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a b s t r a c t

We propose a method, called as thick-target transmission (T3) method, to obtain an excitation function of
interaction cross sections. In an ordinal experiment to measure the excitation function of interaction
cross sections by the transmission method, we need to change the beam energy for each cross section.
In the T3 method, the excitation function is derived from the beam attenuations measured at the targets
of different thicknesses without changing the beam energy. The advantage of the T3 method is the sim-
plicity and availability for radioactive beams. To confirm the availability, we perform a simulation for the
12C + 27Al system with the PHITS code instead of actual experiments. Our results have large uncertainties
but well reproduce the tendency of the experimental data.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Transmutation of long-lived fission products (LLFP) is one of the
key technologies to reduce radioactive wastes produced by nuclear
power plants [1]. Nuclear data, such as cross sections, related to
the transmutation are essential to develop the technology. Indeed,
neutron capture cross sections of LLFP and of minor actinides are
measured [2], although experiments of such radioactive isotope
(RI) targets have severe restrictions due to high radioactivity and
the chemical instability. To avoid such restrictions, experiments
in inverse kinematics are available for charged-particle induced
data. The RIs including LLFP are actually utilized as a beam in the
present accelerators [3] and the cross section data of nuclear
wastes, 90Sr and 137Cs, have recently been measured [4].

In addition to the cross section data, an essential quantity for
the transmutation is thick-target yields (TTY) [5–7]. If we require
information for the transmutation of LLFP lumps, the TTY plays a
key role. It is so hard to measure the TTY with a LLFP target in
accelerators due to the target properties. Hence, we suggested a
method to estimate the TTY using inverse kinematics instead of
LLFP targets [8].

The TTY can be described by the integration of the cross sec-
tions with respect to a path length in a target [8,9]. To derive the
TTY from cross sections, the excitation function is required. The
stacked-foil activation method is available to derive the excitation

function for stable targets. The excitation function of the reactions
on LLFP targets is however difficult to obtain due to the
radioactivity.

Among many kinds of cross sections an interaction cross section
is often used in the studies for nuclear size and radii of radioactive
isotopes [10–12]. It is an inclusive cross section consisting of many
channels changing the number of protons or neutrons in a projec-
tile. The interaction cross sections of LLFP on a stable target corre-
spond to the cross sections of the transmutation reaction on the
LLFP target. Therefore, a measurement of the excitation function
of the interaction cross sections leads to the TTY of LLFP
transmutation.

In the ordinal experiments to measure the excitation function of
interaction cross sections by the transmission method, a large
experimental effort is required to change the beam energy for each
cross section. In addition, as summarized in Ref. [12], energies at
which cross sections measured are several hundreds MeV/nucleon
since RI beams are obtained through spallation reactions of pri-
mary beams. In this paper, we propose the thick-target transmis-
sion (T3) method to obtain the excitation functions of the
interaction cross sections at lower energies. The T3 method con-
sists of iterative measurements of beam attenuations with chang-
ing only target thicknesses and without readjusting beam settings.
In the T3 method, the target also plays a role of the energy degra-
der [13] for the projectile. This method is available to measure
interaction cross sections of RI beams including LLFP in a wide
energy range. We apply the T3 method to the specific reaction as
an example, and show the suitability of our method.
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2. Method

We consider a beam attenuation by nuclear reactions at a
length x (cm) from the surface of a target with a thickness L (cm)
as shown in Fig. 1. The numbers of incident particles and unreacted
particles at x inside the target are denoted as Nið0Þ and NiðxÞ, thus
Nið0Þ ¼ NrðxÞ þ NiðxÞ; ð1Þ
where NrðxÞ is the number of reacted particles at x (Fig. 1). We
assume that the unreacted incident particles can pass through the
target while decreasing its energy eðxÞ (MeV/nucleon) by mainly
electron scattering. The derivative of Eq. (1) is

dNrðxÞ þ dNiðxÞ ¼ 0; ð2Þ
Since Nið0Þ is constant. The dNrðxÞ corresponding to the number of
reacted particles in dx is deduced from the number density of the
target nT (cm�3) and the interaction cross section rIðxÞ (cm2) at x as

dNrðxÞ ¼ NiðxÞnTrIðxÞdx: ð3Þ
From Eqs. (2) and (3),

� 1
NiðxÞdNiðxÞ ¼ nTrIðxÞdx: ð4Þ

We can thus obtain an equation of the beam attenuation from
the integral of Eq. (4) as

NiðLÞ ¼ Nið0Þe�YðLÞ;

YðLÞ � nT
R L
0 rIðxÞdx;

ð5Þ

where YðxÞ is equivalent to the reaction probability per incident
particle. Although the form of the attenuation in Eq. (5) is same
with that of the decay phenomena, the attenuation is due to the
nuclear reaction, and depends on not time but the length. If the tar-
get thickness L is sufficiently thin ðL � 1Þ, YðLÞ can be approximated
as Y ffi nTrILwith rI at the incident energy. As in the ordinary trans-
mission method, the interaction cross section can be derived as

rI ¼ � 1
nTL

ln
NiðLÞ
Nið0Þ : ð6Þ

For a thick-target, YðLÞ can be derived from Eq. (5) as

YðLÞ ¼ � ln
NiðLÞ
Nið0Þ : ð7Þ

The rIðLÞ value can be derived in an identical manner to the trans-
mission method as

rIðLÞ ¼ � 1
nT

YðLþDLÞ�YðLÞ
L

¼ � 1
nTDL

ln Nið0Þ
NiðLÞ

N0
iðLþDLÞ
N0
ið0Þ

� �
;

ð8Þ

which corresponds to the transmission method using the attenu-
ated beam at L in the target with thickness DL. NiðLÞ and

N0
iðLþ DLÞ are obtained in different runs with incident beams of

Nið0Þ and N0
ið0Þ.

The energy eðLÞ can be measured experimentally and is also

estimated using the mass stopping power SðxÞ ¼ � AP
q

deðxÞ
dx

(MeV g�1 cm2) [14] as

eðLÞ ¼ eð0Þ þ R L
0

de
dx dx

¼ eð0Þ � q
AP

R L
0 SðxÞdx;

ð9Þ

where q is the density (g cm�3) of the target and AP is the mass
number of the projectile.

The excitation function of rIðeÞ can be obtained from the itera-
tive measurements of NiðLÞ with the different thicknesses due to
the projectile moderation inside the target. According to the equa-
tions, to obtain each rIðeÞ in a real experiment, we (i) measure the
attenuation ratio NiðLÞ=Nið0Þ and energy eðLÞ in the moderator tar-
get with thickness L, (ii) measure the attenuation ratio
N0

iðLþ DLÞ=N0
ið0Þ and energy eðLþ DLÞ in the moderator and reac-

tion targets with thickness Lþ DL, and then (iii) obtain rIðeÞ by
Eq. (8) and the median energy of the two cases with target thick-
nesses L and Lþ DL. The excitation function can be obtained
through the iterative measurements with different thicknesses,
e.g. changing the number of stacked foils.

3. Simulation results

We perform a simulation on the interaction cross sections for
the 12C-induced reaction on 27Al with the Particle and Heavy Ion
Transport code System (PHITS) [15] in order to test the usefulness
of the T3 method. Reaction cross sections with a wide energy range
for the 12C + 27Al systemwere measured by the conventional trans-
mission method [16,17]. The reaction cross sections exclude the
contribution of inelastic scattering from interaction cross sections
although the contribution is expected to be small in the present
energy region. Our simulation covers the energy range of the
experiment and goes lower.

The incident energy of the 12C beam is set to be 100 MeV/
nucleon and the beam stops at around 1.23 cm from the surface
of an aluminum target. Accordingly, the maximum thickness of
the target is set to be 1.22 cm in the simulation and the unreacted
incident particles can pass through the target. The target of the
maximum thickness consists of 21 foils with thicknesses of
0.1 cm from 0.0 up to 1.0 cm and of 0.02 cm from 1.0 up to
1.22 cm. The iterative measurements of different thicknesses can
be simulated with the stack of the different number of the foils.
The trial number is 105 for each target, which corresponds, for
example, to the intensity of 1000 pps and the irradiation period
of 100 s. The parameters of the PHITS simulation are shown in
Table. 1.

Fig. 2 shows the energy distributions of the attenuated beams at
L and Lþ DL. The incident 12C beam with 100 MeV/nucleon is
attenuated to 0.91941 at L ¼ 1:0 cm with 39.0 MeV/nucleon, and
to 0.91758 atLþ DL ¼ 1:02 cm with 37.1 MeV/nucleon. The distri-
bution of 12C below the peak is due to nuclear reactions and elastic
scattering with the target. In Fig. 3, the attenuation of the 12C beam

 

Fig. 1. Schematic of the number of the incident (unreacted) particles NiðxÞ and the
energy eðxÞ at x from the surface of a target.

Table 1
Simulation parameters.

Projectile 12C
Energy 100 MeV/nucleon
Target 27Al
Density 2.7 g/cm3

Foil thickness 0.1 cm ð0 6 L 6 1:0 cmÞ
0.02 cm ð1:0 6 L 6 1:22 cmÞ

Trial number 105
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