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 A B S T R A C T

Experiments have been performed to qualify the radiation shielding performance of concrete for the test cell 
of the IFMIF-DONES (International Fusion Materials Irradiation Facility - Demo Oriented NEutron Source) 
facility. A mock-up of ordinary concrete (OC) with local lime-dolomite aggregate was prepared, representing 
the structural concrete. Also, a mock-up of heavy concrete (HC) with magnetite aggregate was prepared, 
representing the radiation shielding concrete, particularly for removable biological shielding blocks inside 
the test cell. These mock-ups were irradiated by neutrons with a continuous energy spectrum up to 33 MeV 
using a fast neutron generator at the U-120M cyclotron facility at the Nuclear Physics Institute of the Czech 
Academy of Sciences, Řež. Activation foils were used for neutron diagnostics and were positioned throughout 
the mock-ups. There were five foil materials used: Au, In, Fe, Ti and Al. Gamma spectrometry of the foils 
was performed at the experimental site to measure the activities of the post-irradiation radionuclides. The 
experimental results are compared to calculated results obtained via radiation transport code modelling of 
the experiments and subsequent inventory code simulations of transmutation and activation. The comparison 
of calculated/experimental (C/E) results determines the confidence in the calculation methods to accurately 
represent the shielding performance of the concrete materials. Within the uncertainties, 100% of the OC results 
and 73% of the HC showed C/E agreement. Future calculations using these concretes should include safety 
factors of 2 and 3 for OC and HC respectively. The discrepancies for HC in particular should be considered in 

future calculations.
1. Introduction

IFMIF-DONES is a planned, accelerator-based, neutron irradiation 
facility, designed for the study and qualification of materials as part of 
the European roadmap to commercial energy from nuclear fusion [1]. 
Its purpose is to test materials under severe irradiation in a neutron 
field similar to that experienced in a fusion reactor first wall. It is an 
important facility in the preparation for post-ITER power plants, such 
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E-mail address: hari.chohan@ukaea.uk (H. Chohan).

as DEMO, since strong understanding of materials is vital for the design, 
licensing and reliable operation of such plants [1,2].

The test cell is the area within IFMIF-DONES in which material 
samples will be placed to be irradiated. Therefore, the test cell will 
experience high levels of neutron irradiation and so the structural 
and shielding materials used in the cell must be qualified. As part of 
the EUROfusion Early Neutron Source work package [3], two sam-
ples of concrete have been irradiated with neutrons to benchmark 
https://doi.org/10.1016/j.fusengdes.2026.115914
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Glossary

IFMIF-DONES International Fusion Materials Irradiation 
Facility - Demo Orientated NEutron Source

DEMO DEMOnstration power plant
NPI-CAS Nuclear Physics Institute of the Czech 

Academy of Sciences
E Energy
n neutrons
OC Ordinary Concrete
HC Heavy Concrete
FNG Frascati Neutron Generator
SS Stainless Steel
SINBAD Shielding Integral Benchmark Archive and 

Database
PE PolyEthylene
UKAEA United Kingdom Atomic Energy Authority
CAD Computer-Aided Design
NPS Number of Source Particles
C/E Calculated/Experimental
SDDR ShutDown Dose Rate
TC Test Cell
HPGe High Purity Germanium
WW Weight Window
SSR/W Surface Source Read/ Write

heir shielding response to inform the design of the IFMIF-DONES test
ell.
A sample of ordinary concrete prepared with local lime-dolomite 

ggregate was benchmarked for the structural concrete. Also, a sample 
f heavy concrete prepared with magnetite aggregate was benchmarked 
or the radiation shielding concrete, particularly for removable biolog-
cal shielding blocks inside the test cell. Mock-ups of both of these 
oncretes were prepared and irradiated with neutrons with the U-120M 
yclotron at NPI-CAS, Řež. Activation foils were used to measure the 
eutron attenuation through the mock-ups. Computational models of 
he experiments were developed and simulations were performed to 
eplicate the experiments. C/E results were obtained including un-
ertainties which were quantified through dedicated sensitivity and 
ncertainty analyses.

. Methodology

.1. Irradiation facility

The neutron spectrum of IFMIF-DONES will have a broad peak 
round 14 MeV and extend up to 55 MeV. It will produce maximum 
luxes of 1015 n/cm2/s [2]. As part of the European roadmap com-
ercial energy from fusion, IFMIF-DONES was recommended to be 
uilt as there was a requirement for a facility that could generate both 
igh-energy neutrons and high neutron fluxes [1]. As such, existing 
acilities are inferior to IFMIF-DONES in these aspects. Nevertheless, 
aterials still need to be benchmarked for the design and construction 
f IFMIF-DONES itself. The U-120M cyclotron at NPI-CAS, Řež, is 
apable of generating a continuous spectrum of neutrons up to 33 MeV 
nd neutron fluxes of up to 1011 n/cm2/s. The cyclotron accelerates 
rotons up to 35 MeV which impinge, in this scenario, onto an 8 mm 
hick beryllium target to produce neutrons. The neutron spectrum has 
een previously characterised [4]. Both spectra are shown in Fig.  1.
2 
Fig. 1. The neutron spectra of U-120M [4] and the IFMIF-DONES Test Cell.

Table 1
Concrete compositions used in the experiments.
 Element OC abundance [Weight %] HC abundance [Weight %] 
 H 0.35 0.30  
 C 10.29 –  
 O 49.66 28.60  
 Na – 0.18  
 Mg 9.87 0.27  
 Al 0.75 0.69  
 Si 1.99 2.57  
 P – 0.45  
 S 1.07 0.13  
 Cl 0.02 0.01  
 K 0.06 0.17  
 Ca 24.16 4.7  
 Ti 0.05 0.03  
 Fe 1.73 61.9  
 Theoretical 2.55 3.94  
 Density [g/cm3]  

2.2. Concrete test samples

Concrete test samples were prepared for the IFMIF-DONES test cell 
specification, following the ITER concrete Refs. [5]. The OC samples 
were prepared with a lime-dolomite aggregate from local sources for 
the structural concrete samples. A magnetite aggregate was used for the 
radiation shielding HC samples. After investigations of raw materials, a 
group of prebatches were prepared and technical properties — density 
of compressive strength, were measured. The samples for the Řež 
irradiation experiments were prepared according to the dimensions 
established by the mock-up design pre-analysis (see Section 2.3). The 
final compositions of the samples used are described in Table  1.

2.3. Mock-Up design

Previous neutron shielding benchmark experiments, such as the 
2016 FNG copper benchmark [6] and the 1995 FNG SS shielding 
benchmark [7], were used to guide the concrete experiments and to 
benefit from the previous experience. These benchmarks and others are 
documented in the SINBAD database [8].

Nuclear analysis parametric studies were performed to determine 
the dimensions of the mock-ups. Using MCNP [9], radiation transport 
models of cuboidal mock-ups positioned in the U-120M experiment hall 
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Fig. 2. The total neutron flux at the back of the mock-ups divided by the 
equivalent flux without the experimental hall modelled, as a function of cross-
section.

were created to simulate the neutron transport in and around the mock-
ups. Full details regarding the simulations can be found in Section 2.7. 
The cross-sectional area perpendicular to the beam-axis, and the mock-
up depth were independently varied, and the neutron flux results were 
compared.

The depth of the mock-ups was required to be great enough to pro-
vide significant neutron flux attenuation, at least a couple of decades 
of attenuation, so that the neutron shielding properties of the concretes 
were able to be thoroughly investigated. The mock-ups’ depths also 
need not be greater than the depth at which the neutron flux becomes 
so low that it is difficult to measure.

The determination of the mock-up cross-section depended on a 
number of factors. The neutron beam had some angular and spatial 
spread, the mock-up cross-section had to be large enough to capture 
that spread. Furthermore, it was desirable to observe as much bulk 
physics phenomena as possible, in other words, it was desirable that 
the neutrons underwent many interactions within the sample which 
is aided by an increased cross-section. Neutrons can scatter from the 
experimental hall and into the mock-up which interferes with the 
neutron flux results, ideally the mock-up would be isolated from the 
room. Increasing the cross-section helps to reduce the contribution of 
room-scattered neutron to the results because, as explained, more of the 
neutron beam is incident into the mock-up and less neutrons escape the 
mock-up sides since there are more interactions within the mock-up. 
In addition, an increased cross-section provides more shielding against 
room-scattered neutrons.

The effect the mock-up cross-section on the room-scatter is shown 
by the results of one of the parametric studies, in Fig.  2. In this study, 
for a fixed mock-up thickness of 100 cm, the mock-up cross-sections 
were varied from 30 cm × 30 cm to 100 cm × 100 cm. For each 
cross-section, the mock-ups were modelled in the full experimental hall 
(‘room’) and also in a ‘void’ to represent the ideal scenario with no 
room-scatter. The neutron fluxes in a small volume at the back of these 
mock-ups were tallied and the ratios of the ‘room’:‘void’ models are 
plotted. The plot shows a steep drop-off which softens after around 
50 cm × 50 cm and tends towards unity which would represent zero 
room-scatter contribution. There was little improvement after around 
66 cm × 66 cm.

Another way to mitigate room-scatter interference is to use ex-
ternal shielding to isolate the mock-up from the experimental hall. 
Polyethylene and cadmium were investigated for shielding the mock-
ups. Both are common neutron shielding materials and have been used 
in benchmarks previously [8,10,11], and they were readily available to 
be used in these experiments. Polyethylene has a high hydrogen content 
and so is an effective neutron moderator while cadmium has a high 
3 
Fig. 3. The final design of the concrete mock-ups including support structure 
and diagnostic holders. Normal view (left) and exploded view (right).

thermal-neutron absorption cross-section. Simulations were performed 
with these shielding materials.

A disadvantage of using extrinsic shielding in such an experiment 
is that even though the shielding reduces the contribution of the room-
scattered flux to the results, it risks adding its own contribution of flux 
that has scattered off and inside the extrinsic shielding itself. Since the 
extrinsic shielding would be positioned directly outside of the mock-up, 
the likelihood of contributing a ‘shield-scatter’ component to the flux 
results is high. The mock-up, therefore, does not become truly isolated 
from the surroundings, but the experiment becomes a benchmark of 
the mock-up plus shielding set-up. This was also investigated by the 
simulations.

Ultimately, based on the simulations, dimensions of 70 cm × 70 cm 
× 100 cm were determined to be necessary for the mock-ups. Extrin-
sic shielding was decided against because the simulations predicted 
that the neutron shielding provided was not enough to outweigh the 
additional uncertainties introduced by the shielding material.

To ensure uniformity and structural integrity of the concrete sam-
ples, the maximum dimensions that were able to be manufactured 
to optimise the cross-sectional area were 50 cm × 50 cm × 5 cm. 
Therefore, a layered design for the mock-ups was adopted, consisting of 
20 concrete samples to give an overall depth of 100 cm. A cross-section 
of 50 cm × 50 cm was less than recommended from the pre-analysis. 
Consequently, two layers of concrete samples were added transversally 
around the sides of the mock-ups which effectively increased the cross-
sectional area to 70 cm × 70 cm which was in line with the conclusions 
from the pre analysis. These transversal samples also provided the 
benefit of covering the streaming paths between the layers of the main 
part of the mock-ups. The final mock-up design is shown in Fig.  3.

2.4. Diagnostics

Activation foils were chosen as the sole diagnostic for the exper-
iments. Activation foils work by becoming activated under neutron 
irradiation. The activation products then decay after the irradiation and 
emit gamma radiation. Gamma spectroscopy is then used to determine 
the energy and number of gamma rays. This information is used to work 
backwards to determine the activity of the foil products and thus the 
neutron fluence and spectrum.

Foils are non-invasive so they could be positioned freely throughout 
the mock-ups without taking up much space nor disrupting the mock-
up structure. Activation foils are passive and require no electronics that 
could be disrupted in the harsh neutron fields and so they are rad-hard 
and easy to use. Activation foils have often been the primary diagnostic 
in similar benchmark experiments for these reasons [6,8].

There was a limited range of foils that were available for these ex-
periments and these were assessed on a variety of factors to determine 
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Table 2
The dominant neutron-activation reactions for the selected foils and their 
details.
 Reaction Product half-life Reaction threshold [MeV] 
 56Fe (n, p)56Mn 2.58 h 3.0  
 27Al (n, 𝛼)24Na 15.0 h 3.2  
 48Ti (n, p)48Sc 43.7 h 3.3  
 48Ti (n, np)47Sc 3.35 days 12  
 197Au (n, 𝛾)198Au 2.70 days –  
 115In (n, n’) 115𝑚In 4.49 h 0.34  

which could be applied successfully. The threshold energies for the ac-
tivation reactions determined whether the reactions would occur under 
the neutron irradiation, also it was required to use a range of foils with 
a range of threshold energies to be able to investigate the full range of 
the neutron spectrum. Analysis was performed to determine whether 
the foils would become activated enough to give statistically significant 
(<1% statistical uncertainty) counts in the gamma spectroscopy using 
the Currie minimum detectable activity equation [12]. This analysis 
required the neutron fluence and spectra received by the foils during 
the irradiation, which was determined using MCNP [9] for radiation 
transport simulations. The neutron spectra was input into the FISPACT-
II [13] activation calculations to determine the activities of the foil 
products. The activities were used along with the half-lives, gamma-
ray branching ratios, gamma-ray energies and gamma spectrometer 
detection efficiencies to calculate the counts that would be observed. 
Full details regarding the simulations can be found in Section 2.7. This 
analysis was aided with the Foil Selector tool [14] and also UKAEA and 
NPI-CAS activation foil experience, particularly NPI-CAS experience 
with foils for the U-120M cyclotron. The final selection of foils and 
their primary neutron-activation reactions are listed in Table  2.

Although the foils were selected to span the range of neutron 
energies, the selection was not optimised for spectrum unfolding as this 
was not the intention of the experiments. The secondary reactions of 
the foils would need to be investigated to see if there are sufficient 
pathways for reliable unfolding.

Two HPGe gamma spectrometers were available for the OC experi-
ment and three for the HC experiment.

2.5. Experimental planning

In order to optimise the experiments and extract as much infor-
mation out from them as possible, pre-analyses were performed to 
determine the irradiation times of the experiments and the scheduling 
for the gamma spectroscopy.

Radiation transport calculations and activation and inventory cal-
culations were used to inform the planning (see Section 2.7). In these 
calculations, ‘sufficient’ activation of the activation foils was deter-
mined as the activation required to give 1E+4 gamma spectroscopy 
counts for the primary gamma peak. This number of counts corresponds 
to 1% counting statistical uncertainty. Funding enabled just over a 
day of irradiation for each experiment. The foils with non-threshold 
reactions or that were easily activated did not require much beamtime 
to become sufficiently active. Therefore, the calculations predicted that 
Au and In foils at all depths would become sufficiently activated after 
a short irradiation of 2 h. The limited neutron attenuation from depths 
0–40 cm meant that the neutron flux was high enough at these depths 
to sufficiently activate all of the foils also with a short irradiation of 
2 h. 2 h was enough time for the cyclotron to ramp-up to its peak 
current and run steadily. For the remaining foils (Al, Fe and Ti) at 
depths greater than 40 cm, the calculations determined that 24 h of 
irradiation was required to give sufficient activation. Therefore, it was 
planned to split the irradiations up into two parts: an initial 2-hour 
4 
Fig. 4. The OC mock-up from above with the top concrete samples removed. 
The diagnostic positions are labelled.

irradiation after which the sufficiently activated foils were extracted; 
and a subsequent 24-hour irradiation for the remaining foils.

In addition to optimisation of the experiment from a scientific 
perspective, radiation safety was also considered in the experimental 
planning. SDDR analysis was performed using MCR2S [15] to calculate 
the dose environment in the cyclotron hall after the irradiations. This 
confirmed that the dose rates were below the limits in the hall after 
both the 2- and 24-hour irradiations so that workers could enter and 
extract the foils.

In ideal conditions, there would be a gamma spectrometer for 
each foil so the foils could be measured immediately after extraction, 
limiting the decay times. This, however, is unrealistic and in these ex-
periments 2 and 3 gamma spectrometers were available for the OC and 
HC experiments respectively. Therefore, the gamma spectroscopy of the 
foils had to be scheduled. Splitting the irradiations up into 2 alleviated 
some of the demand on the gamma spectroscopy. The scheduling was 
determined based on the activities and the half-lives of the foils. The 
foils containing shorter-lived activation products were prioritised. Foils 
with higher activities were also prioritised so that they could be quickly 
measured and then more time could be spent measuring the foils with 
lower activities. Gamma spectroscopy schedules were made based upon 
simulations to enable sufficient counts to be measured for every foil.

2.6. Experiments

The ordinary concrete experiment was performed in Řež in March 
2023 and the heavy concrete experiment was performed in June 2023. 
Due to the manufacturing process, the concrete samples had rough 
surfaces which increased their effective thicknesses compared to the de-
sign. The mock-up support structure was designed to house a mock-up 
with total depth of ∼ 100 cm. Therefore, to fit in the support structure, 
the ordinary concrete mock-up became 19 samples deep and the heavy 
concrete mock-up became 18 samples deep. The activation foils were 
positioned approximately in the planned positions, accounting for the 
real sample thicknesses. For the OC experiment, the foil depths were 
every 25 cm and all 5 types of activation foil were placed at each depth. 
For the HC experiment, more activation foils of the same materials 
became available and so foils were placed in three additional depths 
spread between 25 cm and 100 cm where there was more uncertainty 
in the OC results. The mock-ups and diagnostic locations are shown in 
Figs.  4 and 5.

The depths of the activation foil locations are listed in Table  3.
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Fig. 5. The HC mock-up from above with the top concrete samples removed. 
The diagnostic positions are labelled.

Table 3
The depths of the activation foils in the experiments.
 Location number OC depth [cm] HC depth [cm] 
 1 0 0  
 2 26 26  
 3 52 37  
 4 78 48  
 5 100 59  
 6 – 70  
 7 – 81  
 8 – 97  

Following the irradiation planning, the mock-ups were irradiated 
for 2 h, followed by approximately 1 h to change the foils and then a 
24-hour irradiation.

Post-irradiation gamma spectroscopy was performed using the
planned schedule as a guide. The radiometric scientists used their 
judgement to optimise the measurements as they went. Two HPGe 
spectrometers were used for the OC measurements, one recorded in 
list-mode or time-correlated event data and the other recorded time-
integrated spectrum data. For the HC experiment an extra list-mode 
HPGe spectrometer was used. The time-integrated spectrum data was 
analysed using the commercial software package, Genie [16], and 
the list-mode data was analysed using the NPI-CAS Gregory software 
package [17]. Gregory produces time-integrated spectrum data from 
the list-mode data. These software packages were used to make fits 
on the gamma peaks. Self-absorption was accounted for and the actual 
masses of the foils were used.

The dimensions of the foils are presented in Table  4, following the 
logic that the deeper the position, the lower the neutron flux and so 
larger foils were used. In all positions the foils were stacked in front 
of one another in the order shown in the table, i.e. Fe, Al, Ti, Au, In. 
The logic for this ordering was to have the most easily activated foils 
towards the back (Au and In), to reduce the effect of shielding from 
other foils.

The neutron yields of the irradiations were indirectly monitored by 
the proton current, the yields of the irradiations are listed in Table  5.

2.7. Simulations

All radiation transport simulations were performed using MCNP 
6.2 [9]. The U-120M cyclotron hall MCNP model was provided by 
NPI-CAS. The mock-up designs were made in CAD and converted into 
I

5 
Table 4
The thicknesses of the foils in the experiments [mm]. The diameter of the foils 
was 15 mm except for those marked with ‘*’ which had diameters of 25 mm.
 Position OC HC

Fe Al Ti Au In Fe Al Ti Au In

1 0.08 0.10 0.47 0.04 0.25 0.08 0.49 0.47 0.04 0.09

2 0.08 0.10 0.52 0.04 0.26 0.49 0.49 0.52 0.04 0.25

3 0.08 0.10 0.52 0.04 0.26 0.49 0.49 0.52 0.04 0.26

4 0.49 0.49 0.52 0.05 0.66 0.49 0.49 0.52 0.05 0.26

5 0.49 0.49 0.52 0.05 0.78 0.50 0.49 0.52 0.05 0.49

6 – – – – – 0.94* 0.96 1.03 0.05 0.50

7 – – – – – 0.94* 1.02* 1.03 0.05 0.66

8 – – – – – 0.96* 1.03* 1.03 0.05 0.78

Table 5
The neutron yields of the irradiations.
 Irradiation OC HC  
 2-Hour 4.4E+17 4.7E+17 
 24-Hour 5.5E+18 5.5E+18 

CNP format using TopMC [18]. The activation foils were explicitly 
odelled in the MCNP geometry to account for self-shielding of the 
oils themselves. Plots of the MCNP models are shown in Figs.  6–9. 
ariance reduction was performed with a targeted mesh global WW 
sing ADVANTG [19]. A global WW was used to get good statistics 
or scattered neutrons in the room to ensure that their contributions 
o the fluxes in the foils was accounted for. A local WW would have 
laced less importance on the room-scattered neutrons. The source was 
reviously characterised [4]. The source was modelled by simulating 
rotons born from the cyclotron and then transporting the neutrons 
reated from the proton reactions in the beryllium target. To make the 
imulations less computationally intense, the simulations were split into 
wo parts: the proton transport and the generation of neutrons in the 
eryllium target, and subsequently the transport of neutrons. This was 
nabled using the MCNP SSR/W capability. The proton run was run 
o 5E+10 NPS, this was limited by the size of the surface source file 
hat was written. This corresponded to approximately 2E+9 neutron 
istories. The SSR/W capability conserves the neutron particle track 
eights from the proton source calculation and propagates them into 
he neutron source calculation to provide complete statistical uncer-
ainties in the results from both calculations. The MCNP manual [9] 
tates that more histories in the SSR simulation can be run than were 
ecorded in the SSW simulation, with appropriate recalculation of the 
article weights. Unfortunately, this capability was not observed and 
he SSR simulation was limited to the number of histories recorded 
n the SSW simulation. Therefore, using this source method meant 
hat more neutron histories could not be simulated to improve statisti-
al convergence. The unfolded experimental spectrum reported in the 
ource characterisation [4] was investigated for use in these analyses, 
owever, since it was obtained under different experimental conditions, 
ts direct application as a source term here was not straightforward and 
as therefore not adopted. Replicating the surface source as a standard 
CNP SDEF source was also investigated but initial results were not 
ccurate enough for these purposes and so it was abandoned in the 
nterest of time. The ENDF7PROT nuclear data library was used for 
roton transport [20] and the FENDL-3.2b library was used for neutron 
ransport [21]. The neutron spectra in the activation foil cells were 
allied with cell tallies using the CCFE-709 energy group structure [22]. 
eaction rate tallies were also included on the foil cells to determine 
he reaction cross-sections using the IRDFF-II dosimetry library [23].
The neutron spectra and reaction cross-sections obtained from the 

adiation transport simulations for the foils were then used in FISPACT-
I to calculate the activity of the foils at decay times corresponding 
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Fig. 6. A slice in the vertical Z-plane of the MCNP model of OC.

Fig. 7. A slice in the X-plane of the MCNP model of OC.

to the gamma spectroscopy measurement times. All secondary reac-
tions not included in Table  2 were calculated using the TENDL-2017 
library [24] in FISPACT-II.

2.8. Sensitivities and uncertainties analysis

Analyses were performed to quantify the uncertainties in the mod-
elling of the experiments and the sensitivity of the results to these 
variables. The sources of uncertainty were:

1. Density of the concrete samples.
2. Geometrical modelling accuracy of the mock-ups. I.e. the mod-
elled gap sizes between the slabs.

3. Distance to the neutron source.
6 
Fig. 8. A slice in the vertical Z-plane of the MCNP model of HC.

Fig. 9. A slice in the X-plane of the MCNP model of HC.

4. Characterisation of the neutron source.
5. Neutron transport library.
6. Nuclear cross-section data.

Other sources of uncertainty were considered but were deemed neg-
ligible compared to the six sources of uncertainty listed. For example, 
the positions of the activation foils were measured accurately at the 
time of the experiments and photographic evidence was recorded for 
reference. The uncertainties on these measurements were ± 0.5 cm, 
which was negligible compared to the other sources of uncertainty.

For the continuous variables 1–3, bounding scenarios were estab-
lished for each variable and the simulations were performed for these 
scenarios, changing each variable independently. The results from these 
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Table 6
The continuous sources of uncertainty and their bounds.
 Source of uncertainty OC HC

 Lower Upper Lower Upper

 Concrete density [g cm−3] 2.36 2.55 3.90 3.97

 Gaps between slabs [mm] 0 3.2 0 4.1

 Source distance [cm] 5.8 7.5 5.8 7.5

Fig. 10. The experimental specific activities of the foil activation products, 
immediately after irradiation for OC. The discontinuities are due to the 
different irradiations.

simulations determined the upper and lower bounds for the uncertain-
ties due to each variable. The bounding scenarios are listed in Table  6. 
The bounding scenarios were determined by on-site measurements and, 
in the case of the concrete density, also factored in the supplier’s data. 
The calculations were simple upper–lower bound simulations where flat 
distributions between the bounds were implicitly assumed.

For the discrete variables 4 and 5, different nuclear data libraries 
were investigated. For the proton transport, both the ENDF7PROT and 
JENDL-4.0/HE [25] libraries were used, as in the original character-
isation [4]. For the neutron transport, both the FENDL-3.2b [21] and 
JEFF-3.3 [26] libraries were used. FENDL-3.2b is the reference neutron 
transport library for EUROfusion DONES neutronics and JEFF-3.3 was 
used as a comparison.

The sensitivity and uncertainty due to the nuclear cross-section data 
was investigated in more detail courtesy of independent analysis [27]. 
The analysis used SUSD3D/XSUN-2023 [28–30] to calculate the sensi-
tivities to the basic nuclear data cross sections and other uncertainties 
such as water and impurity content.

3. Results

3.1. Experimental results

The experimental activities of the activation products of the foils 
were calculated using the gamma spectroscopy measurements. The 
activities immediately after the irradiations were back-calculated and 
are shown in Figs.  10 and 11 for OC and HC respectively. The un-
certainties were calculated by the gamma spectroscopy software and 
include contributions from counting statistics, detector efficiencies, 
sample quantities and branching ratios [16].

The activities exhibit general exponential decay trends for the same 
irradiation times. The Au foils exhibit differences compared to the other 
foils, the attenuation is less than the other results and the activities 
in the second positions are higher than the exponential trends would 
7 
Fig. 11. The experimental specific activities of the foil activation products, 
immediately after irradiation for HC. The discontinuities are due to the 
different irradiations.

suggest. This is due to the dominant Au reaction being the only non-
threshold reaction and, therefore, it is sensitive to thermal neutrons. 
The high energy neutrons are moderated to thermal energies by the 
concretes which gives the observed increase in the activity in the 
second position for OC compared to the first position and the increase 
in the activity in the second position for HC compared to that expected 
from the exponential trend. As well as moderated neutrons, scattered 
neutrons will also have low energies and contribute to the Au reaction, 
this is why the Au activity decreases less than those due to threshold 
reactions.

Another observed deviation from the exponential trends is the in-
crease in activity of all foils towards the back of the mock-ups, this is 
more pronounced in HC and more obvious due to the increased granu-
larity of the HC results. This activity increase is due to back-scattered 
neutrons re-entering the rear of the mock-ups. The higher rear activities 
in HC suggest poorer shielding for scattered neutrons, although the rest 
of the results show similar neutron attenuation for both concretes.

The activity at 81 cm for 48Sc in HC shows an unusually large 
increase that cannot be accounted for by scattered neutrons because 
they would affect the non-threshold reaction more. The dominant 
reaction for this foil has a threshold of 3.3 MeV. The 27Al (n, 𝛼) 24Na 
and 56Fe (n, p) 56Mn reactions have a similar thresholds of 3.2 and 
3.0 MeV respectively but relatively high activities for those foils were 
not observed at this position. The simulation results for the 48Sc activity 
also did not predict such a relatively high value, see Fig.  17. The 
spectrometry analysis was independently reviewed and no errors were 
found. Background gamma spectrometer measurements were made at 
the time of the foil measurements to isolate the gamma lines due to the 
foils. However, it is possible that the cause of this large activity was 
still due to the spectrometry rather than the neutron transport, since 
this result was not corroborated by the other foils.

In each experiment, the irradiations were split up into two parts 
so that different foils were irradiated for different amounts of times, 
as explained in Section 2.5. Therefore, the activities of the foils from 
different irradiations cannot be directly compared to investigate the 
attenuation. This is represented by the discontinuities in the plots in 
Figs.  10 and 11. Therefore, in order to investigate the attenuation of 
the concretes, the asymptotic saturated activities were calculated to 
extrapolate the activities of all foils out to 24 h of irradiation, factoring 
in the decay of the daughter isotopes. These activities at all positions 
were compared to the activities at 0 cm to give the attenuations. The 
weighted average of the attenuations of all foils at each position were 
calculated, where the weighting was determined by the uncertainties. 
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Fig. 12. The attenuations for both concretes including the uncertainties and 
safety ranges. The inverse square relation is also plotted for reference.

The uncertainties were propagated through and the resulting attenua-
tions are shown in Fig.  12. Safety factors were calculated from the C/E 
results (Section 3.3) to be 2 for OC and 3 for HC, these are also shown 
in the plot. The safety factors were calculated by averaging the upper 
and lower limits of the C/E results for all of the reactions including the 
uncertainties and using the largest values to be conservative.

For both concretes, the activities of the foils show general exponen-
tial decreases with attenuations of ∼ 5–6 magnitudes over 100 cm, with 
slightly more attenuation provided by HC. These attenuations include 
all of the experimental results, including the unusually high activity 
for 48Sc in HC. The calculation of the attenuations did not account for 
the different foils’ responses to the neutron spectrum, therefore, the 
averaged attenuations are simplifications. The inverse square relation 
is also plotted to show the attenuation caused purely by the concretes, 
which was approximately 3–4 orders of magnitude over 100 cm.

3.2. Sensitivity and uncertainty results

It was found that the results were sensitive to all of the sources of 
uncertainty listed in Section 2.8 and so each had a significant contribu-
tion to the overall uncertainty. The individual uncertainties were added 
in quadrature to give the overall uncertainties. These are shown with 
the error bars in Section 3.3. The error bars also include contributions 
from the known uncertainties from the experiment and calculations 
such as 5% uncertainty on the experimental proton beam current and 
the statistical uncertainty from the Monte-Carlo simulations.

The independent, nuclear data sensitivity and uncertainty analysis 
performed in [27] found that the results were most sensitive to the 
cross-sections of iron, oxygen, hydrogen and calcium. The sensitivity 
results for HC for all foils in position 3 and the In foil additionally at 
positions 6 and 7 are shown in Table  7.

Among the neutron nuclear data libraries only the FENDL-3.2 li-
brary [21], extending up to 55 MeV, covered the required neutron 
energy range. JEFF-4.0 [31] and in particular ENDF/B-VIII.1 [32] 
libraries were found not to be suitable for these applications since 
the cross-section evaluations for several important isotopes (including 
e.g. 1H, 23Na, 24−26Mg, 39−41K) were only available up to 20 MeV. 
To determine the nuclear data implied uncertainty in the calculated 
saturated reaction rates, the information on the covariance matrices is 
needed in addition to the sensitivity profiles. However, the availability 
and quality of covariances in the FENDL-3.2 library is rather poor. 
Furthermore, the covariance data are limited to up to 20 MeV. The 
uncertainties, to be considered as only informative due to the above 
reasons, are listed in Table  8.
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Table 7
Energy integrated sensitivities of the reaction rates measured at the positions 
P3, P6 and P7 in the HC experimental mock-up to the total cross-sections of the 
most sensitive isotopes present (16O,1H,56Fe and40Ca). The sensitivities were 
calculated using the SUSD3D/DORT sequence and 211-group FENDL-3.2 cross 
sections.
 Isotope Sensitivity [%/%]
 In P3 In P6 In P7 Al P3 48Ti (n, p) P3 Fe P3 Au P3
 56Fe −1.19 −2.58 −3.05 −1.22 −1.20 −1.24 −0.51

 16O −0.81 −1.76 −2.08 −1.13 −1.13 −1.07 −0.27

 1H −0.50 −0.82 −0.91 −0.17 −0.17 −0.19 −0.68

 40Ca −0.11 −0.25 −0.29 −0.13 −0.12 −0.13 +0.06

Table 8
Comparison of uncertainties in the calculated reaction rates at the detector 
positions P3 (and P6/P7 for In), estimated using DORT/SUSD3D sequence 
of codes, the FENDL-3.2 211-group transport cross sections and covariance 
matrices, and IRDFF-II dosimetry cross sections. The values correspond to the 
uncertainty calculated from partial reaction covariances. 𝜎𝐷 is uncertainty in 
detector response function taken from IRDFF-II.
 Isotope Uncertainty [%] (DORT/SUSD3D/FENDL-3.2)
 In P3 In P6 In P7 Al P3 48Ti (n, p) P3 Fe P3 Au P3
 Total 2.2 5.3 6.5 10.6 12.1 10.1 2.2

 56Fe 1.7 4.2 5.1 1.6 1.5 4.2 2.2

 16O 1.2 3.0 3.7 10.5 11.1 9.1 0.2

 1H 0.9 1.5 1.7 0.4 0.4 0.4 0.2

 𝜎𝐷 1.6 1.6 1.6 0.5 3.6 1.9 1.1

Fig. 13. The C/E results and the associated uncertainties for the 27Al (n, 𝛼) 
24Na reaction for both concretes.

The sensitivity profiles for the reaction rates of the foils were 
calculated for the sensitivities to the detector response functions and 
the total, elastic and inelastic transport cross-sections of 56Fe, 16O and 
1H. The sensitivity profiles for the aluminium, iron and titanium foil 
reaction rates all had similar energy ranges and shapes. This suggests 
that they were essentially measuring the same neutron energies despite 
the slightly different threshold energies. Therefore, any differences ob-
served in the C/Es between these foils generally would not be attributed 
to the transport cross-section data.

3.3. C/E results

The C/E results for the reactions listed in Table  2 for both concretes 
with the uncertainties as quantified above are shown in Figs.  13–18.
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Fig. 14. The C/E results and the associated uncertainties for the 56Fe (n, p) 
56Mn reaction for both concretes.

Fig. 15. The C/E results and the associated uncertainties for the 115In (n, n’) 
115𝑚In reaction for both concretes.

As shown in Fig.  13, the aluminium foils reaction showed C/E 
agreement for both concretes throughout the depths. The uncertainties 
at the back of the mock-ups were large. All of the investigated sources 
of uncertainty listed in Section 2.8 contributed significantly to these 
rear uncertainties but the statistical uncertainties from the Monte Carlo 
simulations dominated.

As shown in Fig.  14, the iron foils reaction showed C/E agreement 
for OC throughout the mock-up and for most of the HC results. For HC, 
there are a couple of underpredictions towards the back of the mock-up. 
The HC was prepared with a magnetite aggregate unlike the OC and so 
the presence of iron was much higher in HC than in OC, as shown in 
Table  1. The cause of the C/E discrepancies in HC could be because of 
neutron removal due to iron. The simulations may have overpredicted 
the amount of iron present in HC or overpredicted the cross-sections of 
these neutron removal reactions. Which would be why the discrepancy 
was only observed for HC. The C/E agreement for OC implies that 
the cross-sections for specifically the 56Fe (n, p) 56Mn reaction used in 
the modelling were correct within the uncertainties. The uncertainties 
on the low C/E HC values were much smaller than the respective OC 
uncertainties. However, the relative uncertainties were broadly similar 
for both OC and HC. That the HC values were low therefore also gave 
low uncertainties.

As shown in Fig.  15, the indium foils reaction showed general C/E 
agreement for both concretes albeit with large uncertainties. There are 
9 
Fig. 16. The C/E results and the associated uncertainties for the 197Au (n, 𝛾) 
198Au reaction for both concretes.

Fig. 17. The C/E results and the associated uncertainties for the 48Ti (n, p) 
48Sc reaction for both concretes.

a couple of underpredictions in the second half of the HC mock-up. 
This reaction has a low energy threshold and so there is slightly poor 
understanding of the low-energy region in the modelling for HC, similar 
to what is observed with the gold reaction but to a lesser extent. The 
low-energy region being difficult to accurately model is also the cause 
of the large uncertainties for both concretes.

As shown in Fig.  16, the gold foils reaction showed C/E agreement 
for OC but for HC the calculations overpredict the activity at the front 
of the mock-up and then the C/E decreases consistently such that the 
calculations underpredict the activity at most depths until the back 
of the mock-up where an overprediction is again observed. This is 
the only non-threshold reaction investigated, and the neutron thermal 
region is most susceptible to scattering in the experiment. The thermal 
region appears to be poorly modelled for HC but there are many 
possibilities for the cause, including neutron scattering phenomena. 
Neutron scattering particularly effects the thermal region because when 
high energy neutrons undergo inelastic scattering, their energies trend 
towards thermal energies. Since this scattering can occur anywhere in 
the geometry and neutrons will undergo numerous scatters, it is diffi-
cult to accurately model in Monte-Carlo simulations as any inaccuracies 
in the geometry and material modelling will have an effect. Therefore, 
some inaccuracy in the HC modelling is inferred.

As shown in Fig.  17, the (n,p) reaction in the titanium foils showed 
C/E agreement for both concretes albeit with large uncertainties. The 
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Fig. 18. The C/E results and the associated uncertainties for the 48Ti (n, np) 
47Sc reaction for both concretes.

result at ∼ 80 cm for HC is due to the relatively large activity measured 
in the experiment at this position. The most likely cause of this is some 
fault in the spectrometry since the other experimental results and the 
simulations do not predict this. The activities towards the back of the 
HC mock-up were too low to be measured.

As shown in Fig.  18, the (n,np) reaction in the titanium foils showed 
C/E agreement for both concretes.

4. Discussion

The OC C/E results show good agreement overall, with all dat-
apoints exhibiting agreement within the uncertainties. The HC C/E 
results, on the other hand, exhibit disagreements for low and thermal 
neutron energy regions throughout the mock-up and also mid-range 
neutron energies in the rear half of the mock-up.

The 56Fe (n, p) 56Mn, 48Ti (n, p) 48Sc and 27Al (n, 𝛼) 24Na reactions 
have similar threshold energies, 3.0, 3.3 and 3.2 MeV respectively, 
see Table  2. The nuclear data sensitivity analysis showed that these 
three reactions were essentially measuring the same neutron energies. 
The OC C/E results for these three reactions were good. For HC, 
however, while the 24Na C/E results were also good, there were some 
disagreements in the C/E results for the other two reactions. The 48Sc 
experimental activity was relatively very high at 81 cm. This was 
not observed for 56Mn nor 24Na, and there was no trend in the 48Sc 
activities to predict this. The threshold energies of the 48Sc reactions 
is too high for room-scattered neutrons to be the main factor in the 
large activity observed, furthermore, if room-scatter was dominant then 
the activity at 100 cm would be detectable. It is concluded that this 
high activity was not an effect of the neutron transport but rather 
an anomalous result due to the spectrometry. Further investigation is 
needed to verify this. Also for HC, the 56Mn C/E results had a couple of 
underpredictions towards the rear of the mock-up. These were not due 
to relatively large activities like for 48Sc. Disregarding the 48Sc result 
at 81 cm, the C/E underpredictions were not observed for 24Na nor 
48Sc. This would generally imply that the 56Mn C/E underpredictions 
cannot be attributed to the neutron spectrum. However, a significant 
difference between the OC and HC mock-ups was the greatly increased 
content of Fe in HC. It is possible that Fe content in the HC simulations 
was not accurately modelled. This would have had a greater effect on 
the Fe foil results than the Ti and Al foils because even though the 
threshold energies are similar, it is the same element and therefore 
has the exact same neutron interaction cross-section. The nuclear data 
sensitivity analysis also showed that the results were most sensitive to 
the cross-sections of iron, oxygen, hydrogen and calcium. The greatly 
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increased iron composition in HC compared to OC suggests that the 
iron cross-section could be source of the disagreement observed in the 
56Mn results for HC.

The low and thermal neutron energy regions disagreements for HC 
have a number of possible contributing factors due to the increased 
sensitivity of these regions to neutron scattering. However, the good 
agreement observed for these regions for OC implies that the source of 
the discrepancies arises from the HC modelling. Again, the major com-
position increase from OC to HC is the presence of iron. This suggests 
that there are neutron–iron interactions which were not accurately rep-
resented in the simulations. Even though the pre-analysis determined 
not to use extrinsic shielding for the mock-ups, from the experiments 
it was clear that accurate modelling of the complete experimental hall 
and thus the neutron scattering and thus the low and thermal neutron 
energy regions was very difficult. Therefore, shielding against room-
scatter neutrons would have benefitted the experiment and reduced 
uncertainties. This is particularly important for the low and thermal 
neutron energy regions but also the entire neutron spectrum at the 
back of the mock-ups, where the effect of scattered neutrons on the 
experimental activities was observed.

To completely understand the changes in the neutron spectrum 
throughout the mock-ups, spectrum unfolding would need to be con-
ducted. The secondary reactions of the foils would need to be investi-
gated to see if there are sufficient pathways for reliable unfolding.

Overall, the C/E disagreements for the HC results suggest disparities 
between the experiment and the computational representation. Al-
though efforts were made to quantify the uncertainties, possible causes 
are inaccurate composition of the concrete, inaccurate geometrical 
modelling and inaccurate nuclear data. It is likely that it is some 
combination of all of these factors. The large increase of iron in HC 
compared to OC, coupled with the sensitivity of the results to the cross-
section of iron, suggest that this may be a large contributor to the 
disagreements.

The radiation transport statistical uncertainties were large for all 
of the reactions at the back of the mock-ups, contributing to the large 
uncertainties observed in the C/E results. In order to account for the 
scattered neutrons from all of the experiment hall, a targeted mesh 
global WW was used for variance reduction but the large statistical un-
certainties at the back of the mock-ups were not completely mitigated. 
Due to the SSR/W source method, the number of neutron histories 
that could be simulated was limited and could not be increased to 
improve the statistics. To improve this, the SSR/W source should be 
replicated in the MCNP SDEF format. Initial efforts to do so were made 
but the results were not accurate enough for these analyses and so 
it was abandoned in the interest of time. Having the source in SDEF 
format would also increase the repeatability of the analysis and would 
be necessary for inclusion in the SINBAD database.

The quantified uncertainties in the C/E results were often asymmet-
ric with the lower error value being larger than the upper value. The 
main contributor to this was the uncertainty due to the proton transport 
library. The flux simulated with JENDL-4.0/HE was lower than with 
ENDF7PROT [4] and the datapoints were calculated with ENDF7PROT, 
therefore the lower error bound accounts for the JENDL-4.0/HE library.

A number of factors contributed to the quantified uncertainties 
which were large and impose conservative safety factors for subsequent 
simulations regarding these concretes. In particular, the difficulty in 
minimising the uncertainties due to the source characterisation is high-
lighted. Furthermore, the sensitivity analysis concluded that the results 
were very sensitive to the geometrical modelling of the experiment and, 
therefore, the difficulty in accurately modelling the geometry of the 
experiment introduced significant uncertainties.

The absolute neutron attenuation observed was similar for both 
concretes, demonstrating minimal improvement from using HC. This is 
a slightly surprising result, even just considering the marked increased 
density of HC compared to OC. The economic cost of producing the HC 
samples for this experiment was far greater than for OC. This increased 
cost, therefore, is not justified from a neutron shielding perspective. 
This work did not investigate gamma shielding.
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5. Conclusion

Neutron shielding experiments were performed for OC and HC 
using activation foil diagnostics. The neutron attenuations provided by 
the concretes were similar across the range of the neutron spectrum. 
Simulations were performed to replicate the experiments and provide 
C/E results. Sensitivities and uncertainties on the experimental and 
calculated results were quantified. 100% of the OC C/E results and 
73% of the HC results showed agreement within the uncertainties. 
The HC disagreements were particularly for the thermal and mid-
range neutron energy regions, suggesting inaccuracies in the modelling 
of that concrete. Although the C/E results for OC were good, this 
analysis recommends a safety factor of 2 for future analysis regarding 
OC, mainly due to the uncertainties. Due to the uncertainties and 
disagreements in the HC results, a safety factor of 3 is recommended 
for future analysis regarding HC.
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