'Be beams have
also been measured. These measurements are related phgsital @, y) reaction rates, and are
relevant for studying nuclear cluster structure. Amongshlies, the one ofBe+a measurement,
which is related to the cluster structure’@€, is presented below.

The exotic cluster structures in tA&B and*'C nuclei are attracting much attention in recent
years [12]. The 3/2 state in1!B at the excitation energie,=8.56 MeV is regarded as a dilute
cluster state [13], where twa particles andHe are weakly interacting. In particular, the alpha
cluster structure if'B was studied by measuring its isoscalar monopole and gpafirstrengths
in the''B(d,d’) reaction, and the 8.56-MeV state was suggested to haveta dilister structure
[14, 15]. 1IC is the mirror nucleus of'B, and such a cluster structure is also expected in it. A
natural method to study the cluster structure if'C is to form such a cluster state by the elastic
scattering of Be anda.
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Table 1: RI beams produced at CRIB, with typical parameters of beasdymtion. “Position” shows the
name of the focal plane where the Rl beam was measured. F2atetbbefore the Wien filter, and F3 is
after that.

PrimaryBeam Target Secondary (RI) Beam
lon Energy Current lon Energy Intensity  purity  Position
(MeV/u)  (pnA) (MeV/u) (pps) (%)

Li 5.0 500 H Be 3.8 5.0x 10° 100 F3
Li 5.6 1350 H Be 3.6 2.7x 10° 75 F2
Li 6.5 333 D BLi 5.0 2.0x 10° 100 F3
6Li 9.5 500 SHe ®B 5.2 1.0x 104 30 F3
10 7.8 200 CH 1oc 6.1 1.6x 10° 90 F2
1ig 4.6 1000 H ic 0.9 8.8x 10° 97 F3
10 7.9 420 SHe 2N 5.8 6.0x 107 30 F3
3¢ 6.0 500 H =\ 3.7 2.0x 10P 98 F3
180 6.1 200 Be 14C 6.2 2.8x 10° 19 F2
14N 8.4 500 B 140 2.4 5.0x 10° 93 F3
15\ 5.0 0.1 D 16\ 0.9 25x 10t T 89 F3
160 6.6 83 D s 4.7 5.0x 10° 98 F3
180 6.1 200 Be 1N 5.6 3.5x 10° 24 F2
160 10.4 86 SHe 1'Ne 4.9 2.4x 1¢ 0.3 F2
180 6.1 200 Be 10 5.4 1.2x 10° 8 F2
180 5.9 35 B 18 3.2 6.2x 10° 73 F3
180 7.0 400 Be N 5.7 34x 10° 6.1 F2
160 6.8 560 SHe 18Ne 3.7 5.1x 10° 81 F3
2ONe 6.2 56 D 2Na 1.9 5.0x 10° 96 F3
ONe 6.1 100 3He ?2Mg 3.7 3.5x 1¢° 18 F3
22Ne 8.2 520 H  2°Na 3.0 5.2x 10P 90 F3
24Mg 7.4 60 D Mg 4.0 3.2x 10 12 F2
24Mg 7.5 42 D %Al 3.5 1.2x 10° 50 F3
24Mg 7.5 200 SHe  28sj 3.0 6.0x 10* 23 F3
285 5.9 37 D 30p 1.0 2.6x 10° 30 F3
285 7.3 77 SHe 305 0.5 1.5x 10 45 F3
40Ar 4.5 118 SHe  S%Ar 3.7 7.0x 107 4 F3
42Ca 5.9 7 SHe i 2.3 1.0x 10°* 15 F3
S6Ar 3.6 80 12c 46Cy 1.2 5.6x 1P 1.8 F3

T2 x 10* pps is expected when a 100-pnA primary beam is available.
1 x 10* pps is expected when a 70-pnA primary beam is available.
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The measurement dBe+a can be associated with tH8e(a, y) reaction. The/Be(a, y)
reaction is considered to play an important role in thefr@tchain and related reaction sequences
[16]. Several reaction sequences including tBe(a, y) reaction should take place in some high-
temperature environmentdg(> 0.2). In the vp-process in core-collapse supernovae [17], the
’Be(a, y) reaction may contribute as much as the triplgsrocess to the synthesis of elements
heavier than boron at the relevant temperatur&ef 1.5— 3, according to a theoretical calculation
[18]. By our study, the resonant reaction rate should beuewatl more precisely by determining
widths for the resonances corresponding to such a high textype region.

In 2010, we performed a measurementBé+a resonant elastic and inelastic scatterings with
the thick-target method in inverse kinematics at CRIB. A lemergy’Be beam at 14.7 MeV was
produced using a 2.3-mg/éathick hydrogen gas target and a primaby beam at 5.0 MeV/u. The
purity of the’Be beam was almost 100% after the Wien filter. The typi8a beam intensity used
in the measurement was 1-210° per second at the secondary target, and the main measurement
using a thick helium-gas target was performed for 4 dayciig 2.9x10'° ‘Be particles into
the target.

3. Beryllium-7+a results

The analysis for théBe+a measurement is in progress. Here we present a preliminaty-an
sis results for the excitation functions of thBe+u elastic and inelastic scatterings.

Inelastic scattering events producifige* at the first excited state were identified by measuring
429-keV y rays with Nal detectors. We selected triple-coincidenceney in which a’Be beam
particle detected at the beam detector (MCP)ya any other particle at the silicon detectors and
ay-ray at the Nal array. Thg-ray energy spectrum for those events is shown in Figure &.pEak
at 429 keV was clearly identified, and small peaks around gMdnd 728 keV, which should be
from positron annihilations and excitédB produced via théBe(a, p)°B* reaction, were also
observed.
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Figure 1: Energy spectrum of rays for’Be-a-y triple-coincidence events. The insert shows the same
spectrum for events with am particle identified, after a beam position selection.

The excitation functions of the elastic and inelastic seatgs are shown in Figure 2. No
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Figure2: Excitation functions of Be+a elastic and inelastic (shaded spectrum) scattering ceagioss.

previous measurements to be directly compared with thesigaéign functions are known. In the
present excitation function of the elastic scatteringracstire having several peaks, which should
correspond to the resonance structurélid, was observed. We expect that the parameters of these
resonances could be determined by performing an R-matelysis.

4. Summary

CRIB is a facility which can produce low-energy Rl beams wgtiod purity and intensity.
Many astrophysical reactions have been studied at CRIBgL$$ low-energy Rl beams. We
performed a measurement @e+a elastic resonance scattering using the thick-target naeitho
inverse kinematics for the first time. The resonance pararsdgb be determined in this study,
such as the spin, parity and alpha width, related with thetspgcopic factor of thex-cluster
configuration, would provide valuable information for tbrecluster structure in the high excited
states, and the astrophysica&le(a, y) reaction rates in high-temperature phenomena.

The experiment was performed at RI Beam Factory operatedIK§£R Nishina Center and
CNS, the University of Tokyo. We are grateful to the RIKEN a8DNS accelerator staff for their
help. This work was partly supported by JSPS KAKENHI (No. 20363) from the Ministry of
Education, Culture, Sports, Science and Technology (MEXTgpan.
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