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Abstract

Double-differential charged-particle emission cross section (DDXc) is a fundamental value to estimate nuclear heating and
material damages in fusion reactor development. In the present study, measurements of DDXc for several light elements have
been carried out with a newly developed spectrometer. In the spectrometer, a good signal-to-noise ratio and very low minimum
measurable energy were realized by using a pencil-beam DT neutron source of FNS in JAERI and a counter-telescope system
with very thin silicon surface barrier detectors of appropriate thicknesses. The detailed DDXc data in a wide emission energy
range were obtained for27Al, 9Be, natC and19F. For27Al(n,xα) reactions, the measured total cross section agreed well with the
evaluated data. For9Be(n,xα) reactions, there were differences in the�-particle emission DDX between measurement and the
evaluated data in the detail of energy structure. FornatC(n,xα) reaction, a large discrepancy between the present result and the
previous experimental data appeared. For19F(n, charged-particle) reactions, some peaks corresponding to excited states of the
residual nuclei were observed in the energy spectrum of emitted proton, deuteron, and triton particles.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In fusion reactor development, it is important to
estimate nuclear heating and material damages of can-
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didate materials irradiated with DT neutrons. Double-
differential charged-particle emission cross section
(DDXc) is needed, because they are indispensable to
calculate primary knock-on atom (PKA) spectra, gas
production per atom (GPA) and displacement per atom
(DPA) cross-sections. In particular, several light nuclei
such as beryllium, carbon and lithium would be used
in large quantities in the blanket region of a fusion
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reactor. Charged-particle emission nuclear reactions
from these materials are complex due to contributions
from sequential decays and multi-body break-up. For
this reason, it is known that theoretical calculations of
energy spectra of emitted particles are difficult, and
therefore precise measurement of DDXc is quite impor-
tant.

Measurement of DDXc is difficult since charged-
particle emission reaction has a small cross section
and generally speaking a background count rate is
high. In 1960s–80s, several early studies of charged-
particle emission reactions induced by DT neutrons
were carried out. Since these studies were from a stand-
point of nuclear physics to investigate mainly details
of the direct nuclear reaction process, spectra of emit-
ted charged particle in whole energy range were not
obtained[1–3]. In the author’s group, an E-TOF method
was developed at OKTAVIAN facility in Osaka Univer-
sity[4] and measurements of DDXc for several medium
heavy elements for a fusion reactor were successfully
carried out[5]. However, the method was a little hard
to apply for precise measurements of lighter elements,
DDXc for these elements were not obtained with an
acceptable accuracy.

Recently, we developed a unique spectrometer
for detailed measurement of DDXc using a pencil-
beam DT neutron source of the Fusion Neutronics
Source (FNS) in Japan Atomic Energy Research Insti-
tute (JAERI) [6]. The spectrometer realized a good
signal-to-noise (S/N) ratio, good energy resolution and
very low minimum measurable energy. In the present
report, measurements of DDXc for27Al, 9Be, natC
and 19F with the spectrometer are described. Alu-
minum was chosen as a standard sample in order
to confirm the validity of the present spectrometer.
Beryllium is regarded as one of the most important
materials in a fusion blanket. Carbon is contained in
SiC, which would become an alternative first wall
material. Fluorine is contained in FLiBe (Li2BeF4),
which is regarded as a promising liquid blanket
material.

2. Experimental

There are two distinctive features of the present
spectrometer. One is the significantly good S/N ratio,
and the other is that the minimum measurable energy is

Table 1
The specification of sample materials

Sample Condition Thickness Diameter
(cm)

9Be Metal foil 20�m 3
natC Carbon foil 9.59 mg/cm2 (75�m) 1.8
19F Teflon ((CF2)n)

foil
10.7 mg/cm2 (50�m) 1.8

27Al Metal foil 50 �m 3

lower than those of previous methods. The details are
described in this section.

The good S/N ratio of the spectrometer was realized
by using a pencil-beam DT neutron source of FNS in
JAERI. In the neutron source, generated DT-neutrons
are collimated with a 2 m thick shielding structure con-
sisting of Fe, Pb, Cd and polyethylene with a narrow
hole of 2 cm in diameter to extract a neutron beam of
2 cm-∅. Characteristics of the beam, such as intensity,
profile and neutron background, were well investigated
[7]. The neutron energy calculated according to the
reaction kinematics is 14.2 MeV. The maximum neu-
tron flux at the outlet of the beam is 1× 106 cm−2 s−1

and the background neutron flux outside the beam is
lower than 5× 102 cm−2 s−1. We can therefore arrange
a detector very close to a sample material without any
radiation shield and the high S/N ratio is achieved. A
sample and detectors were located in an experimen-
tal vacuum chamber of 40 cm-∅ by 30 cm in height,
which was set at the outlet of neutron beam. The
specifications of the sample materials are shown in
Table 1. The experimental arrangement is shown in
Fig. 1.

To distinguish kinds of charged particles, we
employed a counter-telescope system with a pair of
silicon surface barrier detectors of�E and E, and
a two-dimensional multi-channel analyzer.Fig. 2
shows a typical two-dimensional spectrum obtained
with the spectrometer. To distinguish proton, deuteron
and triton emitted in wide energy range separately,
appropriate thickness of�E detector should be chosen
although minimum measurable energy becomes high
as increasing of the thickness of�E detector. The
details of the�E detectors andE detectors used in the
present study are shown inTable 2. Energy resolutions
were derived from FWHM of the peak in the energy
spectra obtained by summing energies deposited in
the�E andE detectors.
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