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We have studied the proton resonance scattering of "Be by using a pure ’Be beam produced at
CRIB (CNS Radioactive Ion Beam separator; CNS stands for Center of Nuclear Study, University
of Tokyo). The excitation function of 8B was measured up to the excitation energy of 6.8 MeV,
using the thick-target method. The excited states of 3B higher than 3.5 MeV were not known
by the past experiments. This proton elastic scattering is also of importance in relation with the

"Be(p,y)®B reaction, which is a key reaction in the standard solar model.
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1. Introduction

The astrophysical S-factor S;7(E) is one of the most important parameters in the standard solar
model, and is defined as
Sl7(E):E0'17(E)exp(27rn), (11)

where 017(E) is the cross section of the 7Be(p,}/)gB reaction, and 1 is the Sommerfeld parameter.
This Sy7 value at the solar energy is directly related to the flux of the ®B neutrino observed on the
earth. ®B neutrinos are only less than 0.01 % of the total neutrinos emitted from the sun, but they
are the majority of the detected neutrinos in many neutrino detectors such as Super-Kamiokande
and Sudbury Neutrino Observatory (SNO). Due to this fact, S;7(F) is regarded as an important
factor for the solar neutrino problem in the standard solar model. Although great efforts were spent
by many experimental groups [1], the experimental precision remains still around 10 %, because of
the small reaction cross section. It is claimed that the determination of the S;7 below 300 keV with
a precision better than 5% may make a major contribution to our knowledge for the solar model
[2].

The existence of excited levels of 5B may affect the determination of S17. However, we do
not have sufficient knowledge of the nuclear structure of ®B. Only the lowest two excited states at
0.77 MeV and 2.32 MeV were clearly observed in past experiments. Another excited state around
3 MeV was observed as an unexpectedly wide resonance, and this was explained as a low-lying 2s
state [3]. The reason why a 2s state appeared at such a low energy is also an interesting subject
[4, 5, 6]. This kind of wide states may affect the measurement of 'Be(p,y)®B cross section even
at very low energies (much less than 1 MeV). In the same measurement, an indication of 17 state
at 2.8 MeV was also reported. In another recent measurement [7], on the other hand, they could
not observe the 17 state at 2.8 MeV nor yet another 17 state at 1.5 MeV, the latter of which was
theoretically proposed in [8]. The wide state was not directly observed, however, they concluded
that their spectrum is consistent with the existence of the state, if it is located at 3.5 MeV with a
width of 4 MeV or more. Thus we intended to measure the resonances of 8B, to evidently observe
the 3.5 MeV resonance reported in the past measurements, and also to explore the totally unknown
region E >3.5 MeV, where we may find new resonances. The “thick target method”, by which we
can measure proton elastic resonance scatterings, was suitable for our purpose.

The "Be(p,y)®B reaction and 3B structure are important topics in the nucleosynthesis as well.
In the standard nucleosynthesis theory, the triple-o process is considered as the dominant process
to pass over the stability gap at A=8. However, in special environments such as metal-deficient
high temperature stars, the proton- or a-capture process of 'Be might play a significant role, and
thus how they compete each other is an interesting problem. We are able to study these processes
by measuring the "Be(p,p)’Be elastic scatterings.

2. Method

The measurement was performed at CRIB [9, 10]. CRIB can produce RI beams with the in-
flight method, using primary heavy-ion beams from the AVF cyclotron of RIKEN (K=70). The
primary beam used in this measurement was 'Li** of 8.76 MeV/u, with the beam current of about
100 pnA. The RI-beam production target was pure hydrogen gas, which was enclosed in an 8
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Figure 1: Arrangement of the detectors and targets in the experimental chamber.

cm-long cell, at 760 Torr and room temperature (~ 300 K). The "Be beam energy used in this
measurement was 53.8 MeV, which enabled us to measure events with the center-of-mass energy
up to 6.7 MeV. The beam purity (the number ratio of "Be** to total) was 56% before going through
the Wien filter, and 100% after the Wien filter. The intensity of the produced "Be** beam was
3 x 107 particles per second at the resonance scattering target.

We used a standard experimental method for the proton elastic resonance scattering, well-
established at CRIB [11]. A main feature of this method is the thick target [12, 13, 14], which
makes it possible to measure the cross section of various excitation energies at the same time.

The targets and detectors for the scattering experiment were in a vacuum chamber located at
the downstream of the Wien filter. Figure 1 shows a schematic view of the experimental setup in the
chamber. Two PPACs (Parallel-Plate Avalanche Counters [15]) measured the timing and position
of the incoming "Be beam. The timing information was used for making event triggers, and also for
the particle identification with the time-of-flight (TOF) method. The position of the beam and the
incident angle at the target were determined by extrapolating the positions measured by the PPACs.
The targets were foils of 39 mg/cm?-thick polyethylene (CH;), and 54 mg/cm?-thick carbon, both
of which were thick enough to stop all of the "Be beam. Carbon foils were used for evaluating
backgrounds coming from carbon atoms in the polyethylene target. Multi-layered silicon detector
sets, referred to as AE-E telescopes, were used for measuring the energy and angular distribution of
the recoil protons. They were placed ~23 cm distant from the target, and they covered scattering
angle of up to 45 degrees in the laboratory frame. Each AE-E telescope consisted of a AE counter
and two or three E counters, all of which had an area of 50 mm x 50 mm. Each of the AE counters
was about 70 um thick and divided into 16 strips for both sides. The E counters, which were 1.5
mm thick, were placed behind the AE counters. The recoil proton energy was 23 MeV at maximum,
and the silicon detectors were sufficiently thick to stop all the recoil protons in them. With these
AE-E telescopes, we identified recoil protons from other particles. Nal detectors were used for
measuring 429 keV gamma rays from inelastic scatterings, p(’Be, "Be*)p. Each Nal crystal has a
geometry of 50 mm x 50 mm x 100 mm. In this measurement we used ten crystals covering ~20%
of the total solid angle.

Compared to the past measurements with similar methods [3, 7], this measurement has three
major advantages. The first one is the energy range. We used a high-energy "Be beam, and we
could measure up to 6.8 MeV in the excitation energy of ®B. The second is the covered scattering
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Figure 2: Energy of the particles measured with a silicon detector set. The thickness of the first layer is 70
um.

angle. We measured data with almost full coverage between 0 and 45 degrees in laboratory frame,
and thus we obtained complete information about the angular distribution. The final advantage is
that we used the Nal detectors to evaluate the inelastic scattering events. The contribution of the
inelastic scattering events should be taken into account for the precise evaluation of the excitation
function.

3. Result

Figure 2 shows the energy deposit in the first layer and the total energy of the particles mea-
sured with one of the silicon AE-E telescopes. By comparing these with energy-loss calculations,
we performed a clear identification of proton events, as indicated in the figure. Proton was the most
frequently detected particle, but we also detected considerable amount of *He and “*He, which may
originated from "Be.

The proton energy at the reaction point E,, can be calculated from the measured proton energy,
by evaluating the energy loss in the target. Then, the proton energy E, can be converted into the
center-of-mass energy E.n, with the following formula,

E.—E my +my

- 1
P amscos? 0’ G-1)

where m; and m; are the masses of proton and "Be, 0 is the scattering angle. The excitation energy
is the sum of center-of-mass energy of the elastic resonance scattering and the proton threshold
energy (0.1375 MeV in this case),

Eex = Ecm + En. (3.2)

Excitation functions were obtained by calculating the cross section from the numbers of the proton
events, Figure 3 shows an excitation function at zero degree. The analysis is still going on, and
this specturm should be regarded as a preliminary one. The cross section agree well with the past
measurements [3, 7] in the energy region around the known 2.2 MeV resonance. The 3.5 MeV
resonance, which was reported as a wide resonance, is not seen in this spectrum. Some part of the
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Figure 3: Preliminary analysis result on the proton excitation function of "Bemeasured at 0 degrees. The
excitation energy of 8B, Foy equals to Ecn+0.1375 MeV.

continuum in the spectrum is considered as contributions from inelastic scatterings and three-body
decays of ®B. In a near future, we will make a more detailed analysis including these effects.
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