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ARTICLE

Measurements and Monte Carlo simulations of high-energy neutron streaming 
through the access maze using activation detectors at 24 GeV/c proton beam 
facility of CERN/CHARM
Noriaki Nakao a, Tsuyoshi Kajimotob, Toshiya Sanami c, Robert Froeschl d, Elpida Iliopoulou d,e, 
Angelo Infantino d, Hiroshi Yashimaf, Takahiro Oyama c, Seiji Nagaguroc, Eunji Lee g,h, 
Tetsuro Matsumoto i, Akihiko Masuda i, Yoshitomo Uwamino a, Stefan Roesler d 

and Markus Brugger d

aInstitute of Technology, Shimizu corporation, Tokyo, Japan; bHiroshima University, Hiroshima Japan; cHigh Energy Accelerator Research 
Organization (KEK), Ibaraki Japan; dCERN, Geneva Switzerland; eHirslanden Private Hospital Group, Radiation Oncology Institut, Lausanne 
Switzerland; fKyoto University (KURNS), Osaka Japan; gKyushu University, Fukuoka Japan; hDepartment of Nuclear Engineering, North 
Carolina State University, Raleigh, NC, USA; iNational Institute of Advanced Industrial Science and Technology (AIST), Ibaraki Japan

ABSTRACT
A measurement of high-energy neutron streaming was performed through a maze at the CERN 
(Conseil Européen pour la Recherche Nucléaire) High-energy AcceleRator Mixed-field (CHARM) 
facility. The protons of 24 GeV/c were injected onto a 50-cm-thick copper target and the 
released neutrons were streamed through a maze with several corridor-legs horizontally 
designed with the shield walls in the facility. Streaming neutrons were measured by using 
aluminum activation detectors placed at 10 locations in the maze. From the radionuclide 
production rate in the activation detectors, the attenuation profile along the maze was 
obtained for the reaction of 27Al(n,α)24Na. Monte Carlo simulations performed with two 
codes, the Particle and Heavy Ion Transport System (PHITS) and CERN FLUktuierende 
KAskade (FLUKA), gave good agreements with the measurements within a factor of 1.7 for 
the production rates ranging over more than 3 orders of magnitude.
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Introduction

Particle accelerator facilities have been constructed for 
physics, medical and industrial uses. Accelerator spe-
cifications have been upgraded to enhance the inten-
sity and energy of the particle beam to provide better 
statistics and more efficient irradiation. To ensure the 
radiation safety in these facilities, the prompt- and 
residual-radiation levels should be predicted from sec-
ondary neutrons generated by beam irradiation. Since 
the neutrons highly penetrate a shield and stream 
through a maze, facility structures with massive 
shields and bending mazes should be well designed 
to reduce the radiation outside the facility to accepta-
ble and optimized levels. As the radiation shield occu-
pies a considerable portion of the total construction 
costs and, cannot be easily modified once the facility is 
built, the facility design is very important when con-
structing high-intensity and high-energy accelerators.

Until now, a number of measurements of neutron 
streaming at mazes have been conducted, but, most of 
them have been for fission neutrons. For high energy 
neutrons above 20 MeV, experimental data of maze 
streaming are very scarce. A measurement of high- 
energy neutron streaming at a maze was conducted by 
Tanaka et al. [1] in the Takasaki Ion Accelerators for 

Advanced Radiation Application (TIARA) of the 
Japan Atomic Energy Research Institute (JAERI, cur-
rently QST(National Institutes for Quantum and 
Radiological Science and Technology)). In the experi-
ment, neutrons were produced at a thick copper target 
bombarded by 68-MeV proton beam, and the neutron 
energy spectra along the maze were measured using an 
organic liquid scintillator and Bonner spheres. It was 
reported that dose equivalent distribution estimated 
from the experimental results agreed within a factor of 
three with that calculated by the empirical formulae. 
However, accuracy of Monte Carlo calculations was 
not confirmed with the experiment.

Recently, for safety purpose in the accelerator facil-
ity, a radiation transport simulation with Monte Carlo 
codes is the main method to predict the radiation 
levels in the various locations during and after beam 
operations. In order to know accuracy of the results 
with simulation codes, validation with experimental 
data is indispensable.

At the CERN High-energy AcceleRator Mixed-field 
(CHARM) facility [2,3], deep-penetration shielding 
experiments were performed in 2015 [4–7] by our 
experimental team. Using the same facility, an experi-
ment of a maze streaming was performed in 2018. This 
paper reports the study of experimentally evaluated 
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high-energy neutron fluxes along a maze at the 
CHARM. The Monte Carlo simulations were also 
carried out and validated by comparisons between 
the experimental and simulated results.

Experiment

Facility

Figure 1 shows the horizontal structure of the 
CHARM facility in the east hall at CERN. 24-GeV/c 
protons are transported from the Proton Synchrotron 
(PS) and injected onto a copper target (8-cm diameter 
by 50-cm thickness) located at the center of the facil-
ity. The protons not interacting in the target are trans-
ported into an iron beam dump placed downstream. 
The proton beam line and target room are surrounded 

by concrete and iron shields. The target room can only 
be accessed through a maze structure which has 
a corridor with several legs.

Figure 2 shows the vertical shielding structure of 
the CHARM facility, which is perpendicular to the 
beam axis at the target location. The target center is 
positioned on the beam line which is 129 cm above the 
floor. To the right of the target in Figure 2, there is 
a four-layered movable shield wall of steel and con-
crete. Each of the shield layer is 20-cm thickness and 
214-cm height from the floor. Above the ceiling of the 
target room, located 240 cm above the beam line, 
a bulk shield consists of 80-cm-thick cast iron and 
360-cm-thick ordinary concrete. A 10-cm-thick mar-
ble ceiling is installed at 185 cm above the beam line 
(below the iron ceiling). Compositions and densities 
of the shield materials are listed in Table 1.

Figure 1. Horizontal cross-section of the CHARM facility.

Figure 2. Vertical cross-section of the shield structure in the CHARM facility perpendicular to the beam axis at the target location. 
The beam travels from front to back of this figure.
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Activation detectors and experimental setup

The streaming neutrons through the maze were mea-
sured by activation detectors composed of aluminum 
(2.7 g/cm3, 99.99% purity), which is widely used in 
high-energy neutron measurements [8]. Two sizes of 
the aluminum (ϕ 8.0 cm × t 1.0 cm and ϕ 4.0 cm × 
t 0.4 cm, where ϕ is the diameter and t is the thickness) 
were used depending on the neutron intensity in the 
corresponding locations. As shown in Figure 3, the 
activation detectors were placed at 10 locations at the 
beam line height and the horizontal center of the 
corridors along the five legs of the maze. Photos of 
activation detector set-up are shown in Figure 4.

Table 1. Density and chemical composition of the materials 
used in the present experiment.

Material Element Weight Element Weight

Density [g/cm3] [%] [%]

Concrete H 0.561 Si 16.175
2.4 C 4.377 S 0.414

O 48.204 K 0.833
Na 0.446 Ca 23.929
Mg 1.512 Ti 0.173
Al 2.113 Fe 1.263

Cast Iron Fe 92.3 P 0.08
7.2 C 3.85 S 0.02

Mn 0.3 Co 0.05
Si 3.4

Movable Shield Fe 97.793 P 0.035
(Steel S235JR) C 0.17 S 0.035
7.85 Mn 1.4 N 0.012

Cu 0.55 Co 0.005

Figure 3. Maze structure and detector locations.

Figure 4. Photos of activation detectors in the maze.

Figure 5. History of beam intensity during the irradiation (hours of the given days indicated).
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Beam irradiation

The maximum average intensity of the 24-GeV/c pro-
ton beam at CHARM is 6.7 × 1010 proton/sec (p/s) [9]. 
The actual beam intensity is monitored by a Secondary 
Emission Chamber (SEC), which was calibrated using 
the aluminum activation method. Figure 5 shows the 
average-intensity history measured by the SEC during 
the experiment. The intensity ranged from 2 × 1010 to 
4 × 1010 p/s. The beam irradiation was carried out for 
about 1 day and 7 hours in the weekend.

The activation detectors were removed after the 
irradiation and transported to a gamma-ray measure-
ment station located in the east hall. Energy spectra of 
photons from radionuclides generated in the activa-
tion detectors by 27Al(n,α)24Na reaction were mea-
sured there by using a high-purity germanium- 
semiconductor (HPGe) detector. The measurements 
were conducted for time between 3 and 24 hours 
depending on the peak count rates of the photons 
from 24Na.

Data analysis

Table 2 lists the analyzed radionuclide-production 
reaction, half-life, and photon energies with their 
emission ratios. The net counts of the photo-peak at 
the corresponding photon energies were analyzed, and 
the production rates of the radionuclides in the activa-
tion detectors per proton were estimated from the 
photo-peak efficiencies of the HPGe-detector and the 
beam-intensity during the irradiation shown in Figure 
5. The analysis method is detailedly described in Ref 
[4]. The efficiencies of the HPGe-detector were esti-
mated in LabSOCS software (Mirion Technologies 
Canberra KK) [10].

Monte Carlo Simulations

Simulation set up

A Monte Carlo simulation was performed with the 
Particle and Heavy Ion Transport code System 
(PHITS) Ver-3.20 [11]. Although Ver-3.02 is cited as 
the reference, there is no difference between the two 
versions in the compiled data for the transport simu-
lation in this work. To simulate the reactions of neu-
trons above 20 MeV and protons, the evaporation 
model GEM [12], the intra-nuclear cascade model 

INCL [13] up to 3 GeV, and the high-energy nuclear 
reaction model JAM [14] above 3 GeV were used in 
the PHITS code. For neutrons below 20 MeV, the 
JENDL-4.0 data library [15] was used.

Another Monte Carlo simulation was also per-
formed with the CERN FLUKA code, Version 4.0.0, 
and a detailed description of the models and cross- 
section data used in FLUKA can be found in Ref 
[16,17].

Simulation for maze streaming

Since the maze structure was complicated, the simu-
lations with both the codes were performed with 
a full geometry as shown in Figures 1–3. For the 
PHITS simulation, the neutron energy spectra were 
obtained using track-length estimators of 10-cm 
diameter spheres. The spheres were set at 49 posi-
tions on the horizontal center of the maze at the 
beam-line height along the 5 legs, as shown in 
Figure 3. The locations of these spherical estimators 
included the corresponding 10 locations of the alu-
minum activation detectors in the experiment. For 
the FLUKA simulation, the neutron energy spectra 
were scored using track-length estimators (size of 
20-cm×20-cm× 20-cm) at the 10 experimental loca-
tions. The whole shield structure shown in Figures 1 
and Figures 2 were considered in the geometries for 
both PHITS and FLUKA, including 3.6-m-thick 
top-roof concrete, 2-m-thick floor concrete, the 
beam dump and side shields which are thick 
enough to consider scattering neutrons in the maze.

Calculated production rate

The radionuclide production rates were estimated by 
folding (multiplying and integrating) the simulated 
energy spectra with the cross-section of 27Al(n, 
α)24Na reaction. The cross-section data, plotted in 
Figure 6, were obtained from the Maekawa library 
[18], which was evaluated on the basis of the experi-
mental data by Kim et al. [19].

Table 2. Production reaction, half-life, photon energies and 
emission ratios of the radionuclide in the aluminum activation 
detector.

Reaction Half Life Photon Energy Emission Ratio
27Al(n,α)24Na 14.96 h 1368.6 keV 1.000

2754.6 keV 0.999

Figure 6. Cross-sections of activation reaction for aluminum.
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Results and Discussion

Table 3 gives numerical values of the 24Na production 
rates at the 10 locations of activation detectors in the 
experiment. Figure 7 shows the attenuation profile of 
the measured production rate through the maze. The 
location given with the unit of meter in Table 3 and 
Figure 7 is the distance from the surface of the down-
stream wall of the irradiation room as shown in Figure 
3. It is observed that the 24Na production rate decreases 
with the distance along the maze. The experimental 
uncertainties in the figures and the table are statistical 
uncertainties of the gamma-ray counting. The uncer-
tainties in the HPGe-detector efficiency by the 
LabSOCS (4.3%) [10] and the beam-intensity-monitor 

calibration (7%) [5] are not included. Table 4 sum-
marizes all the uncertainties.

For comparison, production rates calculated with the 
PHITS and FLUKA codes are also tabulated in the 
Table 3 and plotted in Figure 7. The errors of the 
calculations in the figures and table are statistical errors 
of the Monte Carlo simulations. For the PHITS results, 
all production rates calculated at 49 locations are shown 
in Figure 7. Generally, the calculated results of both the 
PHITS and FLUKA codes agree with experimental 
results over the whole region along the maze. To inves-
tigate discrepancies between the measured and calcu-
lated production rates in detail, ratios of calculated to 
experimental production rates (C/E) are plotted in 
Figure 8. The C/E increases with the increase of the 
distance along the maze, and this discrepancy might be 
attributed to the Monte Carlo simulations or the 
applied reaction cross-sections. However, the calculated 
results generally agree with the experiment within 30% 
in Leg-1 and Leg-2 of the maze. On the other hand, the 
differences become larger in Leg-3 or further, and the 
discrepancy is 65%, i.e. a factor of ~1.7, in the worst 
case. The calculated results by PHITS and FLUKA gen-
erally give a good agreement with each other.

Around the experimental location No.9 in Leg-4, 
higher production rates than those around the loca-
tion No.8 are observed in both the experiment and 

Table 3. Numerical values for experimental and calculated radionuclide production rates, their uncertainties in percentage for 10 
locations of activation detectors in the experiment.

No. Location Experiment Unc PHITS Unc FLUKA Unc

[m] [24Na/atom/proton] [%] [24Na/atom/proton] [%] [24Na/atom/proton] [%]

1 1.200 1.95 × 10−31 1.78 2.01 × 10−31 0.47 2.07 × 10−31 0.40
2 3.200 1.25 × 10−31 1.93 1.51 × 10−31 0.54 1.37 × 10−31 0.48
3 5.410 6.75 × 10−32 2.46 7.75 × 10−32 0.73 6.60 × 10−32 0.71
4 7.010 4.08 × 10−32 2.62 4.92 × 10−32 0.93 4.66 × 10−32 0.85
5 8.425 1.63 × 10−32 4.07 2.21 × 10−32 1.37 1.91 × 10−32 1.26
6 10.665 3.65 × 10−33 4.58 5.06 × 10−33 2.67 4.90 × 10−33 1.44
7 14.635 2.12 × 10−34 3.93 2.73 × 10−34 0.57 2.52 × 10−34 1.88
8 17.435 2.90 × 10−34 6.69 4.37 × 10−34 1.51 3.78 × 10−34 5.58
9 19.385 3.06 × 10−34 6.67 4.07 × 10−34 1.36 3.48 × 10−34 3.62
10 21.250 4.50 × 10−35 9.58 7.39 × 10−35 3.65 7.12 × 10−35 10.24

Figure 7. Attenuation profile of experimental production rates 
along the maze compared with the calculated ones.

Table 4. Summary of uncertainties.

Source of uncertainty
Uncertainty on production 

rate

Experiment γ-spectrometry statistics 1.78–9.58%
γ-spectrometry efficiency 4.3%
Activation detector weight 1%
Beam monitor calibration 7%
Beam intensity statistics <1%
Beam momentum <1%
Beam position and profile <1%
Target density and 

dimension
<1%

Simulation Statistics (PHITS) 0.47–3.65%
Statistics (FLUKA) 0.4–10.24%

Figure 8. Ratios of calculated to experimental production rates 
(C/E) of radionuclides at different locations along the maze.
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simulation. It can be considered that this phenomenon 
was caused by a contribution of high-energy neutrons 
that penetrated the movable and the 80-cm-thick 
shield.

Figure 9 shows neutron energy spectra at the detec-
tor locations in the maze obtained from the PHITS 
simulation. It can be seen in Figure 9A that the energy 
spectra from thermal to maximum energy decrease 

with increasing the distance along the maze. Figure 
9B shows neutron energy spectra focusing on the 
energy region above 1 MeV. The neutron spectra of 
No. 7 and 9 are higher than those of previous loca-
tions: No.6 and 8 in the energy region above 300 MeV 
and 40 MeV, respectively. At the locations of No.7 and 
9, the neutrons passing through the shield wall are 
significantly added to those streaming along the 
maze as to be mentioned later.

Figure 10 shows the relative cumulative 24Na pro-
duction yields as a function of neutron energy esti-
mated with the cross-section data and energy spectra 
simulated with FLUKA code for 10 locations. Relative 
contributions of the neutron energy regions to the 
24Na production can be found from the distribution, 
and it is indicated that neutrons of energy higher than 
50 MeV greatly contribute to the productions at the 
position of No. 9.

Figure 11 shows two-dimensional distributions 
simulated for neutron flux above 1 MeV by PHITS 
and 24Na production [20,21] by FLUKA in the hor-
izontal plane. Since the threshold of the 27Al(n,α)24Na 
reaction is around a few MeV, distributions of neu-
trons in the energy range above a few MeV can be 
observed from both of the color plots, and a flow of 
neutrons through the wall between Leg-1 and Leg-3 

Figure 9. Neutron energy spectra simulated with PHITS code at 10 locations for (a) whole energy region and (b) region above 1 
MeV.

Figure 10. Relative cumulative 24Na production yields as 
a function of neutron energy estimated with the neutron 
energy spectra simulated with FLUKA code for 10 locations.
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can be seen as shown with the arrows. It is considered 
that the high-energy neutrons at the maze in this 
facility are composed of transmitted neutrons through 
bulk shield in addition to the streaming neutrons 
through the maze. In order to investigate the phenom-
enon, additional simulations by both PHITS and 
FLUKA were performed with additional zero impor-
tance region (black-hole), where any particle transport 
is terminated, inside the wall between Leg-1 and Leg- 
3. Height range of the black-hole is between the inner 
surfaces of the floor (129 cm below the beam axis) and 
the ceiling (195 cm above the beam axis). Figure 12 
shows the two-dimensional distributions calculated 
with incorporating the black-hole. It can be seen that 
stopping of the neutron flow through the wall drasti-
cally reduces the neutron intensity in the legs after 
Leg-3.

Figure 13 shows neutron energy spectra simulated 
by PHITS and FLUKA in the locations of the activa-
tion detectors from No.5 to No.10 along Leg-3 and 
Leg-4 in the maze with and without the black-hole 
inside the wall. It can be found that the higher energy 
components above around 10 MeV for the 

calculations with the black-hole were less than one 
tenth of those without black-hole. This indicates that 
penetration components through the wall between 
Leg-1 and Leg-3 are dominant in the higher energy 
region. Neutron energy spectra simulated by PHITS 
and FLUKA give good agreements with each other.

The attenuation profiles of 24Na production rate 
along the maze are compared between with and with-
out the black-hole in Figure 14. It can be seen that 
penetrating component is dominant beyond Leg-3, 
and the production rates due to the streaming neu-
trons are small by one order of magnitude to those due 
to the total neutrons. It is important to know the 
behavior of high-energy neutrons in the maze because 
the lower-energy neutrons decrease much faster and 
are produced mainly by the scattering of high-energy 
neutrons and also because the effective dose is typi-
cally dominated by high-energy neutrons.

Conclusion

A high-energy neutron streaming through the maze at 
the CHARM facility at CERN was measured using the 

Figure 11. Two-dimensional flux distributions in the horizontal plane simulated for (a) neutron flux (E>1MeV) by PHITS and (b) 
24Na production yield by FLUKA.

Figure 12. Two-dimensional flux distributions in the horizontal plane with a black-hole (solid line in the figure) inside the wall 
between Leg-1 and Leg-3 simulated for (a) neutron flux (E>1MeV) by PHITS and (b) 24Na production yield by FLUKA.
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27Al(n,α)24Na reaction. The source neutrons were gen-
erated at the 50-cm-thick copper target bombarded by 
24 GeV/c protons. The results of Monte Carlo simula-
tions performed with PHITS and FLUKA codes reason-
ably agreed with the measured data within a factor of 1.7. 
Due to the additional simulations, it was found that the 
penetration component of high-energy neutrons 
through the shield between the legs in the maze contrib-
uted significantly to the further locations of the maze. In 
the high-energy particle accelerator facility, it is 

important to estimate the behavior of high-energy neu-
trons because most of low energy neutrons at the down-
stream of the maze are produced mainly by the 
scattering of high-energy neutrons from the upstream 
of the maze.

This work provides benchmark experimental data 
for a maze streaming in a high-energy proton accel-
erator facility. The results are expected to improve our 
understanding of shielding design in future high- 
energy accelerator facilities.

Figure 13. Neutron energy spectra simulated by PHITS and FLUKA in the locations of the activation detectors from No.5 to No.10, 
compared with those with the black-hole inside the wall.
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