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In general the two dimensional discrete ordinates transport code DORT has been used for an evaluation of 
neutron and gamma fluxes during a shielding design of nuclear reactors. It is very complicated and it takes too much 
time for shielding designers to prepare input data such as a geometrical modeling and a source distribution and to 
process an output of the results from the shielding analysis. The GEOSHIELD code was developed to save the time 
spent preparing a geometrical model and an output processing. The GEOSHIELD code is composed of a module for 
a geometrical modeling by using a combinatorial geometry, a module for a fixed source redistribution, a module for 
a DORT processing, and a module for a graphical processing of the output activities. The evaluation of an irradiation 
of a fast neutron which has an energy of higher than 1.0 MeV is very important to verify the integrity of an internal 
structure including a pressure vessel. The GEOSHIELD code was applied to evaluate a fast neutron fluence 
distribution on the internal structures inside the reactor pressure vessel of the SMART reactor and the MCNP was 
used for verification of the result from the GEOSHIELD calculation. Result of the GEOSHIELD and MCNP 
showed good agreement each other. 
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I. Introduction  
Currently computational techniques are improved and 

being upgraded in most nuclear engineering areas. 
Especially the computational codes used in the nuclear 
reactor design have been improved by adding new 
functions for users to use them more easily. The shielding 
design analysis is concentrated around the core to protect 
reactor components such as the reactor pressure vessel and 
steam generators from fast neutron damage. It also protects 
the workers from radiation exposure by a reduction of the 
radiation dose equivalent rate. In general the conventional 
numerical analysis technique such as a discrete ordinates 
method has been applied to evaluate the neutron and 
gamma radiation fluxes and dose equivalent rates in nuclear 
power plants. But it was very difficult and complicated for 
the users to use the conventional numerical analysis 
technique which is to be applied to huge nuclear power 
plants including a rector core. In this study, the 
GEOSHIELD code1) was developed to deal with a two-
dimensional discrete ordinates code DORT code2) more 
easily than to deal with DORT code itself. The 
GEOSHIELD code has the functions to prepare an input 
list of the DORT code and to process an output list of 
DORT to obtain a fine graphical view. 

In this study the GEOSHIELD code was applied to 
evaluate a fast neutron fluence distribution on the internal 
structures inside the reactor pressure vessel of the SMART 
reactor which is described in section II and the MCNPX 
code3) was used for a verification of the calculation results 
by using the GEOSHIELD code. 

*Corresponding Author, Tel No: +82-42-861-2765, Fax No: +82-
42-868-8990, E-mail: sky@kaeri.re.kr

II. SMART-660 
In Korea, an advanced reactor system of 660MWt power 

called SMART (System integrated Modular Advanced 
ReacTor) is under development for a supply of energy for a 
seawater desalination as well as an electricity generation. 
The original SMART4) was designed to produce a thermal 
energy of 330 MW under a full power operating condition. 
Recently the thermal power of the SMART was increased 
to 660 MWt and the configuration of the reactor assembly 
was also changed according to the power increase. Fig. 1 
shows the general configuration for the reactor assembly of 
the SMART-660 as it is being developed. 

 

 
Fig. 1 SMART-660 Reactor Assembly 

Fig. 2 shows the cross sectional view of the SMART-660 
reactor at the level of the reactor core center which was 
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used to calculate a R-  distribution of the fast neutron 
fluence by using the GEOSHIELD code and MCNP code 
for a normal reactor operation. 

Fig. 2 The Cross Sectional View of SMART-660 Reactor 
 

III. GEOSHIELD Calculation 
The GEOSHIELD code includes an original geometry 

construction by using various structures with a given 
composition and source, a mesh generation to be used in 
the DORT code calculation, a composition and source 
assignment to each mesh, the DORT code input generation, 
the DORT code output processing, and a graphical 
visualization. The fundamental idea of the mesh generation 
includes three steps. The first one is to construct the 
original core geometry with various combinations of 
structures consisting of basic cells including polygon, circle, 
ellipse and pie geometries.  

Three DORT calculations were performed in order to 
find the most conservative fluence at the inner surface of 
the reactor pressure vessel as shown in Fig. 3, Fig. 4 and 
Fig. 5. Three cases were considered as the water-steel-
water-steel-water region shown in Fig. 3, the water-steel 
and water-water-steel and water-water region shown in Fig. 
4, and the water-steel-steel-steel-water region shown in Fig. 
5 as the flow mixing header. 
 

Fig. 3 Composition Redistribution of SMART-660 for DORT 
Modeling by GEOSHIELD Code (Case 1) 

Fig. 4 Composition Redistribution of SMART-660 for DORT 
Modeling by GEOSHIELD Code (Case 2) 

 

 
Fig. 5 Composition Redistribution of SMART-660 for DORT 
Modeling by GEOSHIELD Code (Case 3) 

 
Compositions and sources are assigned to each structure 

as shown in Fig. 3, Fig. 4 and Fig. 5. 
The second step is to construct the regular meshes to be 

used in the DORT code transport calculations and to 
determine the centre points of the regular meshes. The last 
step is to establish in which structures the centre points of 
the regular meshes are located. The composition and source 
of a specified structure are assigned to regular meshes. Fig. 
6 shows an R-  mesh structure prepared by the 
GEOSHIELD code for the DORT calculation.  

The R-  models include most of the reactor components 
with the consideration of an azimuthally homogeneous core 
configuration. The geometrical model extends radially from 
the core centerline to the outer surface of the reactor vessel. 
301 radial and 90 azimuthal meshes were used in the R-  
model as shown in Fig. 4. A P5 scattering expansion and a 
S8 angular quadrature set were used for the DORT code 
calculation. 
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Fig. 6 R-  Mesh Structure of SMART-660 for DORT Modeling 
by GEOSHIELD Code 

 
For the energy spectrum, the Watt fission spectrum 

normalized to the thermal power density was used. 
BUGLE-96 library5) was used for the 67 group coupled 
neutron and gamma-ray cross-section data for the DORT 
code calculation, which consists of 47 neutron and 20 
gamma energy groups. The fluence level was derived based 
on a 60 years lifetime with a 90% capacity factor from the 
fast neutron flux for an energy of higher than 1.0 MeV. 
Overall a 30% uncertainty was applied to the fluence at the 
vessel so that an uncertainty due to a dimensional tolerance, 
representation of a source distribution and cross-section can 
be supplemented. 

 
IV. Monte Carlo Simulation 

The Monte Carlo method is very useful to verify the 
radiation shielding data resulting from a conventional 
evaluation. Monte Carlo simulation of a full scope was 
performed to verify the conservative DORT results for the 
SMART-660 by using the MCNPX code. In this study, the 
simulation process was performed in three steps to improve 
the calculation efficiency. In the first step, KCODE option 
of the MCNPX code was used to calculate the neutron 
source term at 19,941fuel pins in the core. In the second 
step, the neutron surface source distribution using the fixed 
source of 19,941fuel pins was saved into a WSSA. 5x108 
source histories were used in NPS option in the second step 
so that enough tracks were to be recorded at a surface used 
as a surface source in the third step of the MCNP 
calculation. In the third step, the neutron fluence at the 
reactor pressure vessel was calculated using a RSSA file 
resulting from the first step of the MCNP simulation and a 
SSR option of the MCNP code. The number of particles 
(NPS) used in the third step of the MCNPX calculation 
were 1x109. 

Fig. 7 shows a MCNP modeling for a 1/8 symmetry of 
the SMART-660 reactor used in the second step and the 
third step of the MCNP simulation. The MCNP modeling 
includes an axially 30 cm core part and a radially 
positioned core barrel, a flow mixing header, and the 
reactor pressure vessel as shown in Fig. 4. 

 
Fig. 7 MCNP Model for Radial Cross Section of SMART-660 
 
V. Results and Discussion 

The neutron fluence distributions for cases 1, 2 and 3 by 
using the GEOSHIELD code are shown in Fig. 8, Fig. 9 
and Fig. 10, respectively. The maximum neutron fluences 
at the inner surface of the reactor vessel are found as 
5.0x1012 n/cm2, 6.0x1012 n/cm2 and 1.0x1010 n/cm2 for cases 
1, 2 and 3. These results meet the requirement, 1.0x1020 
n/cm2, specified by the Korean Atomic Energy Act6) and 
U.S. SRP7) as to the integrity of the reactor pressure vessel. 
Therefore the integrity of the SMART-660 reactor vessel 
during the lifetime of the reactor is confirmed. Also these 
results meet the requirement, 1.0x1017 n/cm2, specified by 
the Korean Atomic Energy Act8) as to the installation of 
surveillance capsules in the reactor pressure vessel. 
Therefore surveillance capsules may not need to be 
installed inside the reactor pressure vessel of SMART-660.  

The fast neutron fluence distributions by the MCNPX 
calculation are shown in Fig. 11. Fig. 11 shows that the 
maximum fast neutron fluence did not exceed 
7.5x1012n/cm2. This means that the results by the 
GEOSHIELD have a good agreement with those of the 
MCNP calculation. 

 

 
Fig. 8 Fast Neutron Fluence Distribution resulted from the 
GEOSHIELDS Code (Case 1) [neutrons/cm2] 
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Fig. 9 Fast Neutron Fluence Distribution resulted from the 
GEOSHIELDS Code (Case 2) [neutrons/cm2] 
 

 
Fig. 10 Fast Neutron Fluence Distribution resulted from the 
GEOSHIELDS Code (Case 3) [neutrons/cm2] 
 

 
Fig. 11 Fast Neutron Fluence Distribution for Case 1 model by 

Using the Monte Carlo Simulation 
 
VI. Conclusion 

 
The GEOSHIELD code was applied to evaluate a fast 

neutron fluence distribution on the internal structures inside 
the reactor pressure vessel of the SMART and the MCNPX 
code was used for a verification of the result from the 
GEOSHIELD calculation. The neutron fluence 
distributions at the reactor pressure vessel resulting from 
the GEOSHIELD process were found to be in good 
agreement with those from the MCNPX calculation as a 
reference solution. 

Also, the shielding design analyses to obtain a neutron 
fluence of higher than 1.0 MeV were performed for the 
SMART-660 core using the DORT two-dimensional 
transport code. And the GEOSHIELD-DORT results were 
verified by the MCNPX calculation using a three-
dimensional modeling. It was concluded that the integrity 
of the SMART-660 reactor pressure vessel is preserved 
throughout the lifetime of SMART-660.  
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The range of a proton beam in a patient can be determined by scanning the distribution of the prompt gammas 
emitted from the beam passage. However, this method suffers from a high level of background gammas, especially in 
the case of high energy proton beams. The present study determined the optimal energy window for selective 
measurement of the prompt gammas, effectively discriminating background gammas, for a prompt gamma scanning 
system. To that end, the energy spectra of the prompt and background gammas were calculated by transporting the 
protons and other secondary particles with MCNPX. A detailed analysis of these spectra revealed that the optimal 
energy window is 4-10 MeV. The application of the energy window to simulated and measured data confirmed that 
the range of a proton beam in a patient can be determined much more accurately by employing the optimal energy 
window. 

 
KEYWORDS: proton therapy, proton range, prompt gammas, energy window  

I. Introduction* 
The proton beam is a very promising tool in radiation 

therapy in that it can deliver a highly conformal radiation 
dose to the tumor volume, minimizing unnecessary radiation 
dose to the neighboring healthy tissues and organs. 
Considering the characteristics of the Bragg peak, however, 
the range of the proton beam in the patient must be 
determined very accurately. A slight error in the prediction of 
the proton beam range can cause critical problems such as 
considerable under-dose in the targeted tumor volume and 
significant overdose in the neighboring normal tissues. 

Parodi et al.1,2) showed that the radiation dose distribution 
in a patient can be determined by scanning the distribution of 
the positron emitters in the patient shortly after treatment. 
The positron emitters, however, are not effectively generated 
by the low energy protons near the end of the proton beam 
and, therefore, the distribution of the positron emitters in the 
patient does not match well with the range of the proton 
beam in the patient. 

Recently it was suggested that there exists a close 
correlation between the range of the proton beam in a 
medium and the distribution of the prompt gammas along the 
proton beam passage.3) The correlation was demonstrated by 
the development of a prototype prompt gamma scanning 
system.4,5) The scanning system measures only the right-
angled or 90° prompt gammas to determine the distribution 
of the ‘origins’ of the prompt gammas along the beam 
passage in the patient. It was found, however, that a 
significant amount of high energy spallation neutrons are 
also generated from the protons in the medium, and that the 
resulting background gammas significantly affect the 
measurement.  

*Corresponding Author, Tel. +82-2-2220-0513, Fax. +82-2-2220-
4059, E-mail: chkim@hanyang.ac.kr

Fortunately, the background gammas from the scattering 
and capture of the neutrons tend to have lower energies than 
the prompt gammas. The objective of the present study, then, 
was to determine the optimal energy window required in 
order to enable selective measurement of the prompt 
gammas, effectively discriminating the unwanted 
background gammas. To that end, the energy spectra of the 
prompt and background gammas were calculated by 
simulating the transport of the protons and other secondary 
particles with the Monte Carlo particle transport simulation 
code, MCNPX.6) 

 
II. Methods 

The MCNPX code was used to simulate the transport of 
the protons and other secondary particles in the water 
phantom (20 cm x 20 cm x 30 cm) and in the prompt gamma 
scanning system. A pencil-type proton beam was delivered to 
the center of the water phantom in the Monte Carlo 
simulations, as depicted in Fig. 1. The beam energies of 80, 
150, and 220 MeV were calculated in this study to cover the 
typical energy range of the proton beams employed in 
radiation therapy. 

The prompt gamma scanning system is composed of a 
prompt-gamma collimator (30 cm of paraffin, 10 cm of 
borated carbon, and 10 cm of lead with a 0.4 c m x 5 cm 
collimation slit at the center of the collimator), a CsI(Tl) 
scintillation probe (Scionix, Holland), a multi-channel 
analyzer (Model 1202, ULS, Korea), a precision movement 
system, and an integrated readout system.3) The multi-
layered collimator of the scanning system is designed to 
prevent the spallation neutrons and the subsequent scattering 
and capture gammas from reaching the CsI(Tl) probe. 
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Fig. 1 Schematic diagram of Monte Carlo simulation

 

 
Fig. 2  Experimental setup for measurement 

 
The ultimate goal of the prompt gamma scanning system 

is to determine the range of the proton beam in a patient (or, 
more accurately, the ‘distal dose edge’ where radiation dose 
decreases to 80% of its highest value at the Bragg peak). 
Therefore, the energy spectra of the prompt and background 
gammas were attained only at the beam end region. The 
gammas entering the CsI(Tl) scintillator were divided into 
two groups: (1) the gammas coming directly through the 
collimation slot (prompt gammas, presumably) and (2) the 
other, background gammas. The energy spectra of these 
prompt and background gammas were then analyzed to 
determine the optimal energy window necessary for selective 
measurement of the prompt gammas, effectively 
discriminating background gammas. 

Fig. 2 shows the experimental setup to measure the 
distribution of the prompt gammas at the National Cancer 
Center (NCC, Korea). The prompt gamma scanning system 
developed in a previous study4,5) was used to scan the 
distribution of the prompt gammas in a water phantom (20 
cm x 20 cm x 30 cm), while a 150 MeV pencil-type proton 
beam was delivered to the center of the phantom. The beam 

current was roughly 2 nA, and each scanning point was 
measured for 10 sec. The CsI(Tl) scintillation probe was 
energy-calibrated by utilizing the gamma peaks from 60Co 
and 137Cs sources. The signal from the CsI(Tl) scintillation 
probe was analyzed by a multi-channel analyzer (Model 
1202, ULS, Korea). 

 
III. Results and Discussion 

Fig. 3 shows the energy spectra of the prompt and 
background gammas, calculated by Monte Carlo simulations, 
at the location of the CsI(Tl) scintillator in the prompt 
gamma scanning system for the proton beams of 80 MeV, 
150 MeV, and 220 MeV. The statistical errors for the total 
gammas, or the sum of the prompt and background gammas, 
were about 2-4% considering all of the data points in this 
study. The results indicate that (1) the energies of the prompt 
and background gammas are mostly lower than 10 MeV, and 
that (2) prompt gammas tend to have higher energies than 
background gammas. The results indicate that the prompt 
gammas can be selectively measured by discriminating the 
background gammas by energy. 
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Fig. 3 Energy spectra of prompt and background gammas at 
location of CsI(Tl) scintillator in prompt gamma scanning system 
for proton beams of 80 MeV, 150 MeV, and 220 MeV
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Fig. 4 Ratio of prompt gammas to total gammas at location of 
CsI(Tl) scintillator as function of lower bound of energy window in 
prompt gamma scanning system. The upper bound of the energy 
window is fixed at 10 MeV 
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To determine the optimal energy window for selective 
measurement of prompt gammas, this study calculated the 
ratio of the prompt gammas (fluence) to the total gammas 
(fluence) at the location of the CsI(Tl) scintillator, with 
varying the lower bound of the energy window. Fig. 4 shows 
that the ratio is high only if the lower bound of the energy 
window is within the window of 4-6 MeV. Considering that 
a wider energy window entails higher efficiency in counting, 
the energy window of 4-10 MeV is taken to be the optimal 
energy window in this study.  
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Fig. 5 Simulated distribution of gamma counts for different energy 
windows for 80 MeV photon beam

 
To confirm the effectiveness of the optimal energy 

window, the response of the prompt gamma scanning system 
was calculated with different energy windows. Fig. 5 shows 
the distributions of gamma counts (or, more accurately, the 
gamma fluence at the location of the CsI(Tl) scintillator in 
the prompt gamma scanning system) for the energy windows 
of 0-10, 2-10, 4-10, and 6-10 MeV. The simulated proton 
beam was 80 MeV. The gamma counts were calculated by 
Monte Carlo simulations, and the statistical errors were less 
than 5% for the data points given in this study. The 4-10 
MeV energy window showed a sharp drop, and closely 
predicted the distribution of the origins of the prompt 
gammas that is known to match the range of the proton beam. 
However, the prediction did not significantly improve by 
narrowing the energy window further to 6-10 MeV.  

The effectiveness of the optimal energy window was also 
tested by measurement. Fig. 6 shows the distribution of the 
prompt gammas as measured by the prompt gamma scanning 
system with different energy windows. The proton beam 
energy was approximately 150 MeV. The 4-10 MeV energy 
window showed the sharpest drop at the end of the proton 
beam with the lowest level of the background gammas at the 
beam end region. The narrower energy window (6-10 MeV) 
showed an increased fluctuation of the gamma counts due to 
the reduced counting efficiency. This result confirms that the 
4-10 MeV energy window indeed is the best energy window 
for measuring prompt gammas. 
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Fig. 6 Distribution of gamma counts as measured by prompt 
gamma scanning system with different energy windows. The proton 
beam energy was approximately 150 MeV

 
IV. Conclusions 

This study determined the optimal energy window for 
selective measurement of the prompt gammas, effectively 
discriminating background gammas, for a prompt gamma 
scanning system. The optimal energy window, which was 
determined as 4-10 MeV in this study, was applied to 
simulated and measured data, and it was found that the 
proton beam range can be determined much more accurately 
by implementing the energy window. The reduction of 
background gammas also provides a great opportunity to 
minimize the collimator of the prompt gamma scanning 
system, which results in a much smaller, and more clinically 
applicable, system. The current prompt gamma scanning 
system can be used to determine the range for a passive 
beam using scatterers and compensator, but not for a moving 
(scanning) beam. The reduction of the collimator size makes 
it feasible to make multiple collimation slots and use 
multiple detectors in measuring the range of a moving 
(scanning) beam. 
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Benchmark experiments on dose rate of neutrons and photons in the laminated shielding assembly have been 
performed at the 45 MeV electron linac facility of Hokkaido University. The accelerating energies of electron were 
18, 25 and 34 MeV. The shielding materials were iron and concrete. Photons were produced in the Cu target set in the 
direction of 0 degree to the beam line. The detectors used were CR-39 and glass-dosimeter for neutrons and photons, 
respectively. Analyses have also been performed by using the Monte-Carlo calculation code MCNP-5. The nuclear 
data libraries used for the analyses were JENDL-3.3, MCPLIB04, and EL3 for neutrons, photons, and electrons, 
respectively. Three different libraries reproduced by using NJOY process code from LA150, JENDL/PD-2004, and 
KAERI, were applied for the calculation of photo-nuclear reaction. Comparisons between experimental results and 
calculated ones were performed. For neutrons very good agreements were obtained at the front surface of the 
shielding assembly in the case of all energies, however calculational to experimental (C/E) values increased as the 
depth of the shielding assembly increased. On the other hand, underestimations of the calculated results for photons 
were observed except on the front surface.  It is concluded that further investigation of production of photo-neutrons 
and secondary gamma-rays in the iron and concrete laminated shield would be necessary. 

 
KEYWORDS: electron linac, radiation oncology facilities, photo-nuclear reaction, dose rate, laminated 
shielding 
 
 

I. Introduction  
In recent years, the accelerating energy of linac for 

medical use increases higher than 10 MeV. In the high 
energy electron radiation oncology facilities, photo-neutrons 
emerge around the target assembly. Since dose rates of these 
photo-neutrons emitted from the target are negligibly small 
compared with those of photons, we can neglect photo- 
neutrons in the shielding calculation of linac facilities. 

However, it is reported that the photo-neutrons emitted 
from the iron layer in the concrete shielding wall increased 
exponentially as the depth of iron layer increased. The 
capture gamma-ray also emerged in the second layer of 
concrete wall.1) The precise estimation of the behavior of 
photo-neutrons and secondary gamma-rays are one of the 
most important issues for the shielding design study of high 
energy linac facilities which energy are grater than 10 MeV. 

The objectives of this study are to investigate the behavior 
of photo-neutrons and secondary gamma-rays in the 
laminated shield composed with iron and concrete. The 
benchmark tests have also been performed by using the 
Monte Carlo calculation code MCNP-5 which is one of the 
most reliable calculation code systems for the shielding 
calculations. 

 
 

*Corresponding author, Tel: +81-3-3820-6416, Fax: +81-3-3643- 
7260, E-mail: koji_oishi@shimz.co.jp

II. Experiment 
1. Irradiation 

Irradiation experiments have been performed at the 
45MeV linac facility of Hokkaido University. The 
accelerating energies of electron linac were 18, 25 and 34 
MeV and the average beam currents were about 6.0, 3.6 and 
6.0 micro amperes, respectively. Irradiation periods varied 
from 4 to 600 seconds in accordance with the expecting dose 
rates at the detector positions. 

 
2. Assembly 

The assembly was composed with iron and concrete slabs. 
Each slab was 400mm x 400mm and the thickness of iron 
and concrete was 9mm and 50mm, respectively. The 
chemical composition of the used concrete assembly is 
shown in Table 1. Seven types of combination, listed in 
Table 2, were applied for the experiment. Fig. 1 shows the 
experimental setup. The assembly was set at 1m from the 
target in the direction of 0-degree to the beam line. The 
distance between beam exit and the target was 200mm.  

 
3. Detectors 

Since the electron beam is pulsed one, counter detectors 
can not be adopted. We have used passive detectors for the 
measurements, Cr-39 for neutron dose rate measurement. 
For gamma-ray we have applied glass detectors and luxel 
dosimeters. 
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Table 1 Composition of concrete assembly

Table 2 Combination of iron-concrete (mm) 

Fig. 1 Experimental set up 

III. Calculation 
Neutron and gamma-ray dose rate calculation by MCNP 

was performed.  The block diagram of calculation code 
system is shown in Fig.2. 

The nuclear data libraries used for the analyses were 
JENDL-3.3, MCPLIB04, and EL3 for neutrons, photons, and 
electrons, respectively. Three different libraries reproduced 
by NJOY process code from LA150, JENDL/PD-2004, and 
KAERI, were applied for the calculation of photo-nuclear 
reaction. Comparisons between experimental results and 
calculated ones were performed. 

Fig. 2 Block diagram of calculation code system 

IV. Comparison between Experimental results and 
Calculated Ones 

1. Iron Assembly 
The experimental and calculated results by using LA150 

library are shown in Fig. 3 to 5. There were not so much 
differences of the calculated results among used three 
libraries for photo-neuron production. 

The dose rates of photon decrease exponentially of about 
7 orders of magnitude in the iron assembly.  Neutrons 
produced by the photo-nuclear reaction also decrease 
exponentially of about 3 orders of magnitude. Note that the 
dose rates of neutron were grater than those of photon at the 
position deeper than of about 40 cm. In the case of high 
energy electron linac facilities for medical use, estimation of 
photo-neutrons produced in the iron shielding wall is very 
important for the shielding analysis.. 

Good agreements of experimental results for photons 
were observed between two experimental methods, but 
calculated results underestimated experimental ones for all 
energies, except at the front surface of the assembly. On the 
other hand, all the calculated results of neutron dose rate 
overestimated experimental ones, except at front surface and 
deep position of the assembly

Fig. 3 Dose rate distribution in the iron assembly irradiated by 18 
MeV photons 
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Fig. 4 Dose rate distribution in the iron assembly irradiated by 25 
MeV photons 

Fig. 5 Dose rate distribution in the iron assembly irradiated by 34 
MeV photons 

2. Iron-concrete Assembly
The experimental and calculated results of three energies 

are shown in Fig. 6 to 8. In the iron region, dose rates of 
photons decrease steeply. The slope of the dose rates 
changed gently in the concrete region, because the secondary 
gamma-rays were produced from photo-neutrons. On the 
other hand, the dose rates of neutrons in the concrete region 
decrease rapidly. The estimation of dose rates of secondary 
gamma-rays at the end of the shield is very important in the 
case of iron-concrete assembly. 

For neutrons, good agreement was obtained between 
experimental and calculated results, except Ee=18 MeV case, 
though overestimations were observed in the iron assembly. 
However, for photons, underestimations of the calculated 
results were obtained not only in the iron area but also 
concrete area. 

Fig. 6 Dose rate distribution in the iron assembly irradiated by 18 
MeV photons (iron thickness ~30cm) 

Fig. 7 Dose rate distribution in the iron assembly irradiated by 25 
MeV photons (iron thickness ~30cm) 

Fig. 8 Dose rate distribution in the iron assembly irradiated by 34 
MeV photons (iron thickness ~30cm) 
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In recent years, the acceleration energy of electron linac for medical use increases up to higher than 10 MeV. The 
angular distributions of photo-neutrons and bremsstrahlung photons emitted from the linear accelerator (linac) have 
become important issues for the evaluation of exposure dose to whole body of patient and the maze design in linac 
room. Therefore, benchmark experiments on angular dose rate of neutrons and photons from the metal targets have 
been performed at the 45 MeV linac facility of Hokkaido University. The electron energies were 18, 25 and 34 MeV. 
The metal target materials were aluminum, iron, copper, tungsten and lead. The detectors used were CR-39 for 
neutron and glass-dosimeter for photons. Analyses have also been performed by using the Monte Carlo calculation 
code MCNP5, for neutron, photon and electron. Three different libraries of LA150, JENDL/PD-2004 and KAERI 
were applied for photonuclear reaction. Comparisons between experimental results and calculated ones were 
performed. For neutrons and photons, although the trend of experimental data for angular distribution was well traced 
by calculation, the underestimation of calculation was conspicuous. It is concluded that further investigation of 
production of neutrons, photons and electrons from the targets and close components should be necessary. 

 
KEYWORDS: electron linac, angular distribution, metal target, photo-neutron, photon, dose rate, MCNP 
 
 

I. Introduction* 
Recently electron linac has become very popular to be 

used for cancer radiation therapy for outstandingly good 
quality of life of the radiation therapy. In Japan, more than 
800 linacs have been employed for medical use and electron 
energies higher than 10 MeV is adopted for the depth 
oncological diseases. 

When the electron energy is higher than 10 MeV, the 
production of photo-neutron is very important in the 
shielding design of linac. In the past, photo-neutron had been 
ignored because the production was rarer event. The photo-
neutrons are produced around the header part of electron 
linac and the shielding wall. The header part is composed of 
the target, collimator and shielding block consisted of heavy 
metal as tungsten and lead. 

In the shielding design of linac, the shielding structure of 
maze and shielding door in linac room and the exposure dose 
to whole body of patient are very important. The information 
of neutrons and photons in the room is necessary for these 
estimations. It is obtained from careful calculations taken in 
the detailed source term and the correct geometry of room. 
Thus, the angular distribution of neutron and photon sources 
and the usage of Monte Carlo transport calculation code are 
required. 

Verification of photo-neutron calculation is necessary, 
because the releases of photonuclear reaction data files are 
recent and their benchmark tests are very poor. Although 

*Corresponding Author, Tel: +81-3-3820-5502, Fax: +81-3-3643-
7260, E-mail: k.kosako@shimz.co.jp 

there are few measurements of photo-neutrons1,2), they do 
not have adequate data at present. 

Measurements of dose rate by neutrons and photons from 
the metal targets irradiated by a few tens of MeV electron 
beam have been performed to obtain obvious angular 
distributions. Calculations of dose rate have been carried out 
for the comparison with experimental results. 

 
II. Experiment 

The experiments have been performed using a 45 MeV 
electron linear accelerator of the Hokkaido University. Fig. 1 
shows the experimental arrangement of electron beam line, 
target and detectors. The distance between the terminal of 
beam line and the front surface of target is 20 cm. The 
detectors are set on a circle with radius 50 cm. The center of 
circle is the central position of target’s front surface. Height 
of the circle is the same as beam line. The electron energies 
used in experiments are 18, 25 and 34 MeV. There are 18 
and 25 MeV electron linacs for medical, and 34 MeV is 
adopted to investigate the expansibility of energy. 

The detectors to measure the dose rate are CR-39 for 
neutron and glass-dosimeter and OSL (optically stimulated 
luminescence) dosimeter for photon. They were set at 0, 45, 
90 and 120 degrees to the beam direction, as shown in Fig. 1. 
For photo-neutron, these angles are guessed sufficient, 
because the angular distribution is almost isotropic. But 
these angles for photon may be insufficient, because 
bremsstrahlung photon emission from electron has strong 
forward. However, we think dominant trend of photon 
angular distribution is can be obtained. 

36

Journal of NUCLEAR SCIENCE and TECHNOLOGY, Supplement 5, p. 36–38 (June 2008)



The materials of metal targets are aluminum, iron, copper, 
tungsten and lead, covering a wide range of atomic number. 
Front area of target block is 4 x 4 cm2, and thickness is from 
1 to 4 cm for each material. The target sets on a stand to 
vertical direction for electron beam. The bare target was 
cooled by a ventilator. 

The detectors are fitted on 4 angles inside of the support 
tube as shown in Fig. 1. The front surface of detector always 
faces toward the target. The support tube made of SUS304 is 
a half circle with inner radius 50 cm. The support tube has 4 
slender legs and sets above two base tables. The target stand 
and base tables are made of iron. 

 

 
Fig. 1 Experimental arrangement of angular distribution. 

 
III. Calculation 

To correctly calculate the photo-neutrons, the Monte 
Carlo transport code including photonuclear reaction 
function and the photonuclear reaction data file are essential. 
The Monte Carlo code MCNP53) and MCNPX2.54) are 
available to treat the photonuclear reaction and electron 
transport. MCNP accurately simulates the photo-neutron 
production by a library based on the photonuclear reaction 
data file. The released photonuclear reaction library for 
MCNP is only LA150U.5) 

The available photonuclear reaction data files are 
JENDL/PD-20046) and KAERI7) in energy region over 20 
MeV. These files were processed by the modified NJOY99 
code8) and the photonuclear libraries for MCNP were 
produced. Nuclides included in the photonuclear libraries for 
the target materials were as follows: LA150U (Al-27, Fe-56, 
Cu-63, W-184, Pb-206, 207, 208), JENDL/PD-2004 (Al-27, 
Fe-54, 56, Cu-63, 65, W-182, 184, 186, Pb-206, 207, 208), 
KAERI (Al-27, Fe-54, 56, 57, 58, Cu-63, 65). 

The cross section libraries used in analysis by MCNP5 
calculations are FSXLIB-J339) for neutron, MCPLIB045) for 
photon, EL35) for electron, and above 3 photonuclear 
libraries. 

Basic calculation geometry for the angular distribution 
experiments is very simple. The target block at origin is 
placed and it is surrounded by air. The support tube and 
detectors aren’t included in basic model. The target is 

vertically irradiated by mono-energy of electron beam with 
the Gauss spatial distribution of 1 cm-radius. Tally in MCNP 
calculation is the surface cross tally to both neutrons and 
photons. The surface is defined by a sphere with radius 50 
cm and subdivided by angles. 

Before the experimental analysis, the calculation 
precision of bremsstrahlung photon was verified. The 
precision is important for a few tens of MeV electrons, 
because the bremsstrahlung photon is produced by electron, 
and then the photo-neutron is done by bremsstrahlung 
photon. Fig. 2 shows the angular distribution of 
bremsstrahlung from 15 MeV electrons incident on Pb thick 
target.10) The energy spectra of bremsstrahlung were very 
good for the shapes between experiment and calculation. The 
yields of bremsstrahlung were also agreed within 15%. 
Therefore the calculation precision is enough for photo-
neutron. 

 
Fig. 2 Bremsstrahlung photon angular spectra from 15 MeV 
electrons incident on Pb target. 

 
IV. Results and Discussions 

Fig. 3 shows the angular distributions of dose rates from 
the lead target irradiated by 18, 25 and 34 MeV electrons. 
These were calculated by the MCNP5 code with the 
JENDL/PD-2004 library. The trend of angular dose rates is 
good for neutron and photon (gamma-ray) at three electron 
energies. But the dose rates of neutron and photon 
underestimate at all angles and energies.  

Fig. 4 shows the angular distribution of dose rates from 
the copper target irradiated by 25 MeV electrons. The 
photonuclear data libraries of LA150, KAERI and 
JENDL/PD-2004 are compared. For the photon dose rates, 
the photons produced by photonuclear reactions are 
negligible. The neutron dose rates have little difference for 
photo-neutron yields and almost flat for angle. 
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Fig. 3 Angular distributions of dose rates from Pb target irradiated 
by 18, 25 and 34 MeV electrons. 

 
Fig. 4 Angular distributions of dose rates from Cu target irradiated 
by 25 MeV electrons. 

 
Fig. 5 C/E values of angular dose rates from Fe, Cu, W and Pb 
targets irradiated by 25 MeV electrons. 

The photo-neutron from support tube has contributed to 
neutron dose at especially 0 degree. We think the 0 degree of 
experimental photon dose have some problems. Fig. 5 shows 
the C/E of angular dose rates from the iron, copper, tungsten 
and lead targets irradiated by 25 MeV electrons. The trend of 
angular distributions flats except for 0 degree. The 
calculation of photo-neutron dose has the roughly steady 
angular distribution and is obtained within factor of 2. The 
photon dose has large difference. 

 
V. Summary 

The angular distributions of dose rates for neutron and 
photon emitted from Al, Fe, Cu, W and Pb targets irradiated 
by 18, 25 and 34 MeV electrons have been measured. The 
dose rates are measured at angles 0, 45, 90 and 120 degrees. 
MCNP5 calculations have been performed with 3 
photonuclear reaction data libraries. The trend of angular 
dose rates is good for neutron and photon at three electron 
energies and for target materials. But the calculated dose 
rates of neutron and photon underestimate experimented 
ones at all angles and energies. The calculated neutron and 
photon doses are underestimated by a factor of 2 and 5, 
respectively. It is concluded that further investigation of 
production and contamination of neutrons, photons and 
electrons from the target and close components should be 
necessary. 
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This study estimated the environmental effect of radiation from the 100 MeV proton accelerator facility based on 
the Monte Carlo method. Soil activation over a region of 5 m depth from the accelerator tunnel, and a groundwater 
migration of the produced radionuclides were calculated. A soil activity was 2.98 × 10-4 Bq/cm3 at the point of 
saturation. The groundwater migration of 22Na induced an initial concentration as 1.48 × 10-5 pCi/ml/yr. The dose 
rates from the skyshine were reduced from 3.68 × 10-1 mSv/yr to 2.28 × 10-2 mSv/yr according to an increasing of 
distance from the boundary of the facility. The simulation time of the skyshine calculation was improved by applying 
the SSW/SSR option in MCNPX. Estimating the environmental effect of radiation including various types of effects, 
we concluded that the dose distribution was lower than the dose limit of the regulation for the general public. 
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I. Introduction2 

The environmental effect of radiation is regarded as an 
important problem in a nuclear facility. Various researches 
have been published on this subject in many other 
countries1)-4). There are three types of major effects which 
are the causes of off-site doses, i.e. soil activation, a 
groundwater migration, and skyshine. While soil activation 
and a groundwater migration induce internal exposure, 
skyshine gives external exposure to the general public. This 
study performed a comprehensive estimation of these 
environmental effects of radiation for the 100 MeV proton 
accelerator facility of the Proton Engineering Frontier 
Project (PEFP) by MCNPX. This is a worthwhile study for 
the reason that this accelerator facility is the first mA-grade 
proton accelerator in Korea.  

 
II. Approaches  

This study was performed by MCNPX which is the most 
widely used Monte Carlo particle transport simulation code. 
Fig. 1, 2 show the geometries for skyshine and soil 
activation, respectively. The characteristics (silty gray), 
density (1.5 g/cm3), and depth of a soil layer (5 m in depth 
from the facility) were determined from a geometrical 
research report5). The soil was comprised of O (54.6 %), Si 
(30.7 %), Al (4.2 %), K (2.5 %), Fe (1.8 %), Mg (1.7 %), H 
(1.6 %), Na (1.3 %), Ca (1.2 %), and Mn (0.003 %). The 
beam loss was assumed to be same as the criterion for a 
design6), 1 W/m. The calculation was performed over a 
region of 5 m in depth from the accelerator tunnel. Neutrons 
which induce spallation reactions on soil components are 
produced from reactions between a beam loss and beam line 
components. These reactions produce several radioisotopes 
in the soil. The types of radionuclides and production rates 

* Corresponding Author, Tel.: +82-42-868-8795, Fax: +82-42-868-
2636,E-mail: sohyun2@kaeri.re.kr

were evaluated by FT8 RES option and FM card of the 
MCNPX7). Annual operating time of the accelerator is 
assumed to 6000 hours. And a groundwater migration of 
radioisotopes was estimated by the Concentration Model 
which can derive a dose induced in water from an initial 
concentration of a radioisotope7). After this model was 
proposed by Fermilab. in 1993, many researchers have used 
this method.  

 

Fig. 1 Geometry of the 100 MeV proton accelerator facility (a) 
vertical slice, and (b) horizontal slice 
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Fig. 2 Geometry of the accelerator tunnel building 

Neutrons which are produced in 20 MeV targets do not 
contribute to skyshine because they are sufficiently shielded 
by a concrete wall of a target room. Consequently, neutron 
spectra of 100 MeV targets and a beam dump were used for 
our sources. Neutron spectra in the 100 MeV accelerator 
tunnel and 100 MeV targets and a beam dump are shown in 
Fig. 3.  

Although relatively high energy neutrons were considered, 
only a few neutrons among them contributed to off-site 
doses by a skyshine. We solved the problem of a calculation 
time by applying the SSW/SSR option at the ceiling point of 
the facility. Dose rates were estimated by F5 tally at 20 
points which had 20 m intervals between each point within 
400 m from the accelerator facility. The LA150 nuclear data 
set was used for the simulation.  

 
III. Results 
1. Soil activation and groundwater migration 

Among induced radionuclides, only radionuclides which 
have long half-lives (10 h < T1/2) are considered as the 
important radionuclides. It is necessary to estimate a soil 
activity continuously during an operation and after a shut-
down of an accelerator. In the first step of the estimation of a 
soil activity, the production rates of the radionuclides were 
calculated in the soil around the accelerator tunnel. These 
radionuclides induced a total activity of 2.98 × 10-4 Bq at the 
point of saturation as shown in Table 1. While 55Fe and 45Ca 
were predominant in the total activity until 30 years after a 
shut-down, 37Ar, 45Ca, and 54Mn did not contribute to the 
total activity due to their short half-lives. At 30 years after a 
shut-down, the total activity was reduced to 0.1 % in a 
comparison with the point of saturation. 45Ca has the highest 
production rate, 1.45 × 10-4 Bq/cm3. 

Fig. 3 The neutron spectra in the 100 MeV accelerator tunnel (top) 
and 100 MeV targets and a beam dump (bottom) 

Especially, 3H and 22Na are considered as the important 
radioisotopes at most nuclear facilities because they are 
leached out of a soil and are dissolved in surrounding water 
very well. However, a small amount of tritium was produced 
around this facility for the reason that the neutron energies 
were reduced to below the thresholds of the predominant 
reactions for producing tritium by a concrete wall. Hence, 
only a migration of 22Na was estimated. The Concentration 
Model has two processes in order to achieve an initial 
concentration of the radionuclides in the water, i.e. the 
calculation of the production rate and the leaching fraction. 
The specific activity for 22Na was 1.34 × 10-4 pCi/cm3/yr in 
the soil Assuming that the weight fraction of water in the soil 
is 20 %, a leaching fraction of 22Na was 4.15 %. Combining 
these two results, an initial concentration C0 of 22Na per year 
was calculated as 1.48 × 10-5 pCi/ml/yr. It is revealed that the 
dose from 22Na is considerably less than the annual intake 
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limit, 0.1 pCi/ml.  
 

Radio-
nuclides 

(Half life) 

Concentration (Bq/cm3) 

Saturation 
1-yr after 

shut-down 

10-yr after 

shut-down 

30-yr after 

shut-down
3H  

(12.33 y) 
1.39E-16 1.31E-16 7.91E-17 2.57E-17

22Na 
 (2.6 y) 

2.76E-5 2.11E-5 1.92E-6 9.34E-9 
37Ar 

 (35.0 d) 
1.93E-05 1.42E-8 - - 

45Ca 
 (162.6 d) 

1.45E-4 3.06E-5 2.54E-11 - 
51Cr 

 (27.7 d) 
1.92E-6 2.07E-10 - - 

54Mn 
 (312.3 d) 

3.67E-5 1.63E-5 1.12E-8 1.03E-15
55Fe 

 (2.7 y) 
6.72E-5 5.21E-5 5.30E-6 3.31E-8 

35S 
 (87.32 d) 

5.02E-7 2.77E-8 1.32E-19 - 

Total 
Activity 

2.98E-4 1.20E-4 7.24E-6 4.24E-8 

Table. 1 The activity from various radionuclides in the soil around 
accelerator tunnel 
 
2. Skyshine 

A skyshine is generally induced by neutron sources which 
are not adequately shielded from a ceiling. In this study, we 
assumed that a ceiling of this facility is empty.  

Fig. 4 Dose rates from skyshine within 400 m 

 
Fig. 4 shows the dose rates at 20 points for every 20 m 

within 400 m. The dose rates were reduced from 3.68 × 10-1 
mSv/yr to 2.28 × 10-2 mSv/yr according to the distance. 
These values were lower than the annual dose limit for the 
general public (1 mSv/yr). The dose-distance curve could be 
fitted by an exponential form, D = Ke-r/ , with  76 meters, K 
is 0.42, and r is the distance in meters. Skyshine has been 
measured at many laboratories and reported extensively in 
the literature. In order to compare this result with others, it is 
necessary to estimate a skyshine by a measurement or a 
deterministic method. 
 
IV. Conclusions 

This study performed the estimation about an 
environmental effect of radiation for the 100 MeV proton 
accelerator facility. Soil activity was induced by 2.98 × 10-4 
Bq/cm3. And the dose from 22Na in the groundwater was 
1.48 × 10-5 pCi/ml/yr. Dose rate from a skyshine was 3.68 × 
10-1 mSv/yr at a distance 20 m from the facility. From these 
facts, we concluded that the environmental effect of 
radiation for the 100 MeV proton accelerator facility 
satisfies the limit of the regulation.  
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Analysis of the Neutron Thermalization in an Accelerator Room 
 

Cheol Woo LEE*,Young-Ouk LEE, Young-Sik CHO, and Sohyun AHN 
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The estimation of the thermalized neutrons in the accelerator room is one of the important shielding problems in 
the facility design and the evaluation of the worker’s exposure. In an accelerator room, high energy neutrons 
produced by an accelerator lose their energy by the multiple collisions with the wall, floor, or ceiling and are 
reflected from concrete wall’s surfaces as thermal neutrons. The simple empirical formula, SCQth /= , is widely 
used as an estimation for the neutron thermalization. Where th  is a thermal neutron flux in the room, Q  is the 
intensity of the source neutron, S is the inner surface area for an accelerator room and C  is the coefficient as a 
fitting parameter.  In this study, various factors including S  were examined to evaluate the value of C based on 
the MCNP simulation. The dependence on room size, room shape, energy of the source neutron and distance from 
the source were analyzed by using MCNPX code. As a result, the modified estimation, SQC gggth /= , and 

gC  dependant on energy group of the source neutron were proposed. The proposed estimation was also compared 
with the results from other estimation method and MCNPX calculations.  

 
KEY WORDS: neutron thermalization, accelerator room, MCNPX 
 
 

I. Introduction* 
Inside of an accelerator room like target room and linac 

tunnel, high energy neutrons are produced from particle 
acceleration with high energy. These high energy neutrons 
lose their energy by the multiple collisions with the wall, 
floor or ceiling which are mainly composed of concrete. 
The calculation of the backscattered neutron or neutron 
slowing down and thermalization is important to decide the 
facility design or to control the exposure level. 

In 1973, Patterson and Thomas proposed the following 
simple empirical formula to be used for the estimation of 
thermalized neutrons in an accelerator room. This formula 
shown in equation (1) assumes that th  is independent of 
room shape, detecting position and source neutron energy.1) 

S
Q

cth =  (1) 

th : thermal neutron flux in an accelerator room 
[#/(cm2·sec)] 

c : 1.25, coefficient recommended by Patterson and 
Thomas 

Q : neutron source intensity, [#/sec] 
S : inner surface area in a concrete room. [cm2] 
 
In 1986, Shin et al. proposed the following simple 

albedo analytical method for multi-scattered neutron flux 
calculation in a cavity.2) This estimation is shown in 
equation (2). 

S
Q

i

i

1
4

=  (2) 

: neutron energy spectrum vector in a concrete room,  
i : albedo matrix with element ij , 

*Corresponding Author, Tel. +82-42-868-2297, Fax. +82-42-868-
2636, E-Mail;cwl@kaeri.re.kr 

Q : energy spectrum vector of the source neutron, 
S : inner surface area of the concrete room. 
 
In 1991, Ishikawa et al. pointed out that th  is 

dependent on a detecting position and source neutron 
energy from their experimental results. Their experiments 
were performed by producing high energy neutrons from a 
thick copper target bombarded by 30 MeV protons and 
mono-energetic neutrons from p-T, D-D, and D-T 
reactions.3) As a result, they proposed the following 
estimation shown in equation (3). 

Q
d
b

S
a

th 2 , or 

S
Qcth  (3) 

c : averaged coefficient depending on source neutron 
energy 

ba, : fitting parameter  
d : minimum distance from target to detecting point via 

wall surface, [cm] 
Q : neutron source intensity, [#/sec] 
S : total surface area in a concrete room. [cm2] 
 
It is known that Patterson and Thomas’s estimation tends 

to underestimate and albedo analytical method tends to 
overestimate. Ishikawa’s estimation based on the 
experiment is in good agreement with the measurements for 
the distance between neutron source and wall above 200 
cm. Some studies including Patterson and Thomas’s work 
and Shin’s work showed that the thermal neutrons are 
uniformly distributed in the concrete room1-3). But 
Ishikawa’s work showed that thermal neutron distribution 
is dependent on the distance via the concrete wall and an 
averaged value of the coefficient, C  was proposed as 4.  
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In this study, MCNPX calculations were applied for 
estimation of thermalized neutrons in the accelerator room. 
The results were compared with the other estimation 
method. 

 
II. Calculations and Results 

We calculated the thermal neutron fluence in various 
rooms with three dimensional Monte Carlo code, MCNPX 
2.5.0.4) in order to investigate the dependency of coefficient, 
C  in the above equations on the source neutron energy, 
room shape, room size and distance from the source 
position. The results from MCNPX simulations were 
obtained within a 5% yield of the relative error and 
compared with the results from the introduced estimations 
and few experiment data from the references. The point-
isotropic neutron source was applied in the all calculations 
in this study, and the composition of the concrete used in all 
calculations is shown in Table 1.  

 
Table. 1 Composition of the concrete wall 

Nuclide Weight fraction Nuclide Weight fraction 

H 0.010 Al 0.039 

C 0.001 Si 0.337 

O 0.529 K 0.013 

Na 0.016 Ca 0.044 

Mg 0.002 Fe 0.014 

1. Evaluation of the thermalized neutrons backscattered 
from the concrete wall 

As the first step, we decided the thickness of the 
concrete wall, because the number of thermalized neutrons 
reentered into the room inside after backscattering from the 
concrete wall varies with the thickness of the concrete wall. 
The calculation model shown in Fig. 1 was applied in these 
calculations. 

 

Fig. 1 A model for the calculation of thermalized neutron 
backscattered from the concrete wall 

 

The results from these calculations show that the number 
of thermal neutrons backscattered from the concrete wall 
varies with the energy of the source neutron and the 
thickness of the concrete wall. Therefore, the thickness of 
the concrete wall should be thick enough to consider the 
effects due to all of the backscattered neutrons. The 
concrete wall with a thickness of 100 cm was applied to the 
all calculations in this study based on the results shown in 
Fig. 2.  

 
Fig. 2 The number of thermalized neutrons backscattered from the 
concrete wall with the various wall thicknesses and source 
neutron energies by using the calculation model from Fig 1. 

 
Fig. 2 shows that the fraction of thermalized neutrons 

gives the largest values at 1MeV, the smallest values at 14 
MeV, then increases at 20 MeV and again decreases at 30 
MeV. This tendency comes from the characteristics of the 
neutron scattering cross section for the concrete. The 
neutron elastic scattering cross section of the concrete5) is 
shown in Fig. 3, where it indicates the minimum value 
around 10 MeV. 

 

Fig. 3 Neutron elastic scattering cross section of concrete5) 
 

2. Effect of the Room Shape and Size for the Neutron 
Thermalization 

It is well known that the thermalized neutron flux in the 
accelerator room is not affected by the room shapes. The 
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results from MCNPX simulations with the neutron source 
of a mono-energy and various room shapes were in 
agreement with the previous studies generally. The 
calculated results shown in Fig. 4 are the coefficient, C  in 
the concrete rooms. The five room shapes having a same 
area for the inner surface were considered. The shapes of 
these rooms are sphere(case 1), cylinder(case 2), and 
rectangular boxes. The ratio of side lengths for each 
rectangular box is 1:1:1(case 3), 1:1:2(case 4) and 
1:1:3(case 5) to x:y:z in the x-y-z coordinates .  

Fig. 4 The averaged thermal neutron flux in 5 rooms with the 
source neutron energy from 1 eV to 100 MeV 

 
It is expected that the differences of thermal neutron flux 

among 5 rooms are due to the steaming effect near the edge. 
Because most concrete rooms in the accelerator facilities 
have rectangular shapes similar with the case 3~5, it is 
concluded that room shape affects very little to the neutron 
thermalization.  

The effect on the neutron thermalization due to room size 
was also calculated with the same manner. The value C  
for the neutron source with a mono-energy was calculated 
as a function of room size. The room shape of the case 3 in 
Fig. 4 was applied and the side length of the room was 
increased from 2 m to 20 m. The calculated results are 
shown in Figs. 5 and 6. 

Fig. 5 shows the averaged thermal neutron flux per 
source neutron in the concrete room. Based on the results in 
Fig. 5, it is expected that the inner surface area affects the 
neutron thermalization. 

Fig. 6 shows the coefficient, C  varied with room size 
and energy of the source neutron. It is concluded that the 
coefficient, C  are constant value for the concrete room 
which side length is larger than 400 cm and the value, C  
decreases with increasing the source neutron energy from 1 
keV up to 14 MeV. Additionally, dependency on the energy 
of the source neutron is shown in Fig. 7 with the results 
from this study, Ishikawa’s calculation and 
recommendation of Patterson and Thomas. The difference 
between this value and Ishikawa’s value may be due to the 
difference of the calculation codes. 

Fig. 5 The averaged thermal neutron flux per source neutron in 
the concrete room varied with room size and the neutron energy 

Fig. 6 The variance of the coefficient, C in the concrete room 
varied with room size and the neutron energy 

Fig. 7 The comparison of coefficient, C  from this 
study(MCNPX) with Ishikawa’s calculation(ANISN-W)3) and the 
value recommended by Patterson and Thomas 
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3. Thermalized Neutron Distribution with the Distance 
from a Radiation Source in the Concrete room 

Finally, thermalized neutron distribution with the 
distance from a position of the source neutron was 
calculated. The calculated results are shown in Fig. 8. The 
calculated results show that the thermalized neutron flux is 
uniformly distributed in the room and independent of the 
distance from the source position to the detecting point. 

 

Fig. 8 Dependence on the distance between source position and 
detecting position with mono-energetic isotropic neutron(1 MeV) 
produced at the center of the room(10 10 10 m) 

 
III. Conclusions 

Based on the results calculated by the MCNPX code, it 
is expected that the energy of the source neutron is 
important factor for an estimation of the thermalized 
neutrons in the concrete room.  

In this study, an estimation for neutron thermalization in 
the accelerator room by using coefficient, C  as a function 
of the energy of the source neutron. 

g

g
gth S

Q
C  (4) 

th : thermal neutron flux in an accelerator room 
[#/(cm2·sec)] 

gC : coefficient dependant of the energy of source 
neutron in Table 2 

gQ : neutron intensity in each energy group, [#/sec] 
S : inner surface area for a concrete room, [cm2] 

The proposed estimation and coefficient are shown in 
equation (4) and Table 2. The thermalized neutron flux 
estimated from equation (4) was compared with the value 
by using other estimations and MCNPX calculation. This 
comparison was performed by using the target room in the 
proton linac facility designed by Proton Engineering 
Frontier Project in Korea6). Table 3 shows the result of the 
comparison. 

Table. 2 Coefficient, C proposed in this study 
Energy [MeV] C  Energy [MeV] C  

~ 1.0E-5 6.20 ~ 8 1.31
~ 1.0E-4 5.18 ~ 9 1.29
~ 1.0E-3 4.87 ~ 10 1.28 
~ 1.0E-2 4.49 ~ 14 1.12
~ 1.0E-1  4.07 ~ 17 1.28

~ 1 3.68 ~ 20 1.42
~ 2 3.13 ~ 25 1.20
~ 3 2.43 ~ 30 1.08
~ 4 2.05 ~ 70 1.01
~ 5 2.12  ~ 90 1.10
~ 6 1.69 ~ 100 1.32
~ 7 1.62  

Table. 3 Comparison of the thermalized neutron flux averaged in 
the room with the estimations and MCNPX calculation by using 
the neutron spectra from the accelerator facility designed in 
Proton Engineering Frontier Project in Korea6) 

Estimation 

Case 1 applied a 
neutron spectrum  
from RFQ in the 

PEFP 
[ 10-6/cm2/neutron] 

Case 2 applied 
neutron spectrum 

from a carbon target 
with the proton beam 

of 20 MeV 
[ 10-6/cm2/neutron]

This work 6.45 2.03
Ishikawa  4.17 4.17

Patterson and 
Thomas 1.30 1.30 

MCNPX 
calculation 5.02 1.95 
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Permanent magnets Nd2Fe14B are the main component of the insertion devices of the synchrotron radiation 
facilities and used at other accelerators. The radiation induced demagnetization of permanent magnets, becomes one 
of the most important issues of the next generation light sources. To investigate the radiation damage the magnetic 
field change of Nd2Fe14B magnet exposed to a 2.5 GeV electron beam has been measured. The radiation field near 
the magnet and the distribution of energy deposition in the magnet are studied with Monte Carlo code FLUKA. The 
radiation induced demagnetization is analyzed and a fitted formula is proposed to estimate the relative reduction of 
remanence. 

 
KEYWORDS: permanent magnet, accelerator, demagnetization, Monte Carlo 
 
 

I. Introduction* 
Permanent magnets are widely used in synchrotron 

radiation sources and free electron lasers, such as the 
insertion devices of light sources and substitute devices of 
general electromagnet of accelerators. These permanent 
magnets are subject to irradiation from the incident electrons, 
synchrotron radiation, high-energy bremsstrahlung, and 
bremsstrahlung-produced neutrons. Radiation induced 
demagnetization of permanent magnets is one of the 
concerns for synchrotron radiation sources. In the next 
generation light sources, electron beam energies and currents 
will be much higher, so the demagnetization becomes more 
serious. Nd-Fe-B magnets are preferred because of its high 
remanence, high intrinsic coercivity, large energy product, 
and relatively low price1). However, it is found that Nd-Fe-B 
is much more sensitive to radiation damage compared to 
SmCo magnets such as Sm2Co17 and SmCo5.  Severe 
degradation of the magnetic properties of insertion devices 
has already been observed at several facilities2),3) such as 
European Synchrotron Radiation Facility (ESRF). 

Previous investigations have exhibited varying degrees of 
degradation in the intensity of magnetization of Nd-Fe-B 
permanent magnets due to irradiation from gamma-rays4),5), 
and high-energy neutrons5),6), protons7) and electron beams 
with relatively low energy. Actually in synchrotron radiation 
sources and free electron lasers, the radiation field is a very 
complicated one mixed with incident electron and secondary 
particles as mentioned before. In order to find out the 
radiation-induced demagnetization of Nd-Fe-B permanent 
magnets in the real environment during the operation, 
irradiation experiments with 2.5 GeV electron beam of 
Pohang Light Source were carried out in this work.  The 
magnetic field was measured before and after the irradiation 

*Corresponding Author, Tel. +86-10-62797089,  
E-Mail: qiuruii@tsinghua.org.cn 

and the relative change was derived. The radiation field near 
the magnet in this experiment was investigated with Monte 
Carlo code, FLUKA. The radiation quantities such as dose 
and 1MeV equivalent fluence were also calculated with 
FLUKA. The demagnetization was analyzed on the 
experiment and simulation results. 

II. Demagnetization Experiment  
1. Experiment Setup 

 
(a) x-z cross section 

 
(b) x-y cross section 

 
Fig. 1 Schematic of the experiment setup. 

 
The beam was injected into a 40 mm-thick Cu target 

block after passing through a 1mm thick beam profile  
monitor and a 10 mm-thick backing Bakelite as shown in 
Fig. 1(a). The magnet was fixed in an Al holder and put 
behind the target. The center of the beam aims at the center 
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of the magnet. A digital teslameter with IEEE-488 GPIB 
interface is used to measure the magnetic field before and 
after the irradiation. It is distributed by GMW associates and 
manufactured by Group3 Technology Ltd. During the 
measurement the hall probe of the teslameter was 2mm 
higher than the upper surface of the magnet as shown in 
Fig.1 (b).  The hall probe was moved once every 2 mm 
along the direction in which the magnet has the longest 
dimension (y axis) in order to investigate the spatial 
distributions of the magnetic field change. 

2. Magnet and Target 
The magnet sample was of the same size as the magnet 

for the standard in-vacuum undulator. It was a 12 mm×46 
mm×8 mm block and its type was NEOMAX35EH. The 
target size was 25 mm× 100 mm×40 mm. In the actual 
system Cu block was used for the transition and the clamp of 
the RF fingers 9). In this experiment a Cu target was used and 
its properties were listed in Table. 1. 

Table. 1 Physical properties of the target 
target Z A X0  (cm) Thickness (cm)

Cu 29 63.5 1.43 4.2 (2.94 X0) 

 
3. Irradiation 

The beam energy is 2.5 GeV and the beam has a 2 mm (V) 
×7 mm (H) cross-sectional dimension. The average current 
was 600 mA.  The operating frequency was 10 Hz and the 
macro pulse was 1 ns long. The total number of incident 
electrons was monitored by the current monitor and reached 
1.97x1015 finally. The whole irradiation was separated into 6 
segments and after each segment the magnetic field 
measurement was carried out in order to investigate the 
demagnetization with the increase of the number of incident 
electrons.  

4. Demagnetization Result 
In order to describe the radiation damage, a relative 

magnetic reduction is defined as below: 

0
0

0

/ 100%B B
B B

B
,  (1) 

in which B and B0 are the magnetic field intensity before 
and after irradiation respectively. As the magnetic field is 
measured every 2 mm along y axis, the positions are 
numbered from 1 to 23. Fig. 2 shows the relative magnetic 
reduction at each different position along y axis under 
different total number of electrons Ne. It could be found that 
the demagnetization becomes more serious with the 
increasing electron number. 

1. Computation model and parameter 
Monte Carlo simulation on this demagnetization 

experiment was carried out with FLUKA code9). The 
geometry was based on a detailed description of the 

experimental setup. The beam size was set according to a 
Gaussian distribution: the FWHM of width was 1 mm and 
the FWHM of height was 3.5 mm. The full electromagnetic 
and hadronic cascades were simulated in the screen, target 
and magnet. The normal composition of the Nd2Fe14B 
magnet was adopted in this simulation. The density of 
Nd2Fe14B was 7.6 g/cm3. 

In order to calculate the energy deposition precisely, the 
electron cutoff energy was set to be 1 MeV in the magnet. To 
accelerate the calculation, the cutoff thresholds in other 
materials for electron and photon were: ecut=10 MeV, 
pcut=100 keV. The total number of simulated histories was 
8×106. 

Fig. 2 Relative reduction of magnetic field intensity at different 
position of the magnet. 

2. Radiation Field 
In this situation the primary electron hit the target and 

aroused the electromagnetic shower and a lot of photons 
were generated, then the high energy photons generated the 
neutrons and protons through photonuclear reactions. The 
radiation field near the permanent magnet was very 
complicated but quite important for the demagnetization 
study. The spectra of photon, electron, neutron and proton at 
the front surface of the magnet are shown in Fig. 3. In the 
high energy range the spectra of proton and neutron are quite 
similar due to the quasi-deuteron mechanism. 
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Fig. 3 Particle spectra at the front surface of the magnet sample. 
3. Radiation Quantities 
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In previous studies people usually study the relationship 
between the demagnetization and some radiation quantities. 
The radiation quantities are normally dose or particle fluence. 
In this paper dose and 1MeV equivalent neutron fluence are 
chosen as the key radiation quantities and studied in details.  
(1) Absorbed ose 

Absorbed ose in some volume could be evaluated as the 
energy deposition per unit mass. The spatial distribution of 
the energy deposition in the magnet is calculated and shown 
in Fig. 4.  The unit of the color bar is GeV/(cm3 electron), 
i.e. it represents the energy deposited in unit volume due to 
one primary electron. The energy deposition increases along 
z axis and reaches the maximum point at the back surface of 
the magnet (z=8), which shows the development process of 
the electromagnetic shower inside the magnet. 

(a) Energy deposition in x-z plane 

(b) Energy deposition in x-y plane 

 
(c) Energy deposition in y-z plane 

Fig. 4 Spatial distribution of energy deposition. 
 
(2) 1 MeV equivalent neutron fluence 

The definition of 1 MeV equivalent neutron fluence9) is 
shown in equation (2):  

D
0

,1
D,1

(E)F (E)dE

Feq MeV
MeV

 (2) 

where (E) is neutron energy spectrum, and FD(E) is 
neutron displacement damage function10). 1 MeV equivalent 
fluence is widely used to characterize the radiation damage 
of electronic devices irradiated by neutrons. It makes it 
feasible to easily compare the radiation damage caused by 

neutrons with different spectra.  In the radiation field of the 
magnet, there are also some protons which could also induce 
the displacement damage. With the displacement kerma 
factor of proton derived by M. Huhtinen and P.A. Aarnio in 
1993, 1 MeV equivalent fluence contributed by proton could 
also be calculated with the spectrum of proton. Therefore 1 
MeV equivalent fluence contributed by neutron and proton is 
calculated respectively and listed in Table 2. It shows that 
neutron effect is dominant as the displacement damage is 
concerned. 
 

Table. 2 1MeV equivalent fluence 

Particle 
1 MeV equivalent 

fluence Contribution
(/cm2/ electron )  (%)

Proton 2.82E-04 14.6

Neutron 1.65E-03 85.4

Total  1.93E-03 100

 
(3) Spatial distribution 

In the demagnetization experiment, the relative reduction 
of remanence at different position along y axis is measured. 
In order to calculate the radiation quantities directly related 
to the measured relative reduction of remanence, the magnet 
was divided into 23 pieces in the Monte Carlo simulation, 
each of which has a size of 12 2 8mm3 and is numbered 
form 1 to 23.  The dose and 1MeV equivalent fluence are  
recorded in each piece of the magnet. 

 
IV. Results and Analysis 

According to the measurement results in the 
demagnetization experiment, the relative reduction of 
remanence due to one primary electron at different position 
along y axis is calculated. The character of the spatial 
distribution of the relative reduction of remanence at 
different position along y axis is due to the interaction of all 
kinds of particles with the magnet. Therefore it is related to 
the radiation quantities such as dose (D) and 1 MeV 
equivalent  fluence ( ,1eq MeV ).  

For convenience, we define  
 

0 ,1/ , eq MeVB B .  (3) 
 
The mechanism of the demagnetization is different for 

ionization effect and displacement effect, so it is reasonable 
to divide the relative reduction of remanence as two 
independent parts, i.e. 

 
( ) ( )D N ag D bh  (4) 

 
The first term represents the contribution from ionization 

effect and the second term represents the contribution from 
displacement effect. 

For the position of which serial number is i, we got the 
following equation: 
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( ) ( )i i iag D bh   (5) 

 
With n functions a function group could be obtained: 
 

1 1 1( ) ( )

( ) ( )

( ) ( )

i i i

n n n

g D h

a
g D h

b

g D h

 (6) 

 
The parameter a and b could be derived by least squares 

method after the formats of ( )g D  and ( )h  are set. 
Analysis on these data shows that the relation between the 
relative reduction of remanence and the radiation quantities 
including dose and 1 MeV equivalent  fluence can be fitted 
with the following equation: 

 

 (7) 
where a=4.94x10-17 b=2.21 x10-14 when the unit of dose 

is 10-12Gy/electron and the unit of 1 MeV equivalent  
fluence is cm-2/electron. The data calculated with this 
formula are compared with the experiment data for the 
spatial distribution of relative reduction of remanence along 
y axis, as shown in Fig. 6. Good agreement is found between 
the experiment data and the fitted data. 

 

Fig. 6 Spatial distribution of relative reduction of remanence. 

V. Conclusion 
The relative reduction of remanence and its spatial 

distribution of the NEOMAX35EH type permanent magnet 
due to radiation is investigated with experiment at a 2.5GeV 
electron accelerator. The radiation quantities such as dose 
and 1 MeV equivalent fluence is calculated with FLUKA 
and analyzed with the demagnetization results.  A fitted 
formula is proposed to estimate the relative reduction of 
remanence based on the analysis. 
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Medical linear accelerators operating above 10 MV require door shielding for neutrons in addition to photons. A 
criterion for choice of optimal configuration of lamination of BPE (Borated Polyethylene) and lead is not clear. 
Moreover, optimal configuration cannot be determined by the conventional method using an analytical formula and 
simple measurement. This study performs Monte Carlo simulation of radiation field in a commercial LINAC room 
with 15 MV X-ray sources. Considering two configuration of lamination such as ‘lead-BPE’ and ‘lead-BPE-lead’, 
dose equivalents are calculated by using the MCNPX code and comparative analyses are performed with each other. 
The obtained results show that there is no significant difference in neuron shielding between both configurations, 
whereas lead-BPE-lead is more effective for photon shielding. It is also noted that the absolute values of neutron 
doses are much greater than that of photon doses outside as well as inside the door, by three orders of magnitude. As a 
conclusion, the laminating of lead-BPE is suggested as the optimal configuration from the viewpoint of simplicity in 
fabrication and handling, even though it has no significant difference from lead-BPE-lead in terms of total dose 
equivalent.  

 
KEYWORDS: photoneutron, radiation shielding, medical linear accelerator, Monte Carlo simulation, borated 
polyethylene 
 
 

I. Introduction‡ 
Medical accelerators operating above 10 MV require door 

shielding for neutron in addition to photons1). Neutron 
shielding is normally accomplished by doors with 
laminations of borated polyethylene (BPE) and lead.  In the 
case of a linear accelerator (LINAC) room with the maze 
length on the order of 8m or greater, an arrangement of lead-
BPE-lead is generally suggested since the long maze 
moderates the fast neutron1). Often, the outside lead will not 
be necessary when the maze is long enough to attenuate the 
neurons sufficiently before they encounter the door1,2). In the 
case of direct shielding without maze, both of lead-BPE-lead 
and BPE-lead can be considered as an option.  

A criterion for choice of optimal configuration of 
laminating components such as BPE and lead is not clear. 
Moreover, optimal configuration of lamination cannot be 
determined by the conventional method using an analytical 
formula and a simple measurement1,3). In this context, this 
study performs Monte Carlo calculation of radiation fields in 
a commercial LINAC room, focused on the door shielding.  

The ultimate goal of this study is to determine an optimal 
shielding design for neutrons as well as photons in the outer 
maze door of LINAC room.  We perform comparison of 
shielding design performance considering various 
configurations of laminations of BPE and lead.   

 
 

*Corresponding Author, Tel. +82-2-2019-3152, Fax. +82-2-3463-
7441, E-mail: cglee1023@yuhs.ac 

II. Methods 
1. Shielding Calculation Methods 

In the conventional method, photoneutron shielding 
calculation is carried out through two steps. In the first step, 
the neuron dose equivalent at the outer maze entrance is 
determined using one of several techniques1,3,4).  These 
techniques employ a crude analytical formula to determine 
the neuron source strength and simple measurement to 
determine the neutron fluence and the average neutron 
energy in a LINAC room. In the next step, the shield 
thickness necessary for reducing the neuron dose to safe 
level is determined based on the analytic formula to estimate 
neutron dose equivalent at the outer maze entrance and the 
tenth-value-layer of shielding materials. In these formulas, 
laminating of multiple components of shielding material is 
represented by only integrating the exponential attenuation 
of particle fluence by each individual component, regardless 
of an order of positioning such as BPE and lead. In other 
words, configuration of laminating component materials 
cannot be considered.  For these reasons, this study 
employs Monte Carlo simulation in order to evaluate an 
effect of laminating multiple components with various 
configurations through a full transport calculation.  

 In order to estimate dose equivalent for neutron as well 
as photons, we employed the MCNPX code5), which can 
calculate photoneutron production on high Z-material.  
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2. Monte Carlo Simulation 
Fig. 1 shows the schematic description of calculation 

model in this study. The geometrical dimension of the 
LINAC room is based on the treatment room of National 
Cancer Center, in which a commercial medical LINAC, 
Varian Clinac 2100C/2300C is set up.  

Kim and Lee6) performed Monte Carlo Simulation of 
photoneutron field in the LINAC room at National Cancer 
Center to estimate photoneutron production from the LINAC 
head and neutron ambient dose around the head by using the 
MCNPX code. In order to calculate neutron dose as well as 
photon dose, this study employs their input file for the 
MCNPX code and modifies the part of the maze door. In this 
model, the geometry of head is fully described in detail, of 
which cross-sectional view is given in the left side of Fig. 1. 
The LINAC room is enclosed by the concrete walls to shield 
neuron and photon. The maze to protect radiation dose in the 
entrance region also consists of the concrete wall. 

The photonuclear physics mode of MCNPX is employed 
to simulate the entire process of not only photoneutron 
generation from the LINAC head but also leakage of neutron 
and photon through the shielding materials in the outer maze 
door. The transport simulation is carried out with the 
photonuclear reaction library of LA150U. F5 tally is used to 
estimate the fluence of neutron and photon.  Ambient dose 
equivalents at three points are calculated using the fluence-
to-ambient dose equivalent conversion factors from ICRP 
747).  

 
3. Comparative Study 

In order to find out an optimal configuration of laminating, 
a comparative study is performed. Considering two cases of 
laminating for door shielding such as ‘lead-BPE’ and ‘lead-
BPE-lead’, dose attenuations are compared with each other. 
The case of ‘lead alone’ is additionally considered and 
compared with both laminations in order to assess the 
improvement of neutron dose attenuation by additional 

insertion of BPE and its effect on the photon dose 
attenuation.  

The location and geometrical dimension of door is given 
in the center and the right side of Fig. 1, respectively. The 
thickness of laminating components is determined as the 
maximum value in the range of the recommendations by 
NCRP 1511) for a medical LINAC room operating with 15 
MV X-ray source. In the case of lead-BPE, 1.2 cm lead is 
located in the source side from the LINAC head and 
followed by 4 cm BPE. The lamination of lead-BPE-lead is 
constructed with 0.6 cm lead, 4 cm BPE, and 0.6 cm lead in 
the order of positioning from the source.  

In order to evaluate dose attenuation by door shielding, 
the fluence of neuron and photon are calculated at the 
positions both inside and outside the door.  For each side, 
all the calculation points are 1 cm distant from the door wall.  
In order to investigate how the dose is dependent on the 
location of measuring point in the maze entrance, the fluence 
is calculated at three points along the door, shown in Fig. 1. 
The point of PL is located in the left side from the center of 
the door so that it is nearer to the source from the LINAC 
head: the point of PR is reverse.  

 
III. Results and Discussion 

The calculation results of dose equivalent for neutrons and 
photons are listed in Tables 1 and 2, respectively. All the 
calculated values are normalized by source strength. It is 
noticed that the neutron doses are much higher than the 
photon dose inside the door in all the cases. Here, we should 
note that the neutron dose contribution to total dose in the 
isocenter of LINAC is calculated as 0.25% in this study. It is 
also reminded that neutrons can scatter through large angles 
without any significant energy loss energy, unlike photons. 
Thus, this result indicates that the geometrical configuration 
of the maze of concrete wall is not able to protect neurons, 
even though the maze fulfils its duty on decreasing photon 
doses to relieve the weight and mechanical drive concerns of 

Fig. 1 Schematic description of calculation model
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massive door.  
 

Table. 1 Calculation results of neutron dose equivalents per unit 
source strength (unit: pSv) 

Case Name 
Calculation Point 

PL PM PR 

(Inside the Door) 
Lead 3.43E-09a) 2.86E-09 2.21E-09 

Lead-BPE-Lead 3.87E-09 3.41E-09 1.81E-09 

Lead-BPE - 3.07E-09 1.81E-09 

(Outside the Door) 
Lead 2.14E-09 1.86E-09 1.55E-09 

Lead-BPE-Lead 6.06E-10 7.84E-10 9.82E-11 

Lead-BPE 6.75E-10 - 6.93E-11 
a) Read as 3.43x10-9. 

Table. 2 Calculation results of photon dose equivalents per unit 
source strength (unit: pSv) 

Case Name 
Calculation Point 

PL PM PR 

(Inside the Door) 
Lead 1.54E-12 1.24E-12 1.16E-12 

Lead-BPE-Lead 1.47E-12 1.27E-12 - 

Lead-BPE 1.34E-12 1.14E-12 1.00E-12 

(Outside the Door) 
Lead 6.11E-13 6.80E-13 1.21E-12 

Lead-BPE-Lead 1.23E-12 1.13E-12 - 

Lead-BPE 5.45E-13 4.99E-13 5.90E-13 

 
Figs 2~5 shows the comparison of calculated dose 

equivalents for neutrons and photons for each case 
considered. In the case of lead alone, the neutron dose 
outside the door is higher in the left sided point (PL), shown 
in Fig. 3. It is attributed to the fact that the fluence for not 
only neutron but also photon is higher in the location nearer 
to maze entrance to LINAC head, as shown in Figs. 2 and 4. 
Contrary to the neutron dose, the photon dose outside the 
door in the case of lead alone is lower in the left sided point 
(See Fig. 5).  On the other hand, both laminations of lead-
BPE-lead and lead-BPE have not any significant difference 
in neutron dose as well as photon dose despite dependency 
of the source strength (i. e., particle fluence for neutron and 
photon in side the door) into calculation point is similar to 
the case of lead alone. To summarize these results, it is 
indicated that neutron dose should be measured in the left 
side of door and photon dose in the right side, respectively, 
in the conservative sense of radiation shielding design.  

P L P M P R0 .0

5 .0 x 1 0 -1 0

1 .0 x 1 0 -9

1 .5 x 1 0 -9

2 .0 x 1 0 -9

2 .5 x 1 0 -9

3 .0 x 1 0 -9

3 .5 x 1 0 -9

4 .0 x 1 0 -9

4 .5 x 1 0 -9

pS
v

T a lly  p o in t 

 L e a d
 L e a d -B P E -L e a d
 L e a d -B P E

Fig. 2 Neutron dose equivalent inside the door 
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Fig. 3 Neutron dose equivalent outside the door 
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Fig. 4 Photon dose equivalent inside the door 
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Fig. 5 Photon dose equivalent outside the door 
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For evaluating shielding performance quantitatively, we 
defines shielding performance index (SPI) as the dose inside 
the dose minus the dose outside divided by the dose inside, 
which is listed in Table 3. It is noted that the attenuation of 
neutron dose by lead alone is considerable, 37.6% in the 
position of PL. It is a general knowledge that the attenuation 
of neutron dose is much higher in both laminations of lead-
BPE-lead and lead-BPE compared with lead alone. By 
comparing both laminations, any significant difference is not 
shown since the dose equivalent inside the door is not 
different from each other for neuron as well as photon, 
which is regarded as the source strength in shielding problem. 

 
Table. 3 Comparison of shielding performance (unit: %) 

Case Name 
Calculation Point 

PL PM PR 

(Neutron) 

Lead 37.6% 34.8% 30.0% 

Lead-BPE-Lead 84.4% 77.0% 94.6% 

Lead-BPE - - 96.2% 

(Photon) 

Lead 60.4% 45.0% 4.3% 

Lead-BPE-Lead 16.6% 11.2% - 

Lead-BPE 59.3% 56.4% 41.0% 

 
When we consider the photon dose, it is found that the 

dose attenuation by lead-BPE is not greater than that by lead 
alone. On the other hand, in the case of lead-BPE-lead, 
photon dose attenuation is much smaller than the case of 
lead alone. We can summarize the obtained results as follows: 

- An additional laminating BPE with lead assists to 
enhance attenuation of neutron dose.  However, as far as 
photon dose attenuation is concerned, additional BPE can 
not give any contribution to phton shielding. 

- When we consider comparing between the 

configurations of laminations, lead-BPE is more effective 
than lead-BPE-lead for photon dose attenuation, whereas 
they have no difference in neutron dose attenuation.  

- We should also note that the absolute values of neutron 
doses are much greater than those of photon doses outside as 
well as inside the door by three orders of magnitude. 

 
IV. Conclusions 

This study performed shielding design analysis 
concerning neuron dose as well as photon doses for a 
commercial medical LINAC room operating with 15 MV 
photon beam. Based on the results, it is concluded that there 
is no significant difference in effectiveness for door 
shielding in terms of total dose equivalent between lead-
BPE-lead and lead-BPE.  We, however, propose the latter 
as the optimal configuration from the standpoint of 
simplicity in fabrication and handling of entrance door. 
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The comparison between calculated and measured dose rates of the cask for 12 spent fuels has been performed and 
this result confirms the shielding integrity of KN-12 transport cask to transport the spent fuel with safe. In February 
2007, the dose rate measurements of KN-12 cask were performed in the spent fuel decontamination pit at the KORI 
Nuclear Power Plant in Korea. The general specifications of spent fuels being loaded into the cask were a burnup of 
around 33 GWD/MTU, an initial enrichment of 3.4 wt% and cooling times ranging from 15.8 years to 17 years. The 
discrete measurements were performed at several points for acquiring axial and radial dose rate profiles along the 
cask’s surface. All calculated and measured values showed the far less than dose rate requirements of 2000 Sv/h. 
The C/E ratios for neutron cases were generally about 1.0 ~ 2.8 except for the trunnions regions at cask’s side. The 
C/E ratios in gamma ray cases were about 1.1 ~ 2.7 at cask’s side. By this program the shielding integrity test for pre-
service inspection of KN-12 cask was successfully completed. 

 
KEYWORDS: shielding, KN-12, inspection of use, ORIGEN-ARP, MCNP, cask 
 
 

I. Introduction§ 
The CASTOR® KN-12 is designed to transport 12 intact 

PWR spent fuel assemblies for dry and wet transportation 
conditions. The maximum spent fuel assembly specifications 
of the cask are less than 50,000 MWD/tU of an average 
burn-up basis with 5.0 wt% enrichments and more than a 7 
year cooling time. The overall cask length is 4,809 mm with 
a wall thickness of 375mm. Shield for the KN-12 is 
maintained by a thick walled cask body and lid. For a 
neutron shielding, polyethylene (PE) rods are arranged in 
longitudinal boreholes in the vessel wall and PE plates are 
inserted between the cask lid and side shock absorber, and 
between the cask bottom and the bottom steel plate. 

A schematic diagram of the KN-12 transport cask is 
shown in Fig. 1. The cylindrical cask cavity has an internal 
diameter of 1,192 mm and an internal length of 4,190 mm. 
The lid is 290 mm thick and each impact limiter is 2,450 mm 
in diameter and extends 700 mm along the side of the cask in 
the axial direction1). 

In February 2007, several tests for an inspection of its 
usage were completed to reuse the KN-12 cask under the 
provisions of the text of the Article 90-3 (1) of the Korea 
Atomic Energy Act2). A nuclear power-related operator who 
wishes to continue to use transport containers shall undergo 
an inspection of use with a 5 year time period. Because the 
KN-12 cask had been manufactured with a license in 
accordance with Korea Atomic Energy Act for Type B(U)F 
in 2002, a test program for an inspection of its usage was 
fulfilled this year. 

The test items for an inspection of its usage included a 
visual inspection, nondestructive weld inspection, load test, 
maximum operating pressure test, leakage test, heat transfer 

*Corresponding Author, Tel. +82-42-868-2485, Fax. +82-42-868-
2864, E-mail: hyilje@kaeri.re.kr

performance test, external surface contamination test and a 
shielding performance test, etc. 

Shielding performance test program for reusing the KN-
12 contains the dose rate measurements and calculations to 
show the integrity of cask satisfying the dose rate criteria of 
spent nuclear fuel transport cask. The MCNP53) code was 
used for dose rate calculations and the summarized 
inspection results are introduced in this study. 
 

 
Fig. 1 A schematic view of the KN-12 transport cask. 

 
II. Measurements 

All the measurements were carried out with an isolated 
cask in a spent fuel decontamination pit at the KORI Nuclear 
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Fig. 6 Axial neutron dose rate profiles. 

 
Table 3 Measured and Calculated neutron dose rates at the top and 
bottom lid of the cask 

 Top lid   Bottom lid  
No. Measured 

( Sv/h) 
Calculated 
( Sv/h) 

No. Measured 
( Sv/h) 

Calculated
( Sv/h) 

1 520 657.5 13 0.4 2.1 
2 360 454.6 14 0.3 1.2 
3 220 384.2 15 0.3 0.9 
4 210 404.0 16 0.4 1.3 
5 200 354.2 17 0.3 1.1 
6 330 521.8    

 
2. Gamma Dose Rates 

Fig. 7 shows the calculated and measured gamma dose 
rate profiles like neutron cases. The highest calculated 
gamma dose rate is 815 Sv/h at point 8 and this value is 
well agreed with the measured values of about 800 Sv/h 
and C/E ratio is 1.1. The calculated dose rates at point 10, 
side surface of the cask center, is 54.9 Sv/h. The 
circumferential measured dose rates at point 10 are about 20 
~ 30 Sv/h with C/E ratios of 1.8 ~ 2.7. The measured and 
calculated dose rates at point 12 are 300 Sv/h and 438.3 

Sv/h, respectively. The highest C/E ratio in the gamma ray 
case is shown at points 9 and 11, i.e., upper and lower 
trunnions region. By skipping the trunnion in calculation 
model, dose rates at trunnion itself would be significantly 
smaller because of the extra shielding provided by the 
trunnions. 
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Fig. 7 Axial gamma dose rate profiles. 

 
Table 4 Measured and Calculated gamma dose rates at the top and 
bottom lid of cask 
 

 Top lid   Bottom lid  
No. Measured

( Sv/h)
Calculated 
( Sv/h)

No. Measured
( Sv/h)

Calculated
( Sv/h) 

1 100 147.7 13 50 154.3 
2 30 49.5 14 10 27.1 
3 30 30.8 15 10 21.6 
4 30 44.3 16 10 12.0 
5 30 36.9 17 10 22.1 
6 80 178.0    

 
Dose rates on the top and bottom lids of the cask are 

shown in Table 4. The gamma dose rates on the top show 
lower values than the neutron cases but the results at the 
bottom lid show the values contrary to the neutron case. The 
C/E ratio on the top lid was less than 1.5 and 2.7 on the 
bottom lid. 

 
V. Conclusion 

The comparison between the calculated and measured 
dose rates showed a good agreement for axial, top and 
bottom regions, i.e., the same qualitative trends. The C/E 
ratios for the neutron cases were generally around 1.0 ~ 2.8 
except for the trunnions regions. C/E ratios in gamma ray 
cases were around 1.1 ~ 2.7 at cask’s side. 

In conclusion, all dose rates at cask’s surface were far 
below than dose rate requirements of 2000 Sv/h and the 
KN-12 shielding integrity test for pre-service inspection was 
successfully completed by this program. 
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The neutron emission profile of the 9Be(d,n)10B nuclear reaction using a low-energy deuteron beam (300 keV) was 
examined to develop an accelerator neutron source for boron neutron capture therapy (BNCT).  The gamma rays 
corresponding to the transition from excited levels of 10B were measured using a high-purity Ge detector.  By 
analyzing the gamma-ray yields, the transition probability to each excited state of 10B was determined and the neutron 
yields for the individual energies were evaluated.  The emission of the 3.8 MeV neutron was approximately 42% of 
the total emission, and other neutron emissions from 1.1 to 4.5 MeV were clearly specified.  A neutron moderator 
assembly using heavy water (D2O) or Be metal was designed in order to obtain thermal neutrons from the d-Be 
reaction with high efficiency.  The simulations of neutron transport in the assembly were performed using the Monte 
Carlo code MCNP4C.  Thermal, epithermal, and fast neutron fluxes were calculated as a function of the moderator 
thickness.  The experimentally evaluated neutron emission property was reflected in the simulation.  The results 
indicate that the use of the D2O moderator is suitable for thermal neutron production and shielding of fast neutrons 
rather than that of Be. 

  
KEY WORDS: BNCT, accelerator neutron source, gamma ray, d-be reaction, Monte Carlo simulation 
 
 

I. Introduction* 
Accelerator neutron sources based on various promising 

nuclear reactions such as p-Li and p-Be have been developed 
recently for boron neutron capture therapy (BNCT)1),2),3).  
To develop a cost-effective neutron source, we consider the 
d-Be reaction as an alternative choice.  Both the p-Li and p-
Be reactions require beam energies greater than 
approximately 2 MeV; in contrast, the d-Be reaction is 
exothermic and fast neutrons can be generated even if the 
beam energy is lower than 1 MeV.  Owing to this feature, a 
neutron source based on the d-Be reaction may lead to the 
construction of a BNCT facility with a lower cost as far as 
the accelerator voltage is concerned4).  The d-Be reaction 
exhibits a rather complex feature, in that the generated 
neutrons are not monochromatic but have several discrete 
energies.  Moreover, the neutron yield for each neutron 
energy is not examined in detail.  It is important to examine 
the energy distribution and the yield of neutrons generated 
by the d-Be reaction.  In this study, the 9Be(d,n)10B reaction 
at the beam energy of 300 keV was studied to clarify the 
details of the neutron emission profile.  The neutron yield 
was evaluated by analyzing the yield of gamma rays that 
originated in the transition from the excitation levels of 10B.  
The characteristics of the d-Be neutron source generated by 
the low-energy deuteron beam are discussed. 

 
II. Experimental 

The experiments were performed using the Cockcroft-
Walton accelerator OKTAVIAN5) at Osaka University.  A 
deuteron beam with an energy of 300 keV was used, and the 

*Corresponding Author, Tel. +81-6-6879-7894, Fax. +81-6-6879-
7899, E-mail: miyamaru@eie.eng.osaka-u.ac.jp

beam current at a target position was adjusted to be 
approximately 50 μA in the experiment.  Since the 
secondary electrons from the target were not suppressed, the 
measured beam current has an uncertainty.  A beryllium 
(Be) metal sheet was mounted on a target holder that was 
positioned inside a stainless-made vacuum chamber (60 cm 
in diameter).  A water-cooled metal pipe was mounted 
behind the target holder to cool it.  A high-purity Ge 
detector was mounted outside the target chamber at a 
distance of 40 cm from the target.  The detector was 
positioned at an angle of 90° to the beam direction.  The 
influence of the nuclear activation of materials around the 
target was insignificant since the neutron yield during the 
experiment was low.  The Ge detector used was unshielded 
during the measurement, and a small contribution of natural 
background was present in the measured gamma-ray 
spectrum.  Fast neutrons were detected using a NE213 
scintillator placed at an angle of 135° at a distance of 80 cm 
from the target.  The pulse-shape discrimination technique 
was employed for neutron-gamma discrimination. 

 
III. Results and Discussion 
1. Gamma-ray Measurement 

The gamma-ray spectrum measured for the d-Be reaction 
is shown in Fig. 1.  Some peaks in the vicinity of 500–700 
keV were due to the Ge(n,n’ )Ge reactions taking place 
inside the detector.  The 3368 keV gamma ray results from 
the reaction of 9Be(d,p’)10Be.  The gamma rays from the 
56Fe(n, n’)56Fe reaction are also observed at 847 keV and 
1238 keV.  The other peaks arise due to the gamma rays 
corresponding to the transition from the excitation levels of 
10B.  The 9Be(d,n)10B reactions lead to several excited 
states of 10B, thereby producing gamma rays corresponding 
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to such excitation energies.  The neutron energy can be 
determined by subtracting the excitation energy of 10B from 
the sum of the Q value (4.36 MeV) and beam energy.  
Therefore, the neutron emission energies in the 0° direction 
are expected to be 1.1, 2.4, 2.8, 3.8, and 4.5 MeV under our 
experimental conditions.  Other neutron production 
reactions were not identified except for the 9Be(d,n)10B 
reaction.  The neutron spectrum (a light output spectrum) 
obtained with the NE213 detector was not employed for the 
determination of the neutron yield.  Since several neutron 
emission energies were close in value, the detailed spectrum 
shape was unclear.  Therefore, the NE213 detector was not 
suitable for the evaluation of the neutron yield from the 
neutron spectrum in our experiment.  Instead, measured 
gamma-ray yields originating in the transition of 10B* were 
employed to evaluate the neutron yields.  By analyzing the 
gamma-ray yield, the transition probability to each excited 
state of 10B was determined, and the relative ratio of the 
neutron yield for each energy can be estimated.  The 
detection efficiency of the Ge detector was taken into 
account in the evaluation.  The measured neutron data was 
used to evaluate the yield of the 4.5 MeV neutron since this 
emission corresponds to the transition to the ground state and 
it does not accompany gamma-ray emission.  From our 
experiment, the relative ratio of the neutron yield for each 
energy is summarized in Table. 1.  The 3.8 MeV neutron 
emission accounts for approximately 42% of the total 
emission.  It is noteworthy that the neutron yields from 1.1 
to 2.8 MeV are clearly identified from our results. 

 

Fig. 1 Gamma-ray spectrum for the 9Be(d,n)10B reaction at Ed = 
300 keV.  The cutoff at 150 keV is due to the discrimination of 
ADC.  The transition between the excitation levels of 10B is 
denoted above the corresponding peaks. 

Table. 1 Relative ratio of the neutron yield 
 

Neutron energy 
at 0° (MeV) Ratio (%) 

1.1 13 
2.4 17 
2.8 6 
3.8 42 
4.5 22 

 
 

2. MCNP Calculation of a Moderator Assembly for 
Thermal Neutron Production 

A neutron moderator assembly that employs heavy water 
(D2O) or Be metal was designed in order to obtain thermal 
neutrons with high efficiency from the d-Be reaction.  The 
simulations of neutron transport in the assembly were 
performed using the Monte Carlo code MCNP4C5).  The 
energy distribution and relative yield of the neutrons 
specified here are considered in the calculation.  Fig. 2 
shows a cross-sectional view of the moderator geometry.   

Fig. 2 Cross-sectional view of the moderator assembly for MCNP 
calculation 

Heavy water or Be metal forms the main component of 
the selected moderator.  The moderator is cylindrical with a 
diameter of 40 cm.  The thickness of the moderator was 
varied from 20 to 40 cm to examine the change in the fast 
neutron flux.  A cylindrical concrete wall is located around 
the circumference of the moderator.  A lead block is placed 
as a reflector.  A 5-cm-thick lead plate is placed at the end 
of the moderator assembly for gamma-ray shielding.  Using 
this assembly, the neutron fluxes in the thermal (<0.5 eV), 
epithermal (0.5–10 keV), and fast (>10 keV) energy ranges 
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were calculated at a position along the beam axis that was 50 
cm away from the source position.  The distance between 
the source and the evaluation position was fixed, while the 
moderator thickness was varied. 

Fig. 3 shows the neutron fluxes for each moderator 
condition.  The thermal neutron flux is almost constant for 
D2O, and it weakly depends on the moderator thickness 
within the calculated thickness range.  The maximum 
thermal neutron flux is 3.46 × 10–5 /cm2 per source neutron 
for the thickness of 30 cm.  For the Be moderator, the 
thermal neutron flux is almost equal to that for D2O in the 
thickness range of 20–25 cm; however, it decreases 
gradually over the thickness of 25 cm.  The thermal neutron 
flux for Be is approximately 20%–50% lower than that for 
D2O in the range of 30–40 cm.  Our calculation suggests 
that the use of heavy water is effective for the production of 
thermal neutrons.  When the moderator thickness is 20 cm, 
higher values of epithermal and fast neutron fluxes are 
obtained for both moderators.  However, they decrease 
significantly with an increase in the moderator thickness.  
In particular, the decrease in the epithermal neutron flux is 
significant for Be.  When the moderator thickness is 40 cm, 
the fast neutron flux is approximately 1/40 of the thermal 
one. 

 

Fig. 3 Thermal, epithermal, and fast neutron fluxes plotted as a 
function of moderator thickness. 

 
Fig. 4 shows the epithermal/fast neutron ratio calculated 

for both moderator conditions.  On increasing the 
moderator thickness, the ratio gradually increases for D2O; 
on the other hand, there is a slight change in the ratio for Be.  
This result also indicates that the use of heavy water is 
preferable as a moderator. 

 
 
 
 
 
 
 
 
 

Fig. 4 Epithermal/fast neutron flux ratio plotted as a function of the 
moderator thickness 

 
IV. Conclusion 

In this study, the neutron emission profile of the 
9Be(d,n)10B reaction was clarified using a low-energy 
deuteron beam.  The cross section of this reaction at a 
deuteron energy of 300 keV is approximately 6 mb 
according to DROSG20006) code.  Considering this smaller 
cross section and our calculation results, the possible thermal 
flux under our condition will be of the order of 106 /cm2 s at 
the evaluation position even if the beam current is assumed 
to be 50 mA.  This flux is quite low in comparison to the 
one that satisfies the clinical condition (109 /cm2 s).  A 
deuteron beam with a higher energy is thus required to 
increase the thermal flux for the clinical use of BNCT.  
However, it should be noted that the initial neutron energy 
increases with the beam energy.  When a higher energy 
beam is used, it is rather difficult to reduce the fast neutron 
flux at the clinical position.  Therefore, the appropriate 
selection of the beam energy is important for the accelerator 
neutron source using the d-Be reaction.  In the literature7), 
deuteron bombardment with an energy of 1.1 MeV 
effectively produces slow neutrons since the 9Be(d,n)10B 
reaction becomes accessible to the excited levels around 
5.11–5.18 MeV.  The use of this slow neutron is expected to 
be an alternative to a neutron source that uses the p-Li 
reaction.  However, the effective moderation of the fast 
neutrons is still important in such a condition because the 
thermal neutron generated by the moderator contributes 
significantly to the total thermal flux.  Our experimental 
result provides the details of the fast neutron emission from 
the d-Be reaction, and it will contribute to the development 
of the design for a moderator assembly and shielding of fast 
neutrons for the accelerator neutron source. 
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Radiation shielding calculations for the subject of bulk shielding, duct streaming and skyshine were performed for 
the shielding design of the 3-GeV proton synchrotron accelerator in the J-PARC facility with both the simplified 
calculation methods including semi-empirical formulas and the Monte Carlo methods.  Calculation results of dose 
rates at the boundary of radiation controlled area and the site boundary are compared with the dose limit defined in 
the regulation law of Japan. 

 
KEYWORDS: J-PARC, shielding calculation, bulk shielding, streaming, skyshine 
 
 

I. Introduction* 
The J-PARC1) (Japan Proton Accelerator Research 

Complex) project is in progress under collaboration between 
Japan Atomic Energy Agency (JAEA) and High Energy 
Accelerator Research Organization (KEK).  J-PARC 
comprises accelerator complex of a 400-MeV linear 
accelerator (LINAC), a 3-GeV proton synchrotron (PS) ring 
of 1 MW and a 50-GeV PS ring (Main Ring: MR) of 750 kW, 
and experimental facilities of a Material & Life science 
Facility (MLF), a hadron experimental facility and a neutrino 
facility.  The 3-GeV PS will accelerate the proton beam 
provided from LINAC to 3 GeV, and will provide the beam 
to both the MR and the MLF.  Following the operation of 
LINAC since 2006, the operation of the 3-GeV PS is 
planned to be started in September, 2007. 

Estimations of prompt radiation dose rates at the 
boundary of radiation controlled areas and the site boundary 
are the most crucial issues for the radiation shielding design 
of the facility.  In the present work, radiation shielding 
calculations for the subject of bulk shielding, duct streaming 
and skyshine were carried out for the licensing of the 3-GeV 
PS in J-PARC.  Calculated results are compared with the 
dose limit defined in the regulation law of Japan. 

 
II. Radiation Shielding Calculations 
1. Outline of the 3-GeV PS facility 

The 3-GeV facility consists of a main tunnel, a sub-tunnel, 
and a building.  Accelerator components are installed in the 
main tunnel placed about 13 m in depth from the ground 
level.  Fig. 1 shows an overview of the main tunnel.  The 
tunnel is the triangle shape with three straight sections for 
RF acceleration, beam injection and beam extraction, and 
three arc sections.  The 400-MeV protons from the LINAC 
are injected into two septum magnets in the injection section 
through the L3BT section.  In order to localize the beam 
losses, six sets of collimators surrounded with shields are 

*Corresponding Author, E-mail: nakane.yoshihiro@jaea.go.jp 

placed downstream from the injection section.  RF cavities 
for beam accelerations are located at the RF acceleration 
section.  Kickers and three extraction septum magnets are 
located at the extraction section.  Beam dumps of L3BT 90 
deg. and 100 deg. are located at the L3BT section, and H0 
beam dump is located at the injection section, as shown in 
the figure.  The proton beam from the LINAC is 
accelerated to 3-GeV, and extracted and transported to the 
MR and the MLF.  Circumference of the beam line in the 
tunnel is 348 m. 

The sub-tunnel is placed just under the main tunnel.  Fig. 
2 shows a cross-sectional view of the building with the main 
tunnel and the sub-tunnel.  Cables and ducts of cooling 
water and air are installed into the sub-tunnel.  The building 
is located at the center of the tunnels, in which are installed 
the machines for electric power, cooling water and air 
conditioning supplied to the main tunnel by way of the sub-
tunnel through utility pathways.  The pathways have 
labyrinth structure for decreasing radiation streaming. 

 

Fig. 1 Overview of the main tunnel in the 3-GeV PS 
from LINAC
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Main tunnel

Estimation point 

Beam line 

Sub-tunnel

Ground level

Fig. 3 Typical cross-sectional view of the estimation point 
for the calculation of bulk shielding 

 
2. Calculation methods 

Simplified calculation methods including semi-empirical 
formulas were applied for the calculations with the 
simplified geometry and uniform beam losses. The Tesch’s 
formula2) and the Moyer model3) were applied to the bulk 
shielding calculations for the proton energy range below 1 
GeV and above 1 GeV, respectively. A code, DUCT-III4), 
based on Shin’s analytical formula5) was applied to the duct 
streaming calculations only for the simple configuration. The 
Stapleton’s formula6) was applied to the skyshine 
calculations for the estimation of dose rate at the site 
boundary. Proton energy-dependent parameters2,6,7) used in 
the simplified calculations are summarized in Table 1. 

 
Table. 1 Parameters used in the simplified calculation methods 

It is, however, difficult to apply the simplified methods 
for the cases that the geometries are complicated and the 
larger beam losses are assumed such as beam dump, beam 
collimator, and injection and extraction areas.  In these 
cases, high-energy particle transport calculations have to be 
performed with detailed calculation methods.  In the 
present work, two Monte Carlo codes, PHITS8) and 
MCNPX9), were applied to high-energy particle transport 
calculations with three-dimensional geometry for bulk 
shielding and duct streaming, respectively, with the 
consideration of the characteristics of each code.  Cross 

section data of JENDL-3.210) and LA15011) were applied for 
the calculations of low-energy neutrons below 20 MeV with 
the PHITS and the MCNPX codes, respectively.  In the 
calculations with detailed methods, the safety factor of two 
was applied for the calculated results to consider 
uncertainties of the assumptions on the geometry, calculation 
statistical error, and accuracy of the calculation codes 
obtained from the benchmark calculations12). 

 
3. Conditions in the calculations 

The densities of shielding materials used in the 
calculations with both the simplified methods and the Monte 
Carlo codes are listed in Table 2. 

Estimation points at the boundary of radiation controlled 
area and the site boundary were established with the 
considerations of beam losses, thicknesses of shields and 
structure of maze.  For the bulk shielding calculations, 12 
points were selected just above the main tunnel on the 
ground level. Fig. 3 shows the typical cross-sectional view 
of the estimation point for bulk shielding calculations.  The 
information of the estimation points, the location, the 
distance from beam line, and the thicknesses of the shields, 
is listed in the Table 3.  For the duct streaming, 11 points 
were selected just or extended the exit of the utility pathways 
and the access way from the building to the tunnel.  Fig. 4 
shows the typical cross-sectional view of the estimation 
point for the streaming calculations.  The information of the 
estimation points, the length and the cross section of opening 
for each leg, is listed in the Table 4.  For the skyshine, 7 
points around the J-PARC are selected in common with other 
facilities in J-PARC for the estimation of dose rate at the site 
boundary, as shown in the Fig. 5.  The distance from the 
center of the 3-GeV PS ring to the point “PS-1”, the nearest 
point to the facility, is about 210 m. 

 
Table. 2 Densities of shielding materials used in the calculations 

 
 
 
 
 

 

Concrete Soil Iron
2.2 1.5 7.7

Density [g cm-3]

a) Parameters for the Tesch's formula and the Moyer model
Proton Energy Tesch's formula Moyer model

casc
2)

0
7) [g cm-2] 7)

(GeV) [Sv m2 p -1] [Sv m2 p-1 Concrete Soil Iron
0.4 2.0×10-15 90 88 136
1.5 1.32×10-13 143 139 188
3.0 2.64×10-13 143 139 188

b) Parameters for the Stapleton's formula 
Proton Energy (Ec) 6) g 6)

(GeV) [m] [Sv m2]
0.4 502 1.32×10-14

1.5 600 1.44×10-14

3.0 638 1.45×10-14

Attenuation length

Fig. 2 Cross-sectional view of the 3-GeV PS facility 
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The beam losses and proton energies considered in the 
shielding calculations are summarized in Table 5.  The 
beam loss rate was assumed to be less than 1 W/m at almost 
all areas of the 3-GeV PS ring in order to make possible 
Hands-on-Maintenance of accelerator devices.  On the 
other hand, localized pointwise beam losses from 80 W to 4 
kW were assumed at the areas of beam injection, beam 
extraction, beam collimator and beam dumps. 

 
Table. 3 Information of the estimation points for bulk shielding 

Table. 4 Information of the estimation points for streaming 

Neutron flux-to-dose conversion coefficients13) were used 
in the Monte Carlo calculations.  Effective dose conversion 
coefficients for neutrons below 20 MeV and above 100 MeV 
were obtained from those for front irradiation (AP) based on 
the ICRP Publ. 7414) and those based on the evaluated 
results15), respectively, while those from 20 to 100 MeV were 
obtained from the interpolation of both data. 

Table. 5 Beam losses considered in the calculations 

  
 
4. Calculation Results 

Tables 6 and 7 show the results of prompt dose rates at 
the boundary of radiation controlled area for bulk shielding 
and streaming calculations.  At the points of RB2, RB3, 
RB5, RB8, RS1, RS4, RS7, RS8 and RS11, two or three 
beam losses were considered in the calculations, and the sum 
of those contributions is shown in the tables.  The results 
show that the maximum value of dose rate at the boundary of 
radiation controlled area is 0.25 Sv/h.  To consider 500 
hours/3 months as the working time at the radiation 
controlled areas, the maximum value will come to 0.125 
mSv/3 months.  So, it was found that the results of all 
estimation points are less than the dose limit (1.3 mSv/3 
months) defined in the regulation law of Japan. 

Table 8 shows the calculated results of prompt dose rates 
caused by the 3-GeV PS at the site boundary of J-PARC.  
The maximum value of dose rate at the site boundary is 1.84 

Sv/3 months at the estimation point of PS-1.  It was found 
that the results of all points are less than the dose limit (250 

Sv/3 months) defined in the regulation law. 

Estimation Location Distance
point Concrete Soil Iron [m]
RB1 L3BT section 1.50 6.70 0.00 11.7
RB2 90/100deg. dumps

(L3BT section)
3.35 4.90 0.50 9.9

RB3 Injection septum 2.70 5.90 0.00 11.8
RB4 H0 beam dump 5.10 5.10 1.50 11.8
RB5 Collimators 3.50 5.10 0.00 11.8
RB6 Arc-1 section 1.80 6.80 0.00 11.8
RB7 Extraction kickers 2.00 6.60 0.00 11.8
RB8 Extraction septum 4.50 4.10 0.00 11.8
RB9 Arc-2 section 1.30 7.30 0.00 11.8

RB10 RF section 1.50 7.10 0.00 11.8
RB11 Arc-3 section 1.30 7.30 0.00 11.8
RB12 Arc-3 section 5.50 0.50 0.00 11.8

(High-ceiling area)

Thicknesses of shields [m]

Point Location
(section) Length Opening Length Opening Length Opening Length Opening

RS1 Injection 13.3 9.4×2.3 14.8 9.4×1.7 0.8 2.1×0.9
RS2 Arc-1 19.1 4.5×3.2 16.3 8.6×1.6
RS3 Arc-1 17.2 7.0×3.2 5.6 9.7×2.2 3.4 15.1×2.5
RS4 Extraction 15.6 5.2×2.3 14.8 4.0×1.7 0.8 2.1×0.9
RS5 Arc-2 19.1 3.0×3.2 16.3 8.6×1.6
RS6 RF 20.4 7.2×3.2 3.4 7.2×2.5
RS7 RF 7.7 5.5×3.2 15.8 5.5×3.2 9.9 5.5×3.2 16.3 5.5×1.6

RF#) 12.5 4.5×3.5 3.3 7.4×3.5 20.5 5.0×5.5 10.0 5.5×1.6
RS8 Arc-3 19.1 3.0×3.2 16.3 8.6×1.6

RF#) 12.5 4.5×3.5 10.0 8.6×1.6
RS9 Arc-3 19.0 6.8×3.2 4.2 6.8×2.2 3.4 6.8×2.8

RS10 RF#) 12.5 4.5×3.5 3.3 7.4×3.5
RS11 Arc-3#) 5.0 f 0.1

B1*) : the first basement,   GL**) : ground level,   B2***) : the second basement
#): Maze connects the main tunnel directly.

(concrete wall)

(concrete plug)
(concrete ceiling) B1  GL

1st leg [m] 2nd leg [m]

B1*)  GL**)

B2***) GL

3rd leg [m] 4th leg [m]

B2  GL

B2  GL

B1  GL

Proton energy(GeV) Beam loss
Point loss

L3BT 90deg. beam dump 0.4 550 W
L3BT 100deg. beam dump 0.4 2000 W

Injection septum 0.4 200 W
H0 beam dump 0.4 4000 W
Collimator area 0.4 4000 W

Extraction septum 3 80 W
Uniform beam loss

L3BT beam line 0.4 1W/m
3-GeV PS beam line 1.5 1W/m

Fig. 4 Typical cross-sectional view of the estimation point 
for the calculation of streaming 
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Fig. 5 Estimation points for skyshine calculations
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Table. 6 Calculated results of prompt dose rate for bulk shielding 

 
Table. 7 Calculated results of prompt dose rate for streaming 

 
Table. 8 Calculated results of dose rate at the site boundary 

 
III. Conclusions 

  Radiation shielding calculations for the subject of bulk 
shielding, duct streaming and skyshine were performed for 
the shielding design of the 3-GeV PS in J-PARC.  At the 
boundary of radiation controlled area, prompt dose rates 
through the shields and the maze were calculated with both 
the simplified calculation methods and the Monte Carlo 
codes.  The dose rate at the site boundary were calculated 
with Stapleton’s formula using the results of bulk shielding 

and streaming calculations.  Calculation results show that 
the maximum value of dose rate at the boundary of radiation 
controlled area is less than the dose limit defined in the 
regulation law of Japan, and the maximum value of dose rate 
at the site boundary is less than the dose limit defined in the 
regulation. 

The application for the license of the 3-GeV PS was 
submitted to the Ministry of Education, Culture, Sports, 
Science and Technology (MEXT) in January, 2007.  After 
the examination for the radiation-safety aspects, the 
certificate of permission was issued on 29 June.  After an 
inspection by the Nuclear Safety Technology Center 
(NUSTEC), the facility will be used as a radiation facility. 
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PS-1 PS-2 PS-3 PS-4 PS-5 PS-6 PS-7
1.84 0.74 0.38 0.13 0.12 0.09 0.06

Dose rate (micro Sv / 3 months)

Estimation Beam losses Methods Dose rate
point [micro Sv/h]
RB1 L3BT beam line Tesch 8.3×10-4

RB2 90 deg. dump PHITS
100 deg. dump PHITS

RB3 Injection septum PHITS
3-GeV PS beam line Moyer

RB4 H0 beam dump PHITS 1.2×10-4

RB5 Collimators PHITS
3-GeV PS beam line Moyer

RB6 3-GeV PS beam line Moyer 0.074
RB7 3-GeV PS beam line Moyer 0.067
RB8 Extraction septum PHITS

3-GeV PS beam line Moyer
RB9 3-GeV PS beam line Moyer 0.093

RB10 3-GeV PS beam line Moyer 0.084
RB11 3-GeV PS beam line Moyer 0.093
RB12 3-GeV PS beam line Moyer 0.22

0.14

0.17

0.11

0.25

Estimation Beam losses Methods Dose rate
point [micro Sv/h]
RS1 Injection septum MCNPX

Collimators MCNPX
3-GeV PS beam line MCNPX

RS2 3-GeV PS beam line MCNPX 0.10
RS3 3-GeV PS beam line MCNPX 0.23
RS4 Extraction septum MCNPX

3-GeV PS beam line MCNPX
RS5 3-GeV PS beam line MCNPX 0.050
RS6 3-GeV PS beam line MCNPX 0.19
RS7 3-GeV PS beam line MCNPX

3-GeV PS beam line MCNPX
RS8 3-GeV PS beam line MCNPX

3-GeV PS beam line MCNPX
RS9 3-GeV PS beam line MCNPX 0.16

RS10 3-GeV PS beam line MCNPX 0.17
RS11 L3BT beam line DUCT-III

3-GeV PS beam line DUCT-III

0.027

0.15

0.23

9.1×10-5

2.0×10-3
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 An in-pile test program for the development of a high burn-up fuel is planned for the HANARO reactor. The 
source term originates from a leakage of fission products from the anticipated failed fuels into the gas flow tubes and 
around the instrumentation and control system. In order to quantify the fuel composition in the event of a fuel failure, 
the isotope generation and depletion code ORIGEN 2.0 was used. The computer program Microshield 6.2 was used to 
calculate the doses from specific locations, where a high radioactivity is expected during an irradiation. The results 
indicate that the equivalent dose in the investigated working areas is less than the permitted dose rate of 6.25 Sv/hr. 
However, access to the area of a decay vessel may need to be limited, and the installation of a Pb wall with a 20.5 cm 
thickness is recommended. From the analysis of a radioactive decay with time, most of the concerned gaseous 
nuclides with short half-lives after 3 months, were decayed, with one exception which was Kr-85, thus it should be 
released in accordance with applicable government laws after measuring its activity in individual holding vessels. 

 
KEYWORDS: HANARO, capsule, nuclear fuel, shielding, equivalent dose, radioactive decay 
 
 

I. Introduction* 
HANARO (High-flux Advanced Neutron Application 

Reactor) is one of the many large scale national research 
facilities in Korea. An in-pile test program for the 
development of a high burn-up fuel is planned for the 
HANARO reactor. For the fuel irradiation tests, an I&C 
(Instrumentation and Control) system recently developed at 
KAERI(Korea Atomic Energy Research Institute) and an 
instrumented capsule with a double-cladded concept will be 
used. It is well known that a cladding with a small percent of 
fuel has been breached due to a corrosion or mechanical 
damage1). If a fuel failure occurs in this system during an 
irradiation, radioactive gaseous fission products retained in 
the test fuel pins will be successively released to the annulus 
gap between the fuel cladding and the mini-capsule tube, the 
gas flow lines and finally a decay tank of the I&C system 
(GSF-2002). Such a possible release from a potential failure 
scenario could affect the safety as well as the health of the 
reactor’s workers.  For this reason, a series of analyses was 
implemented to evaluate the total fission gas release 
behavior from the anticipated failed fuel pins, to characterize 
the risk posed by radioactive sources at the HANARO reactor 
in the event of a breach of test fuels.  

 
II. Analysis and Discussion 
1. System Description  

The I&C system has two functions which are to provide a 
means of achieving and monitoring the experimental 
conditions in an instrumented fuel capsule and to provide 
safety monitoring functions and automatically initiate safety 
actions. The system consists of 2 major sub-systems: a 
temperature control system and a fuel failure monitoring 
system, and it also consists of 3 different and independent 

*Corresponding Author, Tel. +82-42-868-2366, Fax. +82-42-863-
6521, E-mail: yhkang2@kaeri.re.kr 

closed gas circuits2) as shown in Fig. 1. The temperature 
control system controls the surface temperature of the 
specimens by adjusting the mixing ratio of the binary gases 
in an annular gas space. An emergency gas supply system is 
actuated to supply 100% helium gas to the capsule in the 
event that the monitored reactor temperature becomes too 
high, which is the main safety action. The fuel failure 
monitoring system has a role to detect any fission products 
to confirm the integrity of the fuel cladding. If fission 
products are detected in the gas mixture, it will be diverted 
and released via a delay/trap arrangement within one minute 
which was evaluated based on our experimental system 
characteristics3).  

The selected test fuel is short rods of Zr-4 clad UO2 
pellets of an advanced PWR 17x17design. The fuel pellets 
were fabricated by a standard production of KNFC(Korea 
Nuclear Fuel Co., Ltd.), Korea. Three fuel rods were 
fabricated with instruments to measure their inner pressure 
and central fuel temperature. 

 

Fig. 1 Overview diagram of the GSF-2002 for a fuel irradiation in 
the HANARO reactor 

The irradiation at the HANARO reactor will be performed 
for a total of 4 cycles (one cycle lasts for 23 days with 30 
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Table 2  Fission gas leakage from the fuel pin12) 

Nuclides  Leakage 
(%/10min.) Nuclides Leakage 

(%/10min.) 
Kr-83m 3 Xe-135m 11 
Kr-85m <1 I-131 3 
Kr-88 14 I-132 3 

Xe-131  I-133 13 
Xe-133  I-134 3 

Xe-133m  I-135 5 
Xe-135 10   

 
Table 3  Fission gas leakage from the fuel pins for 1 minute 

Nuclides 

4 Cycle-
burned 
Fuel 

Activity 
(Ci) 

R/B Ratio 

Activity 
in 

Fuel 
Plenum 

(Ci) 

Leakage 
Ratio 

(%/min) 

Total 
Activity 

for 1 
min.(Ci) 

Kr-83M 2.53E+01 7.51E-03 1.90E-01 

0.02 

3.80E-03 

Kr-85M 5.81E+01 1.16E-02 6.75E-01 1.35E-02 

Kr-85 2.19E-01 1.51E-01 3.29E-02 6.59E-04 

Kr-87 1.16E+02 6.20E-03 7.18E-01 1.44E-02 

Kr-88 1.64E+02 9.22E-03 1.51E+00 3.02E-02 

I-131 1.44E+02 7.47E-02 1.08E+01 2.16E-01 

I-132 2.27E+02 8.32E-03 1.89E+00 3.77E-02 

I-133 3.41E+02 2.50E-02 8.50E+00 1.70E-01 

I-134 3.80E+02 5.16E-03 1.96E+00 3.92E-02 

I-135 3.17E+02 1.80E-03 5.70E-01 1.14E-02 

Xe-131M 1.41E+00 8.90E-02 1.26E-01 2.51E-03 

Xe-133M 1.02E+01 3.99E-02 4.07E-01 8.14E-03 

Xe-133 3.19E+02 6.09E-02 1.94E+01 3.88E-01 

Xe-135 7.90E+01 1.66E-02 1.31E+00 2.63E-02 

 
3. Equivalent Dose and Shielding Analysis      

The computer program Microshield 6.213) was used to 
calculate the doses from specific locations as shown in Fig. 3. 
The maximum equivalent dose at 1m from these specific 
locations, where a high radioactivity is expected, is 3.74 

Sv/h which is much less than the permitted dose rate of 
6.25 Sv/h in a normal working area of HANARO from the 
existing facilities.  But the equivalent dose in the delay tank 
is 185.9 Sv/h which is 30 times higher than the regulation 
permits. The required thickness of a shielding depends on 
the quality of the radiation, the radioactive sources being 
produced for a certain chosen period of time, and the 
material of which the barrier is to be constructed. Lead is 
generally used as a shielding material in the irradiation 
facilities of HANARO. From the results, a shielding in the 
gas flow tube zone is not required, but a gas flow tube, 
which will be inserted into the stainless steel 304 tubes with 
an outer diameter of 21.7mm, will be installed in HANARO 
to prevent mechanical damage and to maintain an improved 
working atmosphere and safety. Adequate shielding by a 
heavy metal Pb wall, on the other hand, is required for the 
delay tank zone. For the case of a large breach of three fuel 
pins, a minimum of 20.5 cm in thickness of lead is 
recommended to reduce the dose rate in the delay tank zone 
as shown in Fig. 4. 

 

 

Fig. 3 Location of the gas flow lines being installed in the 
HANARO reactor 

Fig. 4 Equivalent dose rate with a thickness of lead shielding with 
and without a consideration of a leakage rate 
 
4. Decay and Disposal of Radioactive Gases14)  

The activity concentrations and doses, which serve as key 
elements for characterizing the risk posed by radioactive 
sources, were calculated. In particular, from the analysis of a 
radioactive decay with time by the ORIGEN 2.0 code, it was 
found that the relative contribution of each source depends 
on the time scale in Fig. 5. As can be seen in Fig. 5, after a 
storage time of about 3 months, most of the concerned 
gaseous nuclides with short half-lives are decayed, with one 
exception, which is Kr-85. Thus it should be released in 
accordance with applicable government laws after measuring 
its activity in individual holding vessels. 

 

Fig. 5 Radioactivity of the concerned gaseous nuclides with decay 
days 
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III. Conclusions 
From the shielding analysis and the dose rate evaluation 

posed by radioactive sources as well as the decay 
characteristics of radioactive sources trapped in a delay 
vessel after a fuel failure, the following results have been 
obtained: 

- Due to the several assumptions made to obtain 
conservative results, an accurate evaluation of the mixed 
sources for the new irradiation experimental system in the 
HANARO reactor was unattainable. However, several key 
parameters such as the R/B ratio and leakage rate, which 
were determined based on the data collected from a literature 
survey, were enough to calculate the produced gaseous 
fission products by using the ORIGEN 2.0 code and to 
conservatively characterize the risk posed by radioactive 
sources. 

- The equivalent dose rates from the sources in the 
working areas were less than that of the allowable HANARO 
limit (6.25 Sv/hr) for the people who work in the research 
reactor. 

- Based on this, no additional shielding is required, 
however, access to the area of a decay vessel may need to be 
limited, and the installation of a Pb wall with a 20.5 cm 
thickness is recommended. Thus, necessary decay tank 
design modifications were made.    

- After a storage time of about 3 months in a holding 
vessel, most of the concerned gaseous nuclides with short 
half-lives were decayed, with one exception, which was Kr-
85, thus it should be released in accordance with applicable 
government laws after measuring its activity in individual 
holding vessels. 

This data will be used for a licensing of an I&C System 
(GSF-2002). 
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Nuclear data validations through the fusion neutronics shielding benchmarks for the OKTAVIAN nickel, iron, 
aluminum, silicon, and tungsten spheres were carried out with the MCNPX-2.5.0 code. The measured neutron 
and/or gamma-ray leakage spectra were compared with the calculation results using the ACE format libraries 
processed based on ENDF/B-VII.0, JEFF-3.1, JENDL-3.3, and FENDL-2.1. These benchmarks were suitable for the 
nuclear data sensitivity analyses through comparisons of the major reaction rates depending on the neutron energy. 
The neutron and gamma-ray leakage spectra were dominated by the productions from the (n,2n) and inelastic 
scattering reactions rather than those from the radiative capture reaction. 

 
KEY WORDS: OKTAVIAN shielding benchmark, Ni, Fe, Al, Si, W, SINBAD, MCNPX-2.5.0, ENDF/B-VII.0, 
JEFF-3.1, JENDL-3.3, FENDL-2.1, neutron, gamma-ray, leakage spectrum, nuclear data validation 
 
 

I. Introduction* 
International collaborations for the ITER (International 

Thermonuclear Experimental Reactor) Project and other 
fusion-related development projects have been conducted to 
create a reference fusion nuclear data library such as 
FENDL1), which is a collection of the best cross section data 
from national nuclear data libraries. The latest release of 
FENDL-2.1 contains a greater part of the nuclear data from 
ENDF/B-VI.8, JENDL-3.3, and JEFF-3.0. Since then, newly 
evaluated nuclear data libraries such as the ENDF/B-VII.0 
and JEFF-3.1 have been released, which require an extensive 
and intensive benchmarking of the fusion neutronics 
problems to become candidates for a future collection. 

In this study, the pulsed sphere experiments for neutron 
and gamma-ray leakage spectra at the D-T neutron source 
facility of Osaka University, OKTAVIAN2) were employed 
to carry out nuclear data validations and sensitivity analyses. 
The experiments for nickel (Ni), iron (Fe), aluminum (Al), 
silicon (Si), and tungsten (W) spheres were chosen, because 
they are described well as fusion neutronics shielding 
experiments in the Shielding Integral Benchmark Archive 
Database (SINBAD)3). The continuous energy Monte Carlo 
transport code MCNPX-2.5.04) was used along with the ACE 
(A Compact ENDF) format libraries based on the ENDF/B-
VII.0, JEFF-3.1, JENDL-3.3, and FENDL-2.1, which have 
been processed by the patched version of NJOY99.161 code5) 
except FENDL-2.1.  

 
II. Benchmark Problem  

 A series of pulsed sphere experiments for an intense 14 
MeV neutron transmission has been performed at the 
OKTAVIAN facility using spherical piles made of a variety 
of materials. Neutron and/or gamma-ray leakage spectra 
from the spheres were measured by the time-of-flight (TOF) 

Corresponding Author, Tel. +82-42-868-8651, Fax. +82-42-868-
2636, E-mail: kimdh@kaeri.re.kr

technique. Pulsed neutron sources were generated by the 
3H(d,n)4He reaction using a 245 keV deuteron beam. In this 
study, the source neutron spectrum in the energy range below 
14 MeV was used to reflect the effect of scattering and 
absorption reactions with the structural materials of the 
target assembly.  

SINBAD offers a large number of fusion blanket 
neutronics experiments for nuclear data and computer code 
validations. The experiments for Ni, Fe, Al, Si, and W 
spheres were used for our benchmark analyses. OKTAVIAN 
Ni sphere with a radius of 16 cm provides neutron leakage 
spectra for two energy ranges: the high energy range 
between 1 and 15 MeV and the low energy range between 30 
keV and 15 MeV. OKTAVIAN Fe sphere with a radius of 
50.32 cm also provides neutron leakage spectra for two 
energy ranges: the high energy range between 70 keV and 14 
MeV and the low energy range between 10 keV and 1 MeV. 
OKTAVIAN Al, Si, and W spheres with radii of 20, 30, and 
20 cm, respectively provide neutron and gamma-ray leakage 
spectra.  

 
III. Calculation Results 

The neutron and/or gamma-ray leakage spectra from a 
sphere with a given neutron source spectrum were calculated 
and compared with the measured ones. Especially for the Al, 
Si, and W spheres, another series of calculations was 
performed starting with the secondary gamma-rays produced 
by the interactions of the source neutrons with the structural 
materials of the target. The MCPLIB04 and EL03 libraries in 
the MCNPX code package4) were used for the gamma-ray 
and electron transport calculations, respectively.  

For the MCNPX calculations, the ENDF/B-VII.0, JEFF-
3.1, and JENDL-3.3 have been processed into ACE format 
libraries. FENDL/MC-2.1 library1), which is an ACE format 
library for MCNP available from the International Atomic 
Energy Agency Nuclear Data Section (IAEA-NDS), was also 
used. Table 1 shows the sources of the evaluated data for the 
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between 3 and 4 MeV, between 6 and 9 MeV, etc. They are 
also caused by increases of the inelastic scattering cross 
section of Al-27 in the energy ranges. As a result, it can be 
stated that the gamma-ray leakage spectra were dominated 
by the gamma-rays from the inelastic scattering and (n,2n) 
reactions rather than those from the radiative capture 
reaction. The calculated neutron leakage spectra from the Al 
sphere were very close for all the libraries.  

 
4. OKTAVIAN Si Sphere 

The gamma-ray leakage spectrum from the Si sphere is 
shown in Fig. 3. A decrease of the gamma-ray leakage 
spectrum calculated with the JENDL-3.3 was observed in the 
energy range between 5 and 7 MeV when compared to the 
other libraries. In this energy range, the production of 
neutron-induced gamma-rays was decreased by about 30% 
when compared to the ENDF/B-VII.0, which is caused by a 
decrease of the inelastic scattering cross section of Si-28. 
The calculated neutron leakage spectra from the Si sphere 
did not reveal large discrepancies among the four libraries, 
while showing good agreements with the measured spectra.  
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Fig. 3 Gamma-ray leakage spectrum from the OKTAVIAN Si 
sphere 

5. OKTAVIAN W Sphere 
The neutron leakage spectrum from the W sphere is 

shown in Fig. 4. The ENDF/B-VII.0 and FENDL-2.1 
revealed almost the same calculation results, indicating an 
underestimation of the fast neutrons above 7 MeV when 
compared to the measurements. On the other hand, the JEFF-
3.1 and JENDL-3.3 revealed almost the same calculation 
results, showing a slight overestimation of the neutrons 
below 0.4 MeV and an underestimation of the neutrons 
above 0.7 MeV when compared to the measurements.  
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Fig. 4 Neutron leakage spectrum from the OKTAVIAN W sphere 

According to the comparisons of the major reaction rates 
for the W isotopes, some distinguishing features were found 
in the energy range between 1 and 10 MeV. As compared 
with the ENDF/B-VII.0 and FENDL-2.1, the (n,2n) and 
inelastic scattering reaction rates for the JEFF-3.1 and 
JENDL-3.3 decreased by about 20%. The radiative capture 
reaction rates decreased in the energy range below 4 or 5 
MeV but increased in an energy range more than this.  

Table 3 shows the comparisons of the C/M ratios of the 
neutron leakage spectra calculated with the ENDF/B-VII.0, 
JEFF-3.1, JENDL-3.3, and FENDL-2.1. All the libraries 
revealed somewhat larger discrepancies of more than 10% 
with the measurements. Lastly, the gamma-ray leakage 
spectra show good agreements between the measurements 
and the calculation results obtained by using the four 
libraries.  

 
Table. 3 C/M ratios of the neutron leakage spectra from the 
OKTAVIAN W sphere 

Lower 
Energy 
(MeV)

Upper 
Energy 
(MeV)

C/M 
ENDF/
B-VII.0 

JEFF 
-3.1 

JENDL
-3.3 

FENDL
-2.1 

0.1
1.0
5.0

10.0

1.0
5.0

10.0
20.0

0.885 
0.900 
0.788 
0.890 

1.009 
0.787 
0.678 
0.888 

1.010 
0.788 
0.679 
0.888 

0.886 
0.904 
0.782 
0.890 

Total 0.886 0.894 0.895 0.886 
 

IV. Summary and Recommendation 
As a first step in the nuclear data validations for the 

fusion neutronics shielding benchmarks, the ENDF/B-VII.0, 
JEFF-3.1, JENDL-3.3, and FENDL-2.1 have been applied to 
the pulsed sphere experiments for Ni, Fe, Al, Si, and W 
performed at the OKTAVIAN facility. The neutron and/or 
gamma-ray leakage spectra calculated by the MCNPX code 
have been compared with the measured spectra.  

From the comparisons, it appeared that the neutron and 
gamma-ray leakage spectra were not greatly affected by the 
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radiative capture cross sections. Instead, the inelastic 
scattering and (n,2n) cross sections dominated the neutron 
and gamma-ray leakage spectra for some energy ranges. The 
neutron leakage spectra from the Ni and W spheres and the 
gamma-ray leakage spectra from the Al and Si spheres were 
good illustrations of the points mentioned above.  

Especially for the neutron leakage spectra from the W 
sphere, the calculation results by the ENDF/B-VII.0 and 
FENDL-2.1 showed large discrepancies when compared 
with those by the JEFF-3.1 and JENDL-3.3. And also these 
four libraries could not sufficiently reproduce the 
measurements. This is the reason why the nuclear data for 
the W isotopes currently available have to be re-evaluated by 
considering the recent experiments and evaluation 
techniques.  
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At the Plutonium Conversion Development Facility (PCDF) in the Nuclear Fuel Cycle Engineering Laboratories, 
the co-conversion technologies to purify the mixed plutonium and uranium nitrate solution discharged from a 
reprocessing plant have been developed. The probability of a criticality accident in PCDF is extremely low. 
However, the criticality accident alarm system (CAAS) has been in place since 1982 to reduce the radiation dose to 
workers in case of such a rare criticality accident. The CAAS contains criticality accident detector units (CADs), 
one unit consisting of three plastic scintillation detectors, and using the 2 out of 3 voting system for the purpose of 
high reliability. Currently, eight CADs are installed in PCDF evaluating the dose using a simple equation allowing 
for a safety margin. The purpose of this study is to show the determination procedures for the adequate relocation of 
the CADs which adequately ensures safety in PCDF. 
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I. Introduction* 
At the Plutonium Conversion Development Facility 

(PCDF) in the Nuclear Fuel Cycle Engineering 
Laboratories, co-conversion technologies to purify the 
mixed plutonium and uranium nitrate solution discharged 
from a reprocessing plant have been developed. The 
probability of a criticality accident in PCDF is extremely 
low. However, a criticality accident alarm system (CAAS) 
has been in place since 1982 to reduce the radiation dose of 
workers in case of such a rare criticality accident. The 
CAAS contains criticality accident detector units (CADs), 
one unit consisting of three plastic scintillation detectors, 
and using the 2 out of 3 voting system for the purpose of 
high reliability 1). Because a method of installation place of 
CAD hadn’t been standardized in 1982, many CADs (8 
units = 24 detectors) has been installed in PCDF by 
evaluating the dose using a simple equation allowing for a 
safety margin.  

According to ISO 7753 2) and ANSI/ANS-8.3 3), the 
CAAS must be designed to detect immediately a minimum 
accident which might be of concern. Here, the minimum 
accident which might be of concern is assumed to be that 
delivering in free air at a distance of 2 m from the reacting 
material an absorbed neutron and gamma dose of 0.2 Gy, 
and this is made the detection criterion. Examples of 
calculation method due to evaluate for dose of criticality 
accident are suggested in the appendix of ANSI/ANS-8.3. 
Further, calculation parameters are suggested in SRD R309 
4), which give guidance regarding CAD location in the UK. 
In Japan, guidance regarding CAAS is given in the Nuclear 
Criticality Safety Handbook 5). Shimizu and Oka (2003) 

*Corresponding Author, TEL: +81 29 282 1133, FAX: 
+81 29 282 9966, E MAIL: sanada.yukihisa@jaea.go.jp 

evaluated the relation between fissions and doses for some 
conditions 6).  

In this study, the method for determination of installation 
places of CADs is established by referring to current 
regulations and guidance. The purpose of this study is to 
show the determination procedures for the relocation of 
CADs which adequately ensure safety in PCDF. 

 
II. Methods 

The installation places of CADs were determined by 
following three steps.  
- Equipment which needs to be monitored for 

occurrence of criticality accident was selected. 
- The detection threshold for the minimum accident 

which might be of concern was set to be an increase in 
power of 1015 fissions/s occurring within a rise-time of 
between 0.5 ms and 1 s.  

- The dose at a CAD installation places was evaluated 
by MCNP and ANISN. Equipment which needs to be 
monitored for occurrence of criticality accident was 
classified into moderated systems (solution) and 
unmoderated systems (metal, powder). The dose at 
CAD installation place was evaluated for both 
moderated systems and unmoderated systems. The 
object of dose evaluation was gamma-rays because the 
CAD detects them.  

 
1. Classification of installations according to criticality 
safety design 

The equipment which needs to be monitored for 
occurrence of criticality accident was selected. According 
to the Nuclear Criticality Safety Handbook, it is 
recommended that installations be classified with regard to 
criticality accidents according to design.  
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The classification of installations according to criticality 
safety design in the Nuclear Criticality Safety Handbook is 
shown in Fig. 1. In this figure, facilities in which 
installation of CAD isn’t required are the category 
“facilities for which one dose not need to consider counter 
measures against occurrence of criticality accidents”. 

In this study, the equipments in which installation of 
CAD is required were selected except for “equipments 
adopting geometry control in the full concentration range” 
because under those other conditions, there is no use for 
CAD.  

 
2. Detection threshold of minimum accident 

According to ISO 7753 and ANSI/ANS-8.3, the 
minimum accident which might be of concern is assumed 
to deliver in free air at a distance of 2 m from the reacting 
material an absorbed neutron and gamma dose of 0.2 Gy 
within 60 s. In these regulations, the duration of the first 
spike of the minimum accident isn’t determined. 

In this study, this detection threshold of the minimum 
accident was set as the condition resulting from an increase 
in power of 1015 fissions/s occurring within a rise-time of 
between 0.5 ms and 1 s, as stipulated in SRD R309. The 
sum of neutron and gamma doses of this minimum accident 
(1015 fissions) was 0.3 Gy at an unshielded distance of 1m. 
The ratio of neutron to gamma dose of the moderated 
system and the unmoderated system was 0.5 and 6, 
respectively. In Table 1, determined doses of the minimum 
accident are shown.  

 
Table. 1 Dose rate of minimum accident in this study 

 

Source 
condition 

Dose rate of minimum accident at 1m 
[Gy / s] 

This study (SRD R309) ISO7753 
ANSI/ANS -8.3 

n +n +n 

Moderated 
system 0.2 0.1 0.3 0.8  

2

m

m
s/Gy 1

2
2.0

 
Unmoderated 

system 0.05 0.3 0.35 

In addition, very slow excursions of less than 1015 
fissions / s which are indicated by ISO 7753 and SRD R309 
are not applicable to this monitor. This excursion level was 
evaluated to detect by preexisting gamma-ray area monitor 
6). 

 
3. Determination of CAD installation places 

The flow of the process for determination of installation 
place of CADs is shown in Fig. 2. Firstly, a proposal for the 
installation places of CADs was made considering the place 
of the equipment for which needs to be monitored for 
occurrence of criticality accident in PCDF. Secondly, 
distances between equipment and CAD and thicknesses of 
concrete shield were measured. Then, gamma-ray dose was 
evaluated by simple equations, which take into 
consideration of the calculated parameters and the 
conditions of a distance and a shielding. 

 

  
Fig. 2 Flow diagram for determination of installation places of 
CAD 

[START]

[Installation place of CADs proposed]
- Working area

- Criticality safety management of equipment

[Distance condition Shielding condition]
- Distance of between Equipment and CAD

- Thickness of concrete shielding

[Calculation of gamma-ray dose]
- ANISN -JENDL-3.2 PHOTX

- gamma-ray + secondary gamma-ray 

[Alarm trip point]
> 2.0 mGy/h ?

Yes

No

[Determination of CAD installation place]

[Neutron and gamma-ray spectrum]
- MCNP4c - ENDF/B VI

Fig. 1 The classification of installations for criticality safety design of Nuclear Criticality Safety Handbook. Gray area:
Facilities for which one does not need to be monitored against occurrence of criticality accident 

Installations Requiring Criticality Safety Control

Installations Not Requiring Criticality Safety Control

Facilities for which one needs to 
consider counter measures against 
occurrence of criticality accidents

Facilities for which one dose not 
need to consider counter measures 
against occurrence of criticality 
accidents

Those facilities selected to guarantee residual uncertainties in the criticality safety control, through the 
probability of criticality accidents is very low. One group of measures give workers an alarming signal 
during a criticality accident to immediately evacuate, and the other group of measures makes the accident 
subcritical.

These are facilities required to adopt criticality safety control measures for preventing criticality accidents.

Those facilities of the criticality safety control is simple and sufficient safety margin.
- Facilities adopting geometry control in the full concentration range.
- Facilities adopting concentration control, where are no factors increasing the concentration.  
- Facilities where the amount of fuel is small and dispersed
- Facilities where a sufficiently robust structure exists for maintaining enough distance between fuel 
assembles

Those facilities…
- contain only these fuel materials rendering no chance of going critical without criticality control measures
- never contain these fuel materials.

Installations Requiring Criticality Safety Control

Installations Not Requiring Criticality Safety Control

Facilities for which one needs to 
consider counter measures against 
occurrence of criticality accidents

Facilities for which one dose not 
need to consider counter measures 
against occurrence of criticality 
accidents

Those facilities selected to guarantee residual uncertainties in the criticality safety control, through the 
probability of criticality accidents is very low. One group of measures give workers an alarming signal 
during a criticality accident to immediately evacuate, and the other group of measures makes the accident 
subcritical.

These are facilities required to adopt criticality safety control measures for preventing criticality accidents.

Those facilities of the criticality safety control is simple and sufficient safety margin.
- Facilities adopting geometry control in the full concentration range.
- Facilities adopting concentration control, where are no factors increasing the concentration.  
- Facilities where the amount of fuel is small and dispersed
- Facilities where a sufficiently robust structure exists for maintaining enough distance between fuel 
assembles

Those facilities…
- contain only these fuel materials rendering no chance of going critical without criticality control measures
- never contain these fuel materials.
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 (1) Dose attenuation factor 
The dose at a CAD installation place was evaluated 

using the parameters which were calculated by MCNP and 
ANISN. The gamma and neutron energy leakage spectra 
from the equipment in a criticality accident were calculated 
with MCNP. As the sources of the criticality accident, 
plutonium nitrate solution (100 L; 239Pu: 240Pu = 95: 5) and 
PuO2 powder (11.46 g/cm3, 28.2 kg of Pu, 0.0 % water 
content) were considered here to be the moderated system 
and the unmoderated system, respectively. keff in each case 
is about 1 without reflector.  

Due to the CAD consisting of gamma-ray detectors, the 
attenuation factor of gamma-ray and the secondary gamma-
ray production of shielding materials were calculated with 
ANISN. The calculation model used was a one dimensional 
sphere model. The cross section libraries were JENDL-3.2 
and PHOTX (Neutron: 125 groups; Gamma: 41 groups). 
Concrete was assumed to be the shielding material of the 
facilities. Concrete density used in the calculation was 2.3 
g/cm3 7).  

 
(2) Dose evaluation 

The following equation gives the dose rate at a CAD 
place (Dt), 

spt DDD  (1) 

where Dp is the dose of prompt gamma-rays (Gy/h) and Ds
 

is the dose of secondary gamma-rays (Gy/h). These doses 
in turn are given by the following equations. 

tCtFm/1)r1/(1h/s3600DD pp
2

0p
 (2) 

tCtFm/1)r1/(rh/s3600DD ss
2

0s
 (3) 

where  
D0 : Dose rate of minimum accident at 1m from 

source (Gy/s) 
r : Ratio of neutron to gamma (n/ )  
m : Distance between source and CAD (m) 
t : Thickness of concrete shield (cm) 
Fp(t) : Attenuation factor of prompt gamma-ray 
Fs(t) : Attenuation factor of secondary gamma-ray 
Cp(t) : Coefficient of finite medium of prompt gamma-

ray 
Cs(t) : Coefficient of finite medium of secondary 

gamma-ray. 
The calculated attenuation factor in an infinite medium 

was corrected by the coefficient of a finite medium, which 
is given by equation (4),  

)t(D/tDtC '   (4) 

where C (t) is the coefficient of a finite medium, D (t) is the 
dose in the finite medium, and D '(t) is the dose in the 
infinite medium. The absorbed dose conversion coefficients 
for photons and neutrons were taken from to ICRU Rep.46 

8). 
The dose in both a moderated system and an 

unmoderated system was evaluated. The smallest dose 
resulting from this evaluation was adopted. The alarm trip 
point of CAD was determined to the smallest value in 

results of dose evaluation at all condition of shielding and 
distance.  
 
III. Results and discussion 

The maximum distance between the equipment and a 
CAD was set at 30 m, and the thickness of the concrete 
shield was set at 100cm. These conditions were observed in 
placement of equipment in PCDF. 

The values of the parameters which are required to 
evaluate the dose at a CAD place were calculated by 
MCNP and ANISN. In Fig. 3, comparison of the 
attenuation factors of the moderated system and the 
unmoderated system in a concrete shield is shown. The 
coefficient of a finite medium of the moderated system and 
the unmoderated system in a concrete shield are shown in 
by Fig. 4.  

 

10-5

10-4

10-3

10-2

10-1

100

101

0 50 100 150

Secondary gamma-ray of moderated system
Prompt gamma-ray of moderated system
Secondary gamma-ray of unmoderated system
Prompt gamma-ray of unmoderated system

At
te

nu
at

io
n 

fa
ct

or

Thickness of concrete shield (cm)

Fig. 3 Comparison of attenuation factors of moderated system and 
unmoderated system 

0

0.2

0.4

0.6

0.8

1

0 50 100 150

Secondary gamma-ray of moderated system
Prompt gamma-ray of moderated system
Secondary gamma-ray of unmoderated system
Prompt gamma-ray of unmoderated system

C
oe

ffi
ci

en
t o

f f
in

ite
 m

ed
iu

m

Thickness of concrete shield (cm)

 
Fig. 4 Comparison of coefficients of finite medium of moderate 
system and unmoderated system 

 

76

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY



In these figures, attenuation factors of prompt gamma in 
the moderated system were similar to the unmoderated 
system. On the other hand, attenuation factors of secondary 
gamma in the moderated system were higher than 
unmoderated system because neutron energy of the 
moderated system was lower than the moderated system. 
These calculated parameters and conditions of distance and 
shielding were inserted into equations (1) - (3). 

Attenuation factors in the moderated system of prompt 
and secondary gamma-rays in the case of the concrete 
shield with maximum thickness (100 cm) were 0.00053 and 
0.014, respectively. Additionally, coefficients of prompt 
and secondary gamma-rays in the case of the concrete 
shield with maximum thickness (100cm) were 0.86 and 
0.74, respectively.  

In Fig. 5, the relationship of the dose rate at the CAD 
place and the thickness of the concrete shield are shown. In 
this figure, the dose rate of the CAD place was calculated 
in condition of the maximum distance of 30 m. The dose 
rate in condition of maximum thickness of 100 cm was 4.4 
mGy/h. The alarm trip point was determined to 2.0 mGy/h 
by considering the safety margin. 
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Fig. 5 Dose rate at the CAD place versus thickness of concrete 
shield in the moderated system (Distance: 30 m) 

 
Installation places of CADs in PCDF were determined 

by the dose evaluation. The conditions for CAD places 
were 30 m from the equipment which needs to be 
monitored for occurrence of criticality accident, and a 100 
cm concrete shield. Consequently, three CADs were 
installed in PCDF. 

In general, shielding calculation for human dose 
evaluation is overestimated 9). However, this method 
underestimated the dose rates to achieve the certain 
detection of the minimum criticality accident in this study. 
This method had three features which allowed for the 

safety margin due to underestimation.  
- The dose of the source was 0.3 Gy at 1 m which was 

lower than the specified allowable dose of ISO7753 
and ANSI/ANS-8.3. 

- The distance and shielding of the actual installation 
place were less than the maximum distance and 
shielding values used in the evaluation. 

- The alarm trip point was approximately half the 
calculated dose. 

 
IV. Summary 

The dose at the selected detection points was evaluated 
by the above procedures. When the alarm trip point was 2.0 
mGy/h, it is possible to detect a criticality accident even 
under conservative conditions (i.e. 30 m distance from the 
equipment to the CAD and 100 cm concrete shielding 
between them). Consequently, it was found the three CADs 
at these locations could monitor PCDF adequately. This 
study was reflected in the determination of the new CAD 
location. 
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The development of a 660 MWt integral reactor SMART (System integrated Modular Advanced ReacTor), called 
SMART-660, has been initiated in Korea. A preliminary evaluation of the detector response functions was performed 
for the ex-core detector of the SMART-660. First, a candidate position to install the ex-core detector was selected by 
considering the reactor configuration, the detector performance, and the thermal neutron flux distribution in the 
reactor assembly. Second, the detector response functions such as the shape annealing function (SAF) and assembly 
weighting factor (AWF) for the candidate ex-core detector were calculated by using an adjoint transport calculation 
with the DORT code and the BUGLE-96 cross-section library. The GEOSHIELD program was used to generate the 
DORT input file and to process the DORT output file with a graphic visualization. This study has shown that the 
response functions of the ex-core detector are only sensitive to some parts of the reactor and additional efforts are 
required to reduce the locality of the ex-core detector response. 

 
KEYWORDS: integral reactor, SMART, ex-core detector, response function, shape annealing function, 
assembly weighting factor, DORT, BUGLE-96, GEOSHIELD 
 
 

I. Introduction* 
The development of a small-sized advanced integral-type 

pressurized light water reactor (PWR) has been initiated for 
a seawater desalination and electricity production in Korea1). 
The reactor is called SMART (System integrated Modular 
Advanced ReacTor) and designed to produce thermal power 
of 660 MW. It is designated as SMART-660 herein. The 
SMART-660 design adopts innovative and highly advanced 
features to provide the reactor with noticeable characteristics 
of an enhanced safety and reliability, improved economics 
and an enhanced operability. 

An Ex-Core Neutron Flux Monitoring System (simply, 
the ex-core detector) is used in the SMART-660 to protect 
the core from an excessive thermal power, to control the 
thermal power level and the axial power distribution, and to 
confirm the core sub-criticality during a refueling and startup, 
etc. 

In PWRs, the ex-core detector is typically installed in the 
reactor cavity area located outside the reactor pressure vessel 
assembly (RPV). However, because the major components 
of the SMART-660 such as the pressurizer, the steam 
generators (S/Gs) and the reactor coolant pumps (RCPs) are 
located inside the RPV, the ratio of the RPV radius to the 
core radius of the SMART-660 is relatively larger than that 
of a typical PWR. Hence the intensity of the neutron flux 
leaking through the RPV from the SMART-660 core is 
insufficient to detect a neutron flux if the ex-core detector is 
installed at the outside of the RPV. Therefore, the ex-core 
detector of SMART-660 should be installed inside the RPV. 

Currently the final position of the ex-core detector 
installed in the SMART-660 is not fixed. In this study, a 
candidate position of the ex-core detector was selected by 

*Corresponding Author, Tel.+42-82-868-2792, Fax.+82-42-868-
8990, E-mail: ghroh@kaeri.re.kr 

considering the configuration of the reactor assembly, and 
the radial thermal neutron flux distribution. In addition, the 
detector responses of the ex-core detector were evaluated 
through adjoint transport calculations. Two-dimensional 
discrete ordinates transport code DORT2) and the BUGLE-96 
cross-section library3) were used for the calculations of the 
radial thermal neutron flux and the adjoint neutron flux. The 
Group-Organized Cross-Section Input Program (GIP)2) is 
used to produce the macroscopic cross-section data for the 
DORT calculation. The GEOSHIELD progam4) was used to 
generate the DORT input and to process the DORT output 
with a graphic visualization. 

 
II. Determination of the Ex-Core Detector Position 

Generally an ex-core detector consists of four safety 
channels, two control channels and two startup channels. 
Only the safety channel was considered in this study and 
each of the ex-core safety channels is composed of three 
detectors in the upper, middle and lower positions in a 
vertical direction which are symmetric with respect to the 
core mid-plane. The type of the ex-core detector is the U235 
fission chamber. In this study, it is assumed that the height of 
each ex-core detector is 85 cm, the interval between the ex-
core detectors is 5.5 cm, and the distance between the top of 
the active core and the top of the upper ex-core detector is 17 
cm. 

The SMART-660 contains 8 S/Gs and 8 RCPs. The S/G 
and RCP are arranged at 0  of an azimuthal angle with an 
interval of 45 . Therefore, the azimuthal angle of the ex-core 
detector needs to be 22.5  to avoid the S/G and RCP being 
penetrated by the guide tube of the ex-core detector. 

The intensity of the thermal neutron flux in the ex-core 
detector is one factor to be considered when selecting the ex-
core detector position. Considering the neutron sensitivity 
range of the detector and the high radiation environment of 
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the in-vessel, the appropriate thermal neutron flux level is 
prescribed to be 1.0×1011 n/cm2 sec. The radial thermal 
neutron flux distribution was calculated using the DORT 
code for the reactor assembly of the SMART-660. A detailed 
description of the calculation method is given in Reference 5 
and the calculation result is depicted in Fig. 1. As shown in 
Fig. 1, the thermal neutron flux is 1×1011 n/cm2 sec, when 
the radial distance from the core center is about 153 cm. 
Therefore, the ex-core detector is decided to be located at 
153 cm in the radial distance with a 22.5  azimuthal angle in 
this study. 

 

Fig. 1 Radial neutron flux distribution 
 

III. Evaluation of the Detector Response Functions 
The purpose of the ex-core detector response analysis is 

to provide the characteristic response functions of the ex-
core detector for the design of the SCOPS (SMART Core 
Protection System), which protects the reactor core by 
generating a reactor trip signal. Generally three response 
functions are evaluated for the ex-core detector, namely, the 
shape annealing function (SAF), the assembly weighting 
factor (AWF) and the temperature shadowing factor (TSF). 
The calculation of the TSF is beyond the scope of this study. 

 
1. Theory 

The adjoint transport calculation is easier and more 
economical than the forward transport calculation to evaluate 
the detector response of the ex-core detector. The adjoint 
calculation avoids the difficulty in the forward transport 
calculation arising in the case of a particles transport from a 
big core to a relatively small volume of the detector. The 
adjoint transport problem is defined as6) 

dH , (1) 
where H  is the adjoint operator,  the adjoint flux 

and d  the total cross-section of the detector. Because the 
detector is a 235U fission chamber, the (n,f) reaction rate of 
235U is used as  the source term of the adjoint transport 
calculation, d . 

Using the adjoint identity, the detector response R is 
written as 

exqR  , (2) 

where < > specifies the integration over all of the 
independent variables, qex is the external source distribution 
by the forward transport calculation. The external source is 
isotropic in the core and the detector response R can be 
rewritten as 

V
EErdErddErR
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3 )(),ˆ,(
4
1 ),,( ,(3) 

where )(E  is the normalized fission spectrum of 235U. 
 

2. Shape Annealing Function (SAF) 
The SAF is defined as the relative ex-core detector 

response from the core neutron source of a horizontal slice 
type with a unit core height at each elevation, and 
independent of the axial power distribution. The equation for 
the calculation of the SAF is as follows. 
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where i and j is the radial and axial mesh of the core area, 
respectively, k indicates the position of the upper, middle, 
and lower ex-core detectors, and H the active core height. 

Fig. 2 DORT Model for the Shape Annealing Function 
 
The adjoint calculation was performed to calculate the 

SAF using the DORT code. The reactor was modeled using 
R-Z coordinates with the consideration of an azimuthally 
homogeneous core configuration. The radial and axial 
distances of the R-Z DORT model are 185.0 cm and 400.0 
cm, respectively, and 121 radial and 243 axial meshes were 
applied to the model. The structural materials in the upper 
and lower sides of the core and outside the ex-core detector 
were ignored for a simplicity and time-saving, because they 
only have a negligibly small effect on the ex-core response. 
The number of angle quadratures and the order of the 
scattering expansion were determined to be S8 and P5, 
respectively. A reflective boundary condition was applied for 
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the left surface of the model and a vacuum boundary 
condition was applied for the other surfaces. The geometry 
model and compositions assigned to each mesh are shown in 
Fig. 2. 

Fig. 3 Shape Annealing Functions 
 

Fig. 4 Total Adjoint Flux Distribution for the Middle Ex-Core 
Detector 

 
During a hot full power (HFP) condition, the coolant 

temperature rises from 292  at the bottom of the core to 
323  at the top of the core. In order to consider the axial 
temperature rising effect, the core region was divided into 5 
sub-regions along to the axial direction and the properly 
altered coolant density was applied for the sub-regions. At 
the same time, an additional calculation was performed for 
the hot zero power (HZP) condition. At the HZP condition, 
the coolant temperature is the same at 308  for the whole 
core. 

For the HFP and HZP conditions, three adjoint 
calculations were performed to calculate the responses of 
three ex-core detectors. The obtained SAFs are presented in 
Fig. 3. Because the coolant density in the lower part of the 
core at the HFP condition is larger than that at the HZP 

condition, it is found that the SAF at the HFP condition is 
lower than that at the HZP condition, and the situation is 
opposite in the upper part of the core. In addition, each 
detector is mainly sensitive to a nearby part of the core 
because the ex-core is located very close to the core. The 
adjoint flux reflects the importance of the source to the ex-
core detector response. Fig. 4 shows the total adjoint flux 
distribution for the middle ex-core detector. 

Fig. 5 DORT Model for the Assembly Weighting Factor 
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Fig. 6 Assembly Weighting Factors 
 

3. Assembly Weighting Factor (AWF) 
AWF is defined as a fraction of the ex-core detector 

response to an individual fuel assembly (FA). By the 
definition of the AWF, the ex-core detector response of an 
individual FA, Rn, is represented as 
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where n is the FA index, I the total number of meshes 
included in the individual FA and iV  the area of each 
mesh, and then the AWF can be obtained by 

N

n
nnn RRAWF

1

, (6) 

where N is the number of FA. 

Fig. 7 Total Adjoint Flux Distribution for the Ex-Core Detector 
 
As shown in Fig. 5, two-dimensional DORT model was 

developed to perform the AWF calculation. The reactor was 
modeled using R-  coordinates with 146 radial and 201 
azimuthal meshes. The structural material outside the ex-
core detector was not considered due to its low importance 
for the ex-core detector. An S8 quadrature and P5 scattering 
expansion were used and a reflective boundary condition 
was applied for the left surface and a vacuum boundary 
condition was applied for the other surfaces. 

The GEOSHIELD program has the capability to calculate 
the AWF by processing an output file of the DORT 
calculation and Fig. 6 depicts the calculated AWF. As for the 
case of the SAF, the ex-core detector is mainly affected by 

the local FAs. As shown in Fig. 6, the AWF has a maximum 
value for FA J3, which is the nearest FA to the ex-core 
detector. The total adjoint flux distribution for the ex-core 
detector is presented in Fig. 7, which shows the importance 
of the source to the ex-core detector response. 

 
V. Conclusion 

The response functions of an ex-core detector have been 
evaluated for the SMART-660 using the DORT two-
dimensional transport code. A candidate position to install 
the ex-core detector was selected and a calculation of the 
SAF and AWF for the ex-core detector was performed. 

The calculation results indicate that the SAF and AWF for 
the candidate ex-core detector are mainly dominated by the 
local core area and, therefore, an additional effort is required 
to reduce the locality of the ex-core detector response.  

These results will be used for a design basis to determine 
the final location of the ex-core detectors for the SMART-
660. 
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Radiation Shielding Analysis for the Reactor Assembly of the SMART Reactor 
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A 660 MWt integral reactor SMART (System integrated Modular Advanced ReacTor), called SMART-660, is 
under development in Korea as a national research and development project to supply energy for a seawater 
desalination as well as an electricity generation. A radiation shielding analysis has been carried out to evaluate the 
shielding design of the SMART-660. Two-dimensional discrete ordinates transport code DORT was used to calculate 
the neutron and gamma dose rates and the fast neutron fluences in the reactor pressure vessel assembly (RPV). The 
reactor assembly of the SMART-660 was modeled as an R-Z geometry through an azimuthal homogenization of the 
reactor components. The GEOSHIELD program was used to generate the DORT input file and process the DORT 
output file with a graphic visualization. The neutron 47-group and gamma 20-group BUGLE-96 cross-section library 
was used for the DORT calculation. It is found that the integrity of the RPV is preserved throughout the reactor 
lifetime and the shielding system of the SMART-660 is satisfactory to prevent radiation escaping from the reactor 
core. 

 
KEYWORDS: integral reactor, SMART, shielding Analysis, fast neutron fluence, DORT, BUGLE-96, dose rate, 
GEOSHIELD 
 
 

I. Introduction* 
Because nuclear reactor is a strong radiation source, a 

shielding system is implemented for the purpose of 
protecting personnel from possible injury by escaping 
radiation and reducing a radiation exposure of structural 
components in some cases. Therefore, a radiation shielding 
analysis should be performed to evaluate the radiation safety 
for a reactor’s internals and vicinities from a stage of a 
conceptual design for developing a nuclear reactor system. 

The development of a small-sized advanced integral-type 
pressurized light water reactor (PWR) has been initiated for 
seawater desalination and electricity production in Korea1). 
The reactor is, what is called, SMART (System integrated 
Modular Advanced ReacTor), which was designed by 
KAERI (Korea Atomic Energy Research Institute). The 
major components of the SMART such as the pressurizer, 
the steam generators and the reactor coolant pumps are 
located inside the reactor pressure vessel (RPV). The 
original SMART was designed to produce a thermal energy 
of 330 MW under a full power operating condition. Recently 
the thermal power of the SMART was increased to 660 MW, 
designated as SMART-660 herein, and the configuration of 
the reactor assembly was also changed with the power 
increase. 

The SMART-660 design adopts innovative and highly 
advanced features to provide the reactor with noticeable 
characteristics of an enhanced safety and reliability, 
improved economics and enhanced operability. The reactor 
assembly of the SMART-660 is generally divided into three 
parts such as the RPV, the reactor closure head assembly and 
the other reactor internals composed of the flow mixing 
header assembly, the steam generator cassettes, the fuel 

Corresponding Author, Tel.+42-82-868-2792, Fax.+82-42-868-
8990, E-mail: ghroh@kaeri.re.kr

assemblies and the control rod drive mechanism, etc. The 
general configuration of the reactor assembly is shown in 
Fig. 1. 

 
Fig. 1 Layout of SMART-660 Reactor Assembly 
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In this study, a radiation shielding analysis was performed 
for the SMART-660 reactor assembly to evaluate the neutron 
and gamma dose rates and the fast neutron fluences 
accumulated during the reactor lifetime in the RPV for a 
normal reactor operation. Two-dimensional discrete 
ordinates transport code DORT2) and the BUGLE-96 cross-
section library3) were used for the radiation shielding 
analysis in an R-Z geometry. The GEOSHIELD program4) 
was used to generate the DORT input and to process the 
DORT output with a graphic visualization. 

 
II. Shield Design Criteria 

The basic requirements that govern the design of the 
shielding system for the SMART-660 follow the 
recommendations of the International Commission on 
Radiation Protection (ICRP), e.g., ICRP-605) published in 
1990 and the requirements of the 10 CFR part 206) and 
ALARA (As Low As Reasonably Achievable) concept of the 
Regulatory Guide (RG) 8.87) and RG 8.108) by the United 
States Nuclear Regulatory Commission (US NRC). The 
design target of the dose rate for the upper part of the reactor 
closure head assembly is determined as 1.0 /hr, and the 
fast neutron fluences accumulated during the reactor lifetime 
for the RPV impose a restriction to 1.0×1020 n/cm2 under the 
regulation of the Ministry of Science and Technology 
(MOST)9) and requirements of the 10 CFR 50.6110) and the 
Standard Review Plan (SRP)11) of the US NRC. 

 
III. Radiation Shielding Analysis 

A shielding system is usually embedded in a nuclear 
power system, primarily to protect the personnel working in 
the plant and eventually to reduce an environmental hazard. 
In the case of the SMART-660, the reactor assembly is the 
first barrier that prevents an escaping radiation from the 
reactor core. 

In order to perform a radiation shielding calculation for 
the reactor assembly, a two-dimensional R-Z geometry 
model is typically used. Compared to a three-dimensional 
geometry model, the R-Z geometry model is able to 
economically represent most of the reactor components by 
an azimuthal homogenization. 

 
1. Computer Codes and Library 

The DORT code is selected for the shielding analysis of 
the SMART-660 because the code has been extensively used 
for the shielding design of power reactors with a good 
reliability. The code was developed at Oak Ridge National 
Laboratory and it can solve the neutron, gamma, or coupled 
neutron/ gamma transport problems in a two-dimensional 
geometry. 

For the PWR shielding analysis, BUGLE-96 cross-section 
library is typically used. The library is a coupled 47 neutron 
and 20 gamma-ray group cross-section library based on 
ENDF/B-VI Release 312). 

The Group-Organized Cross-Section Input Program 
(GIP)2) is used to produce the macroscopic cross-section data 
of the shielding materials for the DORT calculation by 
mixing the microscopic cross-section data of the BUGLE-96 

library. In order to obtain the dose rates from the DORT 
calculation, the response functions for the activity tables of 
the GIP are needed. The neutron and gamma dose rate 
response functions were used by interpolating the flux-to-
dose conversion factors of ANSI/ANS-6.1.1-199112). 

Since the DORT code is only able to handle several types 
of regular meshes, it is very time-consuming and an irksome 
job to generate meshes and assign a specified composition 
for each mesh during the preparation of the DORT input. 
The GEOSHIELD program helps to prepare the DORT 
inputs and summarize the DORT outputs with a graphical 
visualization. 

Fig. 2 DORT Calculation Model for Reactor Assembly 
 

2. Source Term Calculation 
The SMART-660 core consists of 69 fuel assembles. The 

equivalent core diameter and the active core height are 201.5 
cm and 300.0 cm, respectively. Hence, the core averaged 
power density is 68.98 W/cm3 and the core averaged fission 
density is 5.693×1012 neutrons/cm3 sec, when the number of 
neutrons per fission is 2.6445. The Watt fission spectrum is 
used to consider the energy dependency of the core averaged 
fission density. 
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The reactor core analysis for the SMART-660 is 
performed by the CASMO-3/MASTER code system13), 
which is a nuclear design code system developed in KAERI. 
The radial and axial power distributions on the core 
centerline were obtained from the power distributions of the 
equilibrium core. 

 
3.  Shielding Analysis Model 

Two-dimensional R-Z DORT model was developed to 
perform the radiation shielding analysis for the SMART-660. 
In order to adequately simulate the reactor assembly in the 
R-Z geometry model, the reactor assembly was divided into 
148 homogenous cells. The cells were assigned to 44 
materials obtained by azimuthally homogenizing the reactor 
components with the appropriate volume fractions. The 
radial and axial distances of the R-Z DORT model are 431.5 
cm and 2159.1 cm, respectively, and 243 radial and 1131 
axial meshes were applied to the model. The maximum size 
of each mesh was 2 cm. The DORT input was generated 
using the GEOSHIELD program. The geometry model and 
compositions assigned to each mesh for the reactor assembly 
are shown in Fig. 2, which is created by the GEOSHIELD 
program. 

The number of angle quadratures and order of a scattering 
expansion were determined to be S8 and P5, respectively. A 
reflective boundary condition was applied for the left surface 
of the model and a vacuum boundary condition was applied 
for the other surfaces. The partial current rebalance 
acceleration method was used and the economy fixup 
method was used to fix the negative scattering source. 

 
IV. Results 

The two-dimensional DORT calculations were carried out 
for the reactor assembly of the SMART-660 to evaluate the 
neutron and gamma dose rates and the fast neutron fluences 
in the RPV. The GEOSHIELD program was also used to 
process the DORT output files. An uncertainty of 30% was 
applied to the overall DORT calculation results to evaluate 
the results conservatively by considering the uncertainties 
due to a geometric modeling, source term and cross-section 
data, etc. 

The total dose rate distributions due to the neutron and 
gamma fluxes are shown in Fig. 3. The total dose rates are 
6.76×1013 /hr at the core center and 2.85×104 /hr at 
the RPV outer surface of the core center height, respectively. 
The total dose rate on the upper part of the reactor closure 
head assembly is about 1.0×10-10 /hr, which is far less 
than 1.0 /hr, the design target of an accessible area. 

The structural integrity of the RPV is one of the major 
factors that determines the operating lifetime of a nuclear 
reactor. The integrity of the RPV is mainly affected by the 
fast neutron fluence (E > 1.0 MeV). The fast neutron fluence 
distributions are depicted in Fig. 4. The fast neutron fluence 
is accumulated during the estimated reactor lifetime (60 
years) with a 90% capacity of the SMART-660. The 
maximum fast neutron fluences are 1.70×1023 n/cm2 and 
1.30×1013 n/cm2 on the reactor core and the inner surface of 
the RPV, respectively. At the same time, the fast neutron 

fluence in the inner surface of the lowermost part of the RPV 
is 4.61×109 n/cm2. These results thoroughly meet not only 
the regulation of the MOST and the US NRC, 1.0×1020 
n/cm2, to estimate the integrity of the RPV, but also the 
notice of the MOST14), 1.0×1017 n/cm2, to decide on the 
installation of surveillance capsules in the RPV. 
Consequently, it is expected that the RPV of the SMART-
660 preserves its integrity during the reactor’s lifetime. 

 

Fig. 3 Total Dose Rate Distribution 
 
The integral reactor SMART-660 contains the major 

components of the reactor coolant system such as the 
pressurizer and the steam generator within the RPV. Hence, 
the ratio of the RPV radius to the core radius of the SMART-
660 is relatively larger than that of a typical PWR. Therefore, 
the radiation impact on the RPV of the SMART-660 is less 
than that of a typical PWR, because the coolant between the 
core and the RPV functions as a strong shield against a 
leaked radiation from the core. 
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Fig. 4 Fast Neutron Fluence Distribution 
 

V.  Conclusion 
A radiation shielding analysis for the SMART-660 has 

been performed using the DORT two-dimensional transport 
code. The neutron and gamma dose rates and the fast neutron 
fluences accumulated during the reactor lifetime were 
calculated to evaluate the radiation safety of the SMART-660. 

The calculation results indicate that the total dose rate on 
the upper part of the reactor closure head assembly and the 
fast neutron fluence on the inner surface of the RPV are 
much smaller than the requirements specified by the MOST 
and the US NRC. Therefore, it is concluded that the integrity 
of the RPV of the SMART-660 is preserved throughout the 
reactor’s lifetime and the shielding system of the SMART-
660 is satisfactory to prevent the escape of any radiation 
from the reactor core. 
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 of Subcritical System 
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A general-purpose transport and burnup code system for precise analysis of subcritical reactors like a fusion-
fission (FF) hybrid reactor was developed and used for analyzing their performance. The FF hybrid reactor is a 
subcritical system, which has a concept of fusion reactor with a blanket region containing nuclear fuel and has been 
under discussion by author's group for years because the present burnup calculation system mainly consists of a 
general-purpose Monte Carlo code MCNP-4B, a point burnup code ORIGEN2. JENDL-3.3 pointwise cross section 
library and JENDL Activation Cross Section File 96 were used as base cross section libraries to make group constant 
for burnup calculation. 

A new method has been proposed to make group constant for the burnup calculation as accurate as possible 
directly using output data of the neutron transport calculation by MCNP and evaluated nuclear data libraries. This 
method is strict and a general procedure to make one group cross sections in Monte Carlo calculations, while it takes 
very long computation time. Some speed-up techniques were discussed for the present group constant making process 
so as to decrease calculation time. Adoption of postprocessing to make group constant improved the calculation 
accuracy because of increasing number of cross sections to be updated in each burnup cycle. 

The present calculation system is capable of performing neutronics analysis of subcritical reactors more precise 
than our previous one. However, at the moment, it still takes long computation time to make group constants. Further 
speed-up techniques are now under investigation so as to apply the present system to neutronics design analysis for 
various subcritical systems. 

 
KEY WORDS: cross section, sub-critical, fusion fission hybrid reactor, burnup, Monte Carlo, MCNP, ORIGEN, 
nuclear transmutation 
 
 

I.  Introduction* 
Investigation of nuclear waste transmutation has 

positively been carried out worldwide from the standpoint of 
environmental issues. Some candidates such as ADS and 
FBR are under discussion for possible transmutation 
technology. Fusion reactor is one of such technologies, 
because it supplies a neutron-rich and volumetric irradiation 
field, and in addition the energy is higher than nuclear 
reactor. However, as well known, it is still hard to realize 
genuine fusion reactor right now. A fusion-fission (FF) 
hybrid reactor, which is a concept of fusion reactor with a 
blanket region containing nuclear fuel, was thus proposed as 
an alternative idea. Neutrons emitted from the fusion plasma 
can be well multiplied by fission in the nuclear fuel and an 
enough amount of energy and tritium can be produced to 
attain its self-sufficiency. And fusion neutrons have a 
potential to transmute minor actinides (MA) and fission 
products extracted from spent nuclear fuel. 

The FF hybrid reactor should be operated in a subcritical 
state like accelerator driven system (ADS). It indicates the 
burnup calculation has to be carried out also under the 
subcritical condition. However, it is known the calculation is 
not so straightforward because prepared libraries in burnup 
codes cannot be utilized for a subcritical reactor system. In 

*Corresponding Author, Tel. +81-6-6879-7803, E-Mail; 
matsunaka@ef.eie.eng.osaka-u.ac.jp 

the author's group, in order to evaluate the feasibility and 
estimate the performance of FF hybrid energy system, a new 
burnup calculation system was developed and has 
continuously been modified1,2). The present burnup 
calculation system consists of a general-purpose Monte 
Carlo code MCNP-4B3), a point burnup code ORIGEN24) 
and some other post-processing codes developed by the 
author's group, which process the calculated results. The 
point of the study is how the collapsed cross section for the 
subcritical burnup calculation would be made. Because the 
neutron spectrum varies depending on the system itself, i.e., 
the dimensions, materials included and so on. A new method 
has hence been proposed to make collapsed cross sections 
for the subcritical burnup calculation directly using output 
data of the neutron transport calculation by MCNP. 

In the present paper, the details of the calculation system 
especially for making of collapsed cross sections and special 
treatments to speed up the collapsing process are described. 

 
II. Calculation System 
1. Improvement of Calculation System 

It was found from the previous experiences that the 
calculation system had a problem on making group constant 
process as in the following. The group constant had been 
made by the tally function of MCNP. The tally function is 
known to be a useful function for users to estimate neutron 
flux, reaction rate, and so on. However the number of tallies 
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available for users is too small to compute collapsed cross 
sections for all the nuclei included. Thus the calculation 
system was planned to be modified to improve making 
procedure of the collapsed cross sections for burnup. 

There were three options to improve the calculation 
system as follows. (1)Postprocessing to make one-group 
cross section using the calculated neutron spectrum by the 
MCNP tally. This option was very easy to apply and limit of 
number of available tallies would be removed. In addition, 
shorter computation time can be expected. But it would spoil 
continuous treatment of neutron energy. (2)Modification of 
MCNP to make collapsed cross section directly by removing 
the limit of the number of tallies available. But drastic 
modification of MCNP is actually unreal, and increase of the 
number of tallies will expand the computation time 
extremely. (3)Extracting neutron transport data and 
postprocessing of it. This is the strictest procedure and was 
finally adapted in the present study. This option required a 
little modification of MCNP with a slight increase of the 
computation time. But it takes a longer time required to 
make collapsed cross sections in the postprocessing. 

The improved burnup calculation system consists of the 
following four steps: 1) Criticality calculation by KCODE 
option of MCNP, 2) Neutron transport calculation by 
modified MCNP and accumulate neutron track length data, 3) 
Making of group constant by collapsing the cross sections 
with the neutron track length data and evaluated nuclear data 
libraries, and 4) Burnup calculation by ORIGEN for each 
burning cell with the collapsed cross sections. The whole 
burnup calculation is completed by repeating this burnup 
cycle. 

The details of extracting neutron track length data from 
transport calculation and making of group constants for 
burnup calculation are described in the following sections. 

 
2. Making of Collapsed Cross Sections 

In the ORIGEN code, cross section libraries for several 
types of nuclear reactor are prepared. However, those are not 
applicable to the subcritical burnup calculation, because the 
energy spectrum varies largely depending on configuration 
of nuclear fuel. It is thus needed to replace cross section 
values of the libraries attached in ORIGEN with the ones 
suitable for the target subcritical system. The ORIGEN code 
requires collapsed (one-group) cross-sections of (n, ), (n,2n), 
(n, ), (n,p), (n, x) and (n,2nx) for activation products 
(including stable nuclei) and fission products, and requires 
those of (n, ), (n,2n), (n,3n), (n,f), (n, x) and (n,2nx) for 
actinides. (n, x) and (n,2nx) mean cross sections of (n, ) and 
(n,2n) producing isomers. 

As described earlier, in the present study, a modified 
version of MCNP-4B was used to obtain all neutron 
transport data in the calculation model. The data exported 
from a transport calculation and stored in a file are track-
length (DLS), particle weight (WGT) and neutron energy 
(ERG). DLS, WGT and ERG are variable names of MCNP. 
Track-length is neutron flying distance between events, that 
is, reaching cell boundary and occurring of collision, as 
shown in Fig. 1. 

Fig. 1 Definition of Neutron Track Length in Monte Carlo 
Calculation 

The collapsed cross section is evaluated by the following 
equations. 

VOLNPS

WGTDLS
dEE i ii)(  

dEE

dEEE
coll

)(

)()(  

i ii

i iii

WGTDLS
ERGWGTDLS )(  

where: 
coll  : Collapsed cross-section 

E    : Neutron Energy 
(E)  : Energy Dependent Cross-Section 
(E)  : Energy Dependent Neutron Flux 

DLSi   : Track-Length of Neutron Track i 
WGTi  : Weight of Neutron Track i 
ERGi  : Energy of Neutron Track i 
NPS  : History Number 
VOL  : Cell Volume 
 
The cross sections of ORIGEN library are replaced by 

coll. Point-wise data of (E) is directly used from evaluated 
nuclear data libraries of JENDL-3.3 and JENDL Activation 
Cross Section File 965). 

The library for LMFBR contained in ORIGEN was also 
referred for minor nuclei if not contained in neither of 
JENDL-3.3 and JENDL Activation Cross Section File 96. 

 
III. Speedup of the Collapsing Process 

It takes a lot of computation time in making process of 
group constants from neutron transport information. Because 
taking an energy dependent cross section from base 
evaluated nuclear data libraries contains finding process of 
corresponding energy bin and interpolation process of cross 
section. And the number of neutron transport data pairs to be 
processed is very huge, i.e., it exceeds ten millions for just 
one burnup cycle. The number of cross sections to be 
replaced is also large. In the present calculation system, i.e. it 
is about 2000 for nearly 400 nuclei. Therefore, some speed-
up techniques next were introduced and discussed in the 
collapsing process as follows. 

 Three kinds of speed-up technique were adopted to 
decrease computation time in making group constants. First 

Cell Boundary 
Track-Length 

Material Nuclide 

Neutron
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one is sort of neutron transport information by its energy. 
The neutron transport data pairs are exported at a time as a 
block of values when the storing array of MCNP becomes 
full. Thus they are just ordered along with progress of with 
tracking in histories. Sorting of them by energy beforehand 
can drastically decrease consuming time to find 
corresponding energy bin of a base cross section library. 
Second technique is compression of transport information. In 
the case that two or more data having the same energy value 
exist, their contribution can be condensed into one datum. 
This technique avoided the waste of time, i.e., exactly the 
same interpolation runs many times. Third technique is 
scanning in descending order from the upper limit energy. It 
enables cutting off unnecessary process especially the 
procedure for threshold reactions such as (n,2n) and (n,3n) 
reactions, because scanning below the threshold energy is 
useless. This technique is very effective because many of 
reactions are a threshold reaction. 

Above techniques improved computation efficiency of the 
present collapsing process, however, further 
countermeasures for speed-up are needed to decrease the 
total calculation cost. Some other speed-up techniques are 
under investigation. For example, screening of the 
accumulated data may be effective if the number of cross 
section data in an evaluated nuclear data library is not so 
many. 

 
IV. Validation of the Present Collapsing Procedure 

In this section, calculation results for validation of the 
postprocessing are shown. Calculation results for reactor 
performance of FF hybrid system are described in other 
paper6). 

Table 1 shows validity confirmation result of the present 
making procedure of collapsed cross section. Validity 
confirmation test calculation was performed to estimate 
collapsed cross section for three significant nuclei in the FF 
hybrid reactor. The values of “present method” row in the 
table are one-group cross sections estimated by the present 
postprocessing method. The collapsed cross sections 
expressed as “MCNP tally” row were calculated by the 
procedure using tally function of MCNP, which had been 
employed previously by the author's group. The procedure 
utilizes the neutron flux and the reaction rate for the target 
nuclide calculated by MCNP. The collapsed cross sections 
are evaluated by dividing the reaction rate by neutron flux. 

As summarized in the table, both calculated collapsed 
cross sections showed a good agreement. However, there is 
small discrepancy seen in the table. This may be caused by 
buildup of round errors on each step in the collapsing 
process. This result indicates that our previous calculation 
results are also reliable, because the present collapsing 
method is the strictest technique to make group constant 
from the Monte Carlo calculation results. It is expected to 
raise the whole accuracy of burnup calculation, because the 

number of nuclei treated in making process of group 
constant is increased by the present cross section collapsing 
procedure. 

Table. 1 Validity Confirmation Result of the Present Making 
Procedure of Collapsed Cross-Sections 

 reaction present method 
(barns) 

MCNP tally
(barns) ratio 

235U (n, ) 3.848E+00 3.848E+00 1.0000 
 (n,2n) 2.559E-02 2.559E-02 1.0000 
 (n,3n) 8.972E-04 8.972E-04 1.0000 
 (n,f) 8.278E+00 8.277E+00 1.0001 

238U (n, ) 7.025E+00 7.026E+00 0.99986
 (n,2n) 3.730E-02 3.730E-02 1.0000 
 (n,3n) 9.286E-03 9.286E-03 1.0000 
 (n,f) 1.335E-01 1.335E-01 1.0000 

239Pu (n, ) 5.632E+00 5.631E+00 1.0002 
 (n,2n) 1.210E-02 1.210E-02 1.0000 
 (n,3n) 2.103E-04 2.103E-04 1.0000 
 (n,f) 1.019E+01 1.019E+01 1.0000 

 
V. Summary 

A general-purpose transport and burnup code system for 
precise analysis of a subcritical reactor has been developed. 
Adoption of postprocessing to make group constant 
improved the calculation accuracy because of increasing 
number of cross sections to be updated in each burnup cycle. 
Since the process is strict and a general procedure to make 
one group cross sections in Monte Carlo calculations, the 
present calculation system is capable of performing precise 
neutronics analysis of subcritical systems such as a fusion 
fission hybrid reactor. 

However, at the moment, one difficult problem is still left, 
i.e., it takes a lot of computation time even though some 
effective speed-up techniques were applied to the present 
group constant making process. Other speed-up techniques 
are now under investigation so as to apply the present system 
to neutronics designing analysis for various subcritical 
systems. 
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The evaluation of neutron production cross section is presented for tungsten which is increasingly considered as a 
prime candidate of plasma facing materials in fusion reactors. The energy and/or angular dependent neutron spectra 
from existing libraries such as ENDF/B-VII, JEFF-3.1 and JENDL-3.3 failed to reproduce the measured data 
available for tungsten isotopes. Moreover, the integral tests of neutron production from these libraries showed 
remarkable discrepancies with leakage neutron measurements of OKTAVIAN. In response to these situations, we 
calculated the neutron production data for four tungsten isotopes such as 182,183,184,186W. The calculation was 
performed by using the nuclear model code EMPIRE-2.19 with a consistent set of input parameters for all tungsten 
isotopes. We could obtain the neutron spectra in good agreements with the measurements by employing the quantum 
mechanical Multi-Step Direct (MSD) and Multi-Step Compound (MSC) theory for preequilibrium neutron emission. 
The results have been complied into ENDF-6 format, and the neutron production data have been validated through 
some fusion neutronics shielding experiments in the SINBAD. 

 
KEYWORDS Tungsten, Radiation shielding, Fusion reactor, Neutron-induced reaction, Neutron production 
data, EMPIRE-2.19, MSD/MSC 
 
 

I. Introduction * 
Tungsten is considered as a prime candidate of plasma 

facing materials (PFM) which have to withstand heat and 
particle fluxes from the plasma for many thousands of cycles 
in the neutron environment of ITER, because of its high 
sputtering threshold energy, low sputtering yield and small 
tritium retention1). Thus, the evaluation files with a high 
accuracy for tungsten isotopes are required for future fusion 
and related devices. As the recommended file, the fusion 
nuclear data library, FENDL which is the collection of the 
best data from existing nuclear data libraries may be given. 
But the existing data files for the tungsten isotopes could not 
reproduce the recently measured data from time to time 
because they were usually evaluated about two decade ago. 
For instance, the energy and/or angle dependent neutron 
spectra from the existing libraries such as ENDF/B-VII, 
JEFF-3.1, and JENDL-3.3 failed to reproduce the data 
measured by Marcinkowski et al.2). These evaluations can 
give poor results for the integral test of neutron production. 
Recently, benchmark test3) of the fusion neutronics problems 
for tungsten material was performed in order to select the 
best cross section data from the existing libraries. The results 
showed remarkable discrepancies with the leakage neutron 
data measured by the pulsed sphere experiments at the D-T 
neutron source facility of Osaka University, OKTAVIAN4). 
In response to these situations, we calculated the neutron-
induced neutron production cross sections of 182,183,184,186W.  

 Our evaluations are based on the nuclear reaction model 
code EMPIRE-2.195) which is a modular system of codes 
consisting of many nuclear reaction models including the 

*Corresponding Author, Tel. +82-42-868-8794, Fax. +82-42-868-
2636, E-Mail: hikim@kaeri.re.kr 

spherical and deformed optical models, Hauser-Feshbach 
statistical theory, and several versions of the 
phenomenological preequilibrium models. We performed a 
simultaneous evaluation which ensures a consistency within 
the isotope chain and allows for a better constrain of 
insufficient experimental information6). From the viewpoint 
of neutron production induced by neutrons above several 
MeV energies, the preequilibrium emissions as well as the 
direct and statistical reactions play an important role. In this 
work, we could obtain improved neutron spectra, by 
employing the quantum mechanical preequilibrium models: 
Multi-step direct (MSD) and Multi-step compound (MSC). 

The evaluated neutron production data were validated 
through the fusion neutronics shielding experiments in the 
SINBAD7). The Monte Carlo transport code MCNPX-2.5.08) 
was used along with the ACE format libraries processed by 
the NJOY99.161 code9). The leakage neutron spectra from a 
sphere with 14 MeV neutrons were calculated and compared 
to the measurements and to those by ENDF/B-VII, JEFF-3.1, 
and JENDL-3.3. 

 
II. Evaluation Methodology  
1. Empire Code System 

Apart from the resonance parts which were adopted from 
the ENDF/B-VII, all the evaluations were performed with 
the nuclear reaction model code EMPIRE-2.195). Nuclear 
reaction models included in the code can be classified into 
three major classes: (i) optical model and direct reactions 
(coupled-channels (CC) and distorted-wave Born 
approximation (DWBA)), (ii) Hauser-Feshbach statistical 
decay10), and (iii) preequilibrium emission. 
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The Effect of Molybdenum on Cavitation Erosion and  
Corrosion Resistance of Fe-Cr-C-Si Hardfacing Alloys  
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The cavitation erosion behavior of Fe-Cr-C-Si-xMo (x = 0, 3 and 6 wt.%) hardfacing alloys were investigated for 
up to 50 hours by using 20 kHz vibratory cavitation erosion test equipment. With increasing Mo contents, M23C6 and 
M6C carbides were formed instead of Cr-rich M7C3 and M23C6 type carbides observed in the interdendritic region of 
the Mo-free Fe-Cr-C-Si hardfacing alloy. This microstructural change was responsible for the improvement of 
mechanical properties such as hardness and cavitation erosion resistance of the Mo-added Fe-Cr-C-Si hardfacing 
alloy. 

 
KEY WORDS: cavitation erosion, corrosion, Mo, microstructure  
 
 

I. Introduction * 
Co-based Stellite alloys have traditionally been used as 

hardfacing materials for nuclear power plant valves owing to 
their superior high corrosion, wear and cavitation erosion 
resistance1),2). However, the need to avoid the use of Stellite 
alloy has emerged since it is the main source of 60Co, which 
is the largest contributor to occupational radiation exposure. 
As the most effective way to reduce 60Co contamination 
many 60Co-free hardfacing alloys, such as Fe-base and Ni-
base alloys have been investigated to replace Stellite3).  

High corrosion, cavitation erosion and wear resistance are 
generally required for hardfacing materials in nuclear power 
plants4),5). It has been found that the cavitation erosion 
resistance and corrosion are dependent on the stacking fault 
energy and the martensite phase transformation in austenitic 
Fe-based alloys and carbide types6).  

Alloying Fe with Cr and various quantities of C, W and 
Mo produces a family of alloys which can have excellent 
resistance to corrosion and/or cavitation erosion by the 
formation of M7C3 and M23C6

7). The carbide precipitation 
strengthening is a desirable feature; Cr also plays a strong 
role through the formation of a series of varying Cr-C ratio 
carbides such as M7C3. Alloying elements like W, Mo, and V 
are added to Fe for solid solution strengthening8),9). If these 
metals are added in excess of their solubility, formation of 
carbides like MC, M23C6 and M6C is likely to occur. 

But, detailed relationships between microstructures and 
mechanical properties such as hardness and cavitation 
erosion resistance in the Mo-added Fe-Cr-C-Si alloys have 
not been established until now10). 

Throughout this paper, the effect of Mo on cavitation 
erosion resistance of Fe-based alloys is investigated. The 
procedure outlines how cavitation erosion resistance was 
measured by the cumulative weight loss of the Mo added Fe-
based alloy compared to that of Stellite 6.  

 

*Corresponding Author: Tel. +82-2-2220-0406, Fax. +82-2-2293-
7844, E-Mail; alloylab@hanyang.ac.kr 

II. Experimental Details  
Since there is no difference in the cavitation erosion 

characteristics of specimens prepared by casting, cast ingots 
of Stellite 6 and the Fe-Cr-C-Si-xMo (x = 0, 3 and 6 wt.%) 
alloys were used. The chemical compositions of the 
specimens were analyzed using an optical emission 
spectrometer (Table 1).  

Fig. 1 Schematic representation for vibratory cavitation erosion test 
equipment 

The cavitation erosion experiment is schematically 
represented in Fig. 1, which conforms to ASTM Standard 
G32-92 with the samples in unattachment mode11). The peak-
to-peak amplitude and the vibration frequency used were 
15±1  and 20±2 kHz, respectively. The apparatus used a 
commercial ultrasonic oscillator. The weight loss was 
measured at regular intervals during the test for up to 50 
hours and converted to the material loss per unit area 
(mg·cm-2) and then plotted against time.  

The microstructures of Fe-Cr-C-Si-xMo (x = 0, 3 and 6 
wt.%) alloys were observed using optical microscopy and 
field-emission scanning electron microscopy. Then the 
chemical compositions of dendrite and precipitates in the Fe-
Cr-C-Si-Mo alloys were analyzed using Electron Back 
Scattered diffraction Pattern. Subsequently, a Rikagu 
diffractometer was employed for the X-ray diffraction (XRD) 
studies of the precipitates formed in the Fe-based hardfacing 
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alloys with continuous scan speed of 5 /min at an operating 
voltage of 100kV, using Cu-K  radiation ( =1.54056 Å).  

Table. 1 Nominal elemental composition of the hardfacing alloys. 
(wt.%) 

Element Co Fe Cr Si Mo C 
Stellite 6 60 2.1 29 0.8 0.59 1.3

Mo-added  
Fe alloy 

- 76.3 19.9 0.9 0 1.7
- 75.3 19.9 1.0 2.98 1.7
- 74.3 20 0.9 6.01 1.7

 
III. Results and Discussion 

The cumulative weight loss of Fe-Cr-C-Si-xMo (x = 0, 3 
and 6 wt.%) alloy and Stellite 6 were measured doing the 
cavitation erosion test every 3 hour for a period of 50 hours. 
The results are presented as a function of the exposure time 
in Fig. 2. 

Fig. 2 Compares the cumulative weight loss of Stellite 6 and Mo-
added Fe-base alloys as a function of exposed; (a) 0 wt.% Mo (b) 3 
wt.% Mo (c) 6 wt.% Mo (d) Stellite 6 

 
The respective cumulative weight losses of 0, 3 and 6 wt.% 

Mo added alloys and Stellite 6 were roughly 3.2, 1.8, 2.3 and 
1.9 mg·cm-2 after 50 hours of exposure. In the case of 3 wt.% 
Mo added alloy had similar cavitation erosion characteristics 
compared to that of Stellite 6.  

Alloying iron with Cr and various quantities of C, W and 
Mo produces a family of alloys which can have excellent 
resistance to corrosion and/or erosion 12). It was concluded 
that the Fe-based alloy containing M23C6 and M6C carbides 
has better cavitation erosion resistance than that containing 
M7C3. It is known that the cavitation erosion resistance is not 
affected by the carbide type, but complexly by the hardness, 
size, distribution and volume fraction of carbide.  

It is not easy to identify the carbide types from the simple 
comparison of XRD peaks and Joint Committee on Powder 
Diffraction Standards (JCPDS) values since the wide 
solubility limits of most carbides exist. The precise value of 
lattice parameter will vary between compositional changes 
and processing. The phase identification in the Mo-free alloy 
and molybdenum-added alloys was carried out by comparing 
the data on the lattice parameters of each phase based in 

standard JCPDS cards and the lattice parameter of each 
phase estimated from XRD peaks 13). 

Fig. 3 XRD is after the intergranular corrosion of all the tested Mo 
added alloys 

 
Fig. 3 (a), (b) and (c) show the XRD patterns taken from 

the surface of Fe-based alloys with varying Mo contents to 
investigate how the types of carbides change with Mo 
contents. The addition of Mo in Fe-based alloy suppresses 
the formation of M7C3 type carbide. This transformation on 
carbide structure is similar to the previous result that Cr-rich 
carbides transform from M7C3 to M23C6 and M6C in a Fe-Cr-
C-Si alloy with Mo content above 3 wt.%. That is, with an 
increase in Mo content, the M23C6 and M6C type carbides 
were formed instead of Cr-rich M7C3 carbides. 

(a) 0 wt.% Mo

(b) 3 wt.% Mo

(c) 6 wt.% Mo
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Fig. 4 Optical microscope of cavitation erosion surfaces of Mo 
added alloy; (top) before test (bottom) 20 hours after test 
 

The surface morphology of all the tested alloys was 
observed using an optical microscope (top) before and 
(bottom) after the exposure to cavitation for 20 hours which 
is shown in Fig. 4. It can be confirmed with the naked eye 
that the material losses of the low-Mo alloys are less than 
high-Mo alloys. Mo-addition above 3 wt.% was observed to 
increase the cavitation erosion resistance of the Fe-based 
alloy. As shown in Fig. 3, since the more finely distributed 
M23C6 carbide than M7C3 carbide prevented propagating the 
cracks caused by cavitation erosion, it is considered that 
microstructure with M23C6 carbide has improved the 
cavitation erosion resistance.  

As illustrated in Fig. 5, Mo improved the polarization 
behavior of Fe-Cr-C-Si-xMo (x = 0, 3 and 6 wt.%) in the 
saline medium. Although both Mo-free and Mo-added alloys 
exhibited poor polarization behavior and were even 
anodically active, the addition of Mo positively affected the 
corrosion current density and potential. With increasing Mo 
content, the corrosion current density decreased and the 
corrosion potential moved toward the noble direction. Since 
Mo remained in the austenite phase as solute atoms during 
the solidification, the composition of the matrix may be 
chemically improved. It is considered to be reason for the 
increased corrosion potential with Mo addition. 

Consequently, the increased corrosion potential was 
beneficial to the corrosion resistance of the alloy due to 
reduction of potential difference for carbides. In addition, the 
decrease of the corrosion current density indicated the 
dissolution rate of the metallic ions. 

Fig. 5 Polarization curves of the alloys in the saline medium 
 

IV. Conclusions 
With an increase in Mo content, the M23C6 in the 

interdendritic region and M6C type carbides at the interface 
of dendrites were formed instead of Cr-rich M7C3 carbide 
observed in the interdendritic region of the Mo-free Fe-based 
hardfacing alloy.  

In addition, with increasing Mo content, the size of Cr-
rich carbide formed in the interdendritic region decreased, 
but that of M23C6 and M6C type carbides formed at the 
interfaces of dendrites increased as the refinement of Fe-rich 
dendrites. The addition of Mo improved the cavitation 
erosion resistance of Fe-based hardfacing alloys. It was 
concluded that the Fe-based alloy containing M23C6 and M6C 
carbides has better cavitation erosion resistance than that 
containing M7C3. And with increasing Mo, the corrosion 
current density decreased and the corrosion potential moved 
toward the noble direction. Since Mo remained in the 
austenite phase as solute atoms during the solidification, the 
composition of the matrix may be chemically improved. It is 
considered the reason for the increased corrosion potential 
with Mo addition. 
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Particle and Heavy Ion Transport code System (PHITS) support a broad range of research activities: radiation 
shielding and dosimetry, radiotherapy and space science as well as the high-energy physics.  In this paper, various 
benchmark calculations based on high-energy collision experiments are carried out using the PHITS code: particle 
production (positive and negative pion) on thin or thick targets (hydrogen, carbon and aluminum), energy deposition 
in target and peripheral equipment.  On the whole, the good agreement between PHITS calculations and 
experimental data is shown for many cases.   

 
KEYWORDS: benchmarking, Monte Carlo simulation, high-energy physics, PHITS   
 

I. Introduction* 
In the most recent high-energy collision experiments, 

such as International Linear Collider (ILC1)) and Large 
Hadron Collider (LHC2)), researchers need support from the 
simulation code with hadron-nucleus event generators, and 
general purpose particle interaction and transport codes.  In 
the high-energy physics community, MCNPX3), GEANT44), 
FLUKA5), MARS6) and PHITS7) are famous and widely used.  
All code development groups do perform their code 
verifications and usually well document them.  In some 
case, there are still some disagreements between the results 
performed by existing simulation codes.  Predictive power 
and reliability of the codes are of a great importance in many 
application fields.  Therefore, there is a pressing need to 
verify the calculation accuracy, in order to identify the 
shortcomings of existing simulation codes, improve our 
understanding of hadronic showers and investigate the need 
to acquire new data to improve hadronic shower models.   

In this presentation, benchmarking relevant to high-
energy collision experiments is carried out with the PHITS 
code 

   
II. PHITS calculation conditions   

In the PHITS code, the simulation model JAM (Jet AA 
Microscopic Transport Model) developed by Nara et al.8) is 
employed.  JAM is a hadronic cascade model, which 
explicitly treats all established hadronic states including 
resonances with explicit spin and isospin as well as their 
aniti-particles.  For neutrons, JAM is used with the energy 
range from 20 MeV to 200 GeV.  For protons and other 
hadrons, JAM was also used above 1 MeV up to 200 GeV, 
but for charged particles below 1 MeV only the ionization 
process is considered until the particles are stopped.  For 
neutron transport with energies below 20 MeV down to 1 
meV, the PHITS code employs the same neutron transport 
method as in the MCNP4C9) code based on the evaluated 
nuclear data such as the ENDF-B/VI10), JENDL-3.211) and 

*Corresponding Author, Tel: +81-29-282-6704; Fax: +81-29-284-
3741; E-mail: matsuda.norihiro@jaea.go.jp   

JENDL-3.312).  At the end of the dynamical stage, the GEM  
model13) (Generalized Evaporation Model) is used for light 
particle evaporation and fission process of the excited state.  
Excited nuclei are forced to decay in a statistical way to get 
the final observed state.  The PHITS code can also be 
transported photon and electron below 1 GeV in the same 
manner as in the MCNP4C code based on ITS version 3.0 
code14).  Evaluated nuclear data for photon and electron was 
used with energy ranges from 1 keV to 1 GeV.  Photon and 
electron with the energy above 1GeV was treated as 
weighted with its energy.   

 
III. Benchmark problems   
1. Double-differential Production Cross-sections of a 
Positive Pion Incoming Protons of 12.9 GeV/c on a Thin 
Aluminum Target   

Double-differential production cross-section for a pion of 
positive charge was measured in the HARP experiment15). 
The incident protons of 12.9 GeV/c momentum were 
impinged on a thin aluminum target of 5 % nuclear 
interaction length(19.8 mm in thickness). The excellent 
agreement between experimental data and calculation results 
by the PHITS code are shown in Fig.1. At the cross-section 
peak around 0.5-2.5 GeV/c momentum, PHITS results tend 
to overestimate experiments. The differences are within 
20 %. 

 
2. Productions of Positive and Negative Pions Incoming 
Protons of 67 GeV/c on a Thick Aluminum Target   

Productions for pions of positive and negative charge 
were measured in the IHEP experiment13).  The incident 
protons of 67 GeV/c momentum were impinged on a thick 
aluminum target (600 mm in thickness).  A comparison 
between experimental data and calculation results are shown 
in Fig.2.  In the figure of positive pions, calculations by the 
PHITS code agree well with the experimental data at below 
40 GeV/c, while at higher momenta, PHITS tend to 
overestimate experiments as the statistical precision drops 
away. In the case of negative pion, the PHITS calculations 
are overestimation compared with experiments in the whole 
momenta.  
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Fig. 1 Comparison of double-differential production cross-section 
for a pion of positive charge in the laboratory system for incoming 
protons of 12.9 GeV/c on a thin Al target as a function of pion 
momentum, in bins of pion polar angle 

3. Integrated Distributions for Pions of Positive and 
Negative Charge produced in p (158 GeV/c momentum) 
+ p interactions   

Density distribution dn/dxF as a function of xF, as well as 
density distribution dn/dy as a function of y (rapidity) for 
positive and negative pions were measured in the NA94 
experiment14).  The incident protons of 158 GeV/c 
momentum were impinged on a liquid hydrogen target of 
2.8 % nuclear interaction length (202.9 mm in thickness).  
PHITS calculations are compared with the experiments as 
shown in Fig.3.  PHITS and the experimental data are in 
good agreement in the whole.  However, dn/dxF of positive 
pions gives slightly overestimate.  

 
4. Integrated Distributions for Pions of Positive and 
Negative Charge produced in p (158 GeV/c momentum) 
+ C interactions   

Same type of the experiment15) changed to graphite target 
was performed.  The incident protons of 158 GeV/c 
momentum were impinged on the graphite target of 1.5 % 
interaction length (7 mm in thickness).  A comparison 
between experimental data and calculation results are shown 
in Fig.4. PHITS calculations gives remarkable good 
agreement with the experimental data.   

 

 
Fig. 2 Comparison of productions for pions of positive and negative 
charge in the laboratory system for incoming protons of 67 GeV/c 
on a thick Al target as a function of pion momentum, in bins of pion 
polar angle 

 

Fig. 3 Comparison of density distributions dn/dxF and dn/dy for 
pions of positive and negative charge in the center-of-mass system 
in p (158 GeV/c momentum) + p interactions 
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Fig. 4 Comparison of density distributions dn/dxF and dn/dy for 
pions of positive and negative charge in the center-of-mass system 
in p (158 GeV/c momentum) + C interactions by the PHITS code 

5. Heat Deposition in Absorber Around Target   
Heat deposition in cylindrical inner absorber made of 

copper was measured at KEK16).  The incident protons of 
12.9 GeV/c momentum were impinged on a copper target of 
20 % nuclear interaction length (3 cm in thickness and 1.5 
cm in radius).  Inner and outer absorbers are surrounding 
the target, as shown in Fig. 5.  The heat deposition in inner 
absorber is derived from energy deposition of secondary 
particles produced by the target interacting with the proton 
beam.  Measurements of heat deposition were carried out 
with changing its position from the center of the absorber 
along the beam direction.  A comparison between the 
experiments and PHITS calculations are shown in Fig.6.  
PHITS shows remarkable excellent agreement with the 
experimental data.   

 

Fig. 5 Cutaway view of experimental geometry (copper target and 
inner and outer absorber) 

Fig. 6 Comparison of heat deposition of secondary particles emitted 
from the copper target interacting with the 12.9 GeV/c proton beam 
in inner absorber 

6. Energy Deposition in Iron-scintillator Calorimeters 
Incoming Negative Pions from 10 to 100 GeV   

Energy deposition in tile calorimeters was measured in 
the CDHS experiment17).  The tile calorimeter is a sampling 
device made of steal and scintillating tiles, as absorber and 
active material, respectively.  Each module of the 
innovative design of this calorimeter spans 2 /64 in the 
azimuthal angle and is consisted of trapezoidal steel plates 
and scintillator tiles.  The iron to scintillator ratio is 4.67:1 
by volume.  The incident pions of negative charge of 10, 20, 
50 and 100 GeV were impinged on a front face of the tile 
calorimeter.  The innovative tile calorimeter module and the 
experimental arrangements are shown in Fig. 7.   

 

Fig. 7 Design of a iron-scintillator tile calorimeter module and 
schematic layout of the experimental set-up 
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Fig. 8 shows a comparison of the calculation results by 
the PHITS code with the experimental data of the energy 
depositions in the tile calorimeters.  The results of PHITS 
reproduce the experimental data with the energy of 10 and 
20 GeV.  However the case of 50 and 100 GeV pions, 
PHITS underestimates the data.   

Fig. 8 Comparison of energy deposition in iron-scintillator tile 
calorimeters impinged on a front face with incident pion of 
negative charge of 10, 20, 50 and 100 GeV 

VI. Conclusion   
Benchmark calculations based on high-energy collision 

experiments are carried out using the PHITS code: particle 
production on thin and thick targets and energy deposition.  
In the pion production case, PHITS calculation gives good 
agreement with the experimental data.  On the other hand, 
there is a slight difference between the calculations and the 
experiments in energy deposition.  Obviously, much more 
verification is needed, especially for energy deposition.  On 
the whole, the result indicates that PHITS can apply to 
support high-energy physics applications such as ILC and 
LHC.   
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Radiation Shielding Calculations of 100MeV Proton Beam Bombarded to Mass Radioisotope 
Produced Target 
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A Monte Carlo simulation was carried out to estimate dose equivalent rate in a radiation shield configuration of a 
100MeV-proton target station for radioisotope mass production. In this study, we consider the dose rates of photons 
and neutrons at working places, where a worker may be exposed to the radiations during the machine operation near a 
target room. A radiation shielding configuration for the target is designed optimally by estimating radiation dose rates 
of photons and neutrons with respect to various shielding materials, which are used to reduce the radiation dose rates 
below acceptable limits. In this proposed model, the proton beam line from the accelerator to the target is constructed 
in tunnel under the ground. A pathway to the target room is designed with a width of 1.7 meters for workers accessing 
to the machine. The radiation shielding walls were consisted of concrete blocks including lead stacked with a 
dimension of 0.8 meters thickness. To ensure the distribution of the radiation dose beyond the shielding walls, we 
allocated the pathway into 15 different points for the purpose of visualizing the variations of dose rate. 

 
KEY WORDS: radiation shielding, Monte Carlo simulation, producing radioisotope, 100 MeV proton beam 
 
 

I. Introduction * 
In general, a primary radiation (in this case 100 MeV 

proton beam) for producing radioisotopes makes several 
secondary radiations such as, photons neutrons, protons, and 
so on. Each radiation has to be shielded from workers who 
are operating and maintaining the machine with a proper 
shielding method. Therefore, a shielding calculation for the 
designed configuration of target room has to be carried out 
before the facility construction with the aim of good 
shielding and saving the expenses.  

In this work, Monte Carlo simulations with MCNPX1) 
was performed to evaluate the radiation doses of a target 
station with a proper shielding configuration for radioisotope 
production in the case of a 100 MeV proton. For the mass 
production of radioisotopes, a stacked solid targets are 
bombarded with 100 MeV proton beam with currents of 
250 . The intensity of proton beam is fixed from the result 
of computer simulation. Various radioisotopes will be 
produced for application in both nuclear medicine (diagnosis 
and treatment of cancer) and researches for molecular 
imaging, including commercial productions. The multiple 
target system was designed and its thermal analysis 2) was 
carried out for the case of 100MeV proton beam irradiating 
the target up to 300  current.  

The Monte Carlo method, that is very useful tool for 
solving a radiation shielding problem, is used in the 
shielding assessment for the 100 MeV proton beam 
bombardment station to compare with a previous report, 
National Council on Radiation & Protection (NCRP) Reports 
published by National Council on Radiation Protection and 
Measurements. 

*Corresponding Author, Tel. +82-17-339-7260, Fax. +82-31-443-
4289, E-Mail: michael@hanilnuclear.co.kr 

 
Fig. 7 Horizontal view of the target station. A blue line represents a 
proton beam line. The target system is shielded by ordinary 
concrete. The target is located at the middle of ordinary concrete 
structure along the blue beam line. 

 
II. MCNPX Modeling and Calculation Method  
1. Modeling of the Structure of Target Station 

A geometrical design of the target bombardment station in 
x-y plane is represented in the Fig. 1, where the beam line 
(blue line) to the target station is developed through the 
tunnel under the ground. 

A pathway to the target station is initially designed to 
having the width of 1.7 meter wide. However, for the proper 
radiation shielding, concrete blocks including lead were 
stacked more, narrowing the space to 0.8 meters for the 
working place. To obtain the distribution of the radiation 
dose according to the shielding materials, along the pathway 
15 different points were assigned for the calculations. Soil 
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(60cm) outside of the concrete wall was also included in this 
calculating model.  

The simulations were carried out with the same condition 
except for the material compositions of concretes to ensure 
the shielding effects between the concrete with leads (density 
=5.0) and without leads (ordinary concrete block, density 
=2.339). The thickness of walls was varied from 2.5 m to 

3.7 m as well to confirm the reduction effect of dose rates. 

2. Modeling of Targets 
The target system to produce various radioisotopes is 

consisted of three solid targets with a forced cooling system. 
The disk-type targets of Mg (thickness, t=18mm), Zn 
(t=5mm), and Ga (t=2mm) are located in a row with a space 
of 5mm, where cooling water flow to remove the heat 
generated by the incident proton beam. Fig. 2 represents the 
model of the target system for this calculation. 

 

 
Fig. 2 Geometrical model structure of the target system. Three 
targets are located in the perpendicular direction of the incident 
proton beam. All three targets (Ga target (9), Zn(5), Mg(7)) are 
emerged into the cooling water(10), which is playing both to 
dissipate heat and to shield neutrons. The color and numbers are 
used to distinguish the materials, which are used in the calculations 
of the MCNPX code. 

 
3. Modeling of Source 

Incoming protons at 100 MeV pencil beam with a current 
of 250  produced secondary radiations through nuclear 
reaction inside target materials. When 100 MeV proton beam 
is passing through the target material, its kinetic energy is 
decreased until stop inside targets. The nuclear cross-section 
of incident proton and target material will be varied as a 
function of proton’s kinetic energy and thus the secondary 
radiation distribution as a radiation source could be 
estimated. 

The estimated dose rate caused by neutrons and photons 
were defined as the multiplication of their fluxes and flux-to-
dose conversion factor indicated in ICRP 213) for the unit 
time. The fluxes of neutrons and photons were estimated 
separately from the cross-sections of nuclear reaction for the 
incident beam and targets.  

4. Results 
Table 1 indicated the dose rate at the 15 locations from A 

to O in the case of using ordinary concrete (left) and lead 
contained concrete (right). From the calculations, the dose 
rate due to the neutrons is 10 times higher than that due to 
photons. Therefore, a proper neutron shielding is more 
important than the shielding of photons for protecting 
workers. The lead contained heavy concrete is more 
effective to prevent the secondary radiation from the targets. 

 
Table 1 Variation of dose rate at 15 locations 

Points
Dose rate (Sv/hr) 

Ordinary concrete Lead included concrete
Neutron Photon Neutron Photon 

A 8.5 102 22 8.5 102 21 
B 54 1.6 10-1 52 1.5 10-1

C 5.9 2.2 10-1 5.3 2.8 10-1

D 1.3 1.0 10-1 9.7 10-1 1.1 10-1

E 9.6 10-1 7.3 10-2 8.7 10-1 6.6 10-2

F 1.3 10-1 2.1 10-2 1.0 10-1 1.7 10-2

G 8.8 10-2 8.5 10-3 7.4 10-2 1.1 10-2

H 9.3 10-3 8.9 10-4 7.7 10-3 1.9 10-3

I 1.2 10-2 1.8 10-3 1.6 10-2 2.3 10-3

J 9.5 10-4 1.4 10-4 7.9 10-4 2.8 10-4

K 2.5 10-3 3.6 10-4 2.5 10-3 6.1 10-4

L 2.7 10-3 3.7 10-4 2.3 10-3 3.8 10-4

M 2.3 10-3 2.4 10-4 1.1 10-3 2.0 10-4

N 1.8 10-3 1.3 10-4 7.0 10-4 8.9 10-5

O 6.1 10-4 9.2 10-5 3.0 10-4 2.3 10-5

 
Table 2 Dose rate by neutrons with using lead included concrete 
blocks 

Points
Dose rate (Sv/hr) 

Thickness of concrete wall(m) is 
2.5 3.0 3.5 3.7 

A 4.4 102 4.4 102 4.5 102 4.4 102

B 27 27 27 27 
C 2.8 2.8 2.7 2.9 
D 5.1 10-1 5.2 10-1 5.2 10-1 5.6 10-1

E 4.4 10-1 4.3 10-1 4.5 10-1 4.7 10-1

F 6.9 10-2 7.3 10-2 7.0 10-2 8.4 10-2

G 3.4 10-2 3.2 10-2 3.1 10-2 5.5 10-2

H 2.8 10-3 4.6 10-3 4.4 10-3 8.3 10-3

I In wall In wall In wall In wall 
J 1.5 10-3 4.4 10-4 4.2 10-4 1.1 10-3

K 1.5 10-3 1.3 10-3 1.2 10-3 2.3 10-3

L 1.4 10-3 7.3 10-4 7.0 10-3 2.7 10-3

M 1.2 10-3 1.0 10-3 1.0 10-3 2.0 10-3

N 9.0 10-4 7.6 10-4 7.3 10-3 1.0 10-3

O 4.1 10-4 1.4 10-4 1.3 10-4 2.4 10-4

 
 
The dose rate was indicated higher at the front side of the 

target station because the streaming radiation is dominant. 
From the Table 2, the radiation was shielded more 
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effectively in the case of using concrete included lead (than 
ordinary concrete) in both neutron and photon cases.  

The second simulation is carried out to consider the wall 
thickness in order to reduce the dose rate near the target 
system. Although the thickness of a concrete wall increased 
from 2.5 m to 3.7 m, the dose rate did not show dramatic 
changes. From the above fact, the streaming radiation is 
much more dominant than the secondary radiation.  

Fig. 3 indicates the calculated results of neutron dose rate 
in the case of using a lead contained concrete (a) and an 
ordinary concrete (b). It is clearly indicated the concrete 
contained lead shield is more effective than the ordinary 
concrete. For the case of the configuration using lead 
contained concrete blocks, the dose rate of the O point 
(working place during beam irradiation) is reduced as low as 
3.0×10-4 Sv/hr. Assuming a worker has been staying for 40 
weeks (1 week = 5 days, 1 day = 8 hours), the worker will be 
exposed about 0.5Sv per years, which is higher than the 
ICRP recommendation. Therefore, the worker is suggested to 
strongly limit accessing time up to 2.0 hours per day.   

 

 
Fig. 3 Dose rate due to neutrons generated by nuclear reaction from 
the targets. Lead contained concretes (a) are more useful than 
ordinary concretes (b) for shielding radiations 

 
III. Conclusions 

In this work, shielding calculation was carried out for the 
target station shielding structure with the MCNPX code. The 
major radiation to affect dose rate at the entrance of target 
room is due to the streaming radiation from the pathway and 
no significant change was observed by varying the thickness 
of concrete wall for radiation shielding. In this designed 
facility, workers can carry out their duties to operate the 
machine within limited time. 
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The J-PARC LINAC accelerated the H-minus beam up to the energy of 181 MeV, which is the design value, on 
January 24th, and got the official license for the beam operation on February 27th, 2007.  The beam losses are 
enough small that the detectable radiation leaks to the working area can be scarcely observed, while the inevitable 
activation of the beam-line components start slowly.  In this paper, we briefly report the method used in the radiation 
shielding calculation of the J-PARC LINAC. 
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I. Introduction  
The J-PARC1) LINAC accelerated the H-minus beam up 

to the energy of 181 MeV, which is the design value, on 
January 24th, and got the official license for the beam 
operation on February 27th, 2007.  The beam losses are 
enough small that the detectable radiation leaks to the 
working area can be scarcely observed, while the inevitable 
activation of the beam-line components start slowly.  Until 
the next step of the beam injection to the 3 GeV rapid cycle 
synchrotron (RCS) will start, the maximum beam intensity is 
restricted to 7.1 x 1016 particles per hour (600W at 190 MeV).  
In this paper, we briefly report the method used in the 
radiation shielding calculation of the J-PARC LINAC. 
 
II. Radiation Shielding Calculation 
1. LINAC Buildings 

The LINAC building has a two-story tunnel under the 
ground.  The accelerator components are installed in the 
second basement, and the level of the beam line locates 12 
meters under ground.  The accelerator tunnel is ~330 
meters in length, and connected to the LINAC - 3 GeV RCS 
beam transport (L3BT) tunnel.  Between L3BT tunnel and 
RCS, there is a concrete shielding wall of 2-meter thickness.  
The beam line is shielded with the concrete of 5-meter 
thickness, or the soil of more than equivalent thickness by 
weight density.  But there are many holes on floor and 
ceiling of the middle tunnel because vast number of cables 
and wave guides are running between the klystron gallery 
(ground level) and the accelerator tunnel.  The holes on 
floor and ceiling are arranged alternately, to avoid a straight 
path and reduce the radiation streaming. 

Fig. 1 shows the vertical section of the LINAC building. 
 
2. Source Categorization 

The beam losses, which provide source term of shielding 
calculation during the beam operation, are categorized in 
three types. The first is full beam loss at beam dump, the 
second is point loss estimated by beam simulation and 

*Corresponding author, Tel.: +81-29-282-6329, 
Fax.: +81-29-284-3741, e-mail: masukawa.fumihiro@jaea.go.jp 

experience by a similar machine, and the third one is line 
loss mainly caused by interaction with residual gas.  These 
beam loss assumption and position are summarized in Table 
1 and shown in Fig. 2. 

The full beam loss occurs at 0-degree beam dump, 600 
Watts, and 30-degree beam dump, 100 Watts.  For 30- 
degree beam dump, beam intensity is determined to avoid 
the air activations at L3BT tunnel and to reduce streaming 
radiation to RCS, which is not ready for beam injection.  
The intensity will be increased to 5.4kW this autumn, when 
RCS will be ready for operation. 

 
Fig. 1 Vertical Section of the LINAC Building 

 
Both dumps catch the primary H-minus beam by carbon, 

intended to reduce secondary neutrons and induced long-life 
activation products.  The 0-degree beam dump is located in 
the tunnel room to facilitate the removal of the dump for 
further accelerator extension.  But the thickness of iron is 
twice as the 30-degree beam dump which is settled in the 
concrete wall, to reduce the radiation in the tunnel. 

The point losses are assumed at drift tube linac (DTL)-1, -
3, separated type DTL (SDTL)-30, debunchers #1 and #2.  
The beam duct sizes in L3BT straight section and the 
followings are larger than that in the upstream.  But as the 
prospective SDTL-31 and -32 tanks are temporarily used as 
the debunchers, their beam duct radius is narrow compared  
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Fig. 2 Beam Loss Position 
 

Table 1  Beam Loss Assumption for the LINAC 
Category & Position Energy [MeV] Loss [W] 

Full Beam Loss 
  0-deg. Beam Dump 
 30-deg. Beam Dump 

 
190 (400)* 
190 (400) 

 
600 
100 (5400) 

Point Loss 
 DTL-1 
 DTL-3 
 SDTL-30 
 Debuncher #1 & #2 

 
20 
50 
190 
190 

 
3 
1 
2 
1 

Line Loss 
 Low Energy Section 
 High Energy & Straight Sects. 
 L3BT Arc & Downstream 

 
0 - 100 
100 - 190 (400) 
190 (400) 

 
1 nA/m 
0.1 W/m 
1 W/m 

*Inside ( ) are the originally designed values 
 
to the rightful duct size.  So these points will be removed 
when the energy recovers to 400 MeV, installed annular
coupled structure (ACS) of rightful duct size. 

The line beam losses are assumed 1 nA/m under 100 MeV, 
0.1 W/m over 100 MeV for straight section, and 1 W/m after 
L3BT arc section. 
 
3. Calculation Method 

For the shielding calculation, the simplified methods and 
the Monte Carlo codes such as PHITS2) and MCNPX3) were 
applied, according to its complexity of the shielding 
configuration. 

For simple penetration through the shielding from beam 
line, Tesch’s formulae4) were used. 

For point loss, 

2

1exp( / ( , ))
2casc PH H J d E

r
 (1), 

and for line beam loss,  

12 exp
0.89 ( , )

2

casc

P

dJ d
H H

dL r E
 (2). 

Here, J means the loss of proton, and the parameters Hcasc 
and  were interpolated from the fitting value by Tesch. 

The Monte Carlo codes were used for the beam dumps 
and its surrounding.  But the shielding materials were so 
thick that the complete analyses by the Monte Carlo were 
time consuming.  Therefore, the estimated values by the 
Monte Carlo at some distance were additionally extrapolated 
for outer shielding by multiplying the attenuation factor of 
the formula (1). 

For streaming calculation, the DUCT-III code5), 6) based 
on Shin’s formula7) was applied to simple configuration; 
long and narrow peepholes for the geodetic surveying, and 
the utility tunnels connected to the machinery rooms on the 
ground. 

The Monte Carlo codes were used for the complicated 
configuration such as the offset streaming via the middle 
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tunnel, and penetrating hole streaming of the shielding wall 
to RCS from the beam dump of several tens meter distance. 

For skyshine calculation, Stapleton’s formula8) was used, 
based on the penetrating dose to ground.  Though 
SHINE39), the simple code for high energy neutron skyshine, 
was developed and applicable, the formula was found to be 
enough reliable by comparison with SHINE3.  Fig. 3 shows 
the comparison of Stapleton’s formula and SHINE3. The 
SHINE3 is based on the conical beam response matrices 
provided by PHITS, and reproduces the PHITS results with 
high accuracy within 2 km.  This code can directly treat the 
zenith angular dependence of the source.  So this is useful 
for facilities on the ground, such as experimental buildings. 

 
Other than radiation dose, the radioactive nuclides 

produced in the tunnel air and the accelerator coolant water 
by spallation and activation, were also estimated.  
Estimation was made using calculated energy spectra  of 
protons and neutrons in the tunnel air and the water-cooled 
beam line components by PHITS, multiplied by the isotope 
production cross section sets10) , which were obtained from 
experimental and theoretically calculated data. 

For minimizing the environmental impact by the short- 
lived nuclides in the accelerator room air and cooling water, 
they are circulated in closed cycle during beam operation.  
For the short-lived nuclides in the cooling water, the 
asymptotic activity A  are estimated by, 

0

1 exp
exp

1 exp
irrad

cooling

t
A n t

T
(3). 

Here, n0 is the number of target nuclides in the irradiated 
volume per unit time, tcooling is the time needed for moving 
after irradiation, typically from outlet of the component to 
machinery room, tirrad is the irradiation time, and T is the 
overall cycling time for the system. 

The activation nuclides from pipe corrosion were also 
estimated from the measurements in KEK-PS11) and 
LAMPF12). 

 
4. Calculation Examples 

The LINAC building is so large that there are many points 
to evaluate dose.  So we show some examples below. 

Fig. 4 shows the penetrating neutron dose rate at the 
concrete wall and ceiling around the 0-degree beam dump, 
made of carbon beam stopper with 1-meter iron shielding in 
forward and lateral direction.  For the wall, the forward 
direction is in the plot.  The distance between the dump and 
the wall is 6 meter, and that between the dump and the 
ceiling is 3 meter.  The beam losses are 600 W in both 
energy case.  Though, in 190 MeV, the proton number is 
over twice as in 400 MeV, the neutron dose penetrating 
carbon dump is below half in 190 MeV as in 400 MeV at the 
surface (0 cm), and the differences are enhanced with 
concrete thickness.  Because of the hard spectra in the 
forward direction, the declines of the dose are moderate 
compared to those in lateral direction.  The minimum 
concrete thickness of the ceiling is ~ 5 meter, and the dose 
extrapolated to the ground by formula (1) is 8x10-2 Sv/h in 
400 MeV case. 

 

 

Fig. 5 shows the streaming neutron dose rate in the utility 
tunnel #2 calculated by DUCT-III.  Line loss of 20 meters 
and point loss at the debuncher #1 are considered to this 
calculation.  The utility tunnel #2 is two-bent maze with 5.2 
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meters high and 4 meters wide, and total 37 meters long.  
As the code calculates the flux distribution in duct with 
open-end, discontinuity with next leg occurs due to 
scattering at the corner. 

For the skyshine dose, considering whole assumed beam 
losses, the maximum dose from LINAC is 0.54 Sv/3month 
at the nearest site-boundary, 110 meters from LINAC, by 
using the Stapleton’s formula. 

The short-lived nuclides occurring in the tunnel air were 
calculated to be under the derived air concentration (DAC) 
in the accelerator tunnel, whereas 10 times as DAC in L3BT 
tunnel.  For the cooling water, the gamma-dose by the 
short-lived nuclides was estimated to be at most 3 Sv/h on 
pipe surface in the machinery room.  The scenarios of the 
ventilation of the tunnel air and the exchange of the coolant 
water were drawn out, based on those estimations. 

 
III.  Conclusion 

With relatively lower energy and lower level of beam loss 
than other accelerators in J-PARC, the radiation safety aspect 
of LINAC is not so severe.  Therefore, the more reasonable 
shielding design was required to save the construction cost. 
As the beam line level is as the same as RCS, the penetrating 
dose to the ground were lower than 8x10-2 Sv/h in LINAC, 
whereas the streaming dose were lower than 12 Sv/h.  As 
a whole, radiation dose to workers and environment were 
calculated to be enough low with regard to regulations, on 
the assumed beam loss condition.  The validity of the 
shielding design and methods will be confirmed in near 
future, based on real operation. 
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Radiation Shielding Design for 300keV Ion Implanter 
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PEFP(Proton Engineering Frontier Project) developed the 300 keV ion implanter for basic experiments. This 
facility, sponsored by ARTI (Advanced Radiation Technology Institute), was designed and manufactured for studies 
on a surface modification by an ion beam. Generally, in developing an ion implanter whose energy is around 300 keV 
or more, a shielding provision should be considered to prevent an unexpected exposure. During the development of 
PEFP’s 300 keV ion implanter, its shielding issue was a localization of the shielding effect and the prevention of an 
acceleration of the secondary electrons by using a magnetic field, because it was needed to reduce X-ray more 
efficiently and the weight of the shielding material as well. In this paper, localization shielding concept was adopted 
and also a magnetic field was placed in the middle of an accelerator tube. Consequently, through this work, we 
reduced not only 30 % of the X-ray intensity but also the weight of the shielding materials. 

 
KEY WORDS: 300keV on implantation system, radiation shielding, radiation source, acceleration tube, slit, X-
ray 
 
 

I. Introduction  
An ion implanter is used to enhance the physical 

properties of material’s surface such as metals, plastics and 
ceramics, etc. Sponsored by ARTI, PEFP has been developed 
the 300keV ion implanter for basic experiments and pilot 
studies for a proton and ion beam application development. 

 
Fig. 1 Configuration of the 300keV Ion Implanter of PEFP (x-y 
side, unit : mm) 

 
In this study, we considered two different local shielding 

concepts for this ion implanter to prevent an unexpected 
exposure more efficiently than the other types: Local 
shielding with a lead-plate and a magnetic field. A lead-plate 
shield was applied to the ion-source part of the implanter. 
After measuring the radiation dose of that part and searching 
for which parts of it emitted radiation significantly, shielding 
was installed in those parts.  

The benefit of the proposed local shielding is a cost-
reduction and a convenient way for a radiation shielding 
because it doesn’t require shielding walls which encompass 
the whole implanter. Additionally, a magnetic field was 
applied to the middle of the accelerator tube, and it reduced 
the x-ray originating by energized electron by up to 30 %. 

Through applying this type of shielding to the 300 keV 
ion implanter of PEFP, we were able to acquire not only a 

Corresponding Author, Tel. +82-42-868-4663, Fax. +82-42-868-
8131, E-Mail: kjmun@kaeri.re.kr 

cost effective shielding but also reliable shielding 
performances, which were proven by the experimental 
results. The details of this shielding will be described as 
below. 

 
II. 300keV Ion Implanter of PEFP 

300 keV ion implanter consists of a DuoPIGatron ion 
source, a slit, an accelerator tube and a scanner which can 
irradiate a target with 15 cm x 15 cm. Its ion implantation 
procedure is as follows: 

 
1) Plasma is generated by negative ions from a filament of 

the ion source which collide with gas in a acceleration tube. 
2) Positive ions are extracted from the plasma gas by 

applying a voltage of 20~30 kV to the mass separation 
magnet. 

3) Positive ions from the ion source are sent to the 
accelerator tube by way of a slit. 

4) In the accelerator tube, positive ions are accelerated to 
300 keV by the differential voltage of the 12 electrodes in 
the accelerator tube. 

 
III. Radiation Sources of the 300keV Ion Implanter 
of PEFP 

Radiation sources of the 300 keV ion implanter emit 
accelerated ions and X-ray generated by them; However, the 
accelerated ions and characteristic X-ray don’t affect   the 
prompt radiation dose because their energy is too low, and 
the weight of the former is very heavy. Moreover, the 
accelerated ions generate secondary electrons whose energy 
reaches to 280 keV and they generate bremsstrahlung X-ray 
by colliding with the materials such as the wall of an 
accelerator tube, electrodes, and etc. 

Fig. 2 describes the radiation generation scheme of the 
ion implanter. In the 300 keV ion implanter, neutron and 
gamma ray are not considered; Neutron and gamma ray are 
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only induced when the energy of the particle ranges from 
more than several tenth of MeV. 

 
Fig. 2 Radiation Generation Scheme of the 300keV ion implanter 

 
While secondary electrons in an accelerator tube move 

from the slit to the ion source, the energy of these particles 
will increase up to 280 keV by the direct voltage across the 
accelerator tube.  

We conservatively assumed that the yield of the 
secondary electrons would be 10% of the injected ions in the 
accelerator tube. According to the measurement of the 
secondary electrons when operating the 300 keV ion 
implanter, the yield of the secondary electrons usually 
doesn’t exceed 10% of the injected ions. 

Fig. 3 describes position A and B for estimation of the 
dose rate. The distances of Position A and B from the slit are 
about 6 m and 3 m, respectively.  

 
Fig. 3 Estimation position (unit : mm) 

 
IV. Radiation Shielding Scheme for the 300keV Ion 
Implanter 

In designing the shield, X-ray generation process from the 
300 keV ion implanter is analyzed by MCNPX1). Instead of 
installing a shield all around the implanter, a local shield is 
provided around each position. And the X-ray is reduced by 
applying a magnetic field at the accelerator tube to prevent 
an acceleration of the secondary electrons. 

 
1. Parameters for the Radiation Shielding 

In Korean law, dose limit to a controlled and non-
controlled area for 40 hours per week of a working time is 
set to 1 mSv/week and 0.1 mSv/week, respectively. Mass 
attenuation coefficients for the lead used in a shielding are 
150 cm2/g for 9keV photon and 0.373 cm2/g for 300 
keV(280 keV) photon with a density of 11.34 g/cm3. The 
main parameters and design limits are described below: 

- Target Material : Cu(Z=29) 
- Beam Current at the Accelerator Tube : 10 mA 
- Secondary Electron Yield : 10% 

- Electron Energy : 280 keV 
- Design Limit: 12.5 μSv/hr for Controlled Area 
             2.5 μSv/hr for Non-Controlled Area 
 

2. Radiation from the 300keV Ion Implanter 
Radiations from the 300 keV ion implanter consist of 

characteristic X-ray and bremsstrahlung X-ray. 
 

(1) Characteristic X-ray 
The electrons around a nucleus are arranged in shells or 

layers. If the normal electron arrangement around a nucleus 
is altered through an ionization of an inner electron or 
through an excitation of electrons to higher energy levels, 
the electrons begin a complex series of transitions to 
vacancies in the lower shells. In each electronic transition, 
the difference in the binding energy between the initial and 
final state is either emitted as a photon, called characteristic 
X-ray. Energy of characteristic X-ray can be calculated by 
Equation (1) to within 4% tolerances2). For example, X-ray 
energy for a Cu target is Ek (eV) = 8.977 keV. 

Ek(eV)=5.706Z2.186  (1) 
The intensity of the characteristic k-series X-ray is 

derived from the fluorescent yield of the k shell, as shown in 
equation (2) 2). According to equation (2), wk is 0.387 
because Z is 29. 

wk=(1+1.12×106 Z-4)-1  (2)  
Secondary electron yield is assumed as 10 % of a full 

beam current(10mA). Therefore, the intensity of the 
characteristic X-ray is I = 6.24×1015 e/sec × 0.387 = 
8.70×1018 hr-1 and the dose conversion factor of the 9 keV 
photon is 6.1×10-14 Sv cm2 3). So, by a multiplication of these 
two values, the dose rate becomes 5.307×105 Sv/hr. 
Therefore, the thickness of the lead to satisfy a dose level 
below 12.5 μSv/hr by equation (3) is  

I = I0 e-μt  (3) 
11

2 3 1

2

3

12.5 / 5.307 10 /
 , 150 / 11.34 / 1701

              150 /  :    for 9keV photon
               11.34 / :    

tSv hr e Sv hr

where is cm g g cm cm

cm g Mass attenuation coefficient

g cm Density of the Lead

 

Therefore, the thickness(t) of the lead should be more 
than 0.014 cm. By considering the scattered X-ray in the 
shield, the buildup factor, B(μt), is 1.04 when the thickness 
of the shielding lead is 0.015 cm. Therefore, the dose rate of 
the characteristic X-ray is 5.307×1011e-1701  0.015 × 1.04= 
4.580 μSv/hr; that is, an additional shielding is not necessary 
for the characteristic X-ray. 

 
(2) Bremsstrahlung X-ray 
(a) Operation Room Shielding 

Energy distribution of the bremsstrahlung X-ray is 
approximated as shown in equation (4)2).  

0( ) 2 ( )E kZ T E   (4)  
where, k=0.7 10-3MeV-1 

Z is the atomic number of an absorber 
T0 is the energy of the incident electron on the target 
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Bremsstrahlung is distributed from 0 eV to a maximum 
electron energy. To simplify the calculation, radiation of a 
high energy is only considered in the shielding design. This 
assumption is conservative enough as a buildup factor is not 
necessarily considered, when the incident energy range is up 
to several MeV and the mass number of a target material is 
more than 80 (i.e. lead). If E ranges from 0.2 MeV to 0.28 
MeV, the intensity of the bremsstrahlung X-ray is integrated 
as below. 

2 2
15 3

11

(0.28 0.2 )6.24 10 2 0.7 10 29 0.28 0.08
2

8.107 10 / secp

 

By modeling the radiation source as an isotropic point 
source, the intensity of the bremsstrahlung X-ray at a 6 m 
distance from the source is described in equation (5). 

0

2
0 2 ( / sec)

4

t

p

e
S

p cm
r

  (5) 

Therefore, the intensity of the photon is:  
11

5 2
2

8.107 10 1.79 10 / sec
4 600

p cm  

Dose conversion factor for the X-ray by ICRP 74, with its 
energy ranges from 200 keV to 300 keV, is 1.8 pSv cm2. 
Effective dose rate is derived as below: 

5 2 2
1

7 3

1.79 10 ( / sec) 1.8( )

3.22 10 / sec 1.16 10 /

P p cm pSv cm

Sv Sv hr
 

Therefore, to reduce the effective dose rate to below 12.5 
μSv/hr, the lead thickness should be more than 1.07 cm. But 
if we consider a SUS304 with 0.5 cm thickness (t1) for the 
accelerator tube and the slit, the iron with 0.2 cm thickness 
(t2) for the exterior of the insulated transformer, the radiation 
dose rate is reduced as below:  

1 1 2 2( )3
2

1
1 1

2 3
2 2

1.16 10 ( / ) 308.3 /

,  2.32( ) 0.5( ) 1.16

0.105( / ) 7.86( / ) 0.2( ) 0.165

t tP Sv hr e Sv hr

where t cm cm

t cm g g cm cm

 

As a result, effective dose rate in the operation room at 
about 6 m distance from the radiation source is 308 μSv/h. 
To reduce the effective dose rate to below 12.5 μSv/hr, a 
0.76 cm thickness of the lead shielding is needed. 

 
(b) Shielding at the Equipment Entrance  

When the distance from the ion source to the entrance is 3 
m, the dose rate outside the entrance is 817 μSv/hr by 
considering the shielding effect of the entrance door itself. 
Therefore, to satisfy the design limit (2.5 μSv/hr) for a non-
controlled area, shielding lead of 1.37 cm thickness is 
required. 

Fig. 4 shows that the dose rate decreases according to the 
thickness of the SUS304 layer. The calculation model is: 280 
keV electron point source is covered with SUS304 which has 
a vacuum sphere inside it: radius of the sphere is 10 cm. 

 
 

Fig. 4 Dose changes according to the thickness of the STS304 
 

V. Experimental Results 
1. Local Shielding for the Radiation Source 

To satisfy the radiation dose limit, operation room and 
equipment entrance are surrounded by a lead layer of 0.76 
cm and 1.37 cm thick, respectively. The major radiation 
sources considered for a shielding in this paper are the 
accelerator tube and the slit which connect the ion source 
and the accelerator tube. 

The slit is installed in the box, whose size is 2.6 m by 2.2 
m, and placed on the insulated transformer. For the local 
shielding of the slit, lead with 1.37 cm thickness should be 
added to the exterior of the slit-installed box. But a lead 
shield has the possibility of damaging implanter because it is 
too heavy to be placed at the devices. Therefore, we installed 
the lead inside the terminal wall by reducing its thickness by 
0.5 cm. For an equivalent shielding with 1.3 cm-thick lead, 
we additionally installed a lead shielding door of a 1cm 
thickness for the entrance shielding. Figures 5 and 6 show 
the local shielding for the slit and the shielding door at the 
entrance, respectively.  

 
Fig. 5 Local Shielding for the slit 

 

 
Fig. 6 Shielding Door at the Entrance 

 
In Table 1, the results of the calculation and the 

measurement when commissioning the 300 keV ion 
implanter are listed and compared.  
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In this paper, we describe a design of a ventilation system to limit the total doses given to workers by satisfying 
the regulatory limits. We suggest a radiation shielding design scheme to reduce the Ar-41 production rate in each 
target room of the Beam Application Research Area (BARA). 

Analyses were performed for the ventilation system design of Proton Engineering Frontier Project (PEFP). 
According to the analyses results, the radioactivity production rate in the accelerator tunnel is saturated at 5.57×10-3 

Bq/cm3 in 16 h without a ventilation system operation, which satisfies the regulatory limits. In the target rooms of the 
BARA, the radioactivity production rate is reduced within the range from 329Bq/cm3 to 5.19 Bq/cm3 by the proposed 
ventilation system for the PEFP radiation shielding scheme. 

 
KEY WORDS: proton accelerator facilities, ventilation system, radiation shielding, target room, radioactivity, 
Ar-41 
 
 

I. Introduction  
The operation of proton accelerator facilities will result in 

activated products in the accelerator tunnel and target rooms. 
To limit the intake of radionuclides to the workers when they 
work in proton accelerator facilities, it is essential to design a 
proper ventilation system and shielding design to limit the 
production of radionuclides. At the same time, radionuclides 
release to the environment should also be limited to satisfy 
the dose limit to the public. 

In this paper, to limit the release of radioactivity from the 
accelerator tunnel and target rooms, we determined the 
relevant vented volume of air and the corresponding fan size 
of the ventilation system for the accelerator tunnel and target 
rooms in the accelerator tunnel and beam application 
research building of Proton Engineering Frontier Project 
(PEFP). Also, we studied a proper radiation shielding design 
to reduce the Ar-41 production in each target room of the 
Beam Application Research Area (BARA) by considering 
the heavy load of the air cleaning units. To reduce the 
waiting time for the worker to access the target room after 
accelerator operation shut down, we designed a ventilation 
system. We designed a shielding structure with iron for the 
shielding inside the concrete wall because iron has peculiar 
properties in neutron shielding. 1) 

Analyses have been performed for the ventilation system 
designed for PEFP. According to the analyses results, 
radioactivity production in the accelerator tunnel is saturated 
at 5.57×10-3 Bq/cm3 after about 16 hours of the accelerator 
facilities operation without ventilation, which satisfies the 
regulatory limits; i.e. no ventilation system operation is 
needed. In each target room of the BARA, concentration of 
Ar-41 is reduced to below about 5×10-2 Bq/cm3 with the 
proposed PEFP radiation shielding scheme. 

Corresponding Author, Tel. +82-42-868-4663, Fax. +82-42-868-
8131, E-Mail: kjmun@kaeri.re.kr 

II. Regulatory Limit for the Release of Activated 
Products 

To protect workers from the intake of radionuclides in 
accelerator facilities and to comply with limit of 
radioactivity release to the environment by the law in Korea, 
the design for the radiation protection scheme of PEFP 
complies with the guidelines on an Annual Limit of an 
Intake (ALI) and Derived Air Concentration (DAC) 
recommended by ICRP 60. 

ALI places an annual dose equivalent that can be 
delivered to a person due to the release of radioactivity. DAC 
is derived from the dose limit to a worker per year, as 
described in (1).2) 

     (1) 
 

As the production of Ar-41 is much higher than any other 
radionuclide produced in air, in the case of the 100 MeV 
Proton Accelerator of PEFP, we have considered the amount 
of production of Ar-41 to satisfy the limit specified in the 
National Nuclear Law - Standards for Radiation Protection 
Articles 6 and 8. 

Table 1 describes DAC and the limitation on Ar-41 
released to the environment according to the regulation in 
Korea.  

 
Table 1 DAC and limitation of Ar-41 released to the public 

Regulations limitation 

Discharge Control Standard 5×10-4 Bq/cm3 

DAC 5×10-2 Bq/cm3 

III. Production and Release of Radioactivity 
Air activation in the 100 MeV Linear Proton Accelerator 

facilities of PEFP results from interactions of primary and 
secondary particles with the air in its path. A secondary 
source of radioactivity is dust, formed by a natural erosion, 

min)/(02.0)(min/60)/(40)/(50
)/(

3mhrwkhryrwk
yrBqALI

DAC
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Table 3 Vented volume of air of each target room for worker to 
access in 5 hours after shutdown 

Target 
Room 
no 

Volume 
[m3] 

Ratio of 
Ventil. 
[%/hr] 

Vented. 
Volume of 
Air [m3/hr] 

Radioact. 
[Bq/cm3] 

TR20 4×101 20 8 3.3×10-2 
TR21 4×101 70 2.8×101 4.12×10-2

TR22 4×101 90 3.6×101 3.02×10-2

TR100 3.98×101 100 3.98×101 4.49×10-2

TR101 3.98×101 120 4.77×101 2.95×10-2

TR102 5.98×101 20 1.20×101 3.42×10-2

TR103 3.98×101 75 2.98×101 4.46×10-2

TR104 9.58×101 10 9.58 4.72×10-2

TR105 9.58×101 110 1.05×101 4.48×10-2

 
(3) Shielding Structure Design of Each Target Room against 
Ar-41 Production 

We compared the Ar-41 production for the TR101(Ag 
target), which shows the highest radioactivity concentration 
among all the target rooms, for 4 different shielding 
structures (case1~case4). Fig. 4 shows each shielding 
structure from case 1 to case 4. As shown in Fig. 4, there is 
no iron shielding wall in Case 1 and Case 2, whereas, an iron 
wall is adhered closely to the concrete wall in Case 3 and 
Case 4. 

In case 1, shielding material of the wall for each target 
room is only composed of concrete. In case 2, to improve the 
shielding we installed an additional iron shielding which 
surrounds the target in the target room. In case 3, the iron 
shielding is surrounded by a concrete wall. By removing the 
dead-air space between the iron and concrete wall, neutrons 
with their energy lowered by an iron shielding are blocked to 
react with the air in the dead air space; it results in a 
reduction of the saturated Ar-41 production. In case 4, its 
shielding structure was introduced to both surround the 
target in Case 2 and the iron and concrete wall in Case 3, 
simultaneously. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 4 Shielding structures of Case 1 to Case 4 
 
We calculated the Ar-41 production for each shielding 

structure described in Fig. 4. From the MCNPX4) simulation 

results, the thermalized neutrons production rate in the target 
rooms for Case 1 and Case 2 is relatively high because of an 
elastic scattering in the concrete wall. Whereas, the thermal 
neutrons production rate in the target rooms for Case 3 and 
Case 4 is reduced by the iron shielding wall, as a result, the 
Ar-41 production is reduced. Shielding around the target in 
Case 3 and Case4 reduces the radioactive production, 
because the iron wall prevents a reflected thermal neutron 
from interacting with the air inside the concrete wall.  

Table 4 presents the Ar-41 production rate for the 
shielding structures of Case1~Case4. As shown in Table 4, 
shielding structure of Case 3 is appropriate for the shielding 
of the target room because it minimizes the Ar-41 production 
rate when compared to the other shielding structures. 

 
Table 4 Comparison of Ar-41 production for each shielding 
structure  

Case 1 Case 2 Case 3 Case 4 
245 Bq/cm3 336 Bq/cm3 5.19 Bq/cm3 5.96 Bq/cm3 
 
We determined the optimal thickness of the iron shielding 

wall, by comparing the amount of Ar-41 produced while 
changing the iron thickness from 5 to 30 cm for each 
shielding structure. As shown in Fig. 5, Ar-41 production 
rate is decreased rapidly when the thickness of the iron 
shielding wall increases from 5 to 10 cm, and the Ar-41 
production rate moderately decreases when the thickness of 
the iron wall increases from 10 to 20 cm. The Ar-41 
production rate is considerably increased when the thickness 
of the iron wall is increased by more than 20 cm. We 
adopted Case 3 with a 10 cm thickness of the iron shielding 
wall as the best shielding structure. 

 

 
Fig. 5 Ar-41 production according to the thickness of the iron 
shielding wall 

 
With a beam irradiation simulation time of 20 hours, the 

concentration of Ar-41 was saturated after 12 hours of an 
irradiation. In Case 3, saturated activities for each target 
room are decayed to trivial levels by a ventilation of 30 
minutes after a shutdown, which is described in Table 5.  
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Table 5 Ventilation ratio and vented volume of air for the target 
room to access in 30 minutes after shutdown (Case 3) 

Target 
RM 

Target 
RM 
Volume 
[m3] 

Ventil. 
Ratio 
[%/hr] 

Vented.Volume 
of Air [m3/h] 

Activity* 
[Bq/cm3] 

TR20 4×101 - - 3.65×10-3

TR21 4×101 130 5.2×101 4.61×10-2

TR24 4×101 240 9.6×101 4.62×10-2

TR100 4×101 550 2.2×102 4.79×10-2

TR101 4×101 430 1.72×102 4.69×10-2

TR102 1.6×102 30 4.8×101 4.78×10-2

TR103 4×101 270 1.08×102 4.86×10-2

TR104 6×101 70 4.2×101 4.62×10-2

TR105 1.6×102 280 4.48×102 4.74×10-2

 
In Table 5, we described the vented volume of air for 

each target room during 30 minutes for a concentration of 
Ar-41 which is required for the activity to be less than DAC. 

 
IV. Conclusions 

In this paper, we designed an appropriate ventilation 
system to observe the regulatory limits for the accelerator 
tunnel and target rooms of PEFP. We studied a proper 
radiation shielding design to reduce the Ar-41 production in 
each target room of the BARA. 

In the accelerator tunnel, the neutron flux by a beam loss 
is relatively low and the Ar-41 concentration is 5.57×10-3 

Bq/cm3, which is a trivial activation level for a worker to 
access an accelerator tunnel immediately after an accelerator 

shutdown. But in each target room in the beam application 
research area, the Ar-41 production changes from several 
tens to several hundreds Bq/cm3 depending on the target type, 
beam current and target room size. To reduce the waiting 
time for the worker to access the target room, we designed a 
ventilation system, and a shielding structure with iron inside 
the concrete. To enhance the shielding capability, we 
removed the dead-air space between the iron and concrete 
wall to reduce the saturated Ar-41 production rate.  
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Neutron-production double-differential cross sections were measured on Indium (In) for neutron-induced reactions 
of 90 – 110 MeV at the WNR facility of Los Alamos Neutron Science Center. Incident particles were neutrons 
produced by an 800 MeV proton-bombarded spallation target. Six NE213 liquid organic scintillators were used as 
neutron detectors. The results are parameterized by the moving source model and compared with calculated data. 
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I. Introduction5 
Neutron production double-differential cross sections in 

the intermediate energy region are important for realization of 
accelerator driven systems (ADS) and radiotherapy. Proton-
induced neutron-production double-differential cross sections 
have been measured up to 3 GeV.1–3) However, data of 
neutron-induced neutron-production double-differential cross 
sections above 100 MeV are insufficient because of neutron 
measurement difficulties and the few available laboratory quasi-
monochromatic neutron sources. Utilization of a continuous 
energy neutron source produced by spallation reactions enables 
the measurement of cross sections for various incident 
energies all at the same time. 

The purpose of this study is to measure the neutron-
production double-differential cross sections at 100 MeV on 
In using a continuous energy neutron source. 

 
II. Experiments 

Experiments were performed at the Weapons Neutron 
Research (WNR) facility4) in Los Alamos Neutron Science 
Center (LANSCE)5)

  which has an 800 MeV proton linear 
accelerator. Neutrons generated at a tungsten spallation 
target (Target-4) were used as incident particles. The neutron 
energies cover a wide energy range up to 750 MeV. The 
distance between the spallation target and the experimental 
room is about 90 m. NE213 liquid organic scintillators 
12.7 cm thick and 12.7 cm in diameter were used as neutron 
detectors. 

The experiments consisted of two parts. The first one was 
the measurement of response functions of neutron detectors. 
Because the responses of the NE213 detectors to neutrons have 
continuous energy spectra, the energy spectra of emitted 
neutrons were derived from unfolding their deposition-energy 
spectra with the responses of the detectors. These response 
functions were measured by using the spallation neutrons, 
which were collimated to 2 mm in diameter. The 

*Corresponding Author, Tel. +81-092-802-3484, Fax. +81-092-
802-3484, E-mail: arakawa@kune2a.nucl.kyushu-u.ac.jp

alignment of the experiment is in Fig. 1. The response 
function of each NE213 liquid organic scintillator was 
measured by recording the charge (integrated pulse) from the 
photomultiplier connected to the NE213 scintillator and the 
time-of-flight (TOF) between the spallation target and the 
neutron detector. These data were used to validate the 
detector efficiency calculations described below.  

Fig. 1 Arrangement of the measurement for response function 

The other part of the experiments was the measurement of 
double-differential cross sections. The setup for these 
measurements is shown in Fig. 2. 

Fig. 2 Set up of the measurement for deposition-energy spectra 
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Six NE213 scintillators were placed at 15°, 30°, 60°, 90°, 
120° and 150°, and employed to detect neutrons emitted from 
an In sample 10 mm thick and 50 mm in diameter. The 
distance between the sample and each detector was about 0.7 
m. A 10 mm thick NE102A plastic scintillator as a charged-
particle veto detector was set in front of each NE213 
scintillator. The beam size was adjusted to 36 mm in diameter. 
A fission ionization chamber6)

 was set to know the incident-
neutron flux. 

III. Analysis 
1. Elimination of Charged Particles and Gamma-rays. 

Charged particle events were eliminated by discrimination 
of signals from NE102A scintillators because charged 
particles gave larger energy in an NE102A scintillator than 
neutrons and gamma-rays. Fig. 3 shows an example of charge 
spectra by an NE102A plastic scintillator. 

Fig. 3 An example of charge spectrum of a veto detector 

Gamma-ray events were discriminated using the two gate 
integration method7) since NE213 liquid organic scintillators 
were sensitive to not only neutrons but also gamma-rays. Fig. 
4 stands for a schematic view of the gate integration 
method. Comparison between charge spectrum with the 
prompt-gate and that with the delayed-gate enables to 
discriminate neutron events and gamma-rays ones. Fig. 5 
illustrates an example of the 2D-plot of the charge spectra with 
the prompt gate and the delayed one. 

Fig. 4 Schematic view of gate integration method 

2. Incident Neutron Energy 
Incident neutron energies were obtained by neutron flight 

times between Target-4 and NE213 scintillators. The flight 
time between the sample and the detector was negligible 
since the distance was much shorter than those between the 
Target-4 and the sample. A schematic view of the TOF mea-
surement alignment is shown in Fig. 6. The timing of flash 

gamma-rays from the spallation target was used as the time 
base of TOF analysis. Fig. 7 shows one of TOF spectra. 

3. Incident Neutron Flux
The number of incident neutrons was determined by the 

equation 
( ) 1

( )
f n n

p n
n eff f p beam

n E E
E

E n S

Fig. 5 Discrimination of neutrons and gamma-rays 

Fig. 6 Schematic view of the TOF measurement alignment 

Fig. 7 TOF spectrum between the spallation target and a neutron 
detector 

where ( )p nE , ( )f nn E , and ( )nE  are the number of 
incident neutrons per MeV of incident neutron energy, the 
number of fission events detected by the fission chamber per 
MeV, and the fission cross sections of 238U for corresponding 
neutron energy nE ,8) respectively. eff  is the detection 
efficiency of the fission chamber, and f  is the arial density 
of the number of atoms of fissile material on the foil in 
chamber. pn  is the number of the proton beam micro pulse. 

beamS  is the area of the beam. 
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4. Calibration 
Charge-integration spectra were calibrated to get 

corresponding electron-equivalent light-output for all 
neutron detectors. For the calibrations of low-energy (a few 
MeV) parts, the gamma-rays Compton edges of 60Co and Pu-
Be sealed sources were converted into light-unit with the semi-
empirical formula by Dietze et al.9) For the calibrations of 
higher energy, neutron energies identified by the TOF 
between the spallation target and neutron detectors were 
converted into light-unit by the empirical equation by Cecil et 
al.10) 

0.83 2.82 1.0 exp(0.25 0.93)e p pT T T

where pT , eT  are proton and electron energy in an NE213 
scintillator, respectively. The peak channel of the charge spectra 
was used as corresponding charge-integration values. Fig. 
8 indicates the relationship between charge-integrations and 
electron-equivalent light-outputs for the NE213 scintillator 
used at 60°. 

Fig. 8 Relationship between integrated charge and light output for 
60  detector 

5. Response Functions 
Response functions normalized by the number of incident-

neutrons were shown in Fig. 9. In this experiment, the 
SCINFUL-QMD11) calculations adjusted to reproduce 
experimental data with light attenuation were used as 
response matrix elements below 30 MeV incident energy for all 
neutron detectors since there were no experimental data 
below 30 MeV incident energies. 

Fig. 9 Response functions of the NE213 scintillator at 60  

6. Deposition-energy spectra 

Deposition-energy spectra at 90 – 110 MeV normalized 
by the number of incident-neutrons and subtracted (sample-
out) spectra are shown in Fig. 10. 

Fig. 10 Deposition energy spectra at 90– 110 MeV neutron 
incident energy 

7. Unfolding 
The energy spectra of emitted neutrons were derived from 

unfolding their deposition-energy spectra with the responses 
of the detectors. In this experiment, elastic scattering component 
was considered separately from the other reaction ones. The 
determinant of this experiment was 

, , inE E E ely a x k a x k

where y , ,Ea , and Ex  were deposition-energy spectra, 
response function, outgoing energy spectra (unfolding re-
sults), respectively. elx  was elastic scattering factor. k  
was matching factor for absolute value of response functions 
with deposition-energy spectra. ( ( , ))Ex x E  was assumed 
to conform the moving source model.12) Eq. 4 represents the 
moving source model. 

2

3

2
1

( , )

cos
exp

1
i

i
i i

d x E
dEd E

E m p
pA m

where E , p  and m  are the kinetic energy (MeV), the 
momentum (MeV/c) of an emitted neutron in the laboratory 
frame and the neutron mass (MeV), respectively. The 

quantities of A , , and T  are called amplitude, velocity 
and temperature parameters, respectively. Three components 
of i  =1 to 3 correspond to individual processes of the 
cascade, the preequilibrium and the evaporation. In the 
process of unfolding these deposition-energy spectra, neutron-
induced neutron-production double-differential cross sections 
were parameterized with moving source model by SALS 
code13) as a least mean square approximation program. 
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IV. Results 
The provisional parameterized double-differential cross 

sections by the moving source model with its elements as 
experimental results for 90 – 110 MeV neutron incident 
energies are shown in Fig. 11. These results were compared 
with the PHITS14) calculation data. The experimental results 
approximately give good agreements with calculated data in the 
range of emitted neutron energies less than 20 MeV. Forward 
angles of experimental results disagree with calculated data 
over 20 MeV neutron emission energies. Calculated data for 
15° and 30° have quasi-elastic scattering effect from 40 MeV 
to 100 MeV neutron emission energies. However, those 
experimental results are lower in the quasi-elastic scattering 
region than the data by the PHITS. Backward angles of 
experimental results above 50 MeV neutron emission energies 
have some disagreements with calculated data. 

Fig. 11 Double-Differential Cross Sections for 90 – 110 MeV neu-
tron incident energy with calculated data 

V. Conclusion 
The neutron-induced neutron-production double-

differential cross sections at 100 MeV on In was measured 
by using a continuous energy neutron source. The double-
differential cross sections were parameterized by the moving 
source model. The experimental results roughly agree with 
calculated data. To understand some discrepancies, more 
detailed analysis is needed. 
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Improvements of radiation shielding designs for the Flibe-cooled and Li-cooled blanket systems have been 
performed in the design activity of the helical-type fusion reactor FFHR2 based on 3-D Monte Carlo neutronics 
calculations. Evaluations of the fast neutron fluxes with a simple torus calculation model indicate that the Flibe-
cooled blanket systems would achieve adequate shielding abilities within the blanket space of ~100 cm by adjusting 
the ratios of JLF-1 (Reduced Activation Ferritic Steel) and B4C in the radiation shield. For the Li-cooled blanket 
system, enhancement with a heavy density material such as WC would be needed for reducing the blanket space to 
~100 cm. Nuclear heating in the superconducting magnet regions was lower than the allowable level for all the 
blanket systems. In the optimization of the shielding configuration with a 3-D reactor geometry, neutron streaming 
through the divertor pumping areas and neutron reflection are the issues to be improved by further design 
modification. 

 
KEYWORDS: fusion reactor, fusion blanket, radiation shielding, helical reactor, FFHR2 
 
 

I. Introduction6 
From the starting of the design activities of the fusion 

power reactor FFHR (Force Free Helical Reactor), 
neutronics studies for advanced liquid-cooled fusion blanket 
systems have been conducted by 1.5-D neutronics 
calculations with the ANISN code1). In the present design 
activity of FFHR22), 3-D Monte Carlo neutronics 
investigations have been started to simulate the geometrical 
features of the helical-type reactor more accurately. In the 
fusion reactor, 14 MeV fast neutrons are produced from core 
plasma of deuterium and tritium, and the neutron wall 
loading is ~1.5 MW/m2. Blanket walls consisting of breeding 
and radiation shield layers are placed between the core 
plasma and superconducting coils for (1) heat removal for 

*Corresponding Author, Tel. +81-572-58-2319, Fax. +81-572-58-
2676, E-Mail; teru@nifs.ac.jp 

power generation, (2) breeding of tritium fuel and (3) 
radiation shielding for the magnet coil system (Fig. 1). In the 
neutronics studies, design targets for (2) and (3) have to be 
satisfied within the limited blanket space. The material 
compositions and thicknesses of the breeding layers have 
been modified to achieve adequate tritium breeding abilities 
in our previous studies3-5). In the present study, 
improvements of the radiation shielding for the advanced 
liquid-blanket systems have been performed based on 3-D 
neutron and gamma-ray Monte Carlo calculations.  
 
II. Evaluations of Shielding Ability 

Evaluations of the shielding abilities have been performed 
with the Monte Calro code MCNP-56) and JENDL-3.2 
nuclear data library7). For comparison of the material 
compositions and layer thicknesses, a simple torus 
calculation model was used as shown in Fig. 2. Four types of 
liquid-cooled blanket systems, i.e. Flibe+Be/JLF-1 (Reduced 
activation ferritic Steel), Flibe-STB (Spectral-shifter and 
Tritium breeding Blanket) 8), Li/V-alloy (Li/vanadium alloy) 
and Flibe/V-alloy, have been studied in the FFHR2 design 
activity. The blanket systems adopt liquid Flibe or liquid Li 
as the coolant with a tritium fuel breeding ability. Solid 
beryllium is installed as a neutron multiplier in the 
Flibe+Be/JLF-1 and Flibe-STB concepts. The thicknesses of 
the breeding layers are more than 32 - 60 cm for the tritium 
fuel breeding3-5). Considering the blanket space of 1.0 - 1.2 
m in the conceptual design of FFHR2, the thickness of 
radiation shield layer would be ~60 cm. 

In the FFHR design activities, the combination of JLF-1 
and B4C has been proposed for the effective shielding ability 
based on 1.5-D neutronics calculations with the ANISN 

14 m14 m
Fig. 1 Helical-type fusion power reactor FFHR2(Force Free 
Helical Reactor 2)  
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n/cm2/s within the blanket space of ~120 cm, i.e. the design 
parameter for the blanket space. In the progress of the 
FFHR2 design activity, reduction of the blanket space would 
improve the design margins for the magnet systems and 
plasma operations. For the Flibe+Be/JLF-1, Li/V-alloy, 
Flibe/V-alloy blanket systems, previous study indicate that 
the shielding ability will be improved by increasing the B4C 
ratio1, 5). Similar relations were confirmed also by the present 
3-D calculations including the Flibe-STB system as shown 
in Fig. 4. A fast neutron flux at outside of the radiation shield 
was minimum at the ratio of ~60 vol.% in all the blanket 
systems. Fig. 5 shows shielding abilities of materials 
calculated for the Flibe+Be/JLF-1 blanket system. While 
WC will enhance the shielding ability drastically, it would be 
limited to a critical case due to the large weight density. Fig. 
6 shows the fast neutron fluxes in the blankets with the 
shield of JLF-1 (40 vol.%)+B4C (60 vol.%). Three Flibe-

cooled blanket systems could achieve the target of neutron 
shielding within the blanket space of ~100 cm. Especially, 
Flibe+Be/JLF-1 blanket would achieve the shielding target 
for fast neutron with ~80cm thick blanket. For the Li/V-alloy 
blanket, introduction of a different material, e.g. WC, would 
be needed for reducing the blanket space to ~100 cm. In the 
present calculation, the shield for the Li/V-alloy blanket 
consisting of a 16 cm thick JLF-1+B4C layer and 30 cm 
thick WC layer achieved the target of neutron shielding with 
~100 cm blanket space. The maximum values of nuclear 
heating in the superconducting magnet region, which mainly 
consists of SS316 (44 vol.%), liquid He (21 vol.%), Cu (15 
vol.%), epoxy insulator (5 vol.%) and Nb3Al (15 vol.%) 
were evaluated to be 0.11 mW/cm3 (Flibe+Be/JLF-1), 0.10 
mW/cm3 (Flibe-STB), 0.75 mW/cm3 (Li/V-alloy (with WC 
shield)) and 0.18 mW/cm3 (Flibe/V-alloy). For the Flibe-
cooled blanket systems, the values were almost at the design 
target of ~0.1 mW/cm3. The value for the Li-cooled blanket 
system is considered to be still within the technologically 
allowable level for cooling of the magnet system10). Further 
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Fig. 6 Reduction of blanket space by increasing B4C ratio of JLF-
1+B4C shield to 60 vol.%. The shield for Li/V-alloy (with WC) 
blanket consists of a 16 cm thick JLF-1+B4C layer and 30 cm 
thick WC layer.

Fig. 5 Neutron shielding abilities of materials in the Flibe+Be/JLF-
1 blanket.
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Fig. 7 3-D neutronics calculation model of FFHR2.

Fig. 8 Fast neutron fluxes at the surfaces of the magnet region 
calculated with the 3-D reactor model. Issues in the shielding are 
neutron streaming and reflection through the divertor pumping 
areas as indicated by the arrows.
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investigations on the shielding compositions are being 
continued including the cost issues in the design activity. 

For the optimization of geometrical configuration of the 
radiation shield, the 3-D Monte Carlo neutronics calculation 
system has been constructed in the FFHR2 design activity11). 
Fig. 7 shows a 3-D geometry model of FFHR2 for MCNP 
calculations. In our previous studies, it has been found that 
the critical issues in the radiation shielding in the helical 
reactor are neutron streaming through the divertor pumping 
areas and neutron reflection from the support structures12). 
More accurate evaluation of fast neutron fluxes at the 
superconducting magnet region has been performed by 
simulating the helical coil structure in the present study. As 
shown in Fig. 8, the fast neutron flux at the inner surface of 
the magnet region was ~5.5x109 n/cm2/s and almost the same 
level predicted in the evaluations with the simple 3-D torus 
model. However, the neutron flux at the side surface of the 
magnet was ~6.2 x 1011 n/cm2/s. While the 35 cm thick 
mechanical coil support of the magnet attenuates the 
neutrons reflected from the support structures, further 
suppression of neutron streaming around the divertor 
pumping areas will be needed by design efforts. Geometrical 
modification of the radiation shield has been started for 
suppressing the neutron streaming based on the present 
quantitative neutronics evaluations13).  

 
IV. Conclusions 

Evaluations of the shielding abilities by 3-D neutronics 
calculations have been performed for the advanced Flibe-
cooled and Li-cooled blanket systems in the design activity 
of the helical-type fusion reactor FFHR2. The feasibilities of 
the radiation shielding were examined for four types of 
Flibe-cooled and Li-cooled blanket systems proposed in the 
FFHR2 design with the simple 3-D torus calculation model. 
It was confirmed that the original radiation shield of JLF-1 
(70 vol.%) + B4C (30 vol.%) adopted in the FFHR designs 
could attenuate the fast neutron flux to < 1.0 x 1010 n/cm2/s, 
i.e. the target of neutron shielding, within the 120 cm thick 
blanket space for all the blanket systems. The Flibe-cooled 
blanket systems could reduce the blanket space to ~100 cm 
by adjusting the B4C ratio in the JLF-1+B4C shield to 60 vol.% 
and would improve the design margins in FFHR2. In the 
Li/V-alloy blanket system, introduction of more effective 
shielding material, e.g. WC, would be needed to reduce the 
blanket space. The maximum values of nuclear heating in the 
superconducting magnet region were allowable for cooling 
of the coil system. Further investigations for the optimization 
of shielding materials including the cost issues are being 
continued in the design activity. Investigations by 3-D 
reactor model simulating the more detailed helical coil 
structure indicate that fast neutron flux exceeds the design 

target locally in the superconducting magnet region due to 
the neutron streaming and reflection. Geometrical 
modification of the radiation shield has been started based on 
the present neutronics evaluations. 
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A Sensitivity Study for Determining the RCS Volume through an Evaluation 
of Specific Activities of the SMART Primary Coolant 

 
Ha Yong KIM*, Kyo Youn KIM, and Chung Chan LEE 

 
Korea Atomic Energy Research Institute, 1045 Daedeokdaero, YuseongGu, Daejeon, Korea 

 
 

The specific activities of the SAMRT primary coolant due to fission products were evaluated and they will be used 
as the source terms of the BOP shielding design.  The level of a specific radioactivity is also one of the important 
factors for determining the RCS volume. SMART reactor which is in the process of being developed consists of 69 
fuel assemblies with a 660Mw thermal output. The reactor core has 2 batch fuel assemblies with a 30 month cycle 
and the effective full power days of the equilibrium cycle are 822 days.  The specific activities of the SMART 
reactor primary coolant due to fission products were evaluated by using the SAEP code. The SAEP code can be 
applied to an integral reactor such as SMART as well as the current commercial PWRs in existence. The ORIGEN2 
code is integrated into the SAEP as a subroutine, to solve the inhomogeneous differential equations which are used to 
determine the coolant activities.  From the evaluation results, the specific activities of the SMART primary coolant 
due to fission products were compared with those of UCN 5&6 primary coolant with the same purification rate 
condition; they are averagely 25% of those of UCN 5&6.  They are also inversely proportional to the RCS volume 
for almost all radioisotopes except the isotopes with a long half-life.  Therefore, it is found that there is a possibility 
of reducing the RCS volume. 

 
KEYWORDS: SMART, shielding, SAEP, specific activity, fission product 
 
 

I. Introduction* 
Recently in Korea, the design of an advanced reactor 

system called SMART1) (System integrated Modular 
Advanced Reactor) has been changed.   The main changes 
of the SMART design features are its thermal power and 
effective core size.  The reactor power is increased from 
330MWt to 660MWt and accordingly the core size is 
increased.  To develop a nuclear reactor, it is necessary to 
prove that a radiation effect which is transferred from the 
inside of a reactor core to the environment is within site 
criteria. Therefore, it is necessary to verify the safety of a 
nuclear reactor plant by a radiation shielding analysis 
preliminarily. 

The specific activities of the reactor primary coolant due 
to fission products will be used as the basic input data for 
RDG (Radiation Design Guide) and as the physics radiation 
data of the NSSS design and of the BOP (Balance of Plant) 
shielding design.  The level of a specific radioactivity is 
also one of the important factors for determining the RCS 
(Reactor Coolant System) volume.  The specific activities 
of the SMART primary coolant due to fission products were 
evaluated by using the SAEP2) (Specific Activity Evaluation 
Program) code. 

A conventional code system, such as PWR-GALE3) and 
DAMSAM4) which evaluate the specific activities of a 
reactor primary coolant due to fission product, can’t be 
applied to an integral reactor such as SMART.  PWR-
GALE code system assumes a reference plant, and it 
calculates the specific activities of the objective plant with 
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an adjustment factor against a reference plant.   This code 
system can only be applied to a nuclear plant which is 
similar to the reference nuclear plant.  Because the 
DAMSAM code, which was developed by ABB-CE, is 
optimized to CE-type nuclear plants, it is difficult for the 
library for the various nuclides which is built-in to 
DAMSAM to be applied to other nuclear plants.  

 

 
Fig. 1 In/out flowchart of SAEP Code 

 
Therefore SAEP has been developed to solve a governing 

equation (inhomogeneous linearly-coupled differential 
equations generated by considering nuclear system as N sub-
components) for fission products of a primary coolant at a 
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normal operation of an integral reactor such as SMART as 
well as the current commercial PWRs in existence. The 
ORIGEN25) code is integrated into the SAEP as a subroutine 
to solve the inhomogeneous differential equations which are 
used to determine the coolant activities due to fission 
products.  Fig. 1 shows the procedure to calculate the 
specific activities of the reactor primary coolant by using 
SAEP code. 

The purpose of this study is to prove that SMART is safe 
from a radiation effect through a comparison of the specific 
activities of the SMART primary coolant with those of a 
commercial reactor and to investigate a possibility of 
reducing the RCS volume without increasing the purification 
rate through a sensitivity study. 

 
II. SAEP Calculation 

First, two SAEP calculations were performed to compare 
the specific activities of the SMART primary coolant with 
those of the UCN 5&6 primary coolant. The reason why 
UCN 5&6 is selected is that this has recently been built in 
Korea.  The inputs for calculating the specific activities of 
the reactor primary coolant are described as follows. 

As shown in Fig. 1, because the SAEP code uses the 
O2MP module, it needs an ORIGEN2 input to provide the 
fission products inventories in the core. ORIGEN2 inputs 
were prepared for SMART and UCN 5&66) under the 
equilibrium cycle condition.  It is assumed that the core is 
constantly operated with a power level equal to 1.03 times 
the proposed licensed power level based on Reg. Guide 
1.497).  The basic input data of the ORIGEN2 code for 
these calculations are the initial nuclide composition of the 
fuel assembly and operating history of the reactor core 
(power level, operating and shutdown period).  The basic 
input data of ORIGEN2 for these calculations are 
summarized in Table 1.  The ORIGEN2 library7) made for 
U-235 enriched fuel and an extended burnup calculation 
purpose were used in these analyses. 

 
Table 1. Basic Input Data of ORIGEN2 (O2MP) 

Item UCN 
5&6 SMART

Thermal output (Mwt) 2815 660 
Cycle length (EFPD) 476 822 
Number of batch 3 2 
Decay time for next cycle (Day) 71 91 
Number of  fuel assemblies in the core 177 69 
Total mass of uranium in the core 
(KgU/FA) 428.98 377.06

Operating power level (Mwt/FA) 16.381 9.852 
Cycle average fuel burnup (MWD/KgU) 18.18 21.48 
Assembly average discharge burnup 
(MWD/KgU) 54.53 42.96 

 
The basic input data of the SAEP code for calculating the 

specific activities of the reactor primary coolant due to 
fission products which are based on the assumption of a 1% 
defective fuel failure are the total mass of the moderator in 

the reactor coolant system, the neutron flux in the coolant, 
the flow rate through the purification system and the core 
coolant volume to the reactor coolant volume ratio.  The 
basic input data of SAEP are summarized in Table 2.  
Because the purification flow rate of SMART is not 
determined yet, that of UCN 5&6 was used in these analyses 
to compare the specific activities of SMART with those of 
UCN 5&6 under the same conditions. 

 
Table 2. Basic Input Data of SAEP 

Item UCN 5&6 SMART
Total moderator Amount (Kg) 2.20 105 1.91 105

Neutron flux in the coolant (n/cm2-sec) 3.55 1014 1.87 1014

Core coolant volume to reactor coolant 
volume ratio(CVR) 0.072 0.053 

Reactor coolant letdown flow rate 
(purification) (Kg/sec) 4.723 

Reactor coolant letdown flow rate 
(yearly average for boron control) 
( Kg/sec) 

2.4 10-2 

Flow through the purification system 
cation demineralizer )( Kg/sec) 2.4 10-3 

Fission product escape rate coefficient 
(sec-1) 
 Xe, Kr, Gases 
 I, Br, Rb, Cs 
 Mo 
 Te 
 Sr, Ba 
 All others 

 
 

6.5 10-8 
1.3 10-8 
2.0 10-9 
1.0 10-9 
1.0 10-11 
1.6 10-12 

 
Second, three SAEP calculations were also performed to 

provide a sensitivity study due to a change of the RCS 
volume.  The volumes of RCS used in these calculations 
are 264cm3 (current design), 309 cm3 and 465 cm3 
respectively.  The inputs for these calculations are only 
changed for the total moderator mass and CVR (Core 
Volume Ratio).  The total moderator amounts are 
1.9 105Kg, 2.2 105Kg and 3.3 105Kg, respectively.  The 
CVRs are 0.053, 0.045 and 0.03, respectively. 

 
III. Results and Discussion 

The specific activities of the SMART and the UCN 5&6 
primary coolant have been evaluated by using the SAEP 
code.  The resultant specific activities of SMART and UCN 
5&6 are listed in Table 3.  As shown in Table 3, the 
specific activities of the SMART primary coolant due to 
fission are averagely 25% of those of the UCN 5&6 primary 
coolant.  The specific activities of the reactor primary 
coolant mainly depend on the fission product inventories in 
the core.  As the reactor burnup length increases, the fission 
product inventories are increased in the case of radioisotopes 
with a long half-life, such as 137Cs, 90Sr and so on. A ratio of 
increase is directly proportional to a total mass of the 
uranium in the core.  On the other hand, the fission product 
inventories almost disappear during decay time after a 1 
batch cycle in case of radioisotopes with a short half-life, 
such as 137Xe, 131I and so on, repeatedly.  They become the 
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equilibrium after some time pass.  In this case the fission 
inventories are directly proportional to a neutron flux and a 
total mass of the uranium in the core. 

The SAEP calculations have also been performed to study 
the influence of the RCS volume change.  Fig. 2 shows the 
change of the specific activities of the primary coolant due to 
a change of the RCS volume. The radioisotopes which have 
the shortest half-life and the longest half-life in each 
category of the fission product escape rate coefficient are 
selected in Fig. 2.  The important factors which are 
influenced by the specific activities of the primary coolant in 

these cases are mainly the radioisotope half-life and the 
fission product escape rate coefficient. 

As shown in Fig. 2, the specific activities of the 
radioisotopes with a long half-life do not changed for almost 
all the categories of the fission product escape rate 
coefficient.  However, the specific activities of the 
radioisotopes with a short half-life, decrease inversely 
proportional to the RCS volume.  The slope of the specific 
activity fraction for each radioisotope varies with a category 
of the fission product escape rate coefficient. 

 
Table 3. Specific Activities of SMART and UCN 5&6 

Nuclide 
ID 

Specific Activity ( Ci/g) Nuclide
ID 

Specific Activity ( Ci/g) Nuclide
ID 

Specific Activity ( Ci/g)
UCN 5&6 SMART UCN 5&6 SMART UCN 5&6 SMART 

KR-085m 1.31E+00 4.80E-01  I-134 4.28E-01 1.22E-01 TC-099m 2.86E-01 6.44E-02
KR-085  2.79E+01 3.29E+00  I-135 1.67E+00 4.42E-01 RU-103 4.30E-04 7.95E-05
KR-087  6.88E-01 2.69E-01 RB-088 2.08E+00 8.43E-01 RU-106 1.59E-04 1.39E-05
KR-088  2.07E+00 8.43E-01 CS-134 9.98E-01 3.12E-02 AG-110m 1.50E-06 2.69E-08
XE-131m 3.31E+00 8.44E-01 CS-136 2.89E-01 2.22E-02 TE-129m 7.99E-03 1.57E-03
XE-133m 3.89E+00 1.05E+00 CS-137 5.39E-01 5.89E-02 TE-129 1.07E-02 2.26E-03
XE-133  2.85E+02 7.97E+01 SR-089 2.07E-03 7.38E-04 TE-131m 1.85E-02 4.05E-03
XE-135m 3.80E-01 9.92E-02 SR-090 1.66E-04 2.19E-05 TE-131 1.03E-02 2.52E-03
XE-135  6.30E+00 2.93E+00 SR-091 3.49E-03 1.30E-03 TE-132 2.08E-01 4.90E-02
XE-137  4.01E-01 4.63E-02  Y-091m 1.87E-03 6.90E-04 BA-137m 5.08E-01 5.54E-02
XE-138  4.45E-01 1.37E-01  Y-091 3.08E-04 1.04E-04 BA-140 2.99E-03 7.77E-04
BR-084  2.28E-02 8.54E-03  Y-093 3.45E-04 1.15E-04 LA-140 9.31E-04 2.24E-04
 I-131  2.03E+00 4.63E-01 ZR-095 4.10E-04 1.16E-04 CE-141 4.40E-04 1.14E-04
 I-132  7.82E-01 1.97E-01 NB-095 4.01E-04 1.17E-04 CE-143 3.12E-04 8.81E-05
 I-133  2.95E+00 7.57E-01 MO-099 5.41E-01 1.29E-01 CE-144 3.18E-04 7.29E-05

 

 
Fig. 2 Fraction of Specific Activity due to change of RCS Volume 

IV. Conclusion 
A sensitivity study for determining the RCS volume 

through an evaluation of the specific activities of the 
SMART primary coolant due to fission products have been 
performed by using the SAEP code. The specific activities of 
the SMART primary coolant due to fission products were 
compared with those of the UCN 5&6 primary coolant with 
the same purification rate conditions; they are averagely 25% 
of those of UCN 5&6. They are also inversely proportional 
to the RCS volume for almost all the radioisotopes except 
the radioisotopes with a long half-life.  Therefore, it is 
found that there is a possibility of reducing the RCS volume. 
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EASYQAD version  was developed by MATLAB GUI (Graphical User Interface) as a visualization code system 
based on QAD-CGGP-A point-kernel code for convenient shielding calculations of gammas and neutrons. It consists 
of four graphic interface modules including GEOMETRY, INPUT, OUTPUT, and SHIELD. These modules were 
compiled in C++ programming language by using the MATLAB Compiler Toolbox to form a stand-alone code 
system that can be run on the Windows XP operating system without MATLAB installation. In addition, EASYQAD 
version  has user-friendly graphical interfaces and, additionally, many useful functions in comparison with QAD-
CGGP-A such as common material library, line and grid detectors, and multi-group energy calculations so as to 
increase its applicability in the field of radiation shielding analysis. It is a powerful tool for non-experts to analyze 
easily the shielding problems without special training. Therefore, EASYQAD version  is expected to contribute 
effectively to the development of radiation shielding analysis by providing users in medical and industrial fields with 
an efficient radiation shielding code. 

 
KEYWORDS: EASYQAD, MATLAB, QAD-CGGP-A, gamma and neutron shielding calculations, visualization 
code system 

 
 

I. Introduction  
As the ICRP recommendations on radiation protection 

intensifies and the number of radiation facilities increase, the 
demand for radiation shielding analysis is growing. 

Radiation shielding analysis often requires much time to 
learn the computer codes for it. It would even require expert 
knowledge of radiation shielding. Furthermore, it is not easy 
to perform radiation shielding analysis on site because the 
number of experts is limited in contrast to the increasing 
demand for radiation shielding analysis 

In order to solve these problems, MicroShield version 5 1) 
was developed by Grove Engineering in 1998. MicroShield 
version 5 can analyze shielding and estimate exposure from 
gamma radiation. And VisualShield was developed based 
upon ISO-PC code 2) by Korea Power Engineering Company 
Inc. in 2001. VisualShield has a graphical user interface 
programmed in Visual Basic. However, these codes have 
some limitations. That is, there are only some fixed 
geometries that can be used, and only gamma radiation 
analyses are possible. Moreover, their graphical user 
interfaces are not convenient for radiation shielding analysis. 
Hence, it is necessary to develop a new visualization code 
system which can satisfy exact calculations for ease and 
convenience in gamma and neutron shielding analysis. 

For that reason, EASYQAD version  has been developed 
by using MATLAB GUI (Graphical User Interface) 3) in 
order to perform gamma and neutron shielding calculations 
conveniently, based on QAD-CGGP-A code. It had been 
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completed as an EASYQAD version  of radiation shielding 
analysis code 4). 

In this study, EASYQAD version  was developed with 
more user-friendly graphical interfaces and more helpful 
functions added. For general users to run it on a Windows 
XP environment without any MATLAB installation, it was 
compiled into a stand-alone code system. Then various 
radiation shielding designs and analyses can be performed 
with ease of use. 

II. Methods and Material  
1. QAD-CGGP-A code 

QAD-CGGP code (RSICC-CCC-493, USA) 5) is a point-
kernel code, developed by Los Alamos National Laboratory, 
for calculating fast-neutron and gamma-ray penetration 
through various shield configurations defined by 
combinatorial geometry specifications. It was modified from 
QAD-CG code at JAERI & Tokyo Institute of Technology 
including optionally GP (geometric progression) fitting 
coefficients for gamma-ray buildup factors. Further 
modifications to this code were carried out to include source 
translation and rotation functions, and the code is identified 
as QAD-CGGP-A (RSICC-CCC-645, USA). 

QAD-CGGP-A can perform relatively simple and quick 
shielding analyses, so it is suitable for development of a 
user-oriented radiation shielding analysis tool. Therefore, it 
was selected as the calculation engine of EASYQAD version 

 for development of a user-friendly shielding calculation 
code system. 
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2. Algorithm 
EASYQAD version  has four user interface modules; 

GEOMETRY, INPUT, OUTPUT and SHIELD as 
represented in Fig. 1. 

 
Fig. 1 The structure and data flow of EASYQAD 

The GEOMETRY module is to visualize 3-D bodies 
constructed by the user and transform them into a geometry 
input of QAD-CGGP-A code. The INPUT module is to 
transform user inputs for shielding analysis into the 
corresponding input of the calculation code. The SHIELD 
module is to run QAD-CGGP-A, by using the input 
produced by both the GEOMETRY and INPUT modules. 
Lastly, the OUTPUT module is to visualize the calculation 
results such as flux, dose, and heat. 

These modules are satisfied for typical and complicated 
shielding calculations by using various functions which are 
overlapped geometry, geometry rotation, multi-group energy, 
source spectrum, source translation and rotation, neutron 
calculation, common material library, and detector selection. 

3. Materials 
Recent visualization programs for shielding calculations, 

which have equipped the calculation engine with the GUI 
(Graphical User Interface), are required to create a user 
friendly environment and make interactions between this 
environment and the calculation engine become as flexible 
as possible. 

The specification of EASYQAD is summarized in Table 
1. 

Table 1 EASYQAD and its specification  

Contents Specification 

Operating System Windows XP 

Original Code 

System 
QAD-CGGP-A (Version 95.2) 

Programming 

Language 
MATLAB R2006b 

Version  (stand-alone) 

MATLAB R2006b was used as a GUI programming 
language of EASYQAD since it is able to describe various 
radiation shielding configurations and to perform shielding 
calculations through graphic interfaces together with the 
activation of the calculation engine, QAD-CGGP-A.  

After GUI programming, EASYQAD version  was 
compiled in C++ programming language by using the 
MATLAB Compiler Toolbox to form a stand-alone code 
system. Then it can be run on Windows XP environment 
without any installation of MATLAB program. 

III. Result 
EASYQAD version  has many features and functions to 

provide a convenient environment for describing various 
geometrical shielding configurations.  

1. Main Window 
EASYQAD version  was constructed to handle most 

functions and to view all shielding geometries from the main 
window as shown in Fig. 2. 

 

Fig. 2 The main window of EASYQAD version   

For calculating shielding problems, materials, shielding 
and source geometries, source information, and detection 
points should be defined in the first place. By virtue of 
EASYQAD, all of these can be easily controlled by users 
from the main window. Users can also save and load their 
geometries, materials and source information by using the 
main window. 

2. Source option 
EASYQAD version  has various and flexible source 

options. Furthermore, source geometry and strength and 
buildup factor are easily chosen in the code system by using 
the source INPUT module. The user can directly see the 
source geometries, and enter the source information 
conveniently through some mouse clicks and simple work. 
Source geometries can be described with three dimensions as 
shown in Fig. 3. Besides that, source spectrum data is also 
available using the source INPUT module. 
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Fig. 3 Source INPUT module of EASYQAD version  
 

3. Geometry and Detection Point Options 
Overlapped geometry can be defined and analyzed with 

many kinds of geometries. There are 9 different shapes; 
BOX, RPP, SPH, RCC, REC, ELL, TRC, WED, and ARB. 
Geometry can be rotated and translated through the source 
INPUT module.  

For convenient use, detection points can be displayed as 
point, line, and grid shapes with three kinds of coordinates, 
Cartesian, Cylindrical, and Spherical. 

4. OUTPUT Module 
To analyze the original output file produced by QAD-

CGGP-A code, the OUPUT module visualizes the results 
such as flux, dose, and heat with bar, contour, and surface 
shapes. 

 

Fig. 4 OUTPUT module of EASYQAD version  

Dose rate is determined using flux-to-dose conversion 
factor (ICRU Report 47, 1992), and heat rate in iron is 
automatically resulted from output data by flux-to-heat 
conversion factor in iron. To calculate the heat deposited in 
other materials, it is possible to use their flux-to-heat 
conversion factors in source INPUT module. 

The OUTPUT module in Fig. 4 is preeminent to show the 
information of summarized shielding problems and 

important values. And the input and output files which come 
from QAD-CGGP-A can be checked and viewed by users 
through the OUTPUT module. 

5. Additional Functions 
For convenience and more exact calculations, EASYQAD 

version  has user-friendly functions. 
The common material library was built to include about 

180 widely used materials as shown in Fig. 5. It is also 
possible for the users to add their own materials into this 
library. 

 

Fig. 5 Common material library 
 
EASYQAD version  has an error checking system. 

When users make mistakes using EASYQAD, it 
automatically detects the error and sends warning messages 
as shown in Fig. 6.  

 

Fig. 6 Error checking system of EASYQAD version  

The user’s manual, which was made by using e-book 
system, is provided in the main window of EASYQAD. It is 
context-sensitive for novices and experienced users to 
efficiently utilize as well as analyze the results from the 
OUTPUT module. 
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IV. Conclusions 
For convenient gamma and neutron shielding calculations, 

EASYQAD version  was developed into a user-oriented 
visualization code system. Its user-friendly graphical 
interface offers a practical solution to allow complex 
shielding configurations to be defined and analyzed. As well, 
users can enter the geometrical, chemical and nuclear 
properties related to the shielding problem through available 
patterns. By these intuitive patterns, it is easy to define the 
types and dimensions of common 3-D bodies, the necessary 
materials with their compositions and densities, the types of 
radioactive sources, the geometries and locations of sources 
and shields, the types and locations of detectors. As a result, 
it does not require in-depth knowledge on radiation shielding 
and cross section data, and becomes a powerful tool for 
health physicists in the field of radiation shielding analysis. 
Hence, EASYQAD version  is expected to contribute 
effectively to the development of radiation shielding analysis 
by providing users in medical and industrial fields with an 
efficient radiation shielding code. After testing this version, 
it is expected to be submitted to OECD/NEA.  
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Development of a 500 kCi BU-type Transport Container 
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A BU-type container was developed to protect persons, property and the environment from the effects of radiation 
during the transport of 500 kCi of tritium. Tritium in the form of T2 is immobilized as a solid with a suitable metal to 
form a solid metal hydride. The container had a cross-linked polyethylene foam in-between a ceramic insulation layer 
and a polyurethane foam. A prototype shipping package was fabricated and subjected to several tests involving a 9 m 
free drop test, a 1 m puncture test and a fire test (800 C, 30 min.) in accordance with the Korean regulations. The 
tritium containment was assured by a helium leakage test not only for a normal condition but also for accident 
conditions. 
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I. Introduction  
Tritium is used throughout the world for many 

applications that benefit humankind, encompassing industry, 
medicine, and nuclear fusion research. In the case of an 
ITER application, tritium will be generated in locations other 
than that where it will be used. The transportation of tritium 
places it outside controlled facilities, in the public domain, 
and entails a movement between countries. For it’s 
transportation it is expected that the primary tritium vessel 
will be placed in a secondary stainless steel vessel with a 
flange closure and this two-vessel assembly will then be 
placed in a suitably sized drum packed with an insulation to 
provide protection not only from heat in the event of a fire 
but also from an impact in the event of a free drop. 

In recent years, systematic and extensive tritium transport 
container studies with not only a theoretical analysis but also 
experimental tests have been reported. 1-4, 6, 10) In this paper, 
we present the detailed structure of our BU-type tritium 
transportation package and its extensive tritium containment 
test results not only for a normal condition but also for 
accident conditions. 

 
II. Model Description 

A primary container and a shipping package have been 
designed to contain 500 kCi (19 PBq) of tritium as a metal 
tritide. 3-4) Fig. 1 shows the developed shipping package 
which consists of three parts: the primary vessel, the 
secondary vessel, and the over-pack drum. The primary 
vessel has been fabricated to contain 500 kCi (19 PBq) of 
tritium as a titanium tritide. The primary vessel is a 6.5 L 
STS316L stainless steel pressure vessel designed to contain 
the helium generated by a complete decay of the tritium. The 
primary vessel is placed in a second stainless steel vessel 
with a flange closure, and then this two-vessel assembly is 
placed in an over-pack drum packed with insulation to 
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provide protection from heat in the event of fire. The 
insulation between the drum and the secondary vessel 
consists of six parts: a ceramic wool layer (Kaowool Blanket 
1260C), a cross-linked polyethylene sheet coated with a 
silver foil which is flame-resistant, a ceramic board (Cera 
Board), a cross-linked polyethylene foam, a polycarbonate 
plate, and a polypropylene plate on which the secondary 
container is placed. The vacant space is filled up with 
polyurethane foam that has been expanded on site. The 
unique feature of this insulation layer is the use of a cross-
linked polyethylene which has an excellent impact resistance 
property not only at a high temperature of 120  but also at 
a low temperature of -70 . 

 
III. Results and Discussion 

The Korean regulations which govern shipping containers 
for a radioactive material permit a variety of approaches to 
demonstrate the structural adequacy of a shipping package. 
The most straightforward method is to perform a series of 
tritium containment calculations to evaluate a package’s 
performance for regulatory scenarios, which involve normal 
operation conditions and a set of hypothetical accident 
conditions. 
 
1. Tritium Containment 

We performed a tritium containment analysis to determine 
the allowable leak rate in the package cavity, and then a 
containment boundary test that demonstrates that the 
allowable leak rate is not exceeded. We used the formula 
presented in Appendix A of 10 CFR 71 Part 71 and later in 
ANSI N 145 that relates to the calculation of standard leak 
rates. 8) The maximum permissible tritium release rates are 
generated from equations and the A2 value specified in the 
regulations 8-9) for a normal transport (RN) and for accident 
conditions (RA), 

 
RN A2  10-6 TBq/h = 40  10-6 TBq/h, and 
RA  A2 TBq/week = 40 TBq/week. 
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Fig. 1 Schematic diagram of a 500 kCi BU-type transport container 
 

The maximum permissible release rates (RN and RA) are 
used to calculate the maximum permissible leakage rates, LN 
and LA respectively, where, from the standard: 

 
LN = RN  CN, and LA = RA  CA. 
 
CN and CA are the activities per unit volume of the 

medium that could potentially escape from a containment 
system under normal and accident conditions. We calculated 
the values of CN and CA based on the relationships of the 
titanium tritide equilibrium pressure, the PVT equation, 
tritium specific molar activity and the volume of the titanium 
tritide vessel: 

 
LN = RN  CN = (40  10-6 TBq/h) / (6.73  10-9 Bq/cm3) 
   = 1.65  1012 cm3 / sec, 
LA = RA  CA = (40 TBq/week) / (2.62  10-3 Bq/cm3) 
   = 2.52  1010 cm3 / sec. 
 
These large values of LN and LA reflect the fact that the 

tritium is very safely stored in a titanium sponge as a metal 
tritide, of which the tritium gaseous pressure is almost zero. 

 
2. Experimental Results 

Tritium containment of a package during both the normal 
conditions of a transport and under accident conditions is 
important to the health and safety of the public and of the 
package operators. We demonstrated the tritium containment 
integrity of our package by carrying out helium leak rate 
measuring experiments before and after the hypothetical 
accidents such as a 9 m free drop, a 1 m puncture, a thermal 
test (800 C, 30 min.) and a water immersion in accordance 
with the Korean regulations. 9) 

Fig. 2 shows a slight deformation of the over-pack drum 
for a nine-meter free-drop vertical impact on base. Fig. 3 

also shows only a slight deformation of the central part of 
the over-pack drum for a pin-puncture drop test. The one-
meter drop of the package onto a 15-cm-diameter steel pin 
demonstrated a good resistance of the package for puncture 
events. We experimentally verified the integrity of the 
secondary vessel for a 30-minute fire test with a temperature 
of 800 . Fig. 4 shows the furnace in which the secondary 
vessel was heated up to 809  in 10 minutes and its 
temperature was maintained at 805 5  for 30-minutes. Fig. 
5 shows the temperature indicating tape installed on the 
internal surface of the secondary vessel. Fig. 6 shows the 
water immersion testing apparatus of which the maximum 
water test pressure is 0.4 MPa. 

We used helium to measure the actual leakage rates for 
normal conditions (LNM) and for the accident conditions 
(LAM). To compare the test results with the maximum 
permissible leakage rates, we calculated 8) the reference 
helium leakage rates for a normal condition (LNHe) and for an 
accident condition (LAHe). Table 1 shows that the test results 
comply with the regulations. 

 
Table 1 Comparison of leakage rates 

Reference helium leakage 

rates 

Actual helium leakage 

rates 

LNHe = 1.17 x 1012 cm3 / sec LNM = 1.8 x 10-6 cm3 / sec 

LAHe = 1.85 x 1010 cm3 / sec LAM = 2.1 x 10-7 cm3 / sec 

 

 
Fig. 2 Actual vertical impact on base 

 

Fig. 3 Pin-puncture drop test 
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Fig. 4 800 , 30-minute fire test 

Fig. 5 Temperature indicator on the internal surface 
 

Fig. 6 Water immersion test 
 

 
We thus, could obtain a design license for a 500 kCi BU-

type transport container from the Korean government.4-5) 
 

IV. Conclusions 
A BU-type container for the transport of 500 kCi of 

tritium which employs a cross-linked polyethylene foam in-
between a ceramic insulation layer and a polyurethane foam 
in the container was developed. A prototype shipping 
package was fabricated and subjected to several tests 
involving a 9 m free drop test, a 1 m puncture test and a fire 
test in accordance with the Korean regulations. We 
experimentally verified the integrity of the secondary vessel 
for a 30-minute fire test with a temperature of 800 . The 
maximum internal temperature of the secondary vessel was 
only 90 . We demonstrated the tritium containment 
integrity of our package by carrying out helium leak rate 

measuring experiments before and after the hypothetical 
accidents such as a 9 m free drop, a 1 m puncture, a thermal 
test (800 C, 30 min.) and a water immersion test in 
accordance with the Korean regulations. The tritium 
containment was assured by a helium leakage test not only 
for a normal condition but also for accident conditions. We 
could finally obtain a design license for a 500 kCi BU-type 
transport container from the Korean government. 
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The time evolution of an iodine (as a key and representative volatile fission product species) transport and removal 
is simulated to evaluate a realistic in-containment source term instead of TID-14844 under a conservative 
hypothetical scenario in PHWRs. Fission products in vapor and aerosol forms can be deposited onto every heat sink 
in a compartment and be dissolved in a water pool by different deposition mechanisms. All these reactions governing 
an iodine development and evolution in a containment under severe accident conditions are simulated by using the 
latest ISAAC 2.x version which includes modified iodine release/transport/deposition models. 
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Introduction  
All the reactions governing an iodine development in a  

containment under very conservative boundary conditions 
such as severe accidents are simulated by using the latest 
ISAAC (Integrated Severe Accident Analysis Code for 
CANDU plants) 2.x computer code 1) which includes state-
of-the-art iodine release/ transport/deposition models. 
Specifically, three types of iodine behaviors are analyzed 
such as: (1) iodine mass distribution characteristics 
according to its major locations, (2) iodine mass distribution 
characteristics according to three phases (aqueous/ 
suspended/deposited), and (3) iodine aerosol deposition 
characteristics according to its major removal mechanisms. 
Based on the analysis, a realistic in-containment source term 
(as addressed in NUREG-1465 2)) is evaluated and then it is 
compared with the TID-14844 3) for a radioactive iodine 
species. The reference plant for the simulation is a CANDU-
6 nuclear power plant with a large dry containment such as 
the Wolsong plants in Korea. 

 
II. Methodology 
1. General Phenomena 

The iodine escaping from a damaged fuel is usually 
released in the form of a gas (I2, for example), into a reactor 
vessel. However it may very rapidly react with other 
chemical elements released at the same time, in particular 
cesium, which is present in large amounts. The formed CsI 
components will condense into droplets, or even solidify, 
(which is called as aerosols) either as they pass through a 
reactor coolant system or when they reach a containment, 
according to the melting and boiling points for I2 and CsI at 
a given pressure. There is a high probability that the formed 
iodized aerosols will fairly quickly reach a deposited phase. 
They may settle down and be deposited onto cold walls, or 
they may mix with the water present on a floor or in sumps. 
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Though iodide ions during an aqueous phase still have the 
chance to re-react in a variety of ways to form iodized 
compounds (for example, I2 and CH3I), this is not treated in 
this paper, as the amount returning to a gaseous phase is 
negligible. 

 
2. ISAAC Models 

An ISAAC code is a fully integrated severe accident 
computer code to analyze accident scenarios in a PHWR. 
The ISAAC code has been developed by KAERI (Korea 
Atomic Energy Research Institute) with the cooperation of 
FAI (an U.S. company) since the mid 1990’s and the code 
has been widely used for safety enhancement activities such 
as a PRA (Probabilistic Risk Assessment), containment 
performance analysis, and a design safety evaluation for 
PHWRs in Korea. For the time evolution of an iodine 
transport and removal, the iodine release/transport/ 
deposition models are important and they are briefly 
introduced here. The code manual can be referred to for a 
detailed model description. 
(1) Core Release Model 

Among the typical core release models 4), the ORNL-
Booth model 5) that was suggested as an optimum model in 
the ISP46 PHEBUS (international fuel behavior experiments) 
study 6) is used to calculate an iodine release rate from a core. 
The ORNL-Booth model is the latest diffusion fission 
product release model from ORNL using classic single-atom 
diffusion equations and diffusion coefficients that are based 
on a wide range of experimental fission product release data. 
(2) Iodine Transport and Deposition Model 

Since iodine in vapor and aerosol forms can be deposited 
onto every heat sink in a compartment and dissolved in a 
water pool by different deposition mechanisms, the relevant 
iodine transport paths are modeled as shown in Fig.1. 

1. Vapor - aerosol (equilibrium evaporation), 
2. Vapor - uncovered surface (equilibrium evaporation), 
3. Aerosol - water (diffusiophoresis, sedimentation, 

thermophoresis), 
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