
IOP PUBLISHING PHYSICS IN MEDICINE AND BIOLOGY

Phys. Med. Biol. 54 (2009) 6065–6078 doi:10.1088/0031-9155/54/20/003

Reduction of the secondary neutron dose in passively
scattered proton radiotherapy, using an optimized
pre-collimator/collimator

David J Brenner1,3, Carl D Elliston1, Eric J Hall1 and Harald Paganetti2

1 Center for Radiological Research, Columbia University Medical Center, 630 West 168th Street,
New York, NY 10032, USA
2 Department of Radiation Oncology, Massachusetts General Hospital, Francis H Burr Proton
Therapy Center, Boston, MA 02114, USA

E-mail: djb3@columbia.edu

Received 10 July 2009, in final form 4 August 2009
Published 24 September 2009
Online at stacks.iop.org/PMB/54/6065

Abstract

Proton radiotherapy represents a potential major advance in cancer therapy.
Most current proton beams are spread out to cover the tumor using passive
scattering and collimation, resulting in an extra whole-body high-energy
neutron dose, primarily from proton interactions with the final collimator.
There is considerable uncertainty as to the carcinogenic potential of low doses
of high-energy neutrons, and thus we investigate whether this neutron dose
can be significantly reduced without major modifications to passively scattered
proton beam lines. Our goal is to optimize the design features of a patient-
specific collimator or pre-collimator/collimator assembly. There are a number
of often contradictory design features, in terms of geometry and material,
involved in an optimal design. For example, plastic or hybrid plastic/metal
collimators have a number of advantages. We quantify these design issues, and
investigate the practical balances that can be achieved to significantly reduce
the neutron dose without major alterations to the beamline design or function.
Given that the majority of proton therapy treatments, at least for the next few
years, will use passive scattering techniques, reducing the associated neutron-
related risks by simple modifications of the collimator assembly design is a
desirable goal.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

The development of hospital-based proton facilities potentially represents a major step forward
in radiotherapy, in part because of excellent dose distributions around the tumor (Chang et al
2006), and in part because of the lower whole-body dose compared with photon radiotherapy
(Miralbell et al 2002). However, the issue of whole-body exposure to secondary neutrons
produced by the scattering components of passively scattered proton beams has recently
attracted some attention (Binns and Hough 1997, Agosteo et al 1998, Schneider et al 2002,
Yan et al 2002, Roy and Sandison 2004, Fontenot et al 2005, Jiang et al 2005, Polf and
Newhauser 2005, Hall 2006, Mesoloras et al 2006, Tayama et al 2006, Hecksel et al 2007,
Wroe et al 2007, Zheng et al 2007, Brenner and Hall 2008, Fontenot et al 2008, Moyers et al
2008, Taddei et al 2008, Yonai et al 2008, Zacharatou Jarlskog et al 2008, Zacharatou Jarlskog
and Paganetti 2008, Newhauser et al 2009, Perez-Andujar et al 2009, Shin et al 2009).

The issue of secondary neutron exposure arises primarily because it is generally necessary
to spread out the narrow pencil beam produced by a proton accelerator, in order to provide
uniform coverage over the target. This can be done by using deflecting magnets to sweep
the beam across the tumor (active scanning; Lomax et al 2004) or, as in most current proton
radiotherapy facilities, by inserting scattering material into the beam (passive scattering;
Koehler et al 1977). Because passive scattering necessarily requires a number of material
components in the beamline, specifically scatterers and collimators, proton interactions with
these components result in the production of high-energy secondary neutrons. In addition to
proton interactions with beamline components, there will also be an unavoidable neutron dose
from proton interactions within the patient.

In passively scattered clinical proton beams, the dominant source of patient neutron dose is
generally the final collimator, which is located close to the patient (Jiang et al 2005, Mesoloras
et al 2006, Zheng et al 2007, Zacharatou Jarlskog et al 2008, Perez-Andujar et al 2009). The
proton beam is always larger than the patient-specific aperture, to a lesser or greater extent,
so protons will bombard the collimator and produce secondary neutrons. This patient-specific
collimator is commonly fabricated out of brass, with a patient-specific aperture manufactured
to match the target; an alternate methodology here is to use a multi-leaf collimator instead of a
patient-specific manufactured device (Kanai et al 1983, McDonough and Tinnel 2007, Yonai
et al 2008).

Of course the actual neutron doses, and therefore any associated second-cancer risks, will
depend on the particular beamline geometry as well as the patient geometry. In fact there have
been a variety of different estimates of the risks associated with the secondary neutron exposure
in proton radiotherapy, which differ both because different geometries were used, resulting
in different neutron doses, but also because very different assumptions were made about the
relative biological effectiveness for the carcinogenic potential of low doses of high-energy
neutrons (Brenner and Hall 2008, Newhauser et al 2009). It is pertinent to note that, because
the epidemiological basis for low-dose high-energy neutron risk estimates is not strong, the
confidence intervals around the risk estimates are wide, with an estimated uncertainty of at
least a factor of 4 (Brenner and Hall 2008). However, irrespective of the absolute value of the
neutron-induced risks, we would expect that lowering the secondary neutron dose will lead
to a corresponding reduction in the neutron-induced second-cancer risk—thus these neutron
doses should always be as low as reasonably achievable.

The number of proton facilities worldwide is increasing rapidly (Olsen et al 2007, Smith
2009). Currently almost all of the 30 proton therapy machines that are in operation worldwide
predominantly use passive scattering. In part, this is because proton beam scanning technology
is still in its developmental stage and more suited to research-oriented facilities (Safai et al
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2008, Smith 2009). Thus most proton treatments, worldwide, are likely to continue to use
passive scattering technology, at least for the next decade or so (Newhauser et al 2009). In
this light, and in light of the potentially significant carcinogenicity of low doses of high-
energy neutrons (NCRP 1990, Little 1997, Heimers 1999, Nolte et al 2005, Kellerer et al
2006, Brenner and Hall 2008), it is important to minimize the patient dose produced by these
secondary neutrons.

In that the main sources of neutron exposure in passively scattered proton radiotherapy
are the patient-specific collimation devices, our goal here is to characterize the design features
of an optimal patient-specific collimator or pre-collimator/collimator assembly. Specifically
there are a number of often contradictory design features, in terms of geometry and material,
involved in an optimal design. As an example, thicker collimators result in reduced neutron
doses, but can adversely affect the lateral penumbra of the collimated beam. We quantify these
design issues, and investigate what practical balances can be achieved to significantly reduce
the neutron dose without significant alteration to the beamline design or function.

2. Methods

2.1. Approaches for reducing the whole-body dose produced by secondary neutrons

Prima facie, the most direct way to reduce the whole-body neutron dose in a passively scattered
system is simply to add shielding between the beamline neutron sources and the patient, and
this has been suggested (Taddei et al 2008). There are limitations to this approach: first,
the bulk shielding would be extremely heavy, and thus particularly problematic for a rotating
gantry system. Second, organs close to the treatment volume cannot be shielded in this
way, as inserting shielding between the patient-specific collimator and the patient here would
increase the collimator–patient distance, which would adversely affect the lateral penumbra
of the collimated beam (Slopsema and Kooy 2006). Organs close to the treatment volumes
are the ones subject to the highest neutron dose, because the secondary neutrons are emitted
predominantly in the forward direction.

A conceptually similar approach is simply to make the patient-specific collimator thicker.
As discussed below, this is an effective way of reducing the secondary neutron dose, because the
downstream parts of the patient-specific collimator absorb neutrons produced in the upstream
parts. For example, by doubling the thickness of the brass collimator, from 65 mm to
130 mm, the peak neutron dose can be approximately halved (see below). However increasing
the collimator thickness will adversely affect the lateral penumbra (Slopsema and Kooy 2006),
which limits the applicability of this approach. We quantify here a practical balance between
increased patient-specific collimator thickness and degraded lateral penumbra.

An alternate/complementary approach which should not adversely affect the lateral
penumbra is to insert a customized pre-collimator upstream of the patient-specific collimator, in
order to limit the number of protons unnecessarily impinging on the patient-specific collimator.
A two-stage approach to collimation is standard in electron beam therapy (Bagne 1974), and
several proton facilities have used (Bonnett et al 1993, Moyers 1999, Tayama et al 2006, Zheng
et al 2007, Yonai et al 2008) or proposed (Taddei et al 2008) this approach. Pre-collimators
made out of brass, tungsten alloy, aluminum, and copper have been used or proposed, all with
a thickness just sufficient to stop the proton beam. Generally, these pre-collimator/collimator
assemblies have not been fully optimized to minimize the secondary neutron dose, which
is our goal here. For example, when a pre-collimator is used for proton radiotherapy, the
patient-specific collimator provides a second function – that of shielding secondary neutrons
produced in the pre-collimator.
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Figure 1. Geometry for the simplified Monte Carlo simulations. A uniform mono-energetic 235
MeV proton beam is incident on the face of the pre-collimator, which is upstream of the patient-
specific collimator which is, in turn, immediately upstream of a cylindrical homogeneous tissue-
equivalent phantom (to the right, not shown). The pre-collimator prevents unnecessary protons from
impinging on the patient-specific collimator, while the final collimator provides the patient-specific
collimation, but also shields the patient from neutrons produced in the pre-collimator. For these
calculations, both the collimator and pre-collimator had circular internal and external diameters,
respectively, of 50 and 113 mm. Doses due to neutrons originating in the collimator were tallied in
10 mm thick slices along the length of a cylindrical homogeneous tissue-equivalent phantom
(1.5 m length × 0.5 m diameter), axis perpendicular to the proton-beam direction, located
immediately downstream of the patient-specific collimator.

2.2. Simplified geometry to optimize collimator material/geometry

In order to elucidate the general characteristics of the collimator and pre-collimator, we have
used a highly simplified geometry. Illustrated in figure 1, this is designed to compare collimator
and pre-collimator generated neutron doses, for different materials and geometries. Modeled
here is a patient-specific collimator, downstream of which is a cylindrical patient phantom,
and upstream of which is cylindrical pre-collimator; the concept here is to have available a
variety of cylindrical pre-collimators with different internal diameters. The pre-collimator
with smallest internal diameter which does not ‘block’ the patient-specific collimator aperture
would be used for each patient. Our goal was to clarify the effects of the material, thickness
and location of the pre-collimator/collimator system on the scattered neutron dose to the
patient.

Studies were made for several different collimator/pre-collimator materials including
brass, nickel, tungsten alloy, iron, cerrobend, and a high-density plastic; details of these
materials are given in table 1. With the exception of plastic, all the materials considered have
either been used or proposed for proton collimators. Plastic is a desirable collimator material
from the perspective of its lower cross-section for neutron production (Meier et al 1992),
machineability, light weight, and also because it is far less activated by high-energy protons
compared to metals (Sisterson 2002). As quantified below, the disadvantage of plastic is its
low density compared to metals, resulting in a thicker collimator being required to stop protons
of a given energy. For the calculations shown here, a very high-density polyethylene was used
(Shieldwerx 2007), density 1.65 g cm−3), for which a thickness of 195 mm is required to stop
235 MeV protons. As discussed below, some hybrid plastic/metal collimators have also been
investigated.

2.3. Detailed geometry for lateral penumbra calculations

In order to assess the effects of collimator design changes on the lateral penumbra of the final
proton beam, the gantry treatment nozzles and collimators from the Massachusetts General
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Table 1. Details of the candidate materials studied for collimators and pre-collimators

Thickness
Composition Density to stop 235 MeV

Material by weight (g cm−3) protons (mm)

Brass 61.5% Cu; 35.2% Zn; 3.3% Pb 8.5 65
Tungsten alloy 90% W; 6% Ni; 4% Cu 16.9 40
Cerrobend 50% Bi; 26.7% Pb; 13.3% Sn; 9.4 75

10% Cd
Nickel 100% Ni 8.9 56
Iron 100% Fe 7.9 63
SWX-207HD polyethylene 84.9% C; 14.2% H; 0.9% B 1.65 195
(Shieldwerx 2007)
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Figure 2. Simulations of the proton therapy treatment heads at the gantry beamlines at MGH,
with a 65-mm thick brass collimator (above), and an optimized plastic or metal/plastic collimator
(below). The proton beam is incident from the left, and the modulated collimated beam is incident
on a water phantom on the right. Beam and treatment-head settings were chosen to represent a
typical field, with a prescribed range of 157 mm, a modulation width of 68.5 mm, and an aperture
opening diameter of 60 mm. The area irradiated with protons at the base plate position corresponds
to a diameter of roughly 250 mm, depending on the setting of variable collimators upstream of the
snout retraction area. The treatment head components are described in detail elsewhere (Paganetti
et al 2004).

Hospital (MGH) beamline were modeled in detail. Figure 2 illustrates the geometries that
were used to simulate realistic beam delivery scenarios. Beam and treatment-head settings
were chosen to represent a typical field, with a prescribed range of 157 mm, a modulation
width of 68.5 mm, and an aperture opening diameter of 60 mm. The area irradiated with
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protons at the base plate position corresponds to a diameter of roughly 250 mm, depending
on the setting of variable collimators upstream of the snout retraction area. Thus, part of the
proton beam is stopped at the variable collimators upstream of the snout retraction area, part
at the base plate and the snout, and part in the patient-specific aperture.

2.4. Monte Carlo simulation techniques

For the calculations using the simplified geometry in figure 1, we used the MCNPX
(version 2.6d) Monte Carlo transport code (Hendricks et al 2003) to model the transport
of a uniform flux of monoenergetic 235 MeV protons, normally incident on the pre-
collimator and/or patient-specific collimator. The resulting neutron dose was tallied in
a simplified homogeneous tissue phantom immediately downstream of the patient-specific
collimator (see figure 1 caption). MCNPX is designed to simulate the transport of
protons and neutrons (and many other radiations) at high and low energies, and has been
extensively used and validated to model proton radiotherapy beamlines. For energies
up to 150 MeV, evaluated nuclear interaction cross-section libraries were used where
available (Chadwick et al 2006); above this energy, and for elements where evaluated
cross-section libraries are not available, cross-sections were estimated within the MCNPX
code using nuclear-reaction model calculations (Hendricks et al 2003). Collimator-
produced neutron doses were estimated using an F6 MCNPX tally (Hendricks et al
2003), in 10 mm wide slices along the cylindrical tissue phantom axis.

For studies of the lateral penumbra of the final proton beam (figure 2), the gantry treatment
nozzle from the Massachusetts General Hospital beamline was modeled in detail (Paganetti
et al 2008), including the various collimators under study. Here, the Geant4 (version
4.8.0) Monte Carlo transport code (Allison 2007) was used, which has been extensively
utilized for proton therapy beamline design and characterization (van Luijk et al 2001,
Paganetti et al 2004). For comparison with neutron dose estimates from other treatment
heads (e.g., Gottschalk 2006, Hall 2006, Paganetti 2007), the calculated on-axis dose for the
geometry shown in figure 2, from neutrons originating in a 65-mm brass collimator, was 0.42
mGy/treatment Gy (in the center of the beam in a 0.5 m diameter cylindrical water phantom
oriented perpendicular to the beam axis).

3. Results

3.1. Optimizing the patient-specific collimator

3.1.1. Effect of patient-specific collimator material. The results in figure 3 illustrate the
significance of the patient-specific collimator material. Each collimator was just sufficiently
thick to stop 235 MeV protons (see table 1), and for these studies no pre-collimation was
used.

It can be seen in figure 3 that, purely from the perspective of the secondary neutron dose,
plastic is the preferred material for the patient-specific collimator. This is in part because plastic
has a much lower cross-section for proton-induced neutron production, but also because the
plastic collimator is physically much longer than the metal collimators. As discussed in the
next section, the extra length of the plastic collimator may be problematic due to its effect on
the lateral penumbra of the final beam.

Considering the thinner metallic collimators, again from the perspective of secondary
neutrons, nickel is the preferred material for the patient-specific collimator (figure 3). However,
from the perspective of the convenience and cost of machining patient-specific collimators,
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Figure 3. Calculated patient dose (per proton incident on the face of the collimator) from neutrons
originating in patient-specific collimators made out of different materials. Geometry was as in
figure 1, with no pre-collimator. The doses were tallied in a cylindrical tissue-equivalent phantom,
axis perpendicular to the beam axis, located immediately downstream of the collimator, as a
function of distance from the proton beam axis. Typical statistical uncertainties (1σ ) in the
results related to the Monte Carlo simulation are ±0.3% on axis, and ±1% at 0.7 m off axis.
The thicknesses of each of the collimators correspond to the range of 235 MeV protons in that
collimator material (see table 1). Also shown is the ‘direct’ neutron dose arising from proton
interactions in the tissue phantom itself.

Table 2. Peak neutron doses for hybrid brass/plastic collimators with overall thickness sufficient
to stop 235 MeV protons. The geometry used here (figure 1, no pre-collimator) is identical to those
for the calculations shown in figure 3. Typical statistical uncertainties (1σ ) in the results, related
to the Monte-Carlo simulation, are ±0.3%.

Collimator-related
Brass Plastic Total collimator peak neutron dose
thickness (mm) thickness (mm) thickness (mm) (pGy/incident proton)

65 0 65 0.36
55 25 80 0.29
50 41 91 0.25
45 59 104 0.22
40 75 115 0.20
35 94 129 0.18
25 128 153 0.17

0 195 195 0.16

brass is a more practical material, and the subsequent simulations regarding the pre-collimator
were therefore performed based on a 65 mm thick brass patient-specific collimator. Should
a multi-leaf design be used for the patient-specific collimator, from the perspective of the
secondary neutron dose, it might usefully have nickel leaves (Bues et al 2005).

Another option here would be a hybrid plastic/brass collimator. Table 2 shows the peak
neutron doses for various thicknesses of plastic and brass, in each case the total thickness
being just sufficient to stop 235 MeV protons.
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Figure 4. Calculated peak patient dose (per proton incident on the face of the collimator) from
neutrons originating in a brass collimator of various thicknesses. Geometry as in figures 1 and
3 with no pre-collimator. Note the minimum brass collimator thickness (i.e., to stop 235 MeV
protons) is 65 mm.

3.1.2. Effect of patient-specific collimator thickness. Figure 4 shows the effect on the
collimator-induced neutron dose of using thicker collimators; use of a thicker collimator
significantly reduces the neutron dose, because the downstream part of the collimator acts as
a shield for neutrons produced in the upstream part.

As discussed above, such thicker collimators would be expected to impact the lateral
penumbra of the beam, and this was quantified using the realistic beamline geometry illustrated
in figure 2. Specifically, figure 5 shows the effect of a thicker collimator (200 mm versus
65 mm) on the final beam lateral penumbra. As expected (Slopsema and Kooy 2006), the
thicker collimator does adversely affect the lateral penumbra, primarily in the entrance region,
but also, to a lesser extent, in the spread out Bragg peak.

3.2. Optimizing a pre-collimator

3.2.1. Effect of pre-collimator material. All the pre-collimator calculations shown were
made in conjunction with a downstream 65 mm thick brass collimator. Figure 6 shows the
significance of the pre-collimator material, specifically nickel, brass, tungsten, and the high-
density polyethylene described above. The results in figure 6 are for pre-collimator thicknesses
that are just sufficient to stop 235 MeV protons, with the pre-collimator immediately upstream
of the patient-specific collimator (the effects of different thicknesses for the pre-collimator,
and of the location of the pre-collimator, are each discussed below).

As expected, pre-collimators significantly reduce the secondary neutron dose, by reducing
the number of protons incident on the patient-specific collimator, and with the patient-specific
collimator acting as a neutron shield for neutrons generated in the pre-collimator. Thus,
for example, the nickel and plastic pre-collimators reduce the peak secondary neutron dose,
respectively, by factors of 2.2 and 3.6.
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Figure 5. Calculated lateral penumbra widths (beam width at 80% of maximum dose minus beam
width at 20% of maximum dose) for a 65 mm thick brass and a 200 mm SWX-207HD polyethylene
collimator (aperture opening diameter 60 mm), using the detailed beamline geometry shown in
figure 2, and typical beam and nozzle settings. In the entrance region, the lateral penumbra is
worse from the thicker plastic collimator, but in the spread-out Bragg peak (in this case, from 110
to 150 mm), the difference in the lateral penumbra is 0.5 mm.

3.2.2. Effect of pre-collimator mass and thickness. The results shown in figure 6 are for
pre-collimator thicknesses just sufficient to stop 235 MeV protons; thus each pre-collimator,
made from a different material, had a different thickness and mass. The masses of the four
pre-collimators modeled in figure 6 were 2.6 kg (plastic), 4.0 kg (Ni), 4.5 kg (brass) and 5.5 kg
(tungsten alloy). As a function of mass, therefore, the plastic pre-collimator is clearly the most
efficient.

Figure 7 shows the effect of changing the pre-collimator thickness, again for pre-
collimators located immediately upstream of the patient-specific collimator (the effects of
the location of the pre-collimator are discussed below). For a given thickness, nickel and
tungsten are equally effective as pre-collimators (though for a given thickness, nickel is
considerably lighter), with brass and plastic somewhat less effective per unit thickness. It may
also be noted that there is monotonic increase in the effectiveness of the pre-collimator with
increased thickness, both for thicknesses less than, and for thicknesses more than, is required
to stop the primary protons.

3.2.3. Effect of pre-collimator location. In principle, the pre-collimator can be located at
almost any location upstream of the patient-specific collimator. Figure 8 shows the lateral
distribution of neutron dose in the phantom for pre-collimator/collimator separations of 0, 0.5
and 1.0 m. As expected, on axis, the larger the separation, the smaller the dose, simply because
the neutrons produced in the pre-collimator originate further from the patient. On the other
hand, as the pre-collimator/collimator separation increases, the patient-specific collimator no
longer acts as a neutron shield with respect to patient locations well off axis, so the off-axis
neutron dose increases.
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Figure 7. Calculated peak patient dose (per proton incident on the face of the collimator) from
neutrons originating in a pre-collimator + collimator configuration (see figure 1), as a function of
the thickness of the pre-collimator. In each case the patient-specific collimator was 65 mm thick
brass, and the pre-collimator was located immediately upstream of the patient-specific collimator.
The points correspond to the pre-collimator thickness sufficient to stop 235 MeV protons (as in
figure 6).

3.3. Proton activation of plastic versus metals

A new consideration in the current work is the potential use of high-density plastic for pre-
collimation or collimation. Apart from their lower neutron production cross-sections, a key
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pre-collimator thicknesses were as in table 1 and figure 6.

advantage of a polyethylene pre-collimator or collimator is that it would be significantly less
radioactive after use, compared with metallic devices. In plastics, the only relevant proton-
activated isotope with a half life more than a few minutes is 7Be, which has production
cross-sections in plastics of less than 10 mb at all proton energies of relevance here (Rayudu
1964). In contrast, proton interactions with metallic materials such as brass produce a far
greater number of activated isotopes, such as 58Co, 57Co, 56Co, 51Cr, 54Mn and 65Zn, all
with higher production cross-sections than proton-induced 7Be in plastic, as confirmed by
experimental activity measurements (Fassbender et al 1997, Sisterson 2002).

To quantify the relative activation rates for polyethylene versus brass, we used the standard
formula for induced activity in a thick target (Krasnov et al 1977), together with activation
cross-sections from the MENDL-2P database augmented by LAHET calculations (Titarenko
et al 2005), and stopping powers from SRIM (Ziegler et al 2002). The total activity of induced
radioisotopes with half lives more than 1 h after a short 200 MeV proton irradiation was 14 times
lower in the high-density polyethylene collimator compared with a brass collimator. High-
density polyethylene collimators/pre-collimators would thus be handleable or discardable
shortly after use.

4. Conclusions

We show here that an optimized pre-collimator/collimator system can significantly reduce
the secondary patient dose produced by neutrons which originate in the passive-scattering
beamline components, without major alterations to the beamline design or function.

Considering first the patient-specific collimator, because of its lower cross-section for
proton-induced neutron production, the optimal material is high-density polyethylene, which
has advantages in terms of lightness, machinability, cost and, importantly, reduced sensitivity
to activation. Its disadvantage lies in the required collimator thickness (195 mm for
235 MeV protons). More generally, increased thickness of any collimator will reduce the
neutron dose, at the cost of a potentially degraded lateral penumbra of the final beam. Based
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on our calculations, a 100 mm thick collimator is unlikely to have any significant adverse impact
on the lateral penumbra, and this could be achieved with a hybrid plastic-metal collimator,
which would have the advantage of reduced activation, or with a purely metallic collimator.
With regard to the choice of metal, if the patient-specific collimators are individually machined,
brass remains an appropriate choice; if a multi-leaf collimator (MLC) is used, then nickel may
be the optimal material (Bues et al 2005).

Considering now pre-collimators, these have the advantage of lowering the neutron dose
while still allowing the use of thin patient-specific collimators, i.e., there would be no impact
on the lateral penumbra of the collimated beam. One can envisage simply using exchangeable
semi-patient-specific cylinders (or cylindrical inserts), using the smallest aperture diameter
which will not block the patient-specific aperture in the final collimator, or as an MLC. In
either case, nickel appears the optimal material for the pre-collimator. From the perspective
of the thickness of the pre-collimator, the results suggest ‘the thicker the better’, and so the
thickness would be determined by issues such as weight and convenience. With regard to the
location of the pre-collimator, there are advantages and disadvantages to different upstream
locations, and one might envisage this choice being highly beamline specific. A far upstream
location results in less neutron dose on axis, but somewhat more neutron dose significantly
off axis. Of course, there are other considerations as to the location of the pre-collimator –
ideally it should be downstream of the scattering foils, for example.

In conclusion, we do not know with any certainty the cancer risks associated with
secondary neutrons originating in the patient collimator, in large part because there are major
uncertainties about the relative biological effectiveness of low doses of high-energy neutrons.
Given that the majority of proton therapy treatments, at least for the next few years, will
be with passive scattering techniques, reducing the associated neutron-related second-cancer
risks by a simple modification of the collimator assembly design is a desirable and practical
goal.
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