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A B S T R A C T

Experiments of high-energy neutron streaming were performed in the access maze of the CERN High-energy
AcceleRator Mixed-field (CHARM) facility where high-intensity proton beams of 24 GeV/c impact on a copper
target. The streaming of the secondary neutrons through the various legs of the ramified access maze of the
facility was measured using aluminium activation detectors installed at 12 different locations: for the first
time, the extended coverage of measurement locations allowed to assess the streaming in more distant areas
of the maze. The attenuation profile along the maze measured via the production of 24Na was also used to
benchmark results from Monte Carlo calculations performed with FLUKA, PHITS, and GEANT4: over almost
the five orders of magnitude of the measured production yield, an agreement within a factor 1.4, 1.7, and 2.5
respectively was found for the three codes.
1. Introduction

In recent years, particle accelerator facilities have been constructed
for various purposes, notably encompassing fundamental physics re-
search, medical applications, and industrial research and development.
To ensure their safe and reliable operation, particularly in the case
of high-energy facilities, stringent shielding measures are necessary to
minimize stray radiation outside the facilities to levels as low as rea-
sonably achievable. Additionally, all accelerator shields require open-
ings for cables, ventilation ducts, and personnel access. Therefore, the
shielding design is a crucial aspect and often a challenging task due to
the different constraints that must be taken into consideration. Since
the shielding construction costs are often a non-negligible portion of
the total cost of a facility, and large modifications are often difficult to
implement once the shielding is in place, very reliable tools must be
used in the design process.

The design of accelerator facilities in the past days was typically
based on semi-empirical formulas (see for instance A. H. Sullivan
(1992) [1]). While these approaches can still be useful to provide
quick, order-of-magnitude estimates, shielding designs based on these
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methods tend to be very conservative, leading for instance to higher
costs and higher space needs. Nowadays, radiation transport Monte
Carlo codes are the state-of-the-art tools utilized in the design and
radiation protection assessments of accelerator facilities.

To validate the results obtained from radiation transport codes and
to determine more accurately safety margins to be adopted in design
studies, benchmarks with experimental data and code intercomparisons
are both crucial. At the CERN High-energy AcceleRator Mixed-field
(CHARM) facility [2], several experiments covering the deep pene-
tration of neutrons in bulk shielding were conducted with active [3]
and passive detectors [4]. In efforts to enhance the availability of
experimental data on the streaming of high-energy neutrons (i.e., above
20 MeV) in access mazes of high-energy accelerator facilities, initial
measurements were conducted in 2018 [5]: the simulations were found
to align with experimental data within a factor of 1.7, and it was
additionally observed that, apart from neutron streaming, penetration
through the maze walls could significantly contribute to locations
further within the maze itself. Owing to the facility configuration
and measurement locations at the time, this effect could not be more
vailable online 27 June 2024
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precisely quantified. This work presents the series of measurements
conducted at CHARM in 2022 which, thanks to the different facil-
ity configuration used and the extended coverage of measurement
locations, allowed to better assess the neutron streaming in more
distant areas of the access maze. In addition, Monte Carlo simulations
were performed using three distinct codes, and their outcomes were
validated against the experimental data.

2. Experiment

2.1. Facility configuration

The layout of the CHARM facility at the CERN East Experimental
Area is depicted in Fig. 1. A 24 GeV/c proton beam, extracted from the
CERN Proton Synchrotron (PS), is transported via the T08 beam line
through the proton irradiation facility (IRRAD) [6] and then directed to
CHARM, where it impacts the centre of the base of a cylindrical target
measuring 50 cm in length and 8 cm in diameter. Three different targets
are available and are mounted on a remotely controlled revolver:
copper, aluminium, and the so-called aluminium sieve which comprises
several slits arranged to achieve an effective density approximately one-
third that of aluminium. Both the beam line and the centre of the target
are positioned at a height of 129 cm above the floor of the experimental
area. The target revolver is positioned on a movable table so that, when
access is required in the target room, the table can be retracted into a
dedicated alcove which is then closed by a 20 cm marble wall: during
operation, the marble door remains open. Primary protons that have
not interacted with the target are intercepted by a beam dump placed
downstream.

Adjacent to the target there are four movable shielding walls, each
20 cm thick. The outer layers are constructed from concrete, while the
inner layers consist of cast iron. These walls stand 214 cm high and
are utilized to alter the relative particle composition and intensity of
the secondary radiation field within the target room during irradiation
experiments, or to shield personnel from residual radiation when access
to the facility is necessary. Surrounding the beam line and target room
is a bulk shielding composed of concrete and cast iron blocks. Access
to the target room is only possible through a maze with several legs.

For the experiments described here, the proton beam was always
directed at the copper target, which, compared to the other available
target choices, produces the most intense secondary field. Additionally,
the movable shielding walls were always kept retracted from the target
room, thus providing better conditions for the measurements of the
neutron streaming even at points further along the maze legs. Indeed,
the low energy neutrons downstream of the maze are essentially pro-
duced by the scattering of the high-energy ones upstream: removing the
shielding walls from the target room allows the high-energy component
emitted approximately at 90◦ from the target to reach the maze without
eing attenuated by approximately a factor 15. The composition and
ensities of the shielding materials are detailed in Table 1.

.2. Experimental set-up

The streaming of neutrons through the various legs of the CHARM
ccess maze was measured via the production of 24Na in activation de-

tectors made of high-purity aluminium (99.999%, 2.7 g/cm3 density), a
material widely used for high-energy neutron measurements. Figs. 2, 3,
and 4 illustrate the maze structure and facility configuration during the
experiment and provide the detailed location of the installed activation
detectors labelled from 0 to 11. Nine activation detectors were mounted
at beam height onto custom-made polymethyl methacrylate (PMMA)
supports, which were then installed at the horizontal centre of the
corridors of the five legs of the maze. Additionally, two detectors, also
mounted at beam height on PMMA supports, were positioned at more
shielded points in the access maze (locations 0 and 6 as shown in
Fig. 4). Finally, one detector was placed in the target room, positioned
2
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Table 1
Density and chemical composition (mass fraction) of the shielding materials used in
the present experiment.

Material Density Element Mass fraction Element Mass fraction
[g/cm3] [%] [%]

Cast iron 7.3 Fe 92.3 P 0.08
C 3.85 Co 0.05
Si 3.4 S 0.02
Mn 0.3

Concrete 2.35 O 48.204 Fe 1.263
Ca 23.929 K 0.833
Si 16.175 H 0.561
C 4.377 Na 0.446
Al 2.113 S 0.414
Mg 1.512 Ti 0.173

at 90◦ with respect to the target (location 1 as in Fig. 4). This detector
as enclosed in a small plastic bag and hung at approximately 5 cm
bove the beam height on a hook of the fence delimiting the movable
hielding walls: the location defined by the position of this hook is
ne of the reference irradiation locations of CHARM. Depending on the
xpected neutron fluence at the corresponding location, two sizes of
etectors were used: 4 cm diameter and 0.4 cm thickness samples, and
cm diameter and 1 cm thickness samples were employed for locations

rom 0 to 4 and locations 5 to 11 respectively. Photos of the samples
s mounted and installed in the access maze are shown in Fig. 5.

.3. Beam conditions

The maximum intensity of the proton beam per extraction, or spill,
t the time of the experiment was 50×1010 protons/spill. The beam in-
ensity is measured using a secondary emission chamber (SEC) located
pstream IRRAD and calibrated using the activation foil technique [7].
he SEC counts/spill were retrieved from the CERN Accelerator Log-
ing Service and were then converted to protons/spill using the device
alibration factor of 5.46 × 106 protons/count [7,8].

To facilitate the analysis, the data were binned into one-minute
ntervals to calculate an average beam intensity in protons/s over these
ixed-length time windows. The average beam intensity is shown in
ig. 6: the beam irradiation was carried out for about 2 days and 13 h,
rom the evening of August 26 2022, to the morning of August 29,
022.

.4. Gamma spectroscopy and data analysis

After irradiation, the activation detectors were removed from their
nstallation location and transported to the CERN Radio-Analytical
aboratory. Gamma spectroscopy was performed using a high-purity
ermanium-semiconductor (HPGe) detector, in particular to measure
he energy spectrum of photons emitted in the decay of 24Na (𝑇1∕2

14.96 h) produced via the 27Al(𝑛, 𝛼)24Na reaction in the irradiated
amples: the analysed photon energies were 1368.8 keV and 2754.6
eV whose corresponding emission ratios are 1.000 and 0.999. The
ounting times ranged from 3 to 24 h depending on the peak count
ates of the photons from 24Na: the net counts of the photo-peaks
t the corresponding photon energies were analysed so that the 24Na
roduction yield could be estimated taking into account the photo-peak
fficiencies of the HPGe-detector and the beam intensity during the
rradiation as shown in Fig. 6. The analysis methodology adopted was
escribed in detail by Nakao et al. [4], and the efficiencies of the HPGe-
etector were estimated in LabSOCS software (Mirion Technologies

anberra KK) [9].
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Fig. 1. Engineering drawing of the IRRAD and CHARM facilities at the CERN East Experimental Area: iron and concrete blocks are indicated respectively with a black shading
and a diagonal hatching.

Fig. 2. Horizontal cut at beam level of the simulation geometry. Iron and concrete shielding blocks are depicted respectively in brick-red and grey, while marble walls in white.
Arrows indicate the beam direction and the position of the target.

Fig. 3. Vertical cut of the simulation geometry in correspondence of the target. Iron and concrete shielding blocks are depicted respectively in brick-red and grey, while marble
walls in white. The arrow indicates the position of the target. The roof shielding, which incorporates the CERN Shielding Benchmark Facility (CSBF) 90◦ above the target, is also
visible: although of minor impact for the experiment described here, the configuration of CSBF consisted of 200 cm concrete (custom-shaped block in darker grey) and 160 cm
barite concrete. For a general description of CSBF see for instance N. Nakao et al. [4].
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Fig. 4. Horizontal cut at beam level of the simulation geometry with the details of the CHARM facility configuration during the experiments and the installation locations of the
activation detectors in the access maze. Iron and concrete shielding blocks are depicted respectively in brick-red and grey, while marble walls in white. Arrows indicate the beam
direction and the position of the target.

Fig. 5. Photos of the activation detectors: detectors mounted on the PMMA supports before the installation (left), view of the detector 10, 7, and 8 in the access maze (right).

Fig. 6. Average beam intensity sent to the CHARM target during the experiments as monitored with a secondary emission chamber. The intensity is binned in one-minute-long
intervals.
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Fig. 7. Cross section of the 27Al(𝑛, 𝛼)24Na reaction used for the estimation of the 24Na
roduction yield: the cross section is derived from the Maekawa library [24] which is
valuated with data by Kim et al. [25].

. Monte Carlo simulation

To benchmark experimental data, Monte Carlo simulations were
onducted using the FLUKA code [10,11] (version 4–3.3 distributed
y the FLUKA.CERN collaboration), the PHITS code [12,13] (version
.30), and GEANT4 [14,15] (version 4.11.1).

A detailed description of the physics models implemented in FLUKA
an be found in Ref. [10,11]: for neutrons below 20 MeV, the point-
ise treatment of neutron transport was enabled using the JEFF-3.3
ata library as originally pre-processed for the GEANT4 code [16–
9]. For the PHITS simulations, the evaporation model GEM [20], the
ntra-nuclear cascade model INCL [21] up to 3 GeV, and the high-
nergy nuclear reaction model JAM [22] above 3 GeV were used,
hile the JENDL-4.0 data library was used for neutrons below 20
eV [23]. Finally, the physics list FTFP_BERT_HP was used for the
EANT4 simulations.

The simulations with the three codes were performed with the full
eometry of the facility which, in addition to the target room and
ccess maze, includes the upstream IRRAD facility, the 3.6 m thick
oof shielding, the 2 m thick concrete floor, and the downstream dump.
he FLUKA full simulation geometry’s horizontal cut at beam height is
epicted in Fig. 2, while the vertical cut including the roof shielding
tructure is shown in Fig. 3.

The primary source consisted of a 24 GeV/c proton beam with a
aussian profile having a FWHM of 1.2 cm in the plane perpendicular

o the beam direction: this profile was representative of the condi-
ions measured during the experiment and retrieved from the CERN
ccelerator Logging Service. The origin point of the primary source
orresponded to the location of the SEC used to monitor the beam
ntensity which is located approximately 23 m upstream the target:
etween the source point and the target, the beam is travelling through
ir.

Neutron fluence energy spectra at the activation detector installa-
ion locations were estimated using track-length estimators of 10 cm
iameter spheres: the spectra were estimated from 0.01 meV in FLUKA,
nd from 0.1 MeV in PHITS and GEANT4. The 24Na production yield
as then estimated by weighting the obtained neutron fluence energy

pectra with the evaluated cross section of the 27Al(𝑛, 𝛼)24Na reaction
rom the Meakawa library [24] shown in Fig. 7, which is based on
xperimental data by Kim et al. [25].

. Results and discussion

The numerical values of the measured 24Na production yields per
7Al atom and per primary proton [24Na/27Al/proton] are summarized
5

Fig. 8. Attenuation profile of the 24Na production yield per 27Al atom and per primary
proton [24Na/27Al/proton] as experimentally measured and its comparison with Monte
Carlo calculations (MC/Data ratios).

in Table 2 and the corresponding attenuation profile along the maze
legs can be observed in Fig. 8. The reported uncertainties on the
experimental values are related to the gamma spectroscopy counting
(from 0.4% to 6.5%), to the HPGe-detector efficiency calibration (of
the order of 4.3%), and to the secondary emission chamber calibration
(of the order of 7.0%). Uncertainties on the beam momentum, beam
position and spatial profile, and target dimensions are well below 1%.

For comparison, the production yields calculated with FLUKA,
PHITS, and GEANT4 are also summarized in Table 2 and illustrated in
Fig. 8 alongside the experimental results: the uncertainties of the results
of the Monte Carlo simulations are of statistical nature. In general,
the three Monte Carlo codes follow qualitatively the same trend of the
experimental data but some discrepancies can be observed. To better
discuss the differences, the ratios between the values calculated with
the Monte Carlo codes and the experimental data (MC/Data ratios) are
also presented in Fig. 8 and summarized for convenience in Table 3.

It can be observed that the calculated results with FLUKA and
PHITS are generally in very good agreement with each other. They
both also reasonably agree with the experimental results over the
maze legs, with FLUKA being closest to the experimental results and
always within a factor 1.4. In particular, the MC/Data ratios for the
two codes remain below 1.5 up to location 7, while they tend to
become larger for more shielded locations: even in the worst case, the
MC/Data ratio for PHITS remains below 1.72. For GEANT4, instead,
larger differences are observed, with the MC/Data ratios ranging from
1.41 to 2.5. Since, however, the comparison with experimental data for
the three codes essentially follows the same trend, this difference may
be attributed mainly to the neutron production by the primary protons
in the target, which could be caused by differences in nuclear models,
parameters, and databases for secondary particle production. A similar
behaviour between the three Monte Carlo codes had also been observed
in shielding penetration studies [4].

Finally, it is important to comment on the trend of the attenuation
profile observed in the maze. Fig. 9 illustrates the spatial distribution
at beam height of the 24Na production yield as simulated with FLUKA:
since the production cross section exhibits a threshold of approximately
4 MeV as displayed in Fig. 7, this spatial distribution allows to have a
better overview of the high-energy neutron fluence. High production
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Table 2
Numerical values of the24Na production yield per27Al atom and per primary proton as experimentally measured and as calculated via FLUKA,
PHITS, and GEANT4.
No. Experiment FLUKA PHITS GEANT4

[24Na/27Al/proton] [%] [24Na/27Al/proton] [%] [24Na/27Al/proton] [%] [24Na/27Al/proton] [%]

0 5.06 × 10−33 8.43 6.37 × 10−33 4.31 6.37 × 10−33 1.43 9.12 × 10−33 1.22
1 3.25 × 10−30 8.22 3.67 × 10−30 0.18 3.95 × 10−30 0.06 5.20 × 10−30 0.05
2 5.13 × 10−31 8.28 5.92 × 10−31 0.44 7.04 × 10−31 0.14 9.28 × 10−31 0.12
3 2.61 × 10−31 8.26 3.03 × 10−31 0.62 3.44 × 10−31 0.21 4.50 × 10−31 0.17
4 2.79 × 10−32 8.41 3.77 × 10−32 0.87 4.09 × 10−32 0.50 5.07 × 10−32 0.44
5 8.31 × 10−33 8.33 9.07 × 10−33 1.36 9.45 × 10−33 1.05 1.22 × 10−32 0.89
6 9.81 × 10−34 8.75 1.32 × 10−33 4.22 1.43 × 10−33 3.04 2.02 × 10−33 2.50
7 2.90 × 10−33 8.53 3.24 × 10−33 1.69 3.23 × 10−33 1.70 4.10 × 10−33 1.44
8 5.74 × 10−34 8.53 6.21 × 10−34 4.68 9.04 × 10−34 3.60 1.09 × 10−33 3.16
9 6.52 × 10−35 8.89 7.63 × 10−35 15.15 1.12 × 10−34 10.00 1.63 × 10−34 7.88
10 1.47 × 10−34 9.27 1.94 × 10−34 7.46 2.50 × 10−34 7.52 2.80 × 10−34 6.68
11 2.61 × 10−35 10.48 3.50 × 10−35 22.93 4.23 × 10−35 18.06 5.33 × 10−35 15.02
F
t
c

Table 3
Numerical values of the ratios between the24Na production yields calcu-
lated with the Monte Carlo codes and the experimental data (MC/Data
ratios). The reported uncertainties are absolute uncertainties.
No. FLUKA/Exp. PHITS/Exp. GEANT4/Exp.

0 1.26 ± 0.12 1.26 ± 0.11 1.80 ± 0.15
1 1.13 ± 0.09 1.22 ± 0.10 1.60 ± 0.13
2 1.15 ± 0.10 1.37 ± 0.11 1.81 ± 0.15
3 1.16 ± 0.10 1.32 ± 0.11 1.72 ± 0.14
4 1.35 ± 0.11 1.47 ± 0.12 1.82 ± 0.15
5 1.09 ± 0.09 1.14 ± 0.10 1.47 ± 0.12
6 1.34 ± 0.13 1.46 ± 0.13 2.06 ± 0.19
7 1.12 ± 0.10 1.11 ± 0.10 1.41 ± 0.12
8 1.08 ± 0.11 1.57 ± 0.15 1.90 ± 0.17
9 1.17 ± 0.21 1.72 ± 0.23 2.50 ± 0.30
10 1.32 ± 0.16 1.70 ± 0.20 1.90 ± 0.22
11 1.34 ± 0.34 1.62 ± 0.34 2.04 ± 0.37

rates at location from 1 to 3 are clearly due to the fact the activation
detectors were in direct view of the target. The production yield at loca-
tion 0 is almost two orders of magnitude lower than the one at location
3 since the angle with respect to the beam impact point is larger than
90◦ and the contribution from penetrating neutrons is smaller since
they have to traverse concrete and iron shielding layers. Looking at the
isolines in Fig. 9, it is also possible to notice that for locations 4, 5, 7,
8, and 10 the contribution from the high-energy neutron penetration
through the shielding is still significant. Instead, the production yield
at location 6 is lower than at the two neighbouring ones because the
shielding thickness in the line of sight of the target is greater and thus
the contribution from high-energy penetrating neutrons is suppressed.
To support these considerations, Fig. 10 shows the neutron fluence
energy spectra above 1 MeV as simulated with FLUKA: since the spectra
span several orders of magnitude, only the ones for locations from 0 to
7 are illustrated for better visualization purposes.

5. Conclusions

The design of shielding structures of particle accelerators is an
aspect of the utmost importance to ensure their safe and reliable
operation. As Monte Carlo radiation transport codes are now the state-
of-the-art tools for radiation protection assessments, particularly at
high-energy facilities, the validation of the calculation results is an
equally important aspect to better establish safety margins of design
studies.

This work has described the results of the high-energy neutron
streaming experiments conducted in 2022 at the CHARM facility at
CERN, where secondary neutrons are produced by the impact of a
high-intensity 24 GeV/c proton beam on a 50 cm long copper target.
Measuring the production yield of 24Na in high-purity aluminium acti-
vation detectors allowed to reconstruct the neutron attenuation profile
6

in the various legs of the access maze up to very distant areas from
the beam impact point. Monte Carlo simulations were performed with
FLUKA, PHITS and GEANT4: comparisons between experimental and
simulated results revealed consistent trends across different codes and
reasonable agreement with the measurements within a factor 1.4, 1.72
and 2.5 respectively. Additionally, the simulations allowed to assess
that the contribution from neutrons penetrating the lateral parts of the
shield can still be important even at distant locations.

In conclusion, the results presented in this work increase the avail-
ability of neutron streaming benchmark data for high-energy facilities,
and, thanks to the extensive code intercomparison performed, provide
valuable input for the design studies of future accelerator facilities.
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Fig. 9. Spatial distribution at beam height of the 24Na production yield per 27Al atom and per primary proton as simulated with FLUKA.
Fig. 10. Neutron fluence energy spectra above 1 MeV as simulated with FLUKA for
ocations from 0 to 7.
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