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Abstract — Measurements of high-energy neutrons through shield penetration and maze streaming were performed at 
the Conseil Européen pour la Recherche Nucléaire (CERN) 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 transmitted 
through shields and a maze in the facility. The transmitted neutrons in the shield and maze were measured using 
activation detectors placed behind various materials and thicknesses of the shields and at several locations in the maze. 
From the radionuclide production rates in the activation detectors, the attenuation profiles though the shield thickness 
and along the maze were obtained for the reactions of 209Bi(n,xn)210-xBi(x = 4–9), 27Al(n,α)24Na, 115In(n,n’)115mIn, and 
12C(n,2n)11C. Monte Carlo simulations were performed with three codes, PHITS, FLUKA, and GEANT, which had good 
agreement with the measurements within a factor of 2 for the production rates.

Keywords — High-energy neutrons, shielding experiment, maze, activation detector, Monte Carlo.     

Note — Some figures may be in color only in the electronic version. 

I. INTRODUCTION

A number of particle accelerator facilities have been 
constructed for physics, medical, and industrial use. 
Accelerator specifications have been upgraded to 
enhance the intensity and energy of the particle beam 
to provide better statistics and more efficient irradiation. 
To ensure radiation safety in such facilities, the prompt 
and residual radiation levels should be predicted from 
the data of secondary neutrons generated by beam irra
diation. The neutrons from high-power accelerators are 
highly penetrative and require a massive shield to sup
press the radiation levels outside the facility. As the 
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radiation shield occupies a considerable portion of the 
total construction costs, the shielding design is very 
important when constructing high-intensity and high- 
energy accelerator facilities. Recently, Monte Carlo 
simulation have been widely used for the shielding 
designs in such facilities. Therefore, reliable benchmark 
experimental data are indispensable for clarifying the 
accuracy of the simulation results. However, this has 
not been well validated because reliable experiments 
are scarcely reported.

In the Takasaki Ion Accelerators for Advanced Radiation 
Application (TIARA) of the Japan Atomic Energy Research 
Institute (currently the National Institutes for Quantum and 
Radiological Science and Technology), 40- and 65-MeV 
quasi-monoenergetic neutrons have been produced by proton 
beams, and the neutron energy spectra have been measured 
behind concrete,1 iron,2 and polyethylene3 shields. At the 
Alternating Gradient Synchrotron (AGS) in Brookhaven 
National Laboratory, a shielding experiment with a mercury 
spallation target bombarded with 24-GeV protons was per
formed, and attenuation lengths for concrete and iron were 
experimentally evaluated.4 At the High Energy Accelerator 
Research Organization (KEK) spallation neutron source 
(KENS) facility using a 500-MeV proton beam, the attenua
tion of neutrons in the forward direction through the concrete 
shield was measured.5 In the Conseil Européen pour la 
Recherche Nucléaire (CERN)-European Union High 
Energy Reference Field (CERF) facility, a 120 GeV/c posi
tive-hadron beam was directed at a thick copper target and 
the neutron energy spectra between 32 and 380 MeV were 
measured behind lateral shields of concrete and iron.6

A number of measurements of neutron streaming at 
mazes have also 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.7 at the TIARA. 
In the experiment, neutrons were produced at a thick 
copper target bombarded by a 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 dis
tributions estimated from the experimental results agreed 
within a factor of 3 with that calculated by the empirical 
formula. However, the accuracy of Monte Carlo calcula
tions was not confirmed with the experiment.

This paper reports on the study of experimentally 
evaluated high-energy neutron fluxes for a lateral shield 
and a maze at a high-energy proton accelerator facility. 
At the CERN High-energy AcceleRator Mixed-field 
(CHARM) facility,8,9 benchmark experiments of a bulk 
shield penetration in 2015 (Refs. 10, 11, and 12), 
a modified shield from 2016 to 2022 (Refs. 13 and 14), 
and a maze streaming in 2018 (Ref. 15) were performed. 
The Monte Carlo simulations were carried out and com
parisons with the experimental results are discussed.

II. EXPERIMENT

II.A. Facility

Figure 1 shows the horizontal structure of the CHARM 
facility in the east hall at CERN. The 24 GeV/c protons are 
transported from the proton synchrotron and injected into 
a copper target (8-cm diameter × 50-cm thickness) located 
at the center of the facility. The protons not interacting with 
the target are transported into an iron beam dump placed 

Fig. 1. Horizontal structure of the CHARM facility. 
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downstream. The proton beam line and target room are 
surrounded by ordinary concrete and cast-iron shields. The 
target room can only be accessed through a maze.

Figures 2 and 3 show the vertical shielding structure of 
the CHARM facility for the original shield structure in 
2015 and the one modified at the beginning of 2016, 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 
Figs. 2 and 3, there is a four-layer movable shield wall of 

iron and concrete. Each of the shield layers is 20 cm thick. 
Above the ceiling of the target room, located 240 cm above 
the beam line, a bulk shield is constructed of 80-cm-thick 
cast iron and 360-cm-thick ordinary concrete. A 10-cm- 
thick marble ceiling is installed 185 cm above the beam 
line (below the iron ceiling). The densities of the concrete, 
the cast iron, and the marble of the bulk shield are 2.4, 7.2, 
and 2.71 g/cm3, respectively.

As shown in the modified shield of Figs. 3 and 4, two 
setups of the shielding experiment, a removable sample 

Fig. 2. Vertical cross section of the original shield structure in the CHARM facility perpendicular to the beam axis at the target 
location. The beam travels from the front to back of this figure. 

Fig. 3. Vertical cross section of the modified shield structure in the CHARM facility perpendicular to the beam axis at the target 
location. The beam travels from the front to back of this figure. 
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block and a material test location, are arranged in the 
vertical shield just above the target. The removable sam
ple block, made of ordinary concrete with three detector 
holes at different heights, is placed on a 40-cm-thick iron 
slab just above the target room ceiling. In the material test 
location, positioned just above the removable sample 
block, various test shield blocks can be installed.

II.B. Activation Detector Samples and Experimental 
Setup

The neutrons transmitted upward through the original 
bulk shield were measured by activation detector samples 
composed of bismuth and aluminum, which are widely 
used in high-energy neutron measurements.16 The bis
muth and aluminum detectors were each prepared in 
two sizes: 8.0-cm diameter × 1.0-cm thickness and 
4.0-cm diameter × 0.4-cm thickness. The sample size 
was varied because the neutron intensity varies inside 
the shielding. Parts of the concrete blocks were removed 
from the top of the shield, and the samples were placed at 
concrete shield depths of 0, 80, 160, and 240 cm, as 
shown in Fig. 2. After setting the samples, the removed 
blocks were replaced for the beam irradiation.

For the modified shielding structure shown in Figs. 3 
and 4, neutrons were measured using activation detectors 
of bismuth, aluminum, indium, and graphite, and the two 
sizes mentioned previously were placed at various shield 
locations. As shown in Fig. 4a, the samples were placed 

at four locations (three holes and the top of the removable 
block). On the other hand, for the material test location 
experiment in Fig. 4b and Fig. 4c, samples were placed 
upon ordinary concrete slabs of 40- to 160-cm thick
nesses, and steel slabs of 20- to 80-cm thicknesses were 
equipped by changing the material and the thickness. The 
densities of the concrete and the steel of the test shielding 
material were 2.23 and 7.77 g/cm3, respectively.

The streaming neurons through the maze were mea
sure by aluminum activation detector of the two sizes, 
which were varied depending on the neutron intensity. 
The detectors were placed at 10 locations (Fig. 5) at the 
beam line height and the horizontal center along the five 
legs of the maze.

Generally, from the radionuclide production rate in 
the activation detectors, the attenuation profiles through 
the various shielding materials were obtained for the 
reactions of 209Bi(n,xn)210-xBi(x = 4–9), 27Al(n,α)24Na, 
115In(n,n’)115mIn, and 12C(n,2n)11C.

II.C. Beam Irradiation

The intensity of the 24 GeV/c proton beam at 
CHARM was 6.7 × 1010 proton/s (Ref. 17) in the max
imum. The relative beam intensity was monitored by 
a secondary emission chamber. In the bulk shielding 
experiment, the beam irradiation was carried out for 
about 1 to 18 h, including the night period, depending 
on the sample. The beam was temporarily stopped after 

Fig. 4. Locations of the activation detectors and configurations of the measurement in the modified shield structure showing shielding 
experiments with (a) the removable sample concrete block, and (b) concrete and (c) steel shields in the material test location. 
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the irradiation period to remove the irradiated samples 
and to install new samples at the corresponding locations. 
In the maze experiment, the beam irradiation was carried 
out for about 2.5 days over the weekend.

II.D. Radioactivity Measurements

The removed samples were transported to the CERN 
gamma-spectrometry laboratory, and the energy spectra 
of the photons from the radionuclides generated in the 
samples by the 209Bi(n,xn)210-xBi (where x = 4 to 9), 27Al 
(n,α)24Na, 115In(n,n’)115mIn, 27Al(n,α)24Na, and 12C 
(n,2n)11C reactions were measured by a high-purity ger
manium-semiconductor detector (Ge-detector). To esti
mate the radioactivity of the corresponding nuclides 
with short (201Bi and 202Bi), medium (203Bi and 204Bi), 
and long (205Bi and 206Bi) half-lives, the bismuth samples 
were measured continuously three times for 3, 15, and 
24 h, respectively. The aluminum samples were measured 
for times between 3 and 24 h, depending on the peak 
count rates of the photons from 24Na. For others, 

measuring times were 4 h for the indium samples and 
15 to 30 min for the graphite samples.

II.E. Data Analysis

Table I lists the analyzed radionuclide production reac
tions, half-lives, and photon energies with their emission 
ratios. The net counts of the photopeak at the corresponding 
photon energies were analyzed, and the production rates of 
the radionuclides in the activation detector samples per pro
ton beam irradiation were estimated from the photopeak 
efficiencies of the Ge-detector and the beam intensity fluctua
tions during the irradiation. The efficiencies of the Ge- 
detector were estimated in LabSOCS software18 (Mirion 
Technologies, Canberra KK).

III. MONTE CARLO SIMULATIONS

A Monte Carlo simulation was performed with the 
Particle and Heavy Ion Transport code System19 (PHITS) 
Version 3.02 to simulate neutron flux distribution in the 

Fig. 5. Maze structure and detector locations. 
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original bulk shield. For the reactions of neutrons above 
20 MeV and protons, the evaporation model GEM 
(Ref. 20) was used; for neutrons up to 3 GeV, the intra
nuclear cascade model INCL (Ref. 21) was used; and for 
high-energy nuclear reactions above 3 GeV, the JAM 
model22 was used in the PHITS code. For neutrons 
below 20 MeV, the JENDL-4.0 data library23 was used.

Since the structure of the original upper bulk shield 
in this facility was comparatively simple and wide, the 
calculation of two steps was performed with a simplified 
geometry to shorten the calculation time. First, the angu
lar and energy spectra of the neutrons above 1 MeV 
produced from the copper target injected by the 
24 GeV/c proton beam were simulated. The obtained 

TABLE I 

Production Reactions, Half-Lives, and Photon Energies of the Radionuclides in the Activation Detectors 

Reaction Half-Life Photon Energy [keV] (Emission Ratio)

115In(n,n’)115mIn 4.486 h 336.0 (0.458)
27Al(n,α)24Na 14.96 h 1368.6 (1.000) 2754.6 (0.999)
12C(n,2n)11C 20.39 min 511.0 (1.995)
209Bi(n,4n)206Bi 6.24 day 803.1 (0.989) 881.0 (0.662) 1718.7 (0.318)
209Bi(n,5n)205Bi 15.31 day 703.4 (0.310) 1764.4 (0.325)
209Bi(n,6n)204Bi 11.22 h 899.2 (0.988) 984.0 (0.593)
209Bi(n,7n)203Bi 11.76 h 820.2 (0.297) 825.3 (0.146) 1847.4 (0.114)
209Bi(n,8n)202Bi 1.72 h 422.2 (0.837) 657.5 (0.606) 960.7 (0.994)
209Bi(n,9n)201Bi 1.80 h 629.1 (0.240)

Fig. 6. Comparison of experimental and simulated attenuation profiles of the radionuclide production rates in the original shield 
structure in the CHARM facility. 
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energy spectrum at 90 deg was chosen as the source term 
for the second-step calculation with the deep shield. Disk- 
shaped slabs with a sufficiently wide radius (10 m), 
including a 10-cm-thick marble, an 80-cm-thick iron, 
and 800-cm-thick concrete were placed in order from 
the source position.

A pencil beam of the source neutrons was injected into 
the center of the marble slab. To ensure good neutron statis
tics in the deep-shield region, a variance reduction technique 
(importance method) was applied in the second-step calcula
tion. Using surface-crossing estimators in a 40-cm-thick 
interval in the concrete, the neutrons in the whole planes of 

the 10-m radius at the same depths were integrated, and the 
neutron energy spectra were estimated. This method was 
equivalent to the one-dimensional calculation for a plane 
source. The absolute values of the energy spectra were finally 
divided by the square of distances between the target and the 
corresponding estimator planes to obtain the results as a point 
source.

For the modified shielding structure, Monte Carlo simu
lations were performed with the FLUctuating KAskade code 
(FLUKA) version 4-2.2 distributed by the FLUKA.CERN 
collaboration,24,25 the PHITS version 3.24, and the 
GEometry ANd Tracking (GEANT) version 4.10.07-02 

Fig. 7. Attenuation profile of experimental and calculated production rates as a function of concrete thickness for the removable 
block configuration. 
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(Refs. 26 and 27). In the simulations, the geometries of the 
detailed shield structure were described. A track-length esti
mator was used for scoring the particle in the detector regions 
to estimate particle fluxes. An importance method for the 
variance reduction technique was also used to get better 
statistics. For all simulations, the energy spectra of the scored 
particles were estimated above thermal energy for FLUKA, 
0.1 MeV for PHITS, and 0.315 MeV for GEANT4 
calculations.

Simulations for the maze were performed with PHITS 
version 3.10 and FLUKA. The geometries of the detailed 

shield structure, shown in Fig. 5, were described in the 
simulations. The neutron energy spectra were obtained 
using track-length estimators that were placed at the hor
izontal center of the maze at the beam line height along the 
five legs. The locations of these estimators included the 
corresponding 10 experimental positions.

The radionuclide production rates were estimated by 
folding (multiplying and integrating) the simulated 
energy spectra with the cross-section data for 209Bi(n, 
xn)210-xBi (x = 4–9), 27Al(n,α)24Na, 115In(n,n’)115mIn, 
and 12C(n,2n)11C evaluated by Maekawa et al.28

Fig. 8. Attenuation profile of experimental and calculated production rates as a function of concrete thickness in the material test 
location. 

BULK AND MAZE SHIELDING USING ACTIVATION DETECTOR · NAKAO et al. 343

NUCLEAR SCIENCE AND ENGINEERING · VOLUME 198 · FEBRUARY 2024                                                                  



IV. RESULTS AND DISCUSSIONS

The experimental attenuation profiles of the radionu
clide production rates through the original bulk shield are 
shown in Fig. 6, and those through the modified shield 
structure are shown in Figs. 7, 8, and 9, while those along 
the maze are shown in Fig. 10. The errors in these figures 
are the statistical errors of the photon counting data. The 
uncertainties in the Ge-detector efficiency by LabSOCS 
(Ref. 18) and the beam monitor calibration10 (4.3% and 
7%, respectively) are not included in the figures. For com
parison, the simulation results are also shown in the figures.

In Fig. 6, the production rates decreased exponentially 
with increasing depth through the original bulk shield. The 
simulated production rates generally agreed with the mea
sured values, especially for 24Na and 206Bi. The simulated 
and experimental production rates of 24Na and 206Bi agreed 
within ~20%, and those of 205Bi, 204Bi, and 203Bi agreed 
within 30% to 50%. Although the simulated production 
rates of 202Bi and 201Bi showed overestimation, they 
deviated within a factor of 2 from the measured rates.

For the modified shielding structure, simulated produc
tion rates were compared with the experimental data, as 
shown in Figs. 7, 8, and 9 for the removable block, 

Fig. 9. Attenuation profile of experimental and calculated production rates as a function of steel thickness in the material test 
location. 
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concrete, and steel shield, respectively. For the removable 
block, FLUKA gave good agreement with the experiment 
within around 10%. On the other hand, overestimations by 
35% to 60% for PHITS and by a factor of 2 for GEANT4 
can be found. For the concrete and steel shields, agreements 
can be seen within 30% for FLUKA, within 20% for 
PHITS, and within 40% for GEANT4.

For the maze streaming shown in Fig. 10, it is 
observed that the 24Na production rates decreased with 
the distance from the target along the maze. The simu
lated production rates generally agreed with the measured 
values, especially in the first and second legs. Although 
overestimations of the simulation can be seen in the third 
and fourth legs, the discrepancies are up to a factor of 2. 
Around experimental location 9, higher production rates 
than those around location 8 can be observed both in the 
experimental and simulated data. It was clarified by the 
simulation that this phenomenon is caused by 
a contribution of high-energy neutrons penetrating 
a direct path through the 0.8-m-thick shield between the 
first and third legs.

V. CONCLUSION

The attenuation of neutrons through the original bulk 
concrete shield, various thicknesses of the concrete and steel 
shields, and along the maze were measured using activation 
detectors in the CHARM facility at CERN with a 24 GeV/c 
proton beam. The radionuclide production rates of the 209Bi 
(n,xn)210-xBi (x = 4–9), 27Al(n,α)24Na, 115In(n,n’)115mIn, and 

12C(n,2n)11C reactions were measured. The results of Monte 
Carlo simulations reasonably agreed with the measured data 
within a factor of 2. This work provides useful benchmark 
experimental data for a deep-shield penetration and maze 
streaming in a high-energy proton accelerator facility. The 
results are expected to improve our understanding of shield
ing design in future high-energy accelerator facilities.
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