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This work presents microdosimetric measurements performed at the Midwest Proton Radiotherapy Institute in Bloomington,
Indiana, USA. The measurements were done simulating clinical setups with a water phantom and for a variety of stopping
targets. The water phantom was irradiated by a proton spread out Bragg peak (SOBP) and by a proton pencil beam.
Stopping target measurements were performed only for the pencil beam. The targets used were made of polyethylene, brass
and lead. The objective of this work was to determine the neutron-absorbed dose for a passive and active proton therapy deliv-
ery, and for the interactions of the proton beam with materials typically in the beam line of a proton therapy treatment
nozzle. Neutron doses were found to be higher at 45° and 90° from the beam direction for the SOBP configuration by a
factor of 1.1 and 1.3, respectively, compared with the pencil beam. Meanwhile, the pencil beam configuration produced
neutron-absorbed doses 2.2 times higher at 0° than the SOBP. For stopping targets, lead was found to dominate the neutron-

absorbed dose for most angles due to a large production of low-energy neutrons emitted isotropically.

INTRODUCTION

Microdosimetry with tissue-equivalent proportional
counters (TEPCs) is a well-established method for
the determination of energy deposition in a small
volume of tissue. Most microdosimetric studies are
related to neutron fields and to gamma-—neutron
mixed fields. These detectors are usually used for the
determination of neutron field characteristics, such
as absorbed dose, and have been used for shielding
calculations, kerma coefficients and radiation quality
factor determination, and for boron neutron capture
therapy!' =,

TEPCs are also useful in the characterisation of
neutron fields for proton therapy. In fact, the produc-
tion of neutrons during proton therapy has been the
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centre of some debate for several years. Nevertheless,
the use of these detectors in proton therapy is
sparse® ®. To the authors’ knowledge, there are no
studies in proton therapy that compare the angular
distribution of neutron production during passive and
active beam delivery measured experimentally with
TEPCs, or that measure the neutron angular distribu-
tion due to the interaction of the clinical proton beam
with materials usually found in the treatment head
beam line. Neutrons are of concern because they con-
tribute to the out-of-field dose, possibly compromising
long-term survival due to an increase in secondary
cancer risk. Specifically, it has been claimed that
neutron production during passive scatter delivery can
be 10 times higher than during dynamic delivery”.
However, more recent studies show that neutron pro-
duction during passive scatter delivery is smaller than
previously reported® V. During passive scatter deliv-
ery, the energy of the beam is modulated and laterally
spread by several components of the treatment nozzle
before reaching the patient. In a scattering system, the
proton beam interacts with scatterers made of lead
and/or a combination of lead and Lucite-like
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materials, range modulation wheels (RMW) made of
low-density materials like polyethylene, collimators
made of brass or Lipowitz’s metal and Lucite or wax
compensators. These interactions, together with the
interactions within the patient or target, comprise the
neutron production in passive proton therapy!” '2~19.
A detailed description of proton dose delivery systems
can be found elsewhere'>~'”. The goal of the present
study was to determine the total neutron-absorbed
dose during a clinical setup for a passive and an active
delivery nozzle configuration at several angles with
respect to the initial proton direction and a water
phantom as well as to measure the neutron-absorbed
dose due to interaction of protons with materials typ-
ically present in the treatment nozzle such as lead,
brass and polyethylene.

MATERIALS AND METHODS

The measurements presented here were performed at
the Midwest Proton Radiotherapy Institute (MPRI) at
Bloomington, Indiana, USAUL 18-20 MPRT has two
proton uniform scanning (dynamic delivery) rooms
and one double-scattering room (passive scatter).
Measurements were performed for a 10-cm physical
diameter aperture with a 10-cm spread out Bragg
peak (SOBP) irradiating ~1000 cm® and a pencil
beam of ~2.5-cm full-width half maximum laterally
and longitudinally irradiating ~10 cm® within a water
phantom. The same number of protons was delivered
from the accelerator for both types of measurements.
In addition, stopping target measurements were done
for polyethylene, brass and lead targets. All measure-
ments were performed for a 159-MeV proton beam in
the double-scattering room. For the pencil beam mea-
surements, no beam-modifying components were
used; only the near monoenergetic pencil beam bom-
barded the target. This technique mimics the dynamic
scanning scenario.

Tissue-equivalent proportional counters
TEPCs’ general characteristics

The TEPCs used for these measurements were built
by Far West Technolo4gy and contain a built-in
alpha-particle source, ***Cm, that emits alpha parti-
cles with an average energy of 5.8 MeV®!" 22 This
alpha-particle source is used for the calibration of
the detector because it’s stopping power and mean
energy required to create an ion pair (W/e) are
similar to that of lower energy protons. Alpha parti-
cles are collimated to traverse the diameter of the
counter. A description of the calibration process is
introduced later in the text.

The outer shell of the detector is made of alumin-
ium and encapsulates the cavity wall, collection
volume and electrodes. The collection volume is

defined by a spherical shell made of A-150 tissue-
equivalent (TE) plastic, 3.8 mm thick and 12.7 mm
inner diameter. The cavity of the collection volume
was filled with propane-based TE gas at 12 kPa
pressure.

Determination of appropriate gas pressure for TEPCs

The gas pressure to be used for the measurements
was determined after testing how the gas gain
changed for different pressures. The detector was
filled to pressures of 8.0, 12.0 and 16 kPa. For each
pressure, the voltage applied to the detector was
varied from 300 to 750 volts. The position of the
energy deposition peak for alpha particles traversing
a diameter was recorded for each change in voltage.
Even though higher gas gain was obtained for a
pressure of 16 kPa, for which higher voltages can be
used, the detector was operated at 12 kPa. Using
too high of a voltage can induce a space charge
effect that can degrade the resolution of the data
and subsequently the spectrum obtained®®. A deg-
radation of the resolution leads to unsharpness of
the proton edge. In addition, keeping the detector
running for long times at such high voltages can
damage the collection electrodes. In summary, the
detector was operated at 12 kPa and 600 volts.

Absorbed dose determination

This detector measures the energy deposited in the
gas cavity by charged particles generated in the detect-
or wall and in the gas itself in the cavity on an event-
by-event basis. In this work, any direct neutron—gas
interactions are ignored as they are assumed to con-
tribute in a negligible manner. When uncharged parti-
cles, neutrons, interact with the A-150 wall, charged
particles set in motion in the wall enter the counter
gas volume and subsequently ionise the gas depositing
energy. During ion collection, charge multiplication
takes place between the helix and central electrode as
shown in Figure 1. Finally, an electrical signal propor-
tional to the total ionisation produced by a single
event is created and transported throughout the elec-
tronics. Note that gamma-ray-induced events are also
present, but their contribution to the energy deposited
is small (see, e.g., Figure 4 where gamma-ray-induced
events are observed <0.1 keV wm ™). In this study,
dose integrations are limited to energies >0.1 keV
pwm~ ! to reduce the gamma contribution to the final
neutron-absorbed dose calculation presented in
Tables 1 and 2.

An event occurs every time when a charged par-
ticle deposits energy in the counter gas®>. The de-
position of energy in the counter can be represented
as event size ¥, which can be defined as the energy
deposited in the cavity normalised to the track
length in tissue (keV pm '), where the track length
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Figure 1. Collection volume region. The TEPC cavity is

filled with propane-based TE gas. The region between the

helix and the central electrode is where charge
multiplication takes place®®

is defined as the counter diameter. More directly,
event size can simply be recognised as the energy
deposited divided by the cavity gas mass, the result
being in units of Gy. One then measures the fre-
quency distribution of event size in dose units.
Hence, the absorbed dose in any event size interval
is given by D(Y)= YN(Y), where N(Y) is the
number of single event for a specific event size.

To determine the event size (expressed as keV
pm™ ! or as Gy) for each individual interaction in
the cavity, it is necessary to determine several factors
during the TEPC calibration. A calibration was per-
formed before each measurement. During the cali-
bration, the position of the energy deposited by the
alpha particles from the calibration source in the
cavity in the energy deposition spectrum is deter-
mined. With knowledge of this position and the
stopping power of the alpha particles in the gas, it is
possible to calibrate the acquisition channels in
terms of keV um ™' or absorbed dose. The conver-
sion of the channel to event size is achieved with the
use of the alpha-particle spectrum and a variable
gain pulser signal used to linearise the alpha-particle
pulse-height spectrum. In this way, the channel of
the centroid of the alpha-particle spectrum is corre-
lated with its event size in keV pm™' or the
absorbed dose. The absorbed dose for a single
alpha-particle event is given by

4. =5
_m
1
- 1
=] 0
_4 s
m= o p,

where d,, is the absorbed dose (in Gy) of the alpha
particle. €, is the energy deposited by the alpha par-
ticle in the gas calculated with the alpha-particle
mass stopping power, (1/p)(dE,/dx), and path
length, pd. The alpha-particle effective mass stop-
ping power was calculated for an alpha particle with
initial energy of 5.8 MeV, that is the most probable
energy of alpha particles produced by the **'Cm
source. Alpha particles of this energy were then
transported across the gas-filled cavity and an effect-
ive stopping power determined. Finally, m is the
mass of the gas in the detector’s cavity in terms of
detector’s radius, r, and gas density, p. This equation
presents d, as the incremental dose deposited by the
« particles of the self-calibrated « source.

dE,
da dx )

where

6 9 1yl
c= W(1.602 x 1077) Gy (keV pm™")

Finally, the factor, calculated using Equation (1),
can also be used to convert the event size to units
from keV pum ! to Gy (Equation (2))¥. In any
case, the total absorbed dose represented by the
measured spectra is determined from:

00

Dose :J YD(Y) dIn(Y),

0
d(Y)

S RGeS (3)

00

=In IOJ YD(Y) dlog;y(Y).
0

The total absorbed dose value calculated from the
event size spectra was normalised by the beam
current delivered and the run time.

Experimental setup

Two setups were used for these measurements, a
simulated clinical setup with a water phantom as
shown in Figure 2 and a stopping target setup as
shown in Figure 3. During the clinical setup, the
water phantom was placed as close as possible to
the treatment nozzle with an air gap of 0.051
m. The dimensions of the water phantom are
0.67x0.64x0.56 m>. The detectors were placed at
0°, 45° and 90° from the longitudinal direction of
the proton beam and at a distance of 1 m with
respect to isocentre. One detector was always posi-
tioned at 90° with respect to isocentre while the
other one was moved to 0° and 45°. Each detector
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Figure 2. Schematic representation of the experimental
setup for the water phantom measurements. The water
phantom dimension was 0.67x0.64x0.56 m>. Each
detector was positioned at 1 m from isocentre.

Measurements were performed at 0°, 45° and 90° for
(34)

SOBP and pencil-beam configurations

Snout

450
detector
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age
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Figures 3. Experimental setup for lead, polyethylene and
brass stopping targets. Detectors placed at 0°, 45°, 90° and
120° 1 m from the middle of the target. The polyethylene
and brass targets were pieces manufactured to mount
directly into the snout, whereas lead bricks were placed at
36-mm distance from the snout®*.

had a nylon build up cap. A 30-mm thick cap was
used for the detector at 0° and 45°and one of 15 mm
was used for the detector at 90°. The build up caps
were used to ensure the charged particle equilibrium.
A thicker build up cap was used for the detector at
0° and 45°, because at these positions it was
expected to detect some neutrons with energies close
to the primary proton beam. For larger angles, less
energetic neutrons were expected; therefore, less ma-
terial in the build up cap was required. In essence, a
compromise was made between build up thickness
and neutron energy. The most appropriate thickness
was used since a build up cap for neutrons with ener-
gies >100 MeV would be too massive. This might
lead to an underestimation of the neutron-absorbed

dose measured by the detectors®®. Measurements in
the clinical setup included a 100x 100-mm> SOBP
and a pencil beam. The pencil beam was achieved
by removing the RMW and scatter foils from the
beam path.

The polyethylene and brass targets used for the
stopping target measurements were pieces manufac-
tured to mount directly in the snout. There was no
such piece for lead; hence, lead bricks were used
instead. These were positioned as close as possible
to the exit of the snout, but there was still an air gap
of 36 mm between the snout and the bricks. The
thickness of the polyethylene, brass and lead targets
were 0.21, 0.07 and 0.10 m, respectively. For the
stopping target measurements, the detectors were
placed at 0°, 45°, 90°, and 120° at 1 m from the
centre of the target, as shown in Figure 3. Again,
the detector at 90° was fixed during all
measurements.

Data acquisition

The signal from a TEPC went to a preamplifier that
converted the charge signal from the detector into a
voltage signal, which was directed to three dual
amplifiers that further amplified the signal. The
system gain was set such that a 1:10* energy region
was covered. The energy region was subdivided into
a low-gain region, gain=1, medium gain region,
gain=3, and large gain region, gain=10. This is a
common technique used for the appropriate record-
ing of data® 2. The output signal from the ampli-
fiers then went to a Canberra Multiport
Multichannel Analyzer system, which employed six
analog-to-digital converter (ADC)/multichannel
analyser (MCA) boards. Each one of the boards
works as an ADC and an MCA. Finally, the digital
signal went to the computer where it was analysed
with the data-processing system (GennieTM 2000,
version 3.1). The data were stored in 1024 channels.
Two detectors were simultaneously used at all times.

RESULTS AND DISCUSSION
Clinical setup

Figure 4 shows the microdosimetric spectra for the
water phantom irradiation for the SOBP setup and
for detectors at 0°, 45° and 90°. The neutron-
absorbed dose at 0° and 45° is primarily due to
high-energy neutrons, although there is some contri-
bution from low-energy neutrons (large event size).
At 90°, the spectra show almost equal contribution
from low- (larger event size) and high-energy neu-
trons. For the pencil beam spectra, shown in
Figure 5, most of the neutron contributions at all
angles is due to high-energy neutrons. There is some
contribution from low-energy neutrons, but this is
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Table 1. Neutron-absorbed dose per incident charge for the
two clinical setups, SOBP and pencil beam.

Angle (%) SOBP Pencil beam
(nGy C™h) (nGy C™)

0 0.17 0.37

45 0.56 0.48

90 0.51 0.37

Table 2. Neutron-absorbed dose per incident charge for
polyethylene, brass and lead stopping targets.

Angle (%) Polyethylene Brass Lead
(nGy C™) (nGy C™) (nGy C™)
0 0.52 2.33 2.20
45 0.61 1.02 1.22
90 0.12 0.84 1.02
120 0.16 0.65 1.55
GD
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Figure 4. Event size spectra for a 100x 100-mm? SOBP for
159-MeV protons stopping in a water phantom measured
at 0°, 45° and 90° and at 1 m from isocentre. All data are
normalised by the beam current delivered and the run time.
In addition, it was normalised by the maximum neutron-
absorbed dose of the dataset for the spectra shown here.

less than what is observed for the SOBP
configuration.

The neutron-absorbed dose per incident charge
(Dn/C) was calculated from these spectra. The
higher absorbed dose was found at 45° for the SOBP
and the pencil beam setup. A comparison between
the SOBP and pencil beam spectra at 0° showed a
Dy/C of 2.2 times higher for the pencil beam setup.
The same comparison at 45° and 90° showed a
Dn/C 1.1 and 1.3 times higher, for the SOBP,
respectively. A larger neutron-absorbed dose at 45°

and 90° during the SOBP delivery could be due to
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Figure 5. Event size spectra for a 159-MeV pencil-beam
impinging in a stopping water phantom measured at 0°,
45° and 90° at 1 m from isocentre. All data are normalised
by the beam current delivered and the run time. In
addition, it was normalised by the maximum neutron-
absorbed dose of the dataset for the spectra shown here.

neutrons produced by the snout of the treatment
nozzle, which is considered a major source of neu-
trons during proton therapy'* 2*73. Nevertheless,
some of the neutrons measured at 45° could be due
to scatter neutrons from the water phantom. For the
SOBP setup at 0°, there is a much smaller contribu-
tion from low-energy neutrons. Meanwhile, for the
pencil-beam setup, the neutron-absorbed dose is
mainly due to high-energy neutrons at all angles pro-
duced by the interactions of the proton beam with
the water phantom. The highest Dn/C was mea-
sured at 45°, Table 1.

The event size spectra obtained during these mea-
surements are consistent with other studies in the lit-
erature including those performed in proton therapy
centres™® . Some discrepancies can be attributed to
the difference in setup and detectors used for mea-
surements.  The neutron production in proton
therapy is also highly dependent on the institution’s
treatment nozzle design, which varies from one
proton centre to the next. These measurements
showed that in fact high neutron doses are delivered
with a passive scatter system, but the difference in
neutron doses between passive scatter and dynamic
delivery is not as significant as previously stated
which agrees with previous studies in the litera-
ture® 1% 1D A possible limitation of this work when
comparing neutron doses to those reported in the lit-
erature measured in dynamic systems is that contrary
to what is done clinically the absorbed dose was not
prescribed to a volume. It was not possible to active-
ly change the beam energy during delivery for the
treatment room where the measurements were
performed. Nevertheless, the pencil-beam measure-
ments of this study represent a good approximation
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Figure 6. Event size spectra for the (a) polyethylene, (b)

brass, and (c) lead stopping targets with the detector at 0°,

45°,90° and 120° at 1 m from the target’s centre. Each

target data set was normalised by the beam current

delivered and the run time. In addition, it was normalised

by the maximum neutron-absorbed dose of the data set for
the spectra shown here.

to a clinically used dynamic delivery system and the
comparison between modalities is appropriate since
the same number of protons were delivered for each
one. In terms of the neutron doses measured during

the dynamic delivery, some studies show higher
doses at 0° than at 45°. These differences could be
due to the dimensions of the phantom used during
the measurements. Scattered high-energy neutrons
traversed less of the water phantom before reaching
the detector at 45° than those neutrons forward
peaked that reach the detector at 0°.

Thick target setup

The neutron-induced event size spectra for the poly-
ethylene target are shown in Figure 6a. The
maximum neutron-absorbed dose was measured at
45°. The spectra and absorbed dose are similar to
that obtained for the pencil beam interacting with
the water phantom, but the neutron-absorbed dose
per incident charge at 0° is approximately 1.4 times
higher for polyethylene than that for water, see
Table 2. This could be due to the difference in thick-
ness between targets. The polyethylene target was
0.21 m thick, while the water phantom was 0.67 m.
This difference in thickness can lead to the attenu-
ation in water of more neutrons that will not reach
the detector at 0°. Figure 6b shows the spectra for
the brass target. These spectra show considerable
contributions from low- and high-energy neutrons at
all the angles studied. For this target, the largest
neutron contribution was at 0°, where high-energy
neutrons dominate the spectra. This spectra is
similar to the one reported by Binns and Hough for
a passive sglstem with the aperture blocked by a
brass plug®. The Dn/C at 0° is two to four times
higher than for the remaining angles. Both the high-
and low-energy neutron components due to inter-
action with brass decrease considerably as the angle
increases. Finally, Figure 6¢ presents the neutron-
induced spectra for the lead target. The neutron-
absorbed dose due to the interaction with lead is
dominated by low-energy neutrons, evaporation neu-
trons, except at 0°, where a similar behaviour to that
of brass is observed. In summary, Figure 7a-d
shows a comparison between targets at different
angles. It is clear that the neutron-absorbed dose
from lead dominates most angles, except at 0° where
the absorbed dose due to the interaction with brass
is slightly higher. The interactions with lead pro-
duced the highest intensity of low-energy neutrons,
mainly evaporation neutrons that are emitted iso-
tropically. A similar behaviour was observed by
Siebers et al.* 3" although some of the slow neu-
trons in their study were attenuated by concrete
before reaching the detector. Neutrons produced by
lead might be of a lesser concern regarding doses to
the patient because usually lead components are
located far away from the patient. This can pose a
concern for shielding considerations. Contrary to
lead, components made of brass like the collimator
and the RMW made of low-density materials like
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Figure 7. Event size spectra for the polyethylene, brass and
lead stopping targets at (a) 0°, (b) 45°, (c) 90°, and (d) 120°
at 1 m from the target’s centre. Each target data set was
normalised by the beam current delivered and the run time.
In addition, it was normalised by the maximum neutron-
absorbed dose of the data set for the spectra shown here.

Table 3. Uncertainties associated with microdosimetric

measurements"?.
Characteristics Type A (%) Type B (%)
Statistics 6 -
a Calibration 3
W/e 3
Collection volume diameter 0.8
Positioning 0.04
Combined standard uncertainty 7.4
Expanded uncertainty 14.8

polyethylene are usually closer to the patient during
treatment.

UNCERTAINTIES

There are types A and B uncertainties associated
with these measurements and they are summarised
in Table 3. Type A uncertainties are given by the
statistical fluctuations during measurements. These
are determined with the standard deviation of each
lineal energy measurement. The statistical uncer-
tainty is in the order of 6 % among the amplification
gains used during these measurements. This uncer-
tainty agrees with what others have reported® >”.
Type B uncertainties, on the other hand, are those
involving previous measured data, knowledge of in-
strument behaviour and manufacturer specifications,
among others. In the microdosimetric measure-
ments, the type B uncertainties are due to the alpha
source calibration, W/e values, detector positioning
and the collecting volume diameter. The alpha cali-
bration is used to determine energy deposited per
track length by charged particles. The calibration
uncertainty is due to the determination of the alpha
spectrum centroid and its lineal energy. This value
was calculated elsewhere and is on the order of
3 %Y. The W /e uncertainty, on the other hand, is
due to the assumption of a uniform value for all
particles created in the detector. This uncertainty
0/(32) i
was reported to be of 3 %'~ The uncertainty asso-
ciated with the detector positioning during measure-
ments was calculated assuming a triangular
distribution of the detector distance from the centre
of the target or the isocentre of the water phantom
with a confidence interval (k) of 2 for a 0.4 % uncer-
tainty. Meanwhile, a rectangular distribution with
k=1 was assumed for uncertainty in the diameter of
the detector. The diameter is used for the neutron-
absorbed dose calculation. The manufacturer pro-
vides this dimension. If this dimension was off by
+0.5 mm, it would introduce an uncertainty of 0.8
%. Adding the types A and B uncertainties in quad-
rature for k=1 give a combined uncertainty of 7.4 %
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and an expanded uncertainty for a coverage factor
of 2 (k=2) of 14.8 %3,

CONCLUSIONS

These measurements showed higher neutron doses
during the passive delivery of protons in comparison
to dynamic delivery that agrees with recent studies.
The neutron production due to thick targets was
dominated by lead. From the materials used in the
treatment nozzle lead and brass produce the highest
Dy /C. In addition, there was a predominant isotrop-
ic contribution from low-energy neutrons due to the
interactions with lead and brass. For polyethylene,
the contribution to Dyn/C was primarily due to
high-energy neutrons in the forward direction. This
is of special concern because most institutions use
low atomic number materials like polyethylene for
the range compensators mounted at the end of the
nozzle. This could represent a major component of
the neutron-absorbed dose received by the patient
during proton therapy. Nevertheless, these results
suggest that it might be possible to further reduce
the neutron production during passive delivery if ap-
propriate shielding is added to the treatment nozzle.
Although, it will not be possible to completely elim-
inate the neutron exposures during passive delivery
due to the nature of the technique.
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