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Abstract

Double differential distributions of neutrons produced by 100, 150, 200 and 250 MeV protons stopped in a thick iron target were sim-
ulated with the FLUKA Monte Carlo code at four emission angles: forward, 45�, transverse and 135� backwards. The attenuation in
ordinary concrete of the dose equivalent due to secondary neutrons, protons, photons and electrons was calculated. Some of the resulting
attenuation curves are best fitted by a double-exponential function rather than a single-exponential. The effect of various approximations
introduced in the simulations is thoroughly discussed. The contribution to the total ambient dose equivalent from photons and protons is
usually limited to a few percent, except in the backward direction where photons contribute more than 10% and up to 35% to the total
dose for a shield thickness of 1–2 m. Source terms and attenuation lengths are given as a function of energy and emission angle, along
with fit to the Monte Carlo data. An extensive comparison is made of values obtained in the present work with published experimental
and computational data.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Proton accelerators in the intermediate energy range
(from a few tens to a few hundreds of MeV), in the past
mainly used for nuclear physics research, since several
years find increasing application in cancer radiation ther-
apy. Several hospital-based facilities are being built or at
the planning stage worldwide [1]. Machines in this energy
range are also generally employed as injectors for high-
energy accelerators (in the GeV region and above) at large
research centres. An example is the 160 MeV linac pres-
ently being designed at CERN to replace the existing
0168-583X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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50 MeV proton injector [2]. This accelerator is also
intended to be the front-end of a 3.5 GeV superconducting
proton linac for the production of intense neutrino beams
for future neutrino physics experiments [3].

Shielding of these accelerators requires particular atten-
tion, either due to the large beam intensity required as injec-
tors or, in the case of radiation therapy, because they are
installed in a hospital, usually located in a highly populated
area. The main radiation dictating the shielding requirements
is the neutron field produced by the interaction of the proton
beam with the structures of the accelerator, of the beam
transfer lines and – in the case of medical machines – of the
beam delivery system used to irradiate the patient (such as
collimators and field-shaping devices), and with the patient
himself (where the remaining beam is ultimately lost).

In shielding design it is often useful to perform a first
assessment of the required shielding thickness by using a
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simplified approach based, for example, on a point-source
line-of-sight model, to be verified at a more advanced stage
of the project with a Monte Carlo simulation in a more
realistic geometry of the facility. Handy data for simplified
calculations are given for instance in [4]. Often this simpli-
fied approach provides a conservative estimate of the
required shielding [5].

Shielding data in the intermediate energy range are not
abundant in the literature and are usually limited to specific
conditions, geometries and energy values. The shielding
properties of materials, that is the attenuation length, var-
ies rapidly with neutron energy in this range of energies [6].
To overcome this lack of information, this paper revises,
updates and complements previous calculations with the
aim of supplying shielding data for concrete (the most com-
mon material used in accelerator shielding). A forthcoming
paper will provide the equivalent data for iron [7]. The
present paper provides revised source terms and attenua-
tion lengths as a function of proton energy and emission
angle to be used in such estimates.

The attenuation through a shield made of ordinary con-
crete of the total dose equivalent produced by 100, 150, 200
and 250 MeV protons stopped in a thick iron target were
calculated with the FLUKA Monte Carlo code [8,9] at four
emission angles: forward, 45�, transverse and 135� back-
wards. The present calculations are meant to reproduce
the dominant secondary radiation field created by a beam
loss in a thick metallic target such as a magnet, a collimator
or a vacuum chamber. Iron was chosen as representative of
other materials of similar density and atomic number (such
as copper and stainless steel), which are the main constitu-
ents of accelerator components. Shielding data for back-
ward angles may also be of interest to account for special
conditions found in modern hadron therapy facilities,
where the beam extracted from the accelerator can be
rotated 360� around the patient by means of a large
mechanical structure (isocentric gantry). The dose equiva-
lent behind the shield includes contribution from neutrons,
photons, charged particles (protons and electrons) and
their secondaries produced in the shielding material itself.
The results of the calculations were fitted by the classical
two-parameter formula of a point-source line-of-sight
model. The results are compared with previous calculations
and with recent literature data, and discrepancies are
explained.

2. Monte Carlo simulations

The correct way to estimate the attenuation of radiation
in a shield as a function of its thickness would be to per-
Table 1
Elemental composition, percent water content and density of concrete TSF-5.

Elemental composition (1021 atoms cm�3)

H C O Mg Al Si C

8.5 20.2 35.5 1.86 0.6 1.7 1
form individual sets of simulations for a series of slabs of
different thicknesses placed at the given emission angle
and to score the dose equivalent behind each slab. How-
ever, this process is very consuming in terms of computing
time, as it requires a large number of simulations: Nto-

tal = N · Nslab · Nangle, where N is the number of simula-
tions for each case, necessary to achieve statistical
significance (typically N is in the range 5–10). In order to
study different emission angles with a single geometry set-
up, the present calculations were performed in a spherical
geometry. Fourteen individual shield thicknesses and four
emission angles were considered: forward, 45�, transverse
and 135� backward. Separate simulations were dedicated
to the backward angle to optimize the usage of CPU time.

2.1. FLUKA simulations

The simulations were performed with the latest version
(Version 2006.03) of the FLUKA [8,9] Monte Carlo code.
Secondary neutrons, photons, protons and electrons pro-
duced by a monoenergetic and monodirectional proton
beam (‘‘pencil beam’’) impinging on an iron target located
at the centre of a large spherical shield made of ordinary
concrete (type TSF 5.5 Table 1), were transported in four
angular bins with respect to the incident proton beam
direction: 0–10� (forward), 40–50�, 80–90� (transverse)
and 130–140� (backwards). Transport of secondary radia-
tion was limited to these four angular bins by assigning
‘‘blackhole’’ (a material with infinite absorbency) to the
bins in-between. The volume of the cavity delimited by
the inner surface of the shield was filled with vacuum.
The dose equivalent behind the shield was calculated offline
by folding the fluence with the appropriate fluence to ambi-
ent dose equivalent conversion coefficients [10,11].

The target was cylindrical, with its axis coincident with
the incoming beam direction, and it was slightly thicker
than the proton range in iron at the given energy. After
investigating various options for the target diameter (see
below), the simulations were performed with targets with
diameter equal to their length (right cylinder) because this
choice ensures a sufficiently conservative combination
between neutron yield and spectrum hardness.

The inner radius of the sphere was sufficiently large
(90 m) to make curvature-related effects negligible. Simula-
tions were run for 14 values of the shield thickness, up to
600 cm. The computed particle fluence was scored by
means of inverse cosine-weighted boundary crossing esti-
mators (i.e. fluence across a surface) at the interface
between shielding and the outside blackhole, taking into
account only particle fluences directed outwards (‘‘one-
5

Water content (by weight) Density (g cm�3)

a Fe

1.3 0.19 5.5% 2.31



S. Agosteo et al. / Nucl. Instr. and Meth. in Phys. Res. B 265 (2007) 581–598 583
way’’ scoring option). Variance reduction techniques were
used, namely ‘‘geometry splitting’’ and ‘‘Russian roulette’’.
Each region importance was adjusted so as to maintain the
number of particles approximately constant throughout
the shield. Each data point is the average of the results of
at least 10 independent simulations. The total number of
histories per data point was at least 2,000,000.

2.2. Preliminary simulations

In order to better reproduce reality, the FLUKA geom-
etry was made such as to minimize the following three
effects:

(a) Neutron exchange between contiguous angular bins
during transport.

(b) Neutron scattering back and forth across a boundary
estimator during transport (typical of neutron scoring
inside an homogeneous medium and not occurring
while scoring outside a shield, that is at the interface
between the shield material and air).

(c) Neutron transport in one angular bin after being
back-scattered from another angular bin (‘‘cross-
talk’’ from the inner surface of the sphere), as shown
in Fig. 1.

In order to evaluate the importance of these effects, a
number of preliminary simulations were run:

(1) For proton energies of 100 MeV and 250 MeV: neu-
trons were transported in all 18 angular bins (in three
sets of simulations, from 0–10� to 70–80�, from 50–
60� to 130–140�, and from 100–110� to 170–180�)
and scored inside the shield every 20 cm (‘‘full
sphere’’) for a total of 26 depth values.
Fig. 1. Example of neutron ‘‘cross-talk’’ from the inner surface of the
sphere.
(2) For proton energies of 100 MeV and 250 MeV: neu-
trons were transported in the 0–10�, 40–50�, 80–90�
and 140–150� (130–140� for 250 MeV) angular bins
and scored inside the shield every 20 cm (‘‘selected
bins’’) for 26 depths.

(3) For 250 MeV proton energy: neutrons were trans-
ported only in the 80–90� angular bin and scored out-
side the shield, for 14 individual concrete thicknesses
(‘‘shell per shell’’ case). Further preliminary simula-
tions where carried out to describe how the target
dimensions can influence the neutron spectrum and
its attenuation through a concrete shield.

(4) For 250 MeV proton energy: the neutron spectrum
was scored for four target dimensions in all 18 angu-
lar bins between 0� and 180�.

(5) For 250 MeV proton energy: neutrons produced in
an iron target 7.5 cm in radius and 15 cm in length
were transported through concrete in the 0–10�, 40–
50� and 80–90� angular bins and scored outside the
shield, for 14 individual concrete thicknesses.

For these preliminary simulations, the attenuation
parameters were obtained by fitting the data with the least
square method using expression (1) given in Section 4,
between 200 cm and 560 cm depth. Results beyond
560 cm are of no statistical significance. The uncertainties
on attenuation length and source term are the pure statis-
tical uncertainties due to the fit.

Figs. 2 and 3 compare cases 1) and 2) at 0–10�, 40–50�,
80–90� and 140–150� (130–140�) for 100 MeV and
250 MeV protons, respectively. This comparison shows
the contribution to the total dose of neutron scattering
between contiguous angular bins. At 100 MeV the data
for the full sphere are consistent with those for the selected
angular bins within 15% at 0–10� and within 10% at 40–50�
and 80–90�. For these bins the attenuation length for the
‘‘full sphere’’ case is 2% larger than for the ‘‘selected bins’’
ig. 2. Attenuation in ordinary concrete of the total dose equivalent
roduced by 100 MeV protons on a thick iron target: comparison of the
esults from simulations with the ‘‘full sphere’’ and with individual angular
ins.
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Fig. 3. Attenuation in ordinary concrete of the total dose equivalent
produced by 250 MeV protons on a thick iron target: comparison of the
results from simulations with the ‘‘full sphere’’ and with individual angular
bins.

Fig. 4. Attenuation in ordinary concrete of the total dose equivalent
produced by 100 MeV protons on a thick iron target: comparison of the
results from preliminary simulations (case 2) with those achieved with the
final geometry setting.

Fig. 5. Attenuation in ordinary concrete of the total dose equivalent
produced by 250 MeV protons on a thick iron target: comparison of the
results from preliminary simulations (case 2) with those achieved with the
final geometry setting.

584 S. Agosteo et al. / Nucl. Instr. and Meth. in Phys. Res. B 265 (2007) 581–598
case. This is a marginal difference when compared to the
statistical uncertainties of the simulations, which are typi-
cally less than 10% except at the largest depths where they
reach 15% at 80–90� and 40% at 140–150�. In the 140–150�
region the neutron scattering between contiguous angular
bins is enhanced. This can be due to a leakage of few high
energy neutrons from smaller angular bins, as suggested by
the slightly harder slope of the attenuation curve. There-
fore the deviation between the two curves is much more
evident and the fitting curves are actually rather different.
For 250 MeV the two curves practically overlap up to
80–90� (the discrepancy is 6% at maximum) and the devia-
tion at the backward angle is much less pronounced than at
100 MeV. The attenuation length for the ‘‘full sphere’’ is
larger than the one obtained for the ‘‘selected bins’’ by,
2%, 1%, 0.3% and 9% for the 0–10, 40–50�, 80–90� and
130–140� bins, respectively. These values are to be com-
pared with statistical uncertainties of the simulated data
of the order of 5%. The typical statistical uncertainty on
the source term ranges from 2% to 12% at 100 MeV and
from 1% to 6% at 250 MeV. For the attenuation length
the statistical uncertainties are always below 1%. In general
at any given angle the average energy of the neutron spec-
trum increases with proton energy and therefore the differ-
ence between the ‘‘full sphere’’ and the ‘‘selected bins’’
cases reduces with increasing proton energy. One can state
that simulations with a few selected angular bins do not
‘‘perturb’’ significantly the geometry with respect to the
simulations with the full sphere, except at the lowest energy
and at the largest angle for depth in the shield beyond
about 3 m.

Figs. 4 and 5 compare the results obtained with the pre-
liminary simulations performed for case 2 and those with
the final geometry setting (‘‘selected bins’’ plus ‘‘shell per
shell’’) for 0–10�, 40–50�, 80–90� for 100 MeV and 0–10�,
40–50�, 80–90� and 130–140� for 250 MeV protons. This
was done to check the effect of low-energy neutrons scat-
tered back and forth across a boundary estimator on the
total dose. In almost all cases the preliminary data overes-
timate the final results by about 20%. As a general rule, the
overestimate tends to increase with increasing angle and
decreasing proton energy: the softer the spectrum, the lar-
ger the overestimate. The attenuation length varies by a few
percent. As an example, Fig. 6 compares the neutron spec-
tra from 250 MeV protons, in the 80–90� angular bin and
at 400 cm depth in concrete for the preliminary case and
for the final geometry setting. As expected, the main differ-
ence between the energy distributions is below a few MeV,
because of neutrons scattered back and forth across a
boundary-crossing estimator.

Fig. 7 compares the results obtained with the prelimin-
ary simulations performed for case 3 and the final results
at 80–90� for 250 MeV protons in order to assess the
‘‘cross-talk’’ from the inner surface of the sphere. The
two data sets agree within their statistical uncertainties,



Fig. 7. Attenuation in ordinary concrete of the total dose equivalent
produced by 250 MeV protons on a thick iron target: comparison of the
results from preliminary simulations (case 3) with those achieved with he
final geometry settings.
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Fig. 8. Total neutron angular yield (neutrons per impinging proton per
steradian) for four different target dimensions for 250 MeV protons.

Fig. 6. Comparison of neutron spectra between the preliminary simula-
tion (case 2) and the final geometry setting, scored after 400 cm of concrete
in the 80–90� angular bin, for 250 MeV protons striking a thick iron
target.
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Fig. 9. Fast neutron contribution (En > 19.6 MeV) to the total neutron
angular yield for four different target dimensions for 250 MeV protons.
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which are of the order of 2%. It is clear that this problem
only concerns the first layers of the concrete shield, as it
involves low-energy neutrons, whereas the dose at depth
is mainly due to high energy neutrons. The fitting curves
are practically identical within their statistical uncertain-
ties, which are maximum 30% on the source term and
2.5% on the attenuation length.

A number of simulations were devoted to determine the
target size which would ensure the most conservative com-
bination between neutron yield and spectrum hardness. As
a general rule, at a given proton energy, the larger is the
transverse dimension of the target, the higher is the yield
and the lower is the average energy of the distribution, as
it is shown in Figs. 8 and 9 and in Table 2, which give
the results for 250 MeV protons on targets of various
dimensions. This is consistent with past results [12]. As
the high energy neutron yield varies little with target size,
the radius of the target was chosen to represent typical
dimensions of accelerator components. Differences at low
energy are of no relevance for shielding purposes. Table 3
lists the target dimensions used in the calculations (proton
ranges in iron were taken from [13]). The neutron energy
distributions from the four targets have the same shape
and only differ in their absolute value (i.e. the total yield),
due to small differences in both the neutron production and
the self-absorption in the target.

To assess the effect of the target dimensions on neutron
transport in concrete, Fig. 10 compares the results obtained
with the preliminary simulations performed for case 5 with
the final results for 250 MeV protons. The plot compares
the attenuation of the total dose equivalent for secondary
radiation produced by protons stopped in the ‘‘nominal’’
target used in the present work (5.8 cm in radius and



Table 3
Target dimensions used in the final Monte Carlo simulations

Iron q = 7.874 g cm�3

Ep (MeV) Range (mm) Radius (mm) Thickness (mm)

100 14.45 10 20
150 29.17 15 30
200 47.65 25 50
250 69.30 58 75

Fig. 10. Attenuation in ordinary concrete of the total dose equivalent
produced by 250 MeV protons on two different thick iron targets:
comparison of the results from preliminary simulations (case 5) with a
thicker target with those achieved with the target used for the final
calculations.

Table 2
Neutron yields (for neutrons with energy below and above 19.6 MeV, and total) and spectral average energies in the angular bins of interest, for 250 MeV
protons striking iron targets of different longitudinal and transverse dimensions

Radius (cm) · Length (cm) Neutrons per primary <En> (MeV)

En < 19.6 MeV En > 19.6 MeV ntot 0–10� 40–50� 80–90� 130–140�

3.75 · 7.50 0.567 0.148 0.715 73.6 25.9 8.1 3.9
5.80 · 7.50 0.586 0.140 0.726 67.7 22.9 8.1 3.6
7.50 · 7.50 0.596 0.136 0.732 64.7 21.3 8.1 3.5
7.50 · 15.00 0.671 0.111 0.782 70.3 23.5 6.9 3.2

The statistical uncertainties associated to the yield values are maximum 0.1% whereas those associated to the spectral average energies are maximum 0.5%,
for all target dimensions.
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7.5 cm long) and a target thicker both in its transverse and
longitudinal dimensions (7.5 cm · 15 cm). With respect to
the nominal target, in the case of the thicker target the
Table 4
Comparison of source terms and attenuation lengths for concrete, for a 5.8 cm
target (preliminary simulation: case 5), for 250 MeV protons

Angular bin Target dimensions: radius (cm) · length (cm)

5.80 · 7.50 (a) 7.50 · 15

H*(10) (Sv m2 per proton) k (g cm�2) H*(10) (S

0–10� (9.8 ± 1.0) · 10�15 105.4 ± 1.4 (5.9 ± 0
40–50� (1.2 ± 0.1) · 10�15 93.5 ± 0.5 (1.0 ± 0.1
80–90� (9.0 ± 2.5) · 10�17 83.7 ± 2.0 (1.0 ± 0.1
expected dose equivalent in the forward direction is about
40% lower at the shield surface (0 cm) and about 30% lower
at 600 cm depth. In the 40–50� bin, the thicker target would
reduce the dose by about 20% at 0 cm and by less than 3%
from 250 cm depth inwards. In the 80–90� bin the situation
is reversed: with the thicker target the dose equivalent is
slightly overestimated, by less than 10% up to 100 cm depth
in the shield, and by about 40% at 300 cm. Table 4 shows
that the attenuation lengths are the same within their statis-
tical uncertainties and the source terms deviate maximum
by 40%. This comparison shows that the considered target
dimensions do not affect the attenuation length and cause
only slight deviations on the source term. The neutron
spectrum and therefore the dose equivalent past the shield
are not very sensitive to the target size (at least for the
dimensions considered in this work).

Depending on the energy, angle of emission of the sec-
ondary radiation and actual geometry, in a real case of
assessing radiation shielding of a given facility, some of
the effects which in the simulations discussed in the next
sections are excluded, may in fact be present. These specif-
ically concern scattering within an extended barrier, room
scattering and secondary radiation emitted backwards gen-
erated within the barrier. Therefore, as mentioned in the
introduction, after a first estimate of the shield thickness
through the data given in the present paper, a (partial) sim-
ulation of the facility in its real geometry may nonetheless
be necessary.

3. Energy and angular distributions of source neutrons

The capability of FLUKA to correctly predict neutron
energy distributions in a variety of conditions and energy
ranges has been extensively benchmarked (see, for example,
radius · 7.5 cm long iron target and for a 7.5 cm radius · 15 cm long iron

H*(10)(b)/H*(10)(a) k(b)/k(a)

.00 (b)

v m2 per proton) k (g cm�2)

.5) · 10�15 106.9 ± 1.1 0.61 1.01
) · 10�15 94.8 ± 0.3 0.84 1.01
) · 10�16 85.1 ± 1.0 1.11 1.02



Fig. 13. Double differential distributions of neutrons from 200 MeV
protons impinging on a thick iron target, calculated with the FLUKA
code.
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[8,9]). A comparison of double differential distributions
predicted by FLUKA at various angles at a proton energy
of 256 MeV with experimental data [14] can be found in a
previous paper [12], which also compares predictions made
by FLUKA and LCS [15].

The double differential distributions of neutrons pro-
duced by protons with energy from 100 to 250 MeV
impinging on a thick iron target, results of the present
FLUKA simulations, are shown in Figs. 11–14 as lethargy
plots. For all angles and proton energies, the statistical
uncertainties are typically lower than 20% for all energy
bins. The bins at the low and high energy tails of the distri-
butions are affected by larger uncertainties. Since high
energy neutrons are responsible for a large fraction of the
dose equivalent beyond a thick shield, the associated uncer-
tainties are crucial. Table 5 lists the threshold neutron
energy above which the neutron fluence is affected by an
uncertainty larger than 20%, the percent contribution to
the neutron ambient dose equivalent H*(10)n after a 300
cm thick concrete shield from these neutrons, and the ratio
Fig. 11. Double differential distributions of neutrons from 100 MeV
protons impinging on a thick iron target, calculated with the FLUKA
code.

Fig. 12. Double differential distributions of neutrons from 150 MeV
protons impinging on a thick iron target, calculated with the FLUKA
code.

Fig. 14. Double differential distributions of neutrons from 250 MeV
protons impinging on a thick iron target, calculated with the FLUKA
code.
of total H*(10) past the shield to the corresponding source
value. As an example, for Ep = 100 MeV and 130–140�
angular bin, above 30 MeV the neutron energy distribution
is affected by an uncertainty larger than 20%, and these
neutrons contribute almost 30% of H*(10)n past the shield.
In addition, high energy neutrons not only drive the atten-
uation through the shield, but also generate all equilibrium
low energy neutrons. Therefore, their impact on H*(10) is
larger than their ‘‘local’’ percentage contribution given in
the above discussion. One has therefore to be much careful
as a poorly sampled high energy tail might have a substan-
cial impact on the results. Nonetheless, the attenuation
provided by a thick shield is normally so large (a factor
of more than 108 in the present example) that a fairly high
uncertainty may be accepted in a practical situation in
which the dose equivalent rate would be anyhow very
low (e.g. 5 nSv h�1 outside the shield for a source dose rate
of 1 Sv h�1).

The energy distributions in Figs. 11–14 represent the
main radiation source for the shielding calculations. They
are typically characterised by two peaks, a high energy
peak and an evaporation peak. One notices the increasing



Table 5
Threshold neutron energy above which the fluence of the source neutrons is affected by a statistical uncertainty of more than 20%, percent contribution to
neutron ambient dose equivalent H*(10)n past a 300 cm thick concrete shield from these neutrons, and ratio of total H*(10) past 300 cm concrete to the
corresponding source term value at the inner surface of the shield (0 cm)

Proton energy (MeV) Angular bin Neutron energy (MeV) Percent fraction to H*(10)n (%) H*(10) at 300 cm/H*(10) at 0 cm

100 0–10� 90 <0.1 8.7 · 10�6

40–50� 80 1.2 1.4 · 10�6

80–90� 50 20.5 5.8 · 10�8

130–140� 30 28.3 5.8 · 10�9

150 0–10� 140 <0.1 2.7 · 10�5

40–50� 130 0.1 2.3 · 10�5

80–90� 75 11.7 6.9 · 10�7

130–140� 50 24.1 3.8 · 10�8

200 0–10� 190 <0.1 1.4 · 10�3

40–50� 175 0.1 1.2 · 10�4

80–90� 110 4.1 3.5 · 10�6

130–140� 60 18.3 9.6 · 10�8

250 0–10� 240 <0.1 2.8 · 10�3

40–50� 220 <0.1 2.7 · 10�4

80–90� 150 0.9 1.3 · 10�5

130–140� 80 16.2 5.3 · 10�7

Table 6
Neutron yield and average neutron energy at the four emission angles for 100–250 MeV protons on a thick iron target

Proton energy (MeV) Neutron yield (neutrons per proton) Average neutron energy <En> (MeV)

En < 19.6 MeV En > 19.6 MeV ntot 0–10� 40–50� 80–90� 130–140�

100 0.118 0.017 0.135 22.58 12.06 4.96 3.56
150 0.233 0.051 0.284 40.41 17.26 6.29 3.93
200 0.381 0.096 0.477 57.73 22.03 7.38 3.98
250 0.586 0.140 0.726 67.72 22.90 8.09 3.62

The statistical uncertainties associated to the yield values are less than 0.25% (the worst case being at 100 MeV) whereas those associated to the spectral
average energies are 1% maximum.
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ratio between the two peaks with increasing proton energy,
particularly evident in the forward direction but also
noticeable at 40–50�. At 250 MeV one also sees that in
the evaporation zone the distributions at 80–90� and 130–
140� reverse: this is because, unlike for the simulations at
the other energies, the target used at 250 MeV is not a right
cylinder but it is larger in diameter than in length (11.6 cm
in diameter and 7.5 cm thick).

Table 6 lists the neutron yields integrated over the entire
solid angle for the various proton energies, along with the
average energy of the distributions at the various emission
angles.
4. Shielding parameters

In general, the attenuation through a thick shield of the
total ambient dose equivalent is fitted with the classical
two-parameter formula (see, for example, [6]):

HðEp; h; d=kÞ ¼
H 0ðEp; hÞ

r2
exp � d

kðhÞgðaÞ

� �
; ð1Þ

where H is the ambient dose equivalent beyond the shield,
Ep is the proton energy, r is the distance between the radi-
ation source (the target stopping the protons) and the scor-
ing position, h is the angle between the direction~r and the
beam axis, H0 is the source term, d is the shield thickness,
k(h) is the attenuation length for the given shielding mate-
rial at emission angle, and a is the angle between the direc-
tion ~r and the normal to the shield surface. The function
g(a) = 1 for the spherical geometry used in the present sim-
ulations and g(a) = cosa in all other cases. This is the
expression used in the present work to fit the data in the
forward direction (after the build-up region extending to
a depth of about 100 cm, after which the attenuation be-
comes exponential).

It has been shown before (and explained in the next sec-
tion) that in certain cases the attenuation of the dose equiv-
alent is better expressed by a double-exponential [16,17]

HðEp; h; d=kÞ ¼
H 1ðEp; hÞ

r2
exp � d

k1ðhÞ gðaÞ

� �

þ H 2ðEp; hÞ
r2

exp � d
k2ðhÞ gðaÞ

� �
; ð2Þ

where H1, k1(h) and H2, k2(h) are the source terms and the
attenuation lengths for the shallow-depth and large-depth
(deep penetration) exponential functions, respectively.
The second term of expression (2) describes the attenuation
for a shield thicker than about 100 cm and obviously
cannot be applied for a thinner shield, because it would
lead to an underestimate of the ambient dose equivalent.
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In practice, expression (2) includes expression (1) by setting
H0 = H2, k(h) = k2(h) and setting the first term to zero (i.e.
H1 = k1(h) = 0). As shown in the next section, a double-
exponential attenuation is characteristic of the attenuation
curves in the 40–50�, 80–90� and 130–140� angular bins.
Fig. 17. Attenuation of total dose equivalent in ordinary concrete for
200 MeV protons impinging on a thick iron target. Only the fit on the
second exponential is shown. The statistical uncertainties of each data
5. Shielding data for concrete

The attenuation of the total dose equivalent in ordinary
concrete at the four emission angles are plotted in Figs. 15–
18 for 100, 150, 200 and 250 MeV protons impinging on a
thick iron target. The statistical uncertainties on the data
points is less than 6% at 250 MeV and less than 10% at
100 MeV, the maximum always being at the largest depths
at the backward angles. For the sake of clarity only the fit
on the second exponential in expression (2) is shown. The
Fig. 15. Attenuation of total dose equivalent in ordinary concrete for
100 MeV protons impinging on a thick iron target. Only the fit on the
second exponential is shown. The statistical uncertainties of each data
point are smaller than the size of the symbol.

Fig. 16. Attenuation of total dose equivalent in ordinary concrete for
150 MeV protons impinging on a thick iron target. Only the fit on the
second exponential is shown. The statistical uncertainties of each data
point are smaller than the size of the symbol.

point are smaller than the size of the symbol.

Fig. 18. Attenuation of total dose equivalent in ordinary concrete for
250 MeV protons impinging on a thick iron target. Only the fit on the
second exponential is shown. The statistical uncertainties of each data
point are smaller than the size of the symbol.
resulting source terms H0 (Sv m2 per proton) and attenua-
tion lengths k (g cm�2) are listed in Table 7.

At small depths and at the forward angle a dose build-
up region is visible, particularly at the highest energies.
Moving towards larger angles this situation is reversed,
as the low energy component starts to dominate and a fast
attenuation region appears at small thicknesses. This is
because the neutron energy distributions vary with depth
in concrete. The spectrum hardens until a depth of about
100 cm, after which it reaches equilibrium. As an example,
Fig. 19 shows the normalised neutron energy distributions
(areas are normalized to unity in order to show the varia-
tions in the spectral shape) in the transverse direction from
250 MeV protons at the surface of a concrete shield and at
20, 40, 60, 100 and 600 cm depth. The lower energy compo-
nent of the spectrum is attenuated mostly up to a depth in
the shield of about 100 cm with a short attenuation



Table 7
Attenuation of the total dose equivalent in ordinary concrete for 100–250 MeV protons impinging on a thick iron target

First exponential Second exponential

Angular bin H1(10) (Sv m2 per proton) k1(h) (g cm�2) H2(10) (Sv m2 per proton) k2(h) (g cm�2)

100 MeV 0–10� – – (8.9 ± 0.4) · 10�16 59.7 ± 0.2
40–50� (5.9 ± 1.3) · 10�16 47.5 ± 2.7 (1.5 ± 0.1) · 10�16 57.2 ± 0.3
80–90� (5.3 ± 0.8) · 10�16 33.7 ± 1.2 (1.1 ± 0.3) · 10�17 52.6 ± 0.7

130–140� (4.7 ± 0.4) · 10�16 30.7 ± 0.5 (8.0 ± 5.1) · 10�18 46.1 ± 2.8
150 MeV 0–10� – – (3.0 ± 0.2) · 10�15 80.4 ± 0.5

40–50� (1.2 ± 0.2) · 10�15 57.8 ± 3.4 (3.3 ± 0.8) · 10�16 74.3 ± 1.4
80–90� (10.0 ± 2.2) · 10�16 37.4 ± 2.7 (1.2 ± 0.3) · 10�17 70.8 ± 1.3

130–140� (7.8 ± 2.0) · 10�16 32.1 ± 1.5 (2.1 ± 0.6) · 10�18 61.8 ± 1.1
200 MeV 0–10� – – (5.6 ± 0.4) · 10�15 96.6 ± 0.8

40–50� (1.9 ± 0.3) · 10�15 68.3 ± 5.9 (6.8 ± 0.5) · 10�16 86.4 ± 0.5
80–90� (1.3 ± 0.4) · 10�15 43.8 ± 4.4 (3.7 ± 0.8) · 10�17 78.3 ± 1.3

130–140� (1.3 ± 0.3) · 10�15 32.8 ± 1.6 (2.8 ± 2.4) · 10�18 70.0 ± 4.1
250 MeV 0–10� – – (9.8 ± 1.0) · 10�15 105.4 ± 1.4

40–50� (2.3 ± 0.5) · 10�15 77.0 ± 7.9 (1.2 ± 0.1) · 10�15 93.5 ± 0.5
80–90� (1.4 ± 0.4) · 10�15 49.7 ± 5.7 (9.0 ± 2.5) · 10�17 83.7 ± 2.0

130–140� (1.9 ± 0.6) · 10�15 34.4 ± 3.4 (6.5 ± 2.6) · 10�18 79.1 ± 3.4

Source terms H1 and H2 (Sv m2 per proton) and attenuation lengths k1 and k2 (g cm�2) resulting from the fits shown in Figs. 15–18.

Fig. 19. Neutron energy distributions (normalized to 1) in the transverse
direction generated by 250 MeV protons, at the surface of a concrete
shield and at 20, 40, 60, 100 and 600 cm depth.
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length – the first term in expression (2) – giving rise to a less
intense but harder and more penetrating spectral distribu-
tion, which is characterised by a longer attenuation length
– the second term in expression (2).

For each proton energy and each angular bin, H0 and k
in Table 7 were obtained by averaging the results of sev-
eral, independent exponential fits. Each i-th fitting curve
providing the corresponding i-th (H0,k) pair is the 2-
parameter curve given above, obtained with different
extremes of the data range to be fitted. This was done in
order to smooth the dependence of the attenuation length
and the associated uncertainty on the statistical fluctuations
of the simulation data, and to appreciate the dependence of
the value of the source term on the corresponding value
of the attenuation length. For the forward direction expres-
sion (1) was used, taking into account data points between
100 cm and 600 cm. For the other directions the data were
fitted with two independent exponentials (rather than with
the single 4-parameter fit of expression (2) as done in a pre-
vious work [16]), taking into account data points between
20 cm and 150 cm for the first exponential and data points
between 200 cm and 600 cm for the second exponential.
For the forward direction the associated uncertainties are
less than 10% on both the source terms and the attenuation
lengths, whereas for all other angular bins the uncertainties
on the attenuation length are below 15%, whilst for the
source term they can reach 85%. This is because the dose
is proportional to the source term and depends exponen-
tially on the attenuation length. Thus for a given dose past
the shield, a small variation of the attenuation length leads
to a large variation on the source term. Including in the fit
for the second exponential data at shallower depths
(between 200 and 350 cm), generally k tends to increase
and H0 to decrease.

The variations of the parameters H0 and k with proton
energy and emission angle are shown in Figs. 20–23 for
the deep penetration term (thick shield) and in Figs. 24–
27 for the shallow penetration term (thin shield). In gen-
eral, data in the backward direction are affected by a larger
statistical uncertainty with respect to the other angular
bins.

The values of source term and attenuation length for
deep penetration in Figs. 20–23 were fitted as a function
of proton energy Ep and emission angle h according to
the following expressions:

H 0ðEpÞ ¼ P 1 � exp
Ep

P 2

� �
; ð3Þ

kðEpÞ ¼
A

1þ exp
lnðP 3Þ�lnðEpÞ

P 4

h iþ B; ð4Þ

H 0ðhÞ ¼ P 5 � exp � h
P 6

� �
; ð5Þ

kðhÞ ¼ P 7 � P 8 � h: ð6Þ



Fig. 21. Attenuation length in concrete (second exponential – deep
penetration) versus primary proton energy at emission angles of 0–10�, 40–
50�, 80–90� and 130–140� for neutrons produced by 100–250 MeV protons
impinging on a thick iron target. The fits are according to expression (4).

Fig. 22. Source term (second exponential – deep penetration) versus
emission angle for neutrons produced by 100–250 MeV protons impinging
on a thick iron target. The fits are according to expression (5).

Fig. 23. Attenuation length in concrete (second exponential – deep
penetration) versus emission angle for neutrons produced by 100–250
MeV protons impinging on a thick iron target. The fits are according to
expression (6).

Fig. 24. Source term (first exponential – thin shield) versus primary
proton energy at emission angles of 40–50�, 80–90� and 130–140� for
neutrons produced by 100–250 MeV protons impinging on a thick iron
target. The lines are only to guide the eye.

Fig. 25. Attenuation length in concrete (first exponential – thin shield)
versus primary proton energy at emission angles of 40–50�, 80–90� and
130–140� for neutrons produced by 100–250 MeV protons impinging on a
thick iron target. The lines are only to guide the eye.

Fig. 20. Source term (second exponential – deep penetration) versus
primary proton energy at emission angles of 0–10�, 40–50�, 80–90� and
130–140� for neutrons produced by 100–250 MeV protons impinging on a
thick iron target. The fits are according to expression (3).
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Fig. 26. Source term (first exponential – thin shield) versus emission angle
for neutrons produced by 100–250 MeV protons impinging on a thick iron
target. The lines are only to guide the eye.

Fig. 27. Attenuation length in concrete (first exponential – thin shield)
versus emission angle for neutrons produced by 100–250 MeV protons
impinging on a thick iron target. The lines are only to guide the eye.
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Table 8 gives the parameters of the fits shown in Figs. 20–
23. The variation of the source term versus both energy and
Table 8
Fitting parameters of source term and attenuation length as a function of pro

Angular bin Source term

P1 (Sv m2 per proton) P2 (M

Panel 1

0–10� (1.8 ± 0.2) · 10�16 59.7 ±
40–50� (3.9 ± 0.6) · 10�17 72.1 ±
80–90� (2.8 ± 1.3) · 10�18 74.7 ±
130–140� (3.8 ± 3.6) · 10�19 89.0 ±

Ep (MeV) P5 (Sv m2 per proton) P6 (d

Panel 2

100 (1.2 ± 0.1) · 10�15 19.5 ±
150 (3.9 ± 0.3) · 10�15 17.9 ±
200 (8.1 ± 0.6) · 10�15 17 ±
250 (1.4 ± 0.1) · 10�14 17.9 ±

See text, expressions (3)–(6). The comparatively larger uncertainties for P1 and
emission angle is fairly well described by an exponential
function, whilst the attenuation length varies approxi-
mately linearly with angle. A more complex mathematical
function was used to fit the attenuation length versus pro-
ton energy, in order to follow its well-known behaviour
(see, for example, [6], p. 224): a low-energy limit of about
29 g cm�2, a high-energy limit around 117 g cm�2, and a
transition zone in-between. A and B in expression (4) are
set in order to respect such limits: A = 88 g cm�2 and
B = 29 g cm�2. The above expressions can be used to inter-
polate the shielding parameters in the 100–250 MeV energy
range and for emission angles from forward to about 150�,
and with some caution to extrapolate slightly outside this
range. Expression (4) can to a certain extent be used to
extrapolate k-values outside the 100–250 MeV energy
range.

The total ambient dose equivalent past a concrete
shield is mainly due to neutrons, but photons and protons
cannot sometimes be completely neglected. The non-neu-
tron part of the dose equivalent is usually limited to a
few percent, except in the backward direction where pho-
tons contribute more than 10% and up to 35% to the total
dose for a shield thickness of one to two meters. Generally
speaking, the non-neutron contribution decreases with
increasing energy of the primary proton and increases
with increasing angle: in particular, the contribution from
secondary protons is maximum in the forward direction
(because of protons generated in the intranuclear cascade)
and decreases with angle, whereas the electromagnetic
contribution (possibly dominated by prompt gamma rays)
moves in the opposite direction. The percent contribution
of neutrons, photons, protons and electrons to the total
dose equivalent past a concrete shield of increasing thick-
ness is shown in Figs. 28–31 for 100 and 250 MeV protons
for the forward and the backward directions. Table 9 lists
the maximum contribution of protons, photons and elec-
trons to total dose for the various angular bins and proton
energies.
ton energy Panel 1 and as a function of emission angle Panel 2

Attenuation length

eV) P3 (MeV) P4 (a.u.)

2.2 128.5 ± 0.6 0.40 ± 0.01
3.5 146.8 ± 0.9 0.52 ± 0.01
13.6 173.0 ± 3.4 0.57 ± 0.03
40.6 205.5 ± 9.7 0.58 ± 0.08

eg) P7 (g cm�2) P8 (g cm�2 deg�1)

0.7 61.1 ± 0.9 0.11 ± 0.01
0.7 81.1 ± 0.5 0.14 ± 0.01

0.5 97.2 ± 0.7 0.23 ± 0.02
0.6 106.2 ± 0.3 0.28 ± 0.03

P2 at 80–90� and 130–140� are easy to understand from the fits in Fig. 20.



Table 9
Maximum percent contribution of protons, photons and electrons to the
total dose

Proton energy
(MeV)

Angular
Bin

Protons
(%)

Photons
(%)

Electrons
(%)

100 0–10� 0.16 2.66 0.62
40–50� 0.10 4.04 1.93
80–90� <0.10 13.08 2.99

130–140� <0.10 34.69 9.45
150 0–10� 2.12 1.97 0.56

40–50� 0.48 2.76 0.68
80–90� 0.67 7.26 1.89

130–140� 0.30 19.58 4.63
200 0–10� 2.91 1.61 0.67

40–50� 4.86 2.26 0.54
80–90� 1.12 5.06 1.06

130–140� 0.45 14.79 3.34
250 0–10� 4.33 1.56 0.60

40–50� 2.45 2.04 0.47
80–90� 1.27 4.13 0.82

130–140� 1.19 11.30 2.70

Data are not necessarily at the same concrete thickness (see Figs. 28–31).

Fig. 28. Percent contribution of the various particles to the total dose
equivalent past a concrete shield of increasing thickness. Simulation
results are for secondary radiation in the forward direction (0–10� bin)
from 100 MeV protons on a thick iron target. Protons are not shown as
their contribution is below 0.1%.

Fig. 29. Percent contribution of the various particles to the total dose
equivalent past a concrete shield of increasing thickness. Simulation
results are for secondary radiation in the backward direction (130–140�
bin) from 100 MeV protons on a thick iron target. Protons are not shown
as their contribution is below 0.1%.

Fig. 31. Percent contribution of the various particles to the total dose
equivalent past a concrete shield of increasing thickness. Simulation
results are for secondary radiation in the backward direction (130–140�
bin) from 250 MeV protons on a thick iron target.

Fig. 30. Percent contribution of the various particles to the total dose
equivalent past a concrete shield of increasing thickness. Simulation
results are for secondary radiation in the forward direction (0–10� bin)
from 250 MeV protons on a thick iron target.
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6. Comparison with literature data

The values of H0 and k obtained in the previous section
were compared with calculated (either by Monte Carlo
simulations or analytically) and experimental data avail-
able in the literature [18,19,21,23,26,27,29–31,34]. Only
data for angular bins comparable to those of the present
work were taken from the quoted references for the com-
parison. The results of this extensive evaluation, performed
for proton energies up to 400 MeV, are summarised in
Tables 10(a), 10(b),10(c).
6.1. Comparison with measurements (Table 10(a))

Siebers et al. [18] report both experimental results and
Monte Carlo simulations of the experimental set-up. The
comparison is made here only with the measured data,
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because the results of the simulations are identical to those
of [19] (the same situation has been simulated with the
same LCS code). The only discrepancy between the two
papers is on the source terms, which in [18] are the double
of those of [19] simply because the fluence-to-dose conver-
sion coefficients have been doubled. Measurements were
performed with 230 MeV protons at the Fermi National
Accelerator Laboratory (Batavia, Illinois) with the proton
synchrotron now installed at the Loma Linda University
Medical Center (California). The concrete composition is
substantially different from that of the present work (in
particular, their concrete has a factor of 2 more H and a
factor of 6 less C than that of the present simulations,
and their density is 1.88 g cm�3 versus 2.31 g cm�3) which
may explain the large difference in the attenuation lengths.
The largest discrepancy is at 80–90�, where the attenuation
lengths differ by about 40% and the source terms by around
one order of magnitude. The dose equivalent values of [18]
were derived from measurements of lineal energy spectra
([20]) inside cavities in the shield.

Measurements outside a concrete shield of increasing
thickness at different angles were performed at the Centre
de Protonthérapie d’Orsay with 200 MeV protons on a
thick aluminum target [21]. Discrepancies with the present
simulations are clearly visible both in attenuation lengths
and source terms. Part of these discrepancies may be due
to the concrete composition, which is not given in the
paper. The dependence of the attenuation length on emis-
sion angle in [21] is a little striking because at 22.5� the
attenuation length is about 5% larger than at 0�, and at
45� it is about 10% larger than at 0�. This effect would
imply a spectrum hardening with increasing emission angle
up to 45�. Moreover the attenuation lengths at 45� and
67.5� are affected by quite large uncertainties, which can
in turn also affect the corresponding source terms and
related uncertainties.

Finally, [22] discusses dose rate measurements per-
formed at PSI (Switzerland) outside a concrete shield of
increasing thickness (0.5 to 3 m in steps of 0.5 m) with
250 MeV protons stopped in a thick copper target, at 78�
and 90� with respect to the incident proton beam direction.
The concrete composition is not given. Data were here
scaled to Sv m2 per proton taking the nominal beam cur-
rent given in [22], in order to compare them with the atten-
uation curves provided in the present work. Fig. 32
compares the experimental data at 90� with the present
double attenuation function at 80–90� (expression (2),
Table 7). The curve is a merge of the first exponential up
to a depth of 1 m and the second beyond it. The agreement
is good up to 1.5 m, reasonable at 2 m, whilst the calcula-
tions underestimate the experimental data by a factor of
3 at 2.5 m and a factor of 4 at 3 m. This may be due to
the following reasons: (1) at depths beyond 1.5 m the fast
neutron (En > 20 MeV) dose equivalent was not measured
directly but only estimated, albeit under reasonable
assumptions (as stated in [22]), (2) some additional contri-
bution to the total dose equivalent may come from neutron



Table 10(b)
Comparison of source terms and attenuation lengths in concrete calculated in the present work with literature results (Monte Carlo simulations)

References Ep (MeV) Emission angle Source term (Sv m2 per proton) Attenuation length (g cm�2)

Literature data Present work Literature data Present work Literature data Present work Literature data Present work

[23] 150 150 0–15� 0–10� – – 91 80.4 ± 0.5
15–30� 10–20�a – – 87 79
30–45� 30–40�a – – 82 76.3
45–60� 40–50� – – 78 74.3 ± 1.4

200 200 0–15� 0–10� – – 102 96.6 ± 0.8
15–30� 10–20�a – – 98 93.7
30–45� 30–40�a – – 92 89.1
45–60� 40–50� – – 87 86.4 ± 0.5

250 250 0–15� 0–10� – – 109 105.4 ± 1.4
15–30� 10–20�a – – 105 102
30–45� 30–40�a – – 99 96.4
45–60� 40–50� – – 93 93.5 ± 0.5

[19] 230 230a 0–10� 0–10� (6.6 ± 0.4) · 10�15 8.40 · 10�15 99.1 ± 2.8 100.4
40–50� 40–50� (2.3 ± 0.1) · 10�15 9.40 · 10�16 89.4 ± 2.1 91
85–95� 80–90� (1.0 ± 0.2) · 10�15 6.10 · 10�17 53.4 ± 2.6 83.8

[26]* 100 100 0–5� 0–10� 9.10 · 10�16 (8.9 ± 0.4) · 10�16 60 59.7 ± 0.2
250 250 0–5� 0–10� 9.60 · 10�15 (9.8 ± 1.0) · 10�15 111 105.4 ± 1.4

20–30� 20–30�a 4.50 · 10�15 3.50 · 10�15 114 99.2
[12] 100 100 0–10� 0–10� 1.10 · 10�15 (8.9 ± 0.4) · 10�16 63.6 59.7 ± 0.2

40–50� 40–50� 4.30 · 10�16 (1.5 ± 0.1) · 10�16 49.1 57.2 ± 0.3
80–90� 80–90� 5.60 · 10�17 (1.1 ± 0.3) · 10�17 38 52.6 ± 0.7

130–140� 130–140� 3.70 · 10�17 (8.0 ± 5.1) · 10�18 34.6 46.1 ± 2.8
150 150 0–10� 0–10� 4.00 · 10�15 (3.0 ± 0.2) · 10�15 89.9 80.4 ± 0.5

40–50� 40–50� 8.80 · 10�16 (3.3 ± 0.8) · 10�16 80.8 74.3 ± 1.4
80–90� 80–90� 1.70 · 10�16 (1.2 ± 0.3) · 10�17 57 70.8 ± 1.3

130–140� 130–140� 6.10 · 10�17 (2.1 ± 0.6) · 10�18 41.9 61.8 ± 1.1
200 200 0–10� 0–10� 5.30 · 10�15 (5.6 ± 0.4) · 10�15 103 96.6 ± 0.8

40–50� 40–50� 1.40 · 10�15 (6.8 ± 0.5) · 10�16 84.5 86.4 ± 0.5
80–90� 80–90� 4.80 · 10�16 (3.7 ± 0.8) · 10�17 61.8 78.3 ± 1.3

130–140� 130–140� 7.10 · 10�17 (2.8 ± 2.4) · 10�18 42.2 70.0 ± 4.1
250 250 0–10� 0–10� 9.00 · 10�15 (9.8 ± 1.0) · 10�15 109 105.4 ± 1.4

40–50� 40–50� 3.30 · 10�15 (1.2 ± 0.1) · 10�15 92.9 93.5 ± 0.5
80–90� 80–90� 6.20 · 10�16 (9.0 ± 2.5) · 10�17 62.8 83.7 ± 2.0

130–140� 130–140� 1.50 · 10�16 (6.5 ± 2.6) · 10�18 45.9 79.1 ± 3.4
400 400a 0–10� 0–10� 1.80 · 10�14 1.50 · 10�13 126 112.2

40–50� 40–50� 6.30 · 10�15 9.90 · 10�15 99.9 106
80–90� 80–90� 1.70 · 10�15 5.90 · 10�16 78.1 100.6

130–140� 130–140� 5.50 · 10�16 3.40 · 10�17 60.5 95.9
[27] 50 50a 0–5� 0–10� 6.20 · 10�16 4.10 · 10�16 35.1 36.5

70 70a 0–5� 0–10� 1.10 · 10�15 5.80 · 10�16 43.2 44.7
100 100 0–5� 0–10� 2.30 · 10�15 (8.9 ± 0.4) · 10�16 57 59.7 ± 0.2

[29] 72 72a 0–10� 0–10� (3.6 ± 0.4) · 10�16 6.00 · 10�16 49.7 ± 0.5 45.7
40–50� 40–50� (1.3 ± 0.1) · 10�16 1.10 · 10�16 49.5 ± 0.3 46.6
80–90� 80–90� (0.4 ± 0.1) · 10�16 7.30 · 10�18 45.7 ± 0.6 44.5

250 250 0–10� 0–10� (6.4 ± 0.1) · 10�15 (9.8 ± 1.0) · 10�15 115.4 ± 0.3 105.4 ± 1.4
40–50� 40–50� (2.1 ± 0.02) · 10�15 (1.2 ± 0.1) · 10�15 97.4 ± 0.2 93.5 ± 0.5
80–90� 80–90� (3.8 ± 0.2) · 10�16 (9.0 ± 2.5) · 10�17 79.1 ± 0.6 83.7 ± 2.0

All targets are thick iron targets except *thick copper.
a Interpolated/extrapolated data were obtained from Eqs. (3)–(6) (see text, Section 5).

S
.

A
g

o
steo

et
a

l.
/

N
u

cl.
In

str.
a

n
d

M
eth

.
in

P
h

y
s.

R
es.

B
2

6
5

(
2

0
0

7
)

5
8

1
–

5
9

8
595



Table 10(c)
Comparison of source terms and attenuation lengths in concrete calculated in the present work with literature results (non-Monte Carlo methods)

References Ep (MeV) Emission angle Source term (Sv m2 per proton) Attenuation length (g cm�2)

Literature data Present work Literature data Present work Literature data Present work Literature data Present work

[30] 100 100 90� 80–90� 4.00 · 10�17 (1.1 ± 0.3) · 10�17 50 52.6 ± 0.7
250 250 90� 80–90� 6.00 · 10�16 (9.0 ± 2.5) · 10�17 78 83.7 ± 2.0
400 400b 90� 80–90� 1.90 · 10�15 5.90 · 10�16 89 100.6

[31] 113 113b 7.5� 0–10� – – 64.6 66
113 100 30� 30–40�b – – 58.3 57.4

60� 60–70�b – – 47.3 54.2
256 250 7.5� 0–10� – – 106.9 105.4 ± 1.4

30� 30–40�b – – 101 96.4
60� 60–70�b – – 79.2 88

120� 120–130�b – – 48.2 72.8
[34]a 100 100 0� 0–10� 7.90 · 10�16 (8.9 ± 0.4) · 10�16 60.1 59.7 ± 0.2

90� 80–90� 5.20 · 10�16 (1.1 ± 0.3) · 10�17 46.8 52.6 ± 0.7
150 150 0� 0–10� 1.40 · 10�15 (3.0 ± 0.2) · 10�15 75.6 80.4 ± 0.5

90� 80–90� 8.80 · 10�16 (1.2 ± 0.3) · 10�17 52.2 70.8 ± 1.3
200 200 0� 0–10� 2.00 · 10�15 (5.6 ± 0.4) · 10�15 84 96.6 ± 0.8

90� 80–90� 1.10 · 10�15 (3.7 ± 0.8) · 10�17 52 78.3 ± 1.3

All targets are thick iron targets.
a Attenuation lengths are calculated for 4 m thick concrete.
b Interpolated/extrapolated data were obtained from Eqs. (3)–(6) (see text, Section 5).

Fig. 32. Comparison of experimental data at 90� from [22] with the
present double attenuation function at 80–90� (expression (2), Table 7).
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scattering in the experimental cave. Measurements per-
formed at 3 m depth could also be affected by uncertainties
greater than those stated, because the values were close to
detection limits of 0.1 lSv h�1, as explained in [22]. None-
theless, the above reasons may still not fully explain the dis-
crepancy at the largest depth.
6.2. Comparison with Monte Carlo simulations (Table

10(b))

Data from [23] are Monte Carlo calculations performed
with the High Energy Transport Code (HETC-DO) [24],
which is based on the Bertini’s intranuclear cascade model
[25]. The source was placed at the centre of a concrete
sphere (whose material composition is different from that
used in the present work) and scoring was done inside
the material. No results are given for the source term.
The simulations were done with angular bins larger than
those used in the present work. Differences are within
15%, and the agreement becomes better with increasing
angle and energy: the best agreement is obtained in the
40–50� angular bin for 250 MeV protons, where the atten-
uation lengths coincide.

Data from [19] are results of Monte Carlo simulations
with the LAHET Code System [15]. Differences in the
attenuation lengths are within 2% for the forward direction
and the 40–50� angular bin, whereas there is 40% discrep-
ancy in the transverse direction. The source terms differ
by 20% in the forward direction, by more than a factor
of 2 in the 40–50� angular bin and by a factor of 16 in
the transverse direction.

Data from [26] are results of Monte Carlo calculations
with the FLUKA code, for a slightly different type of con-
crete. In the forward direction the data are in remarkable
agreement with the values of the present work: the source
terms agree within 3% and the attenuation lengths within
5%. A comparison with interpolated data at 20–30� shows
a discrepancy of 25% on the source term and of 13% on the
attenuation length.

Data from [12] deserve a specific comment, as they are
results of FLUKA simulations in exactly the same geome-
try of the present work, but scoring particles at different
depths inside the shield in all angular bins. Except for the
forward angles, the attenuation lengths are systematically
lower than those from the present calculations (partly com-
pensated by higher values in the source terms). This is
explained by the fact that, due to the much lower comput-
ing power available in the mid-nineties with respect to pres-
ent, the simulations were at that time performed in two
steps. First the neutron energy distributions were generated
from the target, followed by a second step in which neu-
trons were transported through the shield. Most likely



Fig. 33. Attenuation of total dose equivalent in ordinary concrete for
100 MeV protons on a thick iron target: comparison between results from
the present work and the analytical method of [34]. The statistical
uncertainties of each data point are smaller than the size of the symbols.

Fig. 34. Attenuation of total dose equivalent in ordinary concrete for
200 MeV protons on a thick iron target: comparison between results from
the present work and the analytical method of [34]. The statistical
uncertainties of each data point are smaller than the size of the symbols.
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the high-energy component in the neutron energy distribu-
tions was undersampled in the first step, which in turn
means a faster attenuation in the shield.

Data from ref [27] are FLUKA simulations with pro-
tons in the energy range 10–100 MeV and a geometry set
up very similar to that of the present (and earlier [12])
work. The source neutrons produced in the iron target were
replaced by tabulated neutron yield data from ICRU
Report 63 [28], and the complete concrete spherical shell
was simulated for the neutron transport. The only direct
comparison can be made at 100 MeV in the forward direc-
tion, for which attenuation lengths agree within 5% while
source terms differ by a factor of 2.6. This is probably
due to the fact that the present simulations reach a depth
of 6 m in concrete: as a consequence the neutron spectrum
can harden a little more, with the consequence of rising the
attenuation length and reducing the source term.

Data from [29] are MCNPX simulations in a geometry
set-up very close to the one implemented in the present
work and in ref [12]. Attenuation lengths agree within
10%, whereas as usual the source terms differ more. The
discrepancies may be due to the different cross section
libraries implemented in MCNPX for protons interaction
with iron.

6.3. Comparison with other (non Monte Carlo) methods

(Table 10(c))

Tesch [30] reports parameters for lateral shielding
obtained by fitting data from the literature. According to
the energy, the agreement with the present results is within
12% for the attenuation length. For the source term there is
a discrepancy of a factor of 3.6 at 100 MeV and at
400 MeV, and of a factor of 6.6 at 250 MeV.

Kato and Nakamura [31] provides only values of the
attenuation length obtained transporting measured neu-
tron spectra from [14,32,33] with the ANISN one-dimen-
sional discrete ordinate code. There is a good agreement
with the present results in the forward direction and for
30� (within 5%), whereas the discrepancy increases with
increasing emission angle, but it is particularly large only
at 120�.

Maiti et al. [34] proposes a mathematical tool for pre-
dicting attenuation lengths and source terms for concrete
in the proton energy range 25–200 MeV, both in the
forward and lateral directions. The attenuation length is
calculated as a function of incident proton energy and con-
crete thickness, the source term as a function of target
material and proton energy. Differences with the present
results in the attenuation length are within 15% in the for-
ward direction but are as large as 35% in the transverse
direction: the comparison has been made taking the values
proposed in [34] after 4 meters of concrete, in order to
make a comparison for deep penetration in the shield. Val-
ues in the source term show larger discrepancies: less than a
factor of 3 in the forward direction, more than an order of
magnitude in the lateral direction. Figs. 33 and 34 compare
the results of the present work with the predictions of the
model of [34].

7. Conclusions

This paper has revised and improved previous shielding
calculations for concrete. These data will be complemented
by shielding parameters for iron in a forthcoming paper [7].
Concrete is the most common material used in accelerator
shielding, but iron is also used, normally in combination
with concrete, for which very few data – both experimental
and computational – are available in the literature. In the
present paper an effort has been made to obtain a consis-
tent set of source terms and attenuation lengths to be used
in the shielding design of intermediate energy proton accel-
erators. A detailed analysis of the assumptions made has
shown that the approximation employed in the simulations
should only introduce marginal variations with respect to a
real, slab geometry. The present data should be of help for
shielding studies and reduce to a minimum the need for
long and complex Monte Carlo calculations. The smooth
behaviour of k and H0 versus proton energy and polar
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angle allows to interpolate the data for application at any
energy in the 100–250 MeV range, and to a certain extent
extrapolate outside this energy range. Data for thin shields
(that is, the attenuation length determined by the first expo-
nential in expression (2)) can be of interest under specific
circumstances, for example a barrier designed to shield
an area with a very low occupancy factor – or no occu-
pancy at all – or conceived to shield an accelerator running
at very low beam current.

Literature data are sparse and specific to given beam
conditions and geometries. An extensive comparison of
source terms and attenuation lengths obtained in the pres-
ent work with published data shows the comparatively
wide range of variability in the results, which reflects the
large differences in the geometrical configurations (experi-
mental or computational), material composition and tech-
niques used. The concrete composition may in particular
have a substantial impact on the attenuation properties
of a barrier. Concrete compositions may vary significantly,
particularly in the content of hydrogen (from 0.39 to
1.9 · 1021 atoms cm�3), carbon (from 0.05 to 2.02) and sil-
icon (from 0.17 to 2.08) when comparing the composition
used in the present work and those found in the literature
[18,19,23,26,31]. To disentangle the influence of the con-
crete composition from all other effects one would need
to perform a dedicated set of simulations or experimental
measurements by only varying the concrete type while
keeping all other parameters fixed (for example, [35]).
Nonetheless, apart from some exceptions, the overall
agreement amongst the various sets of data can be
regarded as acceptable.
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