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Rare isotope beam facilities require shielding data in early stage of their design. There is much less
shielding data on neutrons from the reactions between heavy ion beams and matter than the data on
neutrons produced by protons. The purpose of the present work is to produce and thus increase the
amount of shielding data on neutrons generated by high-energy heavy ion beams based on the RAON in-
flight fragment facility. Calculations were performed with the computational Monte Carlo codes PHITS
and MCNPX. The secondary neutron source terms were evaluated at 550 MeV/u for Ca, Kr, and Sn and at
400 MeV/u for U ions on a graphite target. Source terms and attenuation lengths were obtained by fitting
the ambient dose equivalent inside an ordinary concrete shield.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The RAON accelerator complex is under development as a major
research facility of the International Science Business Belt (ISBB) as
part of the Rare Isotope Science Project (RISP) in Korea. RISP is
planning to produce various stable rare isotopes and use them for
basic science research and various applications. The production and
separation of the rare isotopes are achieved by two methods:
isotope separation on-line (ISOL) and in-flight fragmentation (IF).
In the ISOL system, isotopes are produced by the fragmentation or
fission of a target nucleus irradiated by projectile types of radiation,
such as protons or neutrons. The isotopes are extracted from the
target by thermal motion and are ionized in order to produce high-
purity RI beams by separation. Consequently, the ISOL method has
the advantage of being able to generate low-energy isotope beams
of high purity. The IF method produces isotopes by the fragmen-
tation or fission of heavy ion projectiles impinged onto light target
nuclei. The IF method produces high-energy isotopes close to the
energy of a projectile nucleus [1,2].

Secondary radiation such as neutrons and gamma rays gener-
ated by the interaction between heavy ion beams and a target are
by Elsevier Korea LLC. This is an
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the RAON in-flight fragment
attenuated by a shielding material. The purpose of this work is to
produce extended shielding data of neutrons generated by high-
energy heavy ion beams (550 Mev/u for calcium, krypton, and
stannum, and 400 MeV/u for uranium) based on RAON IF facility.
The shielding data is used as useful information for the design of
the shield or dose estimation in the early stage of the facility design.
There are substantial amounts of experimental shielding data for
neutrons from protons. However, there is far less shielding data on
neutrons produced from heavy ion beams and target matter
compared to the amount on neutrons from proton beams.
Computational simulation data are also inadequate as experimental
data. This problem stems from the lack of computational codes
pertaining to secondary particle production from heavy ions in the
past. Early versions of generalized Monte Carlo particle transport
codes for radiation shielding, such as FLUKA [3,4], MCNPX [5], and
MARS [6] are not suitable for use with the production of the sec-
ondary particles from heavy ions, which have masses larger than
one atomic mass unit [7]. Therefore, several studies have been
carried out to develop computational codes capable of transporting
heavy ions. However, recent versions of Monte Carlo codes are
capable to simulate nuclear reactions of heavy ions due to the
development of the reaction models such as RQMD or JQMD based
on the QMD model and LAQGSM based on the QGSM model.
Furthermore, HETC HETC-CYRIC [8] and a PHITS also developed for
heavy ion transport and can be used for production of fragments
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Table 1
Summary of the ion beams and target specification.

Ion Power [kW] Energy [MeV/u] Current [#/sec] Thick Target

Material Density [g/cm3] Thickness [mm]

Ca-48 400 550 9.47Eþ13 Graphite 2.253 83
Kr-86 550 5.29Eþ13 47
Sn-112 550 4.06Eþ13 32
U-238 400 2.63Eþ13 14
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during a heavy ion reaction [9,10].
Several studies have attempted to increase the amount of

neutron shielding data from heavy ion beams [7,11e13]. The easiest
and most general means by which to estimate shielding re-
quirements in the early stages of facility design facilities is to use a
simple line-of-sight model as known as the Moyer model [14]. The
neutron yield and energy distribution up to 90� generated from
heavy ions with energy levels from 400 to 590 MeV/u using a
graphite target were calculated using the PHITS code. These spectra
were used as a neutron source for the production of shielding data.
The estimated neutron beams were transported in a spherical
Fig. 1. Dose rates of three radiation sources according to the shield thickness. Each case us
primary radiation source, case-02 was started from evaluated neutron source term on a lin
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shielding geometry made of concrete using the MCNPX 2.7.0 code.
The ambient dose equivalent according to the depths in the shield
was obtained from the neutron transport information in the shield.
The values of the ambient dose equivalent were used to determine
the shielding model parameters. In other words, source terms and
attenuation lengths that serve as parameters in the model were
derived from the simulation results. Consequently, the shielding
data can be used for a bulk shield analysis.
es different primary radiations in the MCNPX simulation. Case-01 used ion source as a
ear scale, and case-03 is for evaluated neutron source term on a log scale.
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2. Neutron source term evaluation

The first step when seeking to obtain shielding data is to eval-
uate the neutron source terms generated from the reaction be-
tween heavy ions and the target. Several types of ions have been
considered due to the high dependency of the neutron production
reaction on the mass of the primary ions. Among the various pri-
mary beams from O-16 to U-238 planned to be used in the RAON
facility, four types of beams, Ca-48, Kr-86, Sn-112, and U-238, were
selected as primary beams after considering mass distribution of
the ions. In the RAON IF facility, each beam is accelerated to 550
MeV/u for Ca-48, Kr-86, and Sn-112 and to 400 MeV/u for U-238
with a beam power of 400 kW. Graphite is used for a target ma-
terial, and the thickness was considered to be a “thick target”,
which shows the maximum neutron production rate to ensure
conservativeness in terms of safety. Summarized information about
the beam power, energy, current of typical ions and the target
specifications is given in Table 1.

Evaluating the secondary neutron source term is the most
important preliminary task when estimating the attenuation curve,
with this process requiring precise computations. The shielding
data is obtained from the ambient dose equivalent, and the ambient
dose equivalent highly depends on the neutron source. Further-
more, it shows extremely low calculation efficiency and accuracy
levels when the simulation starts from primary ion particles due to
the low production rate of neutrons from the ions. Accordingly, an
attenuation curve analysis was carried out with the evaluated
neutron source term.

To evaluate secondary neutron source terms from heavy ions,
Fig. 2. Neutron spectra of a calcium beam at
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the PHITS 2.64 code was adopted. The neutron source term was
described in the 4p direction and subdivided into 19 angle groups
with respect to the beam direction. The energy spectrum was
evaluated from 1 eV to 2 GeV with 2000 energy groups on linear
and log scales. The validity of the two neutron source terms (the
linear and log scale energy spectra) was established by estimating
the dose rate behind the shield. The dose rates calculated from the
evaluated neutrons source terms were compared with the dose
rates induced by neutrons produced from an ion beam and a
graphite target. In the former case, it means that the simulationwas
started from the neutron source, whereas in the latter, it started
from the ion beam. The validation result is shown in Fig. 1. Here,
case-01 is the dose rate of neutrons started from the ion source,
case-02 is from the evaluated neutron source term on a linear scale,
and case-03 is for the neutron source term on a log scale. It was
proved that the neutron source terms were properly defined in
both cases by comparing the dose rate behind the shield. Among
the two source terms, log scale source suitably describes the low-
energy part but not the high-energy part. On the other hand, the
linear energy group describes the entire energy region more uni-
formly. Thus, the linear energy group was selected as the final
neutron source term. The neutron spectra from the Ca-48, Kr86,
Sn112, and U-238 ions are correspondingly illustrated in Figs. 2e5.
3. Neutron attenuation in concrete

Neutron attenuation by a concrete shield and the ambient dose
equivalent were computed using the MCNPX code. The source
terms and the attenuation lengths were estimated using the
550 MeV/u stopped by a graphite target.
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Fig. 4. Neutron spectra of a stannum beam at 550 MeV/u stopped by a graphite target.

Fig. 3. Neutron spectra for a krypton beam at 550 MeV/u stopped by a graphite target.
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Fig. 5. Neutron spectra of a uranium beam at 400 MeV/u stopped by a graphite target.
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simulation result. The simulationwas carried out using a method in
the literature [11]. A point neutron source was centered inside the
concrete shield. The concrete shield was modeled as a spherical
shell with a thickness of 10m. The inner radius of the shield was set
to 90 m, which is sufficient to avoid the effects from the curvature
of the wall. Additionally, because the diffusion of the neutrons in-
side the shield is inversely dependent on its inner surface area, the
effects induced by neutron scattering were negligible [15]. For the
purpose of applying geometry splitting, a variance-reduction
technique, the concrete shield was subdivided into smaller cells.
The shield was divided by 10 cm up to a thickness of 1 m and by
50 cm from 1 m to 10 m. In order to account for the angle depen-
dence of the neutron source terms, the shield was also divided into
polar sectors. The composition of the concrete matched that of
ANSI/ANS ordinary concrete [16]. The conversion coefficient for the
ambient dose equivalent was taken from ICRP-74 [17]. Geometry
splitting and the Russian roulette methods were used as variance-
reduction techniques to ensure the accuracy of the simulations. The
attenuation curves were fitted by three types of functions: a clas-
sical two-parameter formula, a double-exponential function, and a
double-exponential function with three free parameters.

H
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Ep; q;d=l
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�
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Here, H is the ambient dose equivalent, Ep is the projectile en-
ergy per nucleon, q is the angle with respect to the beam axis, d is
the thickness of the shield, H1 and H2 are neutron source terms, r is
the distance between the source and scoring position, lq is the
attenuation length, and a is the angle between the beam direction
and the direction normal to the surface. Here, g(a) is equal to 1 for
the spherical geometry, and g(a) ¼ a for other cases.

For visibility of the attenuation curves, forward (0e5�, 5e15�),
intermediate (35e45�, 45e55�) and transverse (75e85�, 85e95�)
directions were plotted, as described in Figs. 6e9. Each curve was
fitted with different functions. Expression 2 and 3 were well fitted
in most cases. The functions used for the fitting, source terms and
attenuation lengths for all directions are summarized in Tables 2e5.
rons from 400 to 550 Mev/u for Ca, Kr, Sn, and U ions in concrete on a
facility in Korea, Nuclear Engineering and Technology (2018), https://



Fig. 6. Attenuation curves in concrete for 550 MeV/u carbon ions on a graphite target. The fitting parameters are given in Table 2.

Fig. 7. Attenuation curves in concrete for 550 MeV/u krypton ions on a graphite target. The fitting parameters are given in Table 3.
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Fig. 8. Attenuation curves in concrete for 550 MeV/u stannum ions on a graphite target. The fitting parameters are given in Table 4.

Fig. 9. Attenuation curves in concrete for 400 MeV/u uranium ions on a graphite target. The fitting parameters are given in Table 5.
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Table 2
Source terms, attenuation lengths and fitting functions for neutrons produced by 550 MeV/u Ca ions on graphite.

Calcium

Angular bin Function H1 [Svm2/ion] H2 [Svm2/ion] l1 [gcm�2] l2 [gcm�2]
0�e5� 2 8.71E-08 9.13E-08 125.79 124.35
5�e15� 3 8.02E-08 116.06 97.14
15�e25� 3 1.10E-08 116.34 89.85
25�e35� 3 7.37E-09 111.34 96.56
35�e45� 2 1.07E-09 1.13E-10 117.66 69.40
45�e55� 2 4.56E-10 3.48E-10 113.61 78.30
55�e65� 2 1.75E-10 3.18E-10 110.00 69.49
65�e75� 2 1.80E-10 1.76E-10 100.85 71.76
75�e85� 2 1.71E-11 5.91E-11 108.67 92.93
85�e95� 2 3.14E-11 1.12E-11 101.72 82.63

Table 3
Source terms, attenuation lengths and fitting functions for neutrons produced by 550 MeV/u Kr ions on graphite.

Krypton

Angular bin Function H1 [Svm2/ion] H2 [Svm2/ion] l1 [gcm�2] l2 [gcm�2]
0�e5� 3 9.68E-07 113.24 100.18
5�e15� 3 9.74E-08 116.61 94.43
15�e25� 3 8.60E-09 118.10 73.74
25�e35� 3 5.49E-09 114.24 94.12
35�e45� 3 1.05E-09 117.60 74.03
45�e55� 3 1.03E-09 108.11 86.83
55�e65� 2 1.42E-10 1.94E-10 112.86 75.29
65�e75� 2 1.83E-11 9.91E-11 117.17 95.21
75�e85� 2 3.28E-11 2.32E-11 106.58 72.55
85�e95� 2 1.60E-11 1.84E-11 98.79 97.27

Table 4
Source terms, attenuation lengths and fitting functions for neutrons produced by 550 MeV/u Sn ions on graphite.

Stannum

Angular bin Function H1 [Svm2/ion] H2 [Svm2/ion] l1 [gcm�2] l2 [gcm�2]
0�e5� 3 5.02E-07 , 115.78 94.81
5�e15� 3 9.90E-08 116.37 96.21
15�e25� 3 9.67E-09 119.86 89.12
25�e35� 3 2.28E-09 121.14 74.00
35�e45� 3 1.08E-09 115.43 76.23
45�e55� 3 9.46E-10 108.47 95.00
55�e65� 3 4.56E-10 106.72 97.74
65�e75� 3 1.02E-10 103.87 76.67
75�e85� 2 1.87E-11 3.78E-11 107.19 75.31
85�e95� 2 1.03E-11 1.74E-11 101.30 80.01

Table 5
Source terms, attenuation lengths and fitting functions for neutrons produced by 400 MeV/u U ions on graphite.

Uranium

Angular bin Function H1 [Svm2/ion] H2 [Svm2/ion] l1 [gcm�2] l2 [gcm�2]
0�e5� 3 8.93E-07 115.00 99.96
5�e15� 3 1.07E-07 114.23 93.97
15�e25� 3 1.10E-08 115.70 94.72
25�e35� 3 2.37E-09 111.48 84.21
35�e45� 3 1.09E-09 108.72 85.68
45�e55� 3 5.62E-10 105.71 92.12
55�e65� 2 7.76E-11 1.40E-11 107.14 71.97
65�e75� 2 1.43E-11 4.68E-11 108.69 80.26
75�e85� 2 1.43E-11 1.10E-11 97.43 75.70
85�e95� 2 6.34E-12 3.77E-12 87.84 97.86
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4. Conclusion

Rare isotope beam facilities require data and models for the
shielding designs they use. There is much less shielding data of
secondary neutrons generated by heavy ion beams compared to the
Please cite this article in press as: E. Lee, et al., Attenuation curves of neut
graphite target for the design of shielding for the RAON in-flight fragment
doi.org/10.1016/j.net.2018.09.005
amount for neutrons produced from protons. The development of
the Monte Carlo codes which consider secondary particle produc-
tion from heavy ions has resolved this deficiency. The shielding
data is generally estimated with simple line-of-sight models. The
neutron source terms produced from the heavy ions were
rons from 400 to 550 Mev/u for Ca, Kr, Sn, and U ions in concrete on a
facility in Korea, Nuclear Engineering and Technology (2018), https://



Table 6
Attenuation lengths (gcm�2) averaged over several types of ion beams on a graphite
target.

, Attenuation length Attenuation length in
Ref. [7]

Angular bin 400 MeV/u 550 MeV/u Angular bin 400 MeV/u
0�e5� 115.00 118.27 0�e10� 121.90
5�e15� 114.23 116.35 10�e20� 122.74
15�e25� 115.70 118.10 20�e30� 122.24
25�e35� 111.48 115.57 30�e40� 118.40
35�e45� 108.72 116.90 40�e50� 113.31
45�e55� 105.71 110.07 50�e60� 108.59
55�e65� 107.14 109.86 60�e70� 102.59
65�e75� 108.69 107.30 70�e80� 97.10
75�e85� 97.43 107.48 80-�90� 95.59
85�e95� 87.84 100.60
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evaluated by the PHITS code. The attenuation of neutrons inside the
concrete shield was estimated using the MCNPX code. Ambient
dose equivalent and attenuation curves were fitted with the
models. As a result, the attenuation lengths in ordinary concrete for
secondary neutrons generated by 400 and 550 MeV/u ion beams
were evaluated. In the 400 MeV/u case, uranium ions were used.
The attenuation length for the 550 MeV/u case was averaged over
the results from calcium, krypton and stannum ions. The attenua-
tion values for both energy levels are listed in Table 6. These out-
comes were also compared with the attenuation lengths obtained
from the literature [7]. The results show good agreement, but the
values obtained in this study are lower in general. The difference
may have been caused by several factors. First, the chemical com-
positions and density levels of the concrete types differed. The
shield of the reference consisted of TSF-5.5 concrete [18]. In this
study, ANSI/ANS ordinary concrete was applied. The specifications
of the targets may have also factored into the difference. In order to
ensure conservatism in the dose assessment, the target was
established as thick target to maximize the neutron production
rate. The energy spectra and production rate were significantly
affected by the target size. Additionally, the angle distribution of
the neutron source termwas very precisely described in this study.
As a result, the obtained shielding data can be used as useful in-
formation in the early stage of the facility design.
Please cite this article in press as: E. Lee, et al., Attenuation curves of neut
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