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Abstract. Neutron production and transport in the spallation target of the n TOF facility at CERN has
been simulated with GEANT4. The results obtained with different models of high-energy nucleon-nucleus
interaction have been compared with the measured characteristics of the neutron beam, in particular the
flux and its dependence on neutron energy, measured in the first experimental area. The best agreement
at present, within 20% for the absolute value of the flux, and within few percent for the energy depen-
dence in the whole energy range from thermal to 1GeV, is obtained with the INCL++ model coupled
with the GEANT4 native de-excitation model. All other available models overestimate by a larger fac-
tor, of up to 70%, the n TOF neutron flux. The simulations are also able to accurately reproduce the
neutron beam energy resolution function, which is essentially determined by the moderation time inside
the target/moderator assembly. The results here reported provide confidence on the use of GEANT4 for
simulations of spallation neutron sources.

1 Introduction

Spallation neutron sources are gaining increasing impor-
tance for their impact on several fields of basic and applied
nuclear physics. The wide research area in which spallation
neutron beams can be very useful include measurements
of cross sections of neutron-induced reactions for Nuclear
Astrophysics [1] or for the design of new systems for en-
ergy production or nuclear waste incineration [2], material
analysis, studies of biologic systems, etc. Several spallation
neutron sources are already operational around the world
(such as LANSCE at Los Alamos National Laboratory,
USA, the Spallation Neutron Source in Oak Rigde [3],
USA, the n TOF [4] facililty at CERN, the ISIS [5] fa-
cility of Rutherford Appleton Laboratory, UK, the Ma-
terials and Life Science Experimental Facility (MLF) at
J-PARC [6], Japan) and more are in the phase of construc-
tion, such as the European Spallation Source (ESS) [7], or
the China Spallation Neutron Source (CSNS) [8].

a e-mail: sergio.lomeo@enea.it
b www.cern.ch/ntof.

One of the main challenges for the construction and
exploitation of spallation neutron sources is related to the
simulation of the neutron beam. In most applications it is
of fundamental importance to accurately know the neu-
tron flux, or at least its dependence on the neutron en-
ergy, as well as other features like the spatial beam profile,
the contamination of charged particles and γ-rays in the
beam, and related background. In time-of-flight (TOF)
facilities it is also of crucial importance to know with
good accuracy the so-called resolution function, i.e. the
time distribution of neutrons emerging from the target
with a given energy. While measurements can be per-
formed for all these quantities, most often they are in-
complete, covering a portion of the energy region, or may
not reach the level of accuracy or resolution required. Fur-
thermore, simulations are important in the design phase
of a new spallation facility, as they can supply a wealth
of information on the expected features of the neutron
beam. In this case it is important to count on reliable,
previously validated Monte Carlo (MC) tools. In this re-
spect, the most accurate and widely used Monte Carlo
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codes are MCNP [9] and FLUKA [10]. The latter has
been successfully used to simulate the characteristics of
the neutron beam at the n TOF facility. These simula-
tions have been validated against the experimental results
on the flux and energy resolution function of the neutron
beam, showing a good agreement and allowing to extract
information otherwise not accessible, such as the moder-
ation time, which affects the reconstructed neutron en-
ergy from the measured TOF. A slight drawback of this
program is the use of group cross sections below 20MeV
neutron energy, which limits the achievable energy resolu-
tion of the simulated neutron flux. Another MC tool that
could in principle be used for the simulation of spallation
neutron sources is GEANT4 [11], the widely used simula-
tion toolkit developed at CERN. However, as of now few
studies have been performed on the accuracy that can be
reached in the prediction of the neutron beam character-
istics at spallation facilities, with this tool. In particular,
while the high-precision model based on evaluated cross
sections can safely be used for the transport of neutrons
of energy below 20MeV (see, for example, ref. [12]), no
systematic study has been performed on the high-energy
model or models, among the various ones available, that
best reproduce the spallation neutron production in the
full energy range. In order to address this important is-
sue, we have performed GEANT4 simulations of the neu-
tron beam characteristics of the n TOF facility at CERN.
Different high-energy models have been tested in order to
identify the most appropriate one, on the basis of the com-
parison between the simulated and measured features of
the neutron beam in the first experimental area of n TOF.

The paper is organized as follows: in sect. 2 the geom-
etry and material of the spallation target and the physics
list (PL) used in the simulations are described, with par-
ticular emphasis on the one that best reproduces the neu-
tron beam characteristics of n TOF. A thorough compari-
son of the simulation with the features measured in EAR1,
in terms of energy-dependent flux, beam profile, resolution
function, is presented and discussed in sect. 3. Conclusions
are given in sect. 4.

2 GEANT4 simulations

One of the aims of this work is to benchmark GEANT4
simulations of the spallation neutron production against
measured characteristics of the n TOF neutron beam. A
detailed description of the facility can be found in ref. [13].
In brief, the facility is based on the spallation of 20GeV/c
protons impinging on a massive lead target. Two spalla-
tion targets have been used so far at n TOF: the first one,
an approximately cubic Pb volume, was replaced in 2008
by a cylindrical one, with the additional feature of sep-
arated cooling and moderation circuits. The simulations
reported here are done for the second target, currently
being used. Since its installation, several measurements
have been carried out in order to characterize the neutron
beam, in terms of neutron flux, beam profile, resolution
function and contamination of the beam [13,14].

Up to recently, only one neutron flight path and the
corresponding experimental area were available at n TOF.

Fig. 1. View of the spallation target, support structures and
concrete pit at n TOF as implemented in GEANT4 simula-
tions.

This measuring station, referred to hereafter as EAR1, at
the end of a 185m long horizontal beam line was com-
plemented in 2014 with a new vertical beam line together
with a second experimental area (EAR2). The new beam
line is 20m long, resulting in a much more intense neu-
tron flux but poorer resolution on the reconstructed neu-
tron energy. The simulated features of the neutron beam
in EAR2 will be the subject of a forthcoming paper [15].

In order to accurately simulate the n TOF neutron
beam, a realistic description of the geometry and materi-
als of the spallation target and moderator have to be im-
plemented in the MC simulation. The second important
ingredient of the simulation is a suitable choice of the PL.
In the following, details on spallation target and on the
PL used in this work are provided. The implementation
of the spallation target and the propagation of the emit-
ted neutrons to the experimental area were performed by
two groups, so to avoid possible biases related to details in
the geometrical or material description of the target and
to the propagation procedure. The results were found to
agree within a few percent, thus providing a high level of
confidence on the reliability of the simulations.

2.1 The spallation target

The simulated set-up, i.e., the spallation target, the
support structures and the concrete pit in which it is
mounted, is displayed in fig. 1, while fig. 2 shows in
more detail the different elements of the spallation target
assembly implemented in the code. The target can be
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Fig. 2. Exploded-view of the various elements of the n TOF
spallation target implemented in the simulations.

described as made of three main parts placed along the
Z-axis. The first part (hereafter referred to as Front)
corresponds to the area where the protons impinge on
the target assembly. The second part (Target) is the Pb
target itself, with pure cooling water (1 cm layer) in an
aluminium container. An opening on the top of this region
leads to the second experimental area. Finally, the third
part (End) is the area where the neutrons are further
moderated (by 4 cm layer of pure or borated water) before
they enter the beam line towards the first experimental
area. The materials and geometry implemented in the
simulation reproduce in great detail the ones actually
used in the n TOF spallation target.

The Front volume, representing the proton entrance
window, is a cylinder, made of an aluminium alloy, known
as AW5083, made of 93.35% Al, 4.5% Mg and 7 other
elements from Si to Zn. The main part, with outer and
inner radius of 35 cm and 20 cm, respectively, and a length
of 10 cm, contains cooling water.

The Target part is composed of the spallation volume,
made of Pb, surrounded by a layer of water, all inserted
in the aluminum alloy container. The Pb block is a cylin-
der 30 cm in radius and 40 cm in length. It is made of a
lead alloy with 99.974% Pb and traces of 37 chemical el-
ements ranging from Li to U. The cooling water around
the spallation volume, which acts also as moderator of
the neutron spectrum, is on average 1.4 cm thick, except
on top of the Pb volume, where it is around 3 cm in or-
der to provide additional moderation for the vertical path
leading to EAR2. On the bottom part of the target, a se-
ries of aluminium guides, 4mm thick spaced by 4.5 cm,
are inserted in the water region, to maintain a constant,
forced circulation of water around the Pb cylinder and to
reduce the target creep. The cylindrical container, made
of AW5083 previously defined, has inner and outer radii of
31.4 cm and 35 cm. In the End part of the spallation tar-
get, an additional 4 cm thick layer of borated water is used
to further moderate neutrons emitted towards EAR1. The
borated water contains 4.2 weight% of H3BO3, with a 10B
enrichment of 95%. This additional moderator is enclosed
between two AW5083 sheets 3mm thickness, reinforced
by an internal grid consisting of 10×10 cm2 0.55 cm thick
AW5083 horizontal and vertical bars.

Before entering the 185m long vacuum tube towards
EAR1, neutrons emerging from the spallation target have
to cross an air gap of 2.8 cm, and a window, made of
1.6mm AW5083 sheet reinforced by a grid, rotated by 45◦

around the Z-axis, similar to the one previously described.
Neutrons emitted towards EAR1 are recorded on a tally
surface positioned at a distance of 3 cm from the last win-
dow, along the Z-axis. Neutrons are recorded if they are
emitted in a cone of 10 degrees aperture around the Z-axis.

Besides the Front, Target and End volumes, additional
elements outside the spallation target were included in the
geometry by one of the groups working on the simulations
(see fig. 1). They include a holding structure with six legs
made of a aluminium alloy, knows as AW6082, that sur-
rounds the target and has a handle on top that allows
hoisting the target from above. The top of this holder fea-
tures a gap through which the beam line going to EAR2
is connected. Finally, the contention pool surrounding the
target assembly, the supporting stainless steel pillar with
a diameter of 400mm, and the concrete bunker (inner vol-
ume of 160×205×120 cm3, with the EAR1 exit face made
of calcite instead of concrete) have also been implemented
in the simulated geometry. The composition of the con-
crete includes Si(23%), O(60%), H(10%) and three other
impurities.

2.2 The physics list

GEANT4, version 10.1, offers a wide variety of models for
handling physical processes within different energy ranges.
Spallation reactions, causing the emission of a large num-
ber of nucleons and fragments, are described as a two-
step process: intra-nuclear cascade and subsequent de-
excitation.

Among the hadronic PLs provided by GEANT4, one
that realistically describes both stages has to be found.
The inelastic interaction of high-energy protons can be de-
scribed by the Fritiof [16, 17] model FTFP, which is used
in GEANT4 for simulating the interaction of mesons, nu-
cleons and hyperons in the 3GeV–100TeV energy range,
and of anti-nucleons, anti-hyperons and anti-nuclei for all
energies.

In a recently published work by Lo Meo and collabora-
tors [18], the Liège Intra-nuclear Cascade model INCL++
[19, 20] has been used to study thin-target fission yields.
Extensive benchmarks have shown the INCL++ model
has a very good predictive power for the observables re-
lated to neutron production in spallation reactions, such
as multiplicities and double-differential spectra [21]. The
stand-alone version of INCL++ used in [18] has been cou-
pled with the new version of the ABLA model [22], rec-
ognized as one of the best de-excitation models by the
IAEA Benchmark of Spallation Models [23]. This combi-
nation has been proven to yield very accurate predictions
for double-differential neutron spectra on pre-actinides at
intermediate energies [23,24]. In GEANT4 v10.1 the Liège
Intra-nuclear Cascade model has been recently extended
to handle reactions between 3 and 15GeV incident en-
ergy [20, 25, 26]. By default, it is coupled with the native
de-excitation model [27] G4ExcitationHandler. However,
it is possible to couple INCL++ with an older version
of ABLA (version 3.0) [28]. In this work, simulations of
the n TOF neutron beam have been performed with both
the native de-excitation model and with the old ABLA
version.

Reactions induced by neutrons with energies smaller
than 20MeV are in all cases simulated by means of the
G4NeutronHP model, which uses the evaluated data li-
braries ENDF/B-VII.0 [29] and ENDF/B-VII.1 [30]. An
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extensive validation work has been performed by Men-
doza et al. [31] on the transport of low-energy neutrons
with GEANT4.

In order to include in a single PL all the choices
described above for the nucleon interactions, the intra-
nuclear cascade, and the de-excitation, we have used the
FTFP INCLXX HP list [32, 33], with a minor mod-
ification concerning the value of the neutron tracking
cut [33], set to 4.0ms instead of the default value of 10µs.
As will be shown in sect. 3, the choice of the INCL++ cou-
pled to either the default de-excitation model in GEANT4,
or to the old ABLA model reproduces quite accurately the
characteristics of the n TOF neutron beam, in particular
the neutron flux. In fact, this choice provides the best
results when compared with other options for the inelas-
tic scattering (QGSP) [33] and cascade models (BERT
or BIC ) [33], especially for the energy dependence of the
neutron flux, and its absolute value.

The output of the simulation consists of a large amount
of detailed information, i.e., position, direction, momen-
tum, energy, moderation time, for each neutron that
crosses the tally surface.

2.3 Optical transport to EAR1

Neutrons produced in the interaction of the proton beam
with the spallation target are followed and tracked up to
the tally surface positioned at the entrance of the vacuum
beam pipe. For a consistent comparison with the experi-
mental data, neutrons need to be propagated to the exper-
imental area. The neutron transport along the beam line
to the measuring station approximatively 185m from the
target cannot be efficiently performed by MC simulation
since the solid angle subtended by the collimators is ex-
tremely small, approximately 7×10−9 sr for EAR1. A dif-
ferent procedure has therefore to be used. We remind that
from the GEANT4 simulations, neutrons crossing the tally
surface are recorded with their position, direction, energy,
and moderation time. This last parameter, defined as the
time interval between the entrance of the proton beam in
the lead target and the arrival time of the secondary parti-
cle on the tally surface is important for reconstructing the
neutron energy in the same way as in the real measure-
ment, where the total neutron TOF is used. Furthermore,
it is fundamental to determine the resolution function of
the neutron beam, which is defined as the spread in time
of flight of neutrons of a given energy (or vice versa).

The procedure applied in this work consists in geomet-
rically propagating through the beam line, i.e. through a
software replica of the two collimators installed at n TOF,
a large number of “resampled” neutrons. In particular,
for each neutron registered on the tally surface, a con-
stant, large number of new neutrons are generated with
the same energy and position as the original one, but with
a randomly chosen direction, up to a given maximum an-
gle θMAX. Both the number of “resampled” neutrons and
θMAX are suitably chosen, the first one in order to obtain a
reasonable statistics at the end of the propagation through
the beam line, the second one slightly larger than the an-
gle subtended by the first collimator, considering the finite
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Fig. 3. Distribution of neutron directions along the beam axis
toward EAR1, recorded on the tally surface in GEANT4 sim-
ulations, for different neutron energies.

dimension of the spallation target. In this work, the limit-
ing angle used for re-sampling is around 0.2 degrees. The
procedure of resampling, with random direction, the sim-
ulated neutron distributions recorded on the tally surface
can be applied only in the assumption that neutrons are
emitted isotropically from the spallation target, within a
relatively small angle. As shown in fig. 3, this condition
is met for simulated neutrons, within a few degree emis-
sion angle, for all neutron energies except the highest ones
(above 1GeV), thus justifying the choice of randomly re-
assigning the neutron polar and azimuthal angle in the
resampling procedure.

The “resampled” neutrons are geometrically propa-
gated through the collimation system (see ref. [13] for
details on the geometry and composition of the two col-
limators). For each secondary neutron, the trajectory is
calculated according to its position on the tally surface
and the randomly generated emission angle. If the neu-
tron does not pass through the collimators placed along
the beam line, it is discarded. In the calculation of the
trajectory the effect of gravity is taken in consideration,
although its effect is negligible for all but thermal (and
sub-thermal) neutrons. This simple geometrical propaga-
tion does not take into account the effect of neutron scat-
tering in the collimators, which results in a background in
the flux measured in EAR1. However, it has been verified
experimentally that such a background is small [14], and
can be safely neglected in the present analysis. Figure 4
shows the simulated neutron spatial distribution on the
tally surface before (upper panel) and after (lower panel)
applying the propagation procedure described above. As
evident from the comparison, the effect of the collima-
tion system is to select neutrons mostly emitted from the
central region of the spallation target, with the area of
emission sensibly smaller than the target dimension. This
effect is particularly important for the study of the res-
olution function of the neutron beam. It also affects the
energy distribution of neutrons reaching the experimen-
tal area, enhancing the high-energy component which has
a sharper spatial distribution centred just a few centime-
tres off the centre of the spallation target (due to the 10
degrees inclination of the proton beam relative to the en-
trance surface of the target).
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Fig. 4. Spatial distribution of neutrons scored in GEANT4
simulations on the tally surface placed at the entrance of the
beam pipe (top panel), and for neutrons reaching EAR1 af-
ter geometrical propagation (bottom panel). As evident from
the comparison, the collimation system leads to a reduction of
the effective source size, since only neutrons emitted from the
central region of the spallation target reach the experimental
area. This effect has important consequences in particular on
the resolution function.

Another important aspect of the propagation is the
determination of the neutron energy in the experimental
area on the basis of the neutron TOF, by means of a re-
construction procedure consistent with the experimental
one. To this end, the simulated moderation time defined
above is added to the time needed by the neutron to travel
from the tally surface to the experimental area, calculated
on the basis of its real energy. A further spread of 7 ns (σ)
is considered in the analysis to account for the time width
of the real proton beam. The resulting total TOF is then
used to determine the reconstructed neutron energy. A
further observable determined after the neutron propaga-
tion is the spatial beam profile in the experimental area
as a function of neutron energy.

In the following, the simulated flux, resolution func-
tion and spatial profile of the neutron beam in EAR1 are
compared with the ones experimentally determined in re-
cent campaigns. The simulated in-beam γ-ray component
is also presented.

3 Results and discussion

The GEANT4 simulations can be benchmarked by com-
paring the predicted observables with experimental re-
sults. From the comparison, one can obtain information
on the most appropriate PL for simulating the spallation
process. The most important observables are the neutron
flux in the experimental area, and in particular its depen-
dence on neutron energy, thermal to 1GeV, and the res-
olution function. Another observable is the spatial profile
of the neutron beam in the experimental area. All these
quantities have been determined with high accuracy in
EAR1.

3.1 Neutron flux

To verify the accuracy of the MC simulation, the simu-
lated neutron flux is compared to the experimental flux
measured with different detection systems and reactions.
For convenience, and consistent with [14], the word “flux”
indicates here the total number of neutrons per incident
proton pulse, i.e. the fluence integrated over the full spa-
tial profile. Details on the measured flux in EAR1 can
be found in [14]. Hereafter, the measured quantity is re-
ferred to as the “evaluated flux”, over the neutron energy
range from thermal to about 1GeV. Historically, the pro-
ton pulse corresponds to 7 × 1012 protons impinging on
the spallation target. Being n TOF a white neutron source
with energies spanning over several orders of magnitude,
the flux is conveniently expressed in units of lethargy, i.e.
the natural logarithm of energy, dn

d ln E
.

Figure 5 shows the flux in EAR1 obtained in GEANT4
simulations with different PLs. For comparison, the eval-
uated flux is also included in the figure. It can be clearly
seen that different high-energy models result in different
shapes of the flux distribution, in particular at high ener-
gies (En > 10MeV), and have a sizeable effect on the mag-
nitude of the flux at all energies. In particular, the Bertini
cascade model (BERT ), both within the FTFP and QGSP
PLs, overestimates the evaluated flux, by more than 70%,
so one can reasonably conclude that these choices are not
adequate for simulating a lead spallation target as neutron
source. The binary cascade (BIC ) and the INCL model,
with or without ABLA, predict a lower flux, more con-
sistent with the experimental results, although the shape
of the high-energy part (above 10MeV neutron energy)
seems to be more correct with the INCL model. The
best agreement between the simulations and the evalu-
ated flux is observed for the INCL model coupled with
the native de-excitation model of GEANT4. As described
in sect. 2.2 the ABLA model included in the present ver-
sion of GEANT4 is relatively old. New features have been
introduced in the most recent releases of ABLA, like the
one used in [18] in conjunction with the INCL++ stand-
alone code, that may have some effect on the generation
of neutrons in spallation processes.

The INCL model coupled with the native GEANT4 de-
excitation code still overestimates the measured neutron
flux, by approximately 20%, on average. The origin of this
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Fig. 5. Total number of neutrons per proton pulse reaching EAR1, simulated with GEANT4 for different combinations of
the high-energy interactions and intra-nuclear cascade models. For comparison the measured neutron energy distribution (the
so-called “evaluated flux”) is also shown in the figure. Except for one case, in which ABLA was coupled to INCL, in all other
simulations the native GEANT4 de-excitation model was used.

difference is most probably related to some features of the
intra-nuclear cascade models (as discussed later). Alterna-
tive explanations related to the accuracy of the geometry
and materials in the simulations, or to the alignment of
the collimation system cannot be excluded, although to
the best of our knowledge these effects may account only
for a few percent difference.

In order to perform a more detailed comparison with
the shape of the measured neutron energy distribution,
the simulated flux with the INCL++ model has been re-
normalized to the experimental data in the neutron energy
region from 10 eV to 10 keV. Figure 6, upper panel, shows
the comparison in the whole neutron energy range from
25meV to 1GeV. The agreement is in general very good,
with just some small difference around 20MeV and above
100MeV. The very nice reproduction of the flux shape
even in the absorption dips related to the material com-
position of the spallation target can be appreciated in the
bottom panel of fig. 6. The good agreement is obviously
due to a realistic description of the target in GEANT4
and, especially, of the high-precision, point-wise, cross sec-
tions used in this code for neutron energies below 20MeV.
In fact, it is an important feature of GEANT4 that it al-
lows one to reproduce the neutron flux all the way from
thermal to the GeV neutron energy with high accuracy
and resolution. We finally remark that, while the simu-
lations based on the INCL++ model shows the closest
agreement on the absolute neutron flux, the other models
studied in this work also reproduce the energy dependence
of the neutron flux and the high-resolution details, such
as the absorption dips.

3.2 Resolution function

A high-quality MC simulation of the spallation source
should be able to accurately reproduce the propagation
time of neutrons inside the target assembly. We remind

that the stochastic process of moderation inside the Pb
target and the moderation system, mostly made of nor-
mal and borated water, causes a broadening of the energy
distribution of neutrons reaching the experimental area
at a given TOF. Such a broadening affects the shape of
resonances in the measured cross section, and has to be
taken into account when performing a resonance analysis,
by means of a suitable resolution function [34, 35]. While
this can be studied experimentally by means of some well-
known, isolated resonances in the cross section of neutron-
induced reactions, a more systematic analysis can only
rely on simulations, provided that they are proven reli-
able. It is worth recalling that the broadening in time in-
troduced by the moderation process strongly depends on
the dimensions and materials constituting the neutron-
producing target.

A convenient way of expressing the effect of the mod-
eration time is to convert it into an equivalent modera-
tion length, multiplying it by the velocity of the neutron
when exiting the spallation target assembly. The distribu-
tion of the moderation length simulated with GEANT4
for the n TOF target is shown as a function of the neu-
tron energy in fig. 7. This 2D plot provides an illustrative
overview of the evolution of this effective length with neu-
tron energy. Simulations indicate that beyond a few MeV
the time spread of the proton pulse is the main contribu-
tion to the response function, with the practical energy
limits of the moderation process spanning over nine or-
ders of magnitude, roughly from 100meV to 100MeV.
In fig. 7 the simulated moderation time was convoluted
with the Gaussian distribution of the proton pulse (7 ns
RMS). As a side effect the negative distances that can
be seen in the upper part of the plot may lead indeed to
negative times for fast neutrons escaping from the target
in a very short time. If the proton pulse spread is not in-
cluded in the simulated resolution function, the width of
the distribution above a few MeV is much smaller, with
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Fig. 6. Top: GEANT4 simulations of the total number of neutrons per pulse reaching EAR1 at n TOF, compared with the
experimental data from [14] (referred to as “evaluated flux”). The simulations have been normalized to the experimental data
in the neutron energy region from 10 eV to 10 keV, with a normalization factor of 0.79. Bottom: zoom of the upper plot in
the energy region from 200 eV to 3 MeV, for a better visualization of the absorption dips caused by the aluminium windows in
the target assembly. For comparison, the FLUKA+MCNP simulations from ref. [14] are also shown in the figure. Similarly to
GEANT4, they have been normalized to the experimental data with a normalization factor of 0.77.

the maximum shifting towards higher distances, up to the
saturation value for relativistic neutrons of ∼ 0.5m (cor-
responding to the distance between the entrance of the
target and the tally surface).

The projection of fig. 7 for selected neutron energy in-
tervals below 5MeV, where the effect of the proton pulse
spread is not dominant, are shown in fig. 8. It can be
seen that in average the simulated moderation distance is
roughly constant in a wide neutron energy range, with the
maxima located at small values (∼ 10 cm). For thermal
neutrons the effective length increases slightly and above
tens of keV the tails of the distributions extend above
2m, emphasising the importance of considering the whole
bunker as part of the target-moderator assembly. Beyond
hundreds of keV, the distribution width decreases and the

position of the maximum is shifted towards larger val-
ues. The shape of the simulated moderation length, either
parametrized as a function of neutron energy or inserted as
a numerical matrix, is used in codes commonly employed
for resonance shape analysis, such as SAMMY [36].

In order to confirm the reliability of GEANT4 in
predicting the resolution function of the n TOF neu-
tron beam, a comparison has been performed between
the simulated and measured broadening for some selected
resonances in the well-known neutron capture cross sec-
tion of 197Au [37] and 56Fe. The comparison is shown in
fig. 9. The very good reproduction of the measured res-
onance shape provides confidence on the accuracy of the
simulated moderation distance, and consequently on the
resolution function of the neutron beam.

https://www.researchgate.net/publication/236409301_Updated_users'_guide_for_SAMMY_multilevel_R-matrix_fits_to_neutron_data_using_Bayes'_equations?el=1_x_8&enrichId=rgreq-1ab9b99874d7d3faeb2e4a950461f47b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTAxMTQxMjtBUzo0MjQyOTE3NDIyOTQwMThAMTQ3ODE3MDQ0Mjc4OQ==
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Fig. 7. Probability distribution of the equivalent modera-
tion distance, as a function of neutron energy, obtained from
GEANT4 simulations of the n TOF spallation target. The sim-
ulated moderation time was convoluted with the Gaussian dis-
tribution of the proton pulse (7 ns RMS) and this time spread
is causing the negative values above approximately 10 MeV.

Fig. 8. Projections of fig. 7 for selected neutron energy inter-
vals below 5 MeV, where the effect of the proton pulse spread
is not dominant.

3.3 Beam profile

Another characteristic of the neutron beam that can be
conveniently simulated is its spatial profile in the exper-
imental area. This information is required for measure-
ments with samples smaller than the beam. In this case,
it is important to accurately determine the fraction of the
neutron beam impinging on the sample, also called “beam
interception factor” (BIF), and its dependence on neutron
energy. The GEANT4-simulated beam profile in EAR1 is
shown in fig. 10, for the whole range of neutron energies.
The results are consistent with measurements performed
in various campaigns as summarized in ref. [13]. The sim-
ulated BIF for samples of various diameter is shown in
fig. 11. In this case, experimental results do not allow for
a meaningful comparison, since they are limited to a few
tens of keV, where the BIF is approximately constant.

Fig. 9. Comparison between the simulated and the measured
resonances in the well-known neutron capture cross section of
197Au [37] (top) and 56Fe (bottom).

Fig. 10. Simulated neutron beam profile in EAR1 (at a dis-
tance of 185.2 m from the spallation target). The profile is ob-
tained by propagating through the collimation system neutrons
emerging from the target in GEANT4 simulations (see text for
details on the propagation procedure). The RMS of the spatial
distribution is about 0.61 cm, in agreement with the measured
standard deviation [38].

3.4 The γ-ray flux

Apart from a vast variety of particles, photons are also co-
piously produced in the spallation process. Furthermore,
the absorption of slow neutrons in the moderator and
the surrounding material contributes to the photon flux.
These in-beam photons cannot be removed from the beam,
as it is done for charged particles by means of a suitable
magnet, and thus represent an important source of back-
ground in all neutron capture experiments. Accordingly,
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Fig. 11. Simulated fraction of the neutron beam intercepted
by samples in EAR1 with radii of 0.5, 1.0 and 1.5 cm, as a
function of the neutron energy.

Fig. 12. Simulated total number of γ-rays per proton pulse
produced in the spallation target and transported to EAR1 as
a function of their arrival time in EAR1. Two components can
be clearly distinguished: prompt γ-rays (at 615 ns) and delayed
γ-rays beyond 1 µs.

simulations are very important for studies of the produc-
tion and transport of photons in the spallation target and
moderator, as well as for estimating the gamma flux in
the experimental area. Figure 12 shows the flux of γ-rays,
generated in the GEANT4 simulations of the n TOF spal-
lation target and transported to EAR1, as a function of
their arrival time. Two different components can clearly
be distinguished. The first one, the sharp peak starting at
∼ 615 ns consists of prompt γ-rays emitted in high-energy
interactions during the spallation process. Together with
relativistic charged particles, this component constitutes
the so called γ-flash, producing in most detectors a sharp
signal, which is commonly used as time reference. The de-
layed component, beyond 1µs, is made of γ-rays emitted
from neutron inelastic and capture reactions taking place
in the target-moderator assembly. The γ-ray energy dis-
tribution of these two components is shown in fig. 13 for
different physics lists used in the simulations, illustrating
the very different nature of the prompt and delayed γ-
rays. According to the expectations, the simulated prompt
γ-ray component is characterized by a hard spectrum,
peaked at a few MeVs and extending to very high energies,
reaching tens of GeV, since it arises from the nuclear reac-

Fig. 13. Energy distribution of simulated γ-rays produced in
the spallation target assembly, for the prompt component (i.e.
leaving the spallation target within a few ns from the start of
the proton interaction), and for the delayed one (i.e. produced
at later times).

tions triggered by primary protons or mostly high-energy
secondaries, including the fraction of energetic neutrons
which do not undergo moderation. On the contrary, the
delayed γ-ray component, mostly arising from thermal and
epithermal neutrons captured in the moderator and the
surrounding materials, is characterized by a soft spectrum
and shows, among many others, the typical peaks at 478,
2200 and 7400 keV from capture in 10B, 1H and 27Al. The
production of γ-rays simulated with different physics lists
shows an interesting pattern: the lists producing more de-
layed γ-rays are the ones including Bertini-type cascades,
thus following the same pattern as neutron production,
whereas the opposite happens for the prompt γ-ray yield.
The correlation between the production of neutrons and
delayed γ-rays can be understood on the basis of the al-
ready commented origin of the delayed γ-rays, generated
by neutron interaction in the target/moderator assembly.
On the other hand, prompt γ-rays mostly originate from
π0 decay, so that differences in the prompt γ-ray flux ob-
tained with the different PLs are the consequence of dif-
ferent π0 production probabilities in the various models.
Furthermore, considering that the energy spent to pro-
duce this particle is at least partially removed from the
energy available for neutron emission, π0 production also
has an effect on the neutron flux, thus explaining the anti-
correlation between the neutron and prompt γ-ray fluxes
observed in the simulations. The comparison between the
simulated and measured neutron flux of the n TOF facil-
ity could therefore provide an important indirect indica-
tion on the adequacy of π0 production in various cascade
models. The role of secondary pion production in spalla-
tion reactions, and their impact on neutron production,
will be the subject of a forthcoming paper [39].

4 Conclusion

The spallation target/moderator assembly of the n TOF
facility at CERN has been simulated with GEANT4, in
order to benchmark this tool for neutron generation and
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transport in a wide energy range, as well as to extract
detailed information on the characteristics of the neutron
beam in EAR1. A detailed software replica of the spal-
lation target with respect to the exact geometry and the
materials involved has been implemented in the simula-
tions. Neutrons emerging from the spallation target have
been recorded and geometrically propagated through a re-
production of the collimation system. The simulated char-
acteristics of the neutron beam in EAR1 at 185m flight
path have been compared with experimentally determined
properties, for different choices of the PLs, in particular
the intra-nuclear cascade and de-excitation models. The
comparison of the neutron flux in EAR1 indicates that the
best choice at present is the combination of the INCL++
model with the native GEANT4 de-excitation model. This
combination is able to reproduce very closely the energy
distribution of the neutron beam, and predicts an abso-
lute flux approximately 20% higher than the measured
one. This difference can be taken as the level of system-
atic uncertainty of the simulations, related to the adopted
models in GEANT4.

All other models predict a higher flux, with a possible
explanation being related to differences in the treatment
of π0 production. In this respect, the measured flux of the
n TOF facility could provide a benchmark for optimizing
this aspect in cascade models.

Although the use of the old version of the ABLA
model, currently available in GEANT4, yields slightly
worse results, it is possible that the newest version of
this code, coupled with INCL++, may further improve
the reliability of GEANT4 in simulations of spallation
neutron sources. Other features of the neutron beam in
EAR1, in particular the resolution function and the spa-
tial beam profile, are well reproduced by the simulations,
which therefore can be conveniently used when analysing
data collected at n TOF. The good agreement between
the simulated and measured characteristics of the neutron
beam in EAR1 indicate that GEANT4, with the proper
choice of the physics list, can be used to reliably simulate
spallation neutron sources for incident protons on lead at
energies as high as 20GeV, and, in our opinion, provide
confidence for the ability of this code to accurately predict
the neutron beam characteristics in a wide energy range.
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