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Metal-based shielding plays an important role in the attenuation of harmful and unwanted radiation
at an accelerator-driven spallation neutron source. At the European Spallation Source, currently under
construction in Lund, Sweden, metal-based materials are planned to be used extensively as neutron guide
substrates in addition to other shielding structures around neutron guides. The usage of metal-based
materials in the vicinity of neutron guides however requires careful consideration in order to minimize
potential background effects in a neutron instrument at the facility. Therefore, we have carried out a
combined study involving high-energy neutron measurements and Monte Carlo simulations of metal-based
shielding, both to validate the simulation methodology and also to investigate the benefits and drawbacks
of different metal-based solutions. The measurements were carried out at The Svedberg Laboratory
in Uppsala, Sweden, using a 174.1 MeV neutron beam and various thicknesses of aluminum-, iron-, and
copper-based shielding blocks. The results were compared to Geant4 simulations and revealed excellent
agreement. Our combined study highlights the particular situations where one type of metal-based solution
may be preferred over another.
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I. INTRODUCTION

At an accelerator-driven spallation source, metal-based
shielding plays an important role in the attenuation of high-
energy neutrons. These neutrons, which are generated after
the impact of the proton beam with the target, can have high
energies which reach up to the primary beam energy (GeV)
[1,2] and can induce further secondary neutrons deep in
the shielding around the target region. This situation leads
to massive biological shielding requirements, compared to
those at reactor-based sources, where fission processes only
lead to secondary neutrons up to 20 MeV [2]. Typically,
the design of a biological shield at a spallation source
can consist of several meters of iron and is additionally
followed by a concrete layer [2,3].
Not only is metal-based shielding important for radiation

safety purposes at spallation neutron sources, it also can
serve an additional role in minimizing background radia-
tion at the sample position of a neutron scattering instru-
ment installed at the facility. The usable signal for a neutron
instrument contains low-energy neutrons on the order of
∼meV which are guided from moderators placed near the
spallation target to the sample position some tens of meters

away via neutron guides. However, the high-energy neu-
trons produced during the spallation process in the target
can induce secondary neutrons in the shielding of the
facility which ultimately reach the sample position of an
instrument. This effect can contribute to the appearance of a
prompt-pulse background, which has been observed on a
number of modern neutron scattering instruments [4,5] and
is of great interest to neutron spectroscopy instruments,
which may measure during the time period when the proton
beam is on. Metal-based shielding, containing iron for
example, is key for attenuation of the high-energy neutrons,
due to the atomic mass and density, which leads to an
increased attenuation at higher energies [6], compared to
standard concrete.
The usage of metal-based shielding near neutron

guides however requires careful consideration in order
to minimize potential background effects in a neutron
instrument. In particular, at the European Spallation
Source (ESS) [7], currently under construction in Lund,
Sweden, it is anticipated that all neutron guides within the
common shielding of the facility, which extends to 15 m
for short instruments and 28 m for long instruments, will
use metal-based substrates for the neutron guides due to
the conditions imposed by the radiation environment.
Metal-based substrates exhibit higher stability against
irradiation, mechanical stress, and temperature compared
to the traditionally used glass substrates [8]. Of particular
interest are aluminum, copper, and steel substrates. On the
other hand, metal-based materials can scatter neutrons
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back into the guide. For a short instrument at the facility,
such as LOKI [9], which has a source-to-detector distance
of 30 m, a significant fraction of the guide substrates
of the instrument will be made from metal. This means
that proper selection of the metal-based shielding is
critical for reducing the albedo scattering within the
neutron guide itself in order to limit the background at
the sample position. A key aspect of the background
mitigation strategy at ESS is thus to use the most
appropriate and effective materials for radiation attenu-
ation at selected locations along a neutron beam line,
which could both be in the form of substrates and/or
collimator blocks, for example [4,5,10].
For the above-mentioned reasons, accurate simulation

of neutron beam lines during the instrument engineering
design phase is therefore crucial for achieving low instru-
ment backgrounds. A key question is then: How well do
modern simulation packages reproduce measured data at
energies relevant to spallation neutron sources? Of par-
ticular relevance for the current study is the suitability of
Geant4 [11] for simulating neutron beam lines, as it has seen
little application within this field previously. The usage of
Geant4 for these types of calculations has increased in recent
years and at the ESS it is one of the standard simulation
packages employed for modeling shielding and detector
components [12–15].
In the past, a variety of measurements have been carried

out for benchmarking purposes [15–20]. These measure-
ments however have largely focused on iron/concrete
shields or more complex shielding scenarios with the
incident neutron energies ranging over the entire spallation
source energy spectrum. Measurements with alternative
materials at monoenergetic energies can be seen as com-
plementary to these previous studies and can provide more
precise benchmarks for simulation packages. It can also be
mentioned that new shielding data can be useful for other
applications of proton accelerators, such as those at hospital
based facilities [21–23].
In the current work, we have carried out a combined

measurement and simulation study of metal-based
shielding for accelerator-driven spallation neutron sources.
We focus on the neutronic properties of the shielding.
In the following, we present: (1) a benchmark comparison
between measurements and simulations of metal-based
shielding at energies relevant to spallation neutron source
environments; (2) an analysis of the scattered neutrons from
metal-based shielding for investigating the potential back-
ground reduction benefits; and lastly discuss the potential
advantages of steel, copper, and aluminum shielding and
present some situations where one type of metal may be
preferred over another.

II. IN-BEAM MEASUREMENTS

The measurements were carried out at The Svedberg
Laboratory (TSL) [24] in Uppsala, Sweden, using the

Quasi-Monoenergetic Neutron (QMN) [25] facility.
Neutrons with an average energy of 174.1 MeV were
produced with a proton beam energy of 178.5MeV incident
on a 23.5 mm thick 99.99% pure 7Li target with a size of
20 × 32 mm2. The beam spot size on the target was 20 mm
in diameter. A cylindrical collimator, with a diameter of
75 mm, was used to shape the beam of neutrons which was
incident on a series of sample blocks at 3.73 m from the
target position. The incident neutron energy spectrum is
given in Fig. 1. The spectrum has been calculated using the
algorithm from Ref. [26].
A neutron fluence monitor was placed at a distance of

4.29 m from the target position to detect the transmitted
neutrons. The neutron fluence monitor was a fission frag-
ment ionization chamber based on the 238Uðn; fÞ cross
section, which is shown in Fig. 1 and taken from the
TENDL-2014 library [27]. The diameter of the fissile
targets was 7 cm. Events recorded in the monitor were
written to a log file for further analysis. In the open-beam
case, approximately 60% of the counts recorded in the
monitor arise from the neutrons in the continuum below
170 MeV and approximately 40% from the pseudo-
monoenergetic line at 174 MeV.
Three different materials were investigated during the

measurements. These included blocks of aluminum alloy
6082-T6, steel CK45 (medium carbon steel), and a high
conductivity phosphorous copper Cu-HCP. Each block was
10 cm thick and 20 cm in width and height. Four blocks of
each material were studied, amounting to a total maximum
thickness of 40 cm in all cases examined. The material
compositions of the shielding blocks are shown in Table I.
Since these materials are industrial standard material we do
not know the exact chemical composition. However, we
have found through simulations that the small variations in
the chemical compositions change the simulated results by
less than 0.5%.

FIG. 1. The incident neutron spectrum used in the TSL
measurements, calculated using the algorithm in [26], and the
238Uðn; fÞ cross section [27], which highlights the sensitive range
of the neutron fluence monitor used in the measurements.
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III. MONTE CARLO SIMULATIONS

The experimental setup was modeled using the
Monte Carlo simulation package Geant4 version 10.0 [11].
The simulations included the geometrical setup described
above, the properties of the incoming neutron beam, and
the material properties for the shielding blocks. In the
simulations, the divergence of the neutron beam was
approximated to be ∼0.8° originating at the location of
the neutron production target. This resulted in a beam
spot diameter of 8.6 cm on the front face of the first
shielding block. The number of neutrons leaving the
surfaces of the shielding blocks and at the position of
the monitor for a single simulation was stored in a log file.
This latter information was folded with the 238Uðn; fÞ
cross section, shown in Fig. 1, for direct comparison to the
measurements.
Two physics lists were used in the simulations and

included the QGSP_INCLXX_HP and QGSP_BERT_HP
lists [28], which are generally recommended for shielding
applications [29]. The abbreviation QGS stands for the
quark-gluon string model, P for precompound, INCLXX
for the Liège Intranuclear Cascade model [30,31] and
BERT for the Bertini cascade model [32,33]. HP stands
for the high-precision neutron package [28], which
includes evaluated neutron data, called G4NDL4.4, for
neutron interactions below 20 MeV. The data largely
comes from the ENDF/B-VII.0 libraries. The Geant4 model
was implemented in the simulation framework provided
by the ESS Detector Group [12], which provides tools
and developments for neutron detection and shielding
calculations.

IV. RESULTS

A. Benchmarking the simulations

The measured results for varying thicknesses of shield-
ing material are compared to the Geant4 simulations in
Fig. 2. The quantity R=R0 represents the counts in the
fluence monitor as measured and simulated for the indi-
cated thickness of a shielding block divided by the counts
without any shielding block in the beam. It can be seen that
the simulations using both models reproduce excellently
the trends of the measurements for all three materials
investigated. The copper- and iron-based materials have
nearly identical performance and as expected provide a
higher attenuation of the beam compared to the aluminum-
based material. These results highlight the suitability of
Geant4 for simulating neutron interactions at high energies
and in these types of materials.
An interesting observation from the data shown in Fig. 2

is that three blocks of aluminum-based material results in a
similar measured performance as one block of either
of the two other materials. To further explore this, we also
investigated the properties of the scattered neutrons at the
position of the neutron monitor for these combinations.
For example, the simulated energies of the particles after a
single copper- or iron-based block compared to three
aluminum-based blocks are shown in Fig. 3. The energy
spectrum after the aluminum-based blocks is indeed similar
in shape and magnitude to the copper- or iron-based block
cases, substantiating the above-mentioned observation.

TABLE I. Material composition of the shielding blocks used in
the in-beam study. Elemental compositions are given in weight
percents.

Element AL6082-T6 Cu-HCP Steel CK45

Al 95.2–98.3
Cr ≤ 0.25 ≤ 0.40
Cu ≤ 0.10 ≥ 99.95
Fe ≤ 0.50 97.86
Mg 0.60–1.20
Mn 0.40–1.0 0.65
Si 0.70–1.30 ≤ 0.40
Ti ≤ 0.10
Zn ≤ 0.20
Ag ≤ 0.015
P 0.002–0.007
Bi ≤ 0.0005
Pb ≤ 0.005
C 0.46
Mo ≤ 0.10
Ni ≤ 0.40
Cr þMoþ Ni ≤ 0.63
ρ ( g

cm3) 2.7 8.94 7.84

FIG. 2. Comparison of the Geant4 simulations and TSL mea-
surements for varying thicknesses of shielding materials. The
points represent the measured data and the error bars are smaller
than the markers. The simulations were carried out for the same
thicknesses and the lines are drawn to guide the eye. The
statistical error for the simulated data is less than 0.2%. The
quantity R=R0 represents the counts in the fluence monitor as
measured and simulated for the indicated thickness of a shielding
block divided by the counts without any shielding block in
the beam.
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We also investigated the effect of laminated shields
compared to pure shielding with the TSL primary beam
and the results for some selected combinations are given in
Table II. In both the two block and four block cases, we
found that the best performance was provided by the pure
copper-based material combinations, followed by the
mixed iron- and copper-based combinations, and then
the pure iron-based combinations. This result can be
understood from the simulated energy spectra for the
two block case and is presented in Fig. 4. The figure
shows a comparison of the neutron energy spectra at the
position of the monitor for the Fe-Cu and Cu-Fe configu-
rations. The observed scattering into the resonance regions
below 1 MeV only contributes to a small fraction of the
transmitted beam. At the primary beam energy, the attenu-
ation is driven by the atomic mass and density and therefore
the copper-based material yields the best performance.
However, it can be pointed out that neutrons transmitted
through the window around 29 keV in Fe is visible in the

Cu-Fe configuration, while it is not visible in the Fe-Cu
configuration.
Lastly, it can be mentioned that generally the BERT_HP

model yielded better agreement with the measurements
compared to the INCLXX_HP model. The differences
between the measurements and simulations in Table II
reach a maximum of 30% for the INCLXX_HP model and
15% for the BERT_HP model, while the differences
between the two models is maximum 14%. However, it
should also be mentioned that for the four block aluminum
case in Fig. 2, the INCLXX_HP model performed slightly
better, with a 5% difference compared to 8% for the
BERT_HP model.

B. Analysis of the scattered particles

In order to understand the potential scenarios where one
type of metal may be preferred over another along a neutron
beam guide, we carried out an analysis of the scattered
particles leaving the shielding blocks. For the comparison,
we used the observation from the data presented in Fig. 2
which shows that three blocks of aluminum-based material
results in a similar performance as one block of either of the
two other materials. The simulated results of the number of
scattered neutrons for each block scenario from the differ-
ent sides of a block are shown in Table III. The front of a
block refers to the face closest to the detector position while
the back refers to the face where the beam is incident on a
block. The simulations were carried out for the TSL block
geometries and also blocks which were infinite in size in
the directions perpendicular to the incident beam. The
results are normalized to the number of incident neutrons.
The average energies of these neutrons are also given in
Table IV.
In the infinite block case, all neutrons are scattered either

in the forward or backward directions. The copper-based

FIG. 3. Comparison of the Geant4 simulated neutron energy
spectra at the monitor position for Cu-HCP (10 cm), steel CK45
(10 cm) and AL6082-T6 (30 cm). The simulations used the
QGSP_INCLXX_HP physics list.

TABLE II. Comparison of measurements and simulations for
different combinations of shielding blocks. Fe refers to steel
CK45 and Cu to Cu-HCP. The values in the table correspond to
the quantity R=R0, as described in the text.

Combination Measurement INCLXX_HP BERT_HP

Cu Cu 0.1338(12) 0.1260(6) 0.1289(6)
Cu Fe 0.1439(12) 0.1350(2) 0.1393(2)
Fe Fe 0.1561(12) 0.1461(7) 0.1509(7)
Fe Cu 0.1436(12) 0.1369(2) 0.1408(2)
Cu Cu Cu Cu 0.0408(4) 0.0317(3) 0.0354(3)
Cu Fe Cu Fe 0.0450(4) 0.0347(1) 0.0390(1)
Fe Fe Fe Fe 0.0498(4) 0.0387(3) 0.0443(3)

FIG. 4. Comparison of the Geant4 simulated Fe-Cu and Cu-Fe
energy spectra as used in the TSL measurements. Fe refers to
steel CK45 and Cu to Cu-HCP. The simulations used the
QGSP_INCLXX_HP physics list.
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block scatters the most neutrons in the forward directions,
followed by the iron-based and aluminum-based blocks.
The same trend can be seen in the backward directions.
Furthermore, in total more neutrons are emitted from the
block(s) than are incident on the block(s) for all three cases.
It is also interesting to note the high secondary production
for the single copper- and iron-based blocks, compared to
the three aluminum-based blocks. For the average energies,
the neutrons emanating in the forward directions for the
copper-based block have the lowest energies, while the
neutrons from the aluminum-based blocks have the highest
energies. Neutrons emanating in the backward directions
have similar energies in all three cases.
As the blocks get smaller in the transverse dimension, the

number of neutrons coming out of the front and back faces
decreases and the number of neutrons emanating from the
side surfaces of the blocks increases. Similar to the infinite
block case, the copper-based block scatters the most
neutrons in the forward directions and the aluminum-based
blocks the least. The aluminum-based configuration how-
ever scatters the most neutrons out of the side surfaces
(0.72) compared to the other two blocks (0.42 and 0.37 for
Cu-HCP and steel CK45). While this is true, the side
surface of the aluminum blocks is 3 times larger. This leads

to the surface density of the neutrons on the side surfaces
being about a factor of 2 times lower than the side surface
density of the iron- and copper-based blocks. The average
energy of the neutrons emanating from the front and side
surfaces is lowest for the copper-based block and highest
for the aluminum-based blocks. The average energy of the
backscattered neutrons is similar in all three cases. The
above-mentioned findings will be discussed in more detail
in the following section.

V. DISCUSSION

The results presented in the previous sections illustrate
the neutronic properties of metal-based materials for
shielding applications at accelerator-driven spallation neu-
tron sources. For example, Fig. 2 shows that three blocks of
aluminum-based shielding material provide roughly the
same performance for the measurements as one block of
copper- or iron-based materials. However, each neutron
removed from the primary beam will generate additional
secondaries within the block which can undergo further
collisions and lose energy before escaping the shielding
material thickness. These effects are illustrated in Tables III
and IV. It can be seen that copper-based materials, and
then iron-based materials, produce the largest number of
scattered neutrons leaving a block. The average energy of
the neutrons leaving the blocks is also lower in energy
than in the aluminum-based block case. In applications
where a high-energy primary beam needs to be slowed
down efficiently and in a limited physical space, iron- and
copper-based materials offer the best performance. The
aluminum-based material, on the other hand, produces less
forward going scattered neutrons and also emits less
scattered neutrons out of the side faces and back face
per cm2. The energies of these neutrons are however on
average higher than in the copper- and iron-based block
cases. Depending on the shielding requirements, and
particularly if limited space is not an issue, aluminum-
based materials may however be an alternative which could
be attractive.
The above results support the conclusion that aluminum-

based materials could be the preferable option as a metal
guide substrate or shielding in the immediate vicinity of a
neutron guide, especially at locations of an instrument close
to the sample position. At locations closer to the spallation
target, one could however envision using copper or steel
substrates, as they provide better attenuation of the primary
beam and due to the longer distance from the sample
position there is a lower probability for the scattered
neutrons to reach the end of an instrument. Careful analysis
of the energies of the emitted neutrons and their locations
relative to the instrument detector positions should there-
fore be considered in the shielding material selection
process as each material has benefits and disadvantages.
In addition to the above, aluminum has a lower cross

section for neutron production via photon absorption in the

TABLE III. Simulated scattered number of neutrons out of the
surfaces of the single block and three block scenarios described
in the text. The numbers are given normalized to the number of
incident neutrons. B refers to block. The results are from the
Geant4 simulations using the QGSP_INCLXX_HP physics list.

Front Side Back Total

TSL size blocks
Cu-HCP (1 B) 1.12 0.42 0.42 1.96
Steel CK45 (1 B) 1.04 0.37 0.32 1.73
AL6082-T6 (3 B) 0.64 0.72 0.10 1.46

Infinite x-y blocks
Cu-HCP (1 B) 1.35 0.00 0.62 1.97
Steel CK45 (1 B) 1.25 0.00 0.50 1.74
AL6082-T6 (3 B) 1.07 0.00 0.40 1.47

TABLE IV. Simulated average energy (MeV) of the neutrons
out of the surfaces of the single block and three block scenarios
described in the text. B refers to block. The results are from the
Geant4 simulations using the QGSP_INCLXX_HP physics list.

Front Side Back Total

TSL size blocks
Cu-HCP (1 B) 74 7 3 44
Steel CK45 (1 B) 82 8 3 52
AL6082-T6 (3 B) 110 19 4 58

Infinite x-y blocks
Cu-HCP (1 B) 62 0 2 44
Steel CK45 (1 B) 69 0 3 50
AL6082-T6 (3 B) 73 0 3 54
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giant-dipole resonance (GDR) compared to iron and copper
[34]. High-energy photons, which cover the energy range
of GDR, are also produced during the spallation process
in the target and enter the neutron guides. The usage of
aluminum-based materials would minimize neutron pro-
duction through this mechanism in the vicinity of neutron
guides. An additional study on this topic could thus be
considered of great interest.
Lastly, it should be mentioned that the choice of which

metal-based material to use in selected locations along a
beam line depends on a number of other factors, which
include for example cost, weight limitations, and activation
properties, to name a few. Furthermore, the results of
the calculations shown in this work were carried out for
specific beam combinations and shielding block sizes.
In realistic applications, as much detail should be included
as possible.

VI. CONCLUSIONS

In summary, we performed a combined measurement
and simulation study of the transmission properties of
metal-based shielding for accelerator-driven spallation
neutron sources. The measurements were carried out at
TSL using a 174.1 MeV neutron beam incident on three
different metal-based materials. The results were compared
to Monte Carlo simulations using Geant4 and showed good
agreement. Our results revealed several potential benefits of
different metal-based shielding materials which may also
be considered during the shielding material selection
process in order to reduce backgrounds on neutron scatter-
ing instruments.
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