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Invariant mass spectroscopy is one of the techniques
to explore unbound states of nuclei. Relative en-
ergy (Er) or the energy above threshold energy is re-
constructed from four-momenta of decay particles. Ex-
perimental resolution is important since the level den-
sity above particle thresholds is higher than that be-
low particle thresholds and unbound states have finite
width. Another important aspect is acceptance. These
two aspects often compete with each other.

The SAMURAI spectrometer is developed to inves-
tigate unbound states of nuclei. In the standard setup
with the SAMURAI magnet, we install four multi-wire
drift chambers, BDC1, BDC2, FDC1, and FDC2, to
measure the four-momentum of a charged particle.1)

FDC1 is placed between the target and the SAMU-
RAI magnet, while FDC2 is placed at the downstream
of the magnet. By using positions and angles mea-
sured by these detectors, we can deduce the direction
vector and the magnetic rigidity of a charged parti-
cle, which is converted to the four-momentum. For
invariant mass reconstruction from events with multi-
ple charged particles such as α decay into 2 charged
particles of α + residue, positions of each charged par-
ticle have to be deduced with both FDC1 and FDC2.
The positions are separated at FDC2 for particles with
different A/Z values, while the positions can be close
at FDC1. The cell size of FDC1 is 10 mm, and the
requirement of deducing 2 positions with FDC1 can
limit the acceptance, especially for a small opening an-
gle corresponding to a low Er. The four-momenta of
charged particles can be deduced only from the reac-
tion point on the target, positions and angles deduced
from FDC2, and the magnetic field map of the SAMU-
RAI magnet2) without FDC1, though the resolution of
the direction vector is worse than with FDC1. There-
fore, we performed two different methods to deduce
Er, without FDC1 and with FDC1. The former yields
a worse resolution but full acceptance, while the latter
achieves a better resolution but with biased acceptance
for two particles, especially for a small spatial separa-
tion at the FDC1 location.

We analyzed the data of the SAMURAI08 exper-
iment3) in which the α decay of 16C∗ is investigated.
We used known unbound states of 12B and 11B to com-
pare the two methods. Figure 1 shows Er spectra of
12B reconstructed from the 8Li + α decay channel. A
clear peak is visible at Er = 2.75 MeV in both spec-
tra, without FDC1 (black line) and with FDC1 (red
line). The better resolution with FDC1 allows us to
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Fig. 1. Er spectra for 12B∗ → 8Li + α. The black line

represents the Er reconstructed without FDC1, while

the red line represents that reconstructed with FDC1.

find another peak at Er = 0.90 MeV, while the corre-
sponding peak is not so clear without FDC1. Figure 2
shows Er spectra of 11B reconstructed from the 7Li +
α decay channel. 11B has doublet unbound states at
Er = 0.52 and 0.61 MeV with negligible width. The
doublet peaks are not well separated without FDC1,
while a dip between the doublet peaks can be seen
with FDC1. With FDC1, the resolution (σ) of Er is
approximately 0.04

√
Er MeV, while the acceptance is

approximately 80% of that without FDC1.
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Fig. 2. Same as Fig. 1 but for 11B∗ → 7Li + α.

In summary, two methods to reconstruct invariant
mass were evaluated. Both methods have advantages
and disadvantages. They should be used as per the
intended application.
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Differential cross section of proton elastic scattering from neutron-rich
6He at 200 A MeV and high momentum transfers
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Recently, an experiment on p–6He elastic scattering
at 200 A MeV was carried out at the RIKEN RI-beam
factory (RIBF) by using the SAMURAI spectrome-
ter.1) Details of the experimental setup and data anal-
ysis procedure were described in previous reports.2,3)
In this report, the measured differential cross sections
are presented. The main distinguishing feature of the
obtained p–6He cross section data is the highest mo-
mentum transfer region covered (q = 1.7–2.8 fm−1),
which makes the present data valuable to deduce 6He
density distribution in the interior of the nucleus with
high precision.

The measured cross sections of p–4He and p–6He
elastic scattering are shown in Fig. 1. The data of
p–4He elastic scattering were taken to confirm the va-
lidity of the experimental setup and data analysis pro-
cedure by comparing them to existing data measured
in normal kinematics by Moss et al.4) Good agreement
was obtained between the present and existing p–4He
data without any normalization. The systematic er-
ror was determined to be 9.4% and is the major con-
tribution to the total uncertainty except at the most
backward angles, at which statistical error dominates.
The slope of the elastic scattering cross section is de-
termined by the matter radius of the probed nucleus.
The difference in slopes of the measured p-4,6He cross
sections show that the radius of 6He is larger than that
of 4He. Such a considerable difference of their magni-
tudes could also be attributed to the weakly bound na-
ture of the 6He nucleus because scattering at large mo-
mentum transfers can easily cause the break-up of 6He,
reducing the yield of p–6He elastic scattering events
compared to that of p–4He.

Figure 2 shows the obtained data and a summary
of theoretical predictions, which were published be-
fore the experimental run. The predictions are based
on different reaction models and density distributions
of 6He. Relativistic impulse approximation (RIA), t-
and g-matrix folding models can adequately describe
elastic scattering at the incident energy of the present
work, making them suitable for the theoretical inter-
pretation of the experimental result. A fit to the
present data using one of these reaction models allows
us to deduce 6He density, especially in the interior re-
gion of the nucleus. The results of such an analysis
will be submitted to a journal in the near future.
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Fig. 1. Measured and existing4) differential cross sections
of p–4He and p–6He elastic scattering.
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Fig. 2. Comparison of the present experimental result to
predictions based on different reaction models.5–7)
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