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Purpose: In particle therapy, determination of range by measurement or calculation can be a significant source of
uncertainty. This work investigates the development of a bespoke Range Length Phantom (RaLPh) to allow in
dependent determination of proton range in tissue. This phantom is intended to be used as an audit device.
Method: RaLPh was designed to be compact and allows different configurations of tissue substitute slabs, to
facilitate measurement of range using radiochromic film. Fourteen RaLPh configurations were tested, using two
types of proton fluence optimised water substitutes, two types of bone substitute, and one lung substitute slabs.
These were designed to mimic different complex tissue interfaces. Experiments were performed using a 115 MeV
mono-energetic scanning proton beam to investigate the proton range for each configuration. Validation of the
measured film ranges was performed via Monte Carlo simulations and ionisation chamber measurements. The
phantom was then assessed as an audit device, by comparing film measurements with Treatment Planning
System (TPS) predicted ranges.
Results: Varying the phantom slab configurations allowed for measurable range differences, and the best com
binations of heterogeneous material gave agreement between film and Monte Carlo on average within 0.2% and
on average within 0.3% of ionisation chamber measurements. Results against the TPS suggest a material density
override is currently required to enable the phantom to be an audit device.
Conclusion: This study found that a heterogeneous phantom with radiochromic film can provide range verifi
cation as part of a dedicated audit for clinical proton therapy beams.

1. Introduction
Although the finite range of protons is a key advantage of proton
radiotherapy treatments compared to radiotherapy using photon beams,
it is also one of the main sources of uncertainty. Due to the way protons
interact with matter, varying human tissue types can result in significant
changes to range within the patient. A comprehensive study of range
uncertainties by Paganetti [1] identified multiple sources that
contribute to this uncertainty including patient imaging, patient
anatomical changes and dose calculations. Paganetti et al. reasoned the
overall range uncertainty to be the combination of a 2.7% relative

uncertainty and an absolute uncertainty of 1.2 mm. As a consequence of
range uncertainty, a large clinical margin is applied to proton treatment
plans to guarantee full coverage of the tumour. Clinical margins vary
between centres but typically a cautious 3.5% of the range plus an
additional absolute value depending on the site is applied [1].
Furthermore, robust planning techniques and specific beam selection
are typically applied, such as selecting multiple beam angles that do not
pass through regions of daily patient variability [2]. This approach tries
to ensure the clinical target is accurately covered without delivering
unwanted dose to neighbouring organs at risk. Due to these constraints
used in planning techniques and large clinical margins, the full potential
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of proton therapy is not exploited. Therefore, range verification is
clinically highly desirable to be able to establish estimates of range
uncertainties in proton therapy.
A variety of approaches are in development for range verification
including, in vivo beam monitoring such as through the use of Positron
Emission Tomography (PET) and prompt γ ray detection [3]. However,
many of the solutions are still in the research stage and are not yet
implemented in clinical centres. The use of phantoms could provide an
insight into the measurement of the range within a heterogeneous sce
nario today. Moreover, when phantoms are used as part of independent
audits, they provide dosimetric information that can offer vital aware
ness and understanding of any underlying issues at a radiotherapy
centre. It enables reproducibility and consistency between centres for
clinical trials and complex treatments [4].
For both proton reference dosimetry audits [5] and end-to-end based
dosimetric audits [4,6], phantoms are used that vary in shape and are
made from a range of materials [7]. For proton therapy, most audit
phantoms are anthropomorphic in design; including Imaging and Ra
diation Oncology Core’s (IROC) head, paediatric spine, liver, lung and
prostate phantoms as well as the CIRS head phantom [4,8,9]. The use of
anthropomorphic phantoms for the purpose of dosimetric audit should
mimic the full treatment workflow (imaging, treatment planning and
dose delivery) and provide detailed information about the dose distri
bution by using embedded dosimeters. Although absolute dose and
homogeneity of the dose is typically measured in existing audits [4,8],
proton range is not quantified due to the complexity of range mea
surements within the phantom’s design. Typically, only the lateral beam
profile is investigated [4]. Audit work by Taylor et al. highlighted that
although proton centres are typically able to achieve acceptable dose to
the tumour target, errors in range calculation impacts many phantom
audits [8]. Consequently, methods to independently verify range should
be an essential part of any multi-centre dosimetry audit for proton
therapy. Kim et al. used a Computed Tomography (CT) calibration
phantom to investigate range accuracy of a Treatment Planning System
(TPS) dose algorithm and Monte Carlo simulation against measurements
for eight different tissue equivalent material rods [10]. They found
range prediction accuracy for heterogeneous tissues, in particular lung
tissue, to be worse for the TPS compared to the Monte Carlo simulations.
As proton range estimation is a main source of uncertainty, it is
important to validate range measurements in more realistic and complex
phantom geometries to enable the evaluation of the full patient work
flow as a means of an end-to-end audit [11]. Range measurements are
typically performed with an ionisation chamber in a water phantom or
with the use of array based detectors placed behind slabs of either water,
tissue-substitute materials or real biological tissues [12–14]. But radio
chromic film has also been previously shown to have potential as a
detector for measuring proton range [15,16] and the response of
different types of radiochromic film (MD 55, MD 55 2, HD 810, EBT,

EBT2, EBT3, EBT XD films) in proton beams has been well documented
[15–19].
In this work, radiochromic film was proposed for range measure
ments as it allows quick and easy determination of a full 2D distribution
with high spatial resolution within one irradiation [20]. A bespoke
Range Length Phantom (RaLPh) has been developed specifically to
measure proton range using radiochromic film within a dosimetry audit
setting. The key point of our design is a phantom which allows testing of
a variety of material configurations, including bone and lung density
interfaces to mimic complex clinical scenarios. This work tests whether
EBT3 film can provide accurate range measurements within an hetero
geneous phantom in a scanning proton therapy beam. To the best of our
knowledge, this is the first phantom prototype developed for range
verification within a multi-centre dosimetry audit setting.
2. Methods and materials
2.1. Phantom design
The RaLPh phantom was developed to be compact in design for
simple and easy setup to enable efficient imaging and irradiation. The
phantom is made of stacked 10 × 10 cm2 slabs comprising a total length
of 12.5 cm. The first 2.5 cm of the phantom can be interchanged with
different combinations of water equivalent material, lung, and bone
substitute material plates (Fig. 1a). The remainder of the phantom is
made of water equivalent material; the blocks are arranged to enable a
10 cm × 10 cm piece of radiochromic film (EBT3, GafchromicTM, Ash
land Inc. Wayne, NJ, henceforth referred to as EBT3 film) to be placed
parallel to the beam, behind the variable section of the phantom
(Fig. 1b). The phantom is encased in a PMMA frame to keep the blocks
tightly packed together to avoid air gaps between them as well as to
ensure setup reproducibility (Fig. 1a). Laser alignment markers were
positioned on the PMMA frame sides and top of the phantom to allow for
easy positioning and identification of the centre point of the phantom.
The solid water equivalent materials (SW 1471 and SW 1472, St.
Bartholomew’s Hospital, London, UK) used in the phantom are epoxy
resin based and were previously optimised to match the proton nuclear
interaction cross sections of water [13]. Both were shown to provide
better water-equivalence in terms of proton fluence compared to com
mercial solid water equivalent materials [14]. While it was concluded
that SW 1472 was the most water equivalent, it is inhomogeneous in
nature due to the practicalities of mixing compounds into the epoxy
resin mixture, which results in batch variability that impact the
measured range and TPS calculations. Therefore, the more homogenous
SW 1471 was also considered in this study, despite the fact that it was
less water equivalent in terms of fluence (within 1% for a maximum
depth of 10 cm) [13]. Consequently, this study investigated the feasi
bility and limitations of using the two different SW types within RaLPh

Fig. 1. a) RAnge Length PHantom (RaLPh), b) Schematic diagram of RaLPh with an example configuration. The varying tissue substitute configuration is shown in
green box on diagram. Thickness of EBT3 is nominally 278 μm) [44]. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2. a) Homogeneity comparsion between SW 1471 and SW 1472, b) Tissue substitute materials used in the RaLPh phantom. Experimentally measured densities of
solid water and tissue substitutes presented on material images. The non-uniformities observable on the material surfaces reflect heterogeneities except the dark grey
marks on SB5 which are minor surface contamination.

EBT3 films were positioned in the centre of the scanner bed, scanned in
the same orientation (short edge of EBT3 film perpendicular to scanning
direction) to reduce scanning orientation effects and a glass compression
plate was applied onto the EBT3 films before scanning [26]. One pre
view scan was performed on each EBT3 film before they were scanned
and saved as 48-bit colour images with a resolution of 150 dpi in a TIFF
image format. EBT3 films were analysed with FilmQA Pro 2016 software
(Ashland Inc. Wayne, NJ, USA).
A calibration curve is required for film measurements due to the nonlinear relationship between optical density and dose. Calibration of the
EBT3 film against an ionization chamber was performed by acquiring a
six-point calibration curve between 0 and 7 Gy. A single mono-energetic
layer of 115 MeV with a 10 × 10 cm2 field was applied vertically. The
EBT3 film calibration was performed in solid water; a PTW Roos
chamber 34,001 (PTW dosimetry, Freiburg, Germany) operated at –400
V was placed in a Gammex HE solid water holder (Gammex RMI GmbH,
Gießen, Germany) with the EBT3 film positioned on top of the chamber
and a 2 cm of solid water (RW3 (IBA Dosimetry, Schwarzenbruck,
Germany)) as build up. The calibration was performed in the plateau
region of the proton depth dose profile. A single 10 × 10 cm2 piece of
EBT3 film was used for each measurement and fiducials were marked on
the EBT3 film before irradiation to align the EBT3 film and the ionisation
chamber. Dose to water, Dw,Q , was derived from the ionisation chamber
measurements following the recommendations of IAEA TRS 398 Code of
Practice [27]:

Table 1
Configurations tested in the variable section of the phantom. SW = Solid water
(SW 1471 or SW 1472), SB5 = Hard bone, AC = Accura Bluestone and L = LN
330.
Configuration (n)

Plates used in variable section of phantom

1
2
3
4
5
6
7

1 cm
1 cm
1 cm
1 cm
1 cm
1 cm
1 cm

SW +
SW +
SW +
SW +
SW +
SW +
SW +

0.5
0.5
0.5
0.5
0.5
0.5
0.5

cm SW + 1 cm SW
cm SB5 + 1 cm SW
cm AC + 1 cm SW
cm L + 1 cm SW
cm SB5 + 0.5 cm L + 0.5 cm SW
cm SB5 + 0.5 cm AC + 0.5 cm SW
cm SB5 + 0.5 cm L + 0.5 cm AC

(Fig. 2a).
Fig. 2b shows the tissue substitute materials used in the inter
changeable section of the phantom which consisted of: SW 1471 (ρ =
0.96 g/cm3), SW 1472 (ρ = 1.04 g/cm3) as water substitute materials,
hard bone (SB5, Leeds Test Objects (UK), ρ=1.86 g/cm3) and Accura
Bluestone (AC, 3D Systems Corporation, ρ=1.76 g/cm3), as bone sub
stitute materials, and LN 330, Leeds Test Objects (UK) (lung inhale (L),
ρ=0.23 g/cm3) as lung substitute material [7,21,22]. SB5 and LN 330
are commercial tissue equivalent materials for photons while Accura
Bluestone is a 3D printable material. The measured material density of
the slabs was calculated by weighing them on a Mettler Toledo analyt
ical balance (Model PG503 S) and performing length measurements with
Mitutoyo Absolute IP 67 digital callipers (Model CD 8PSX).
Table 1 shows the seven different material configurations tested
experimentally in the variable section of the phantom. The configura
tions listed in Table 1 were tested using both SW 1471 and SW 1472,
hence, 14 configurations were considered in total.

Dw,Q = MQ NDw ,Q0 kQ,Q0

(1)

where MQ is the ionisation chamber reading corrected for temperature,
pressure and ion recombination, NDw ,Q0 is the calibration coefficient for
Cobalt-60 and kQ,Q0 is the beam quality correction factor. Ion recombi
nation was determined via the two voltage method (–100 V and –400 V)
for a pulsed proton beam [27].
A central square region of interest (3.4 × 3.4 cm2) was positioned
directly over the projected area of the ionisation chamber’s sensitive
volume (with a radius of 0.78 cm) for each calibration EBT3 film piece
and the average scanner signal determined over this region. The rela
tionship between the pixel values and dose was modelled using a nonlinear calibration curve [28,29]. The following function was fitted to
the data:

2.2. EBT3 film range measurements with RaLPh
2.2.1. Film handling, post-processing, and readout
All EBT3 films were handled following radiochromic film guidelines
and best procedures [23,24]. EBT3 films were kept in envelopes before
and after irradiation to reduce light induced signal before scanning.
After irradiation, all the EBT3 films were scanned using an Epson
Expression 10,000 XL flatbed scanner after at least 24 h post proton
irradiation [20,24,25]. The scanner bed was cleaned with ethanol before
read-out of the films and warmed up by running five empty scans. The
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gantry tilt (both with 1 degree intervals) and 5 degrees of couch tilt and
5 degrees of gantry tilt (resulting in a total tilt of 10 degrees). The latter
was considered as the couch tilt was limited to a maximum of 5 degrees.

(2)

where X(D) is the average pixel value at dose D, and a, b, and c are the
fitted function parameters [30]. Separate film calibrations were per
formed for the beam tilt measurements (section 2.2.2) and for the film
irradiation (section 2.2.3.) in the variable phantom configurations. The
same experimental setup and film analysis procedure were used for both
calibrations.

2.2.3. EBT3 film irradiations for variable phantom configurations
For the variable phantom configuration measurements, the front face
was initially setup perpendicular to the beam and the isocentre was
aligned with the front edge of the phantom. A one-degree gantry tilt was
applied to avoid the tunnelling of the protons through the gap con
taining the EBT3 film. To enable repeatable positioning after configu
ration changes throughout the experiment, the phantom was positioned
against a treatment indexing bar to ensure the front face remained
perpendicular to the beam as well as position markers were drawn
around the phantom. These allowed to keep the front face of the
phantom at the same angle of 89 degrees to the beam throughout the
measurements. The proton beam delivery was performed with the same
settings as stated in section 2.2.2. Each setup shown in Table 1 was
repeated four times on separate EBT3 films.

2.2.2. Beam tilt measurements
A study was undertaken to assess if beam tunnelling influences range
measurements within the phantom. Previous research has shown that a
tilt is required to film measurements when used parallel to the beam
within a phantom to prevent dosimetric artefacts due to the protons
tunnelling through a possible air gap [15,17]. An optimal degree of tilt
has yet to be established, but work by Zhao and Das suggest a tilt as little
as 1 degree can reduce tunnelling effects [15]. This study was performed
to assess the optimal degree tilt to be used with RaLPh.
All measurements were performed at a Rutherford Cancer Centre,
UK, equipped with a IBA Proteus 230 MeV proton synchrocyclotron.
RaLPh was tested using a 115 MeV mono-energetic scanning proton
beam to allow the proton beam to stop in the centre of the EBT3 film at
around 10 cm depth in the phantom. The field size applied was a 4 × 4
cm2 delivering 289 spots (0.650519 MU/spot) resulting in a dose of 5 Gy
at the Bragg peak. A piece of tape was placed on the front edge of the
phantom so that crosshairs could be drawn to check the position of the
phantom in comparison to the isocentre position (pivot point of the
phantom). SW 1471 configuration 1, as described in Table 1, was used
throughout the experiment. A customised RaLPh bed was developed to
avoid movement of the phantom on the treatment couch when a tilt was
applied. A series of different tilt angles were applied to the phantom/
couch, the gantry, or both; 0 to 5 degrees of couch tilt, 1 to 5 degrees of

2.2.4. EBT3 film analysis
Range was defined as the distal R80 position of the proton beam
where the reading (or derived dose) drops to 80% of its maximum and
denoted as R80 . The R80 range was chosen instead of the R90 range due to
it being associated with the mean projected range of the protons as well
as being independent on beam’s energy spread [1]. The film was crop
ped and aligned using FilmQA Pro software settings. The central hori
zontal axis was determined by calculating the distance between the top
and bottom edge of the film with the cursor function. The horizontal line
tool was then used to obtain the central horizontal axis optical density
(OD) or dose profile (Fig. 3a and 3c) which averaged the profile over a 9pixel width. The start position of the film was defined where the first
dose value was measured along the horizontal axis. The range of the
proton beam was then obtained in two ways; firstly, from the OD profile

Fig. 3. a) Image of irradiated film, b) Example of the depth OD profile of film, c) Image of irradiated film after calibration is applied, d) Example of depth dose profile
of film.
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chamber 34,070 (sensitive radius 4.08 cm) operated at –400 V posi
tioned 0.5 mm from the internal front face of the water phantom and an
external PTW beam monitor chamber 7862 was positioned in front of
the beam right in front of the water phantom, and its signal used for
normalisation. The PTW Bragg peak chamber was moved from the front
face of the water phantom in 1 mm steps until reaching the range in the
distal fall off region of the beam so that the whole Percentage Depth
Ionisation (PDIw ) curve could be measured with the ionisation chamber
(Fig. 4, Setup 1). The PDI measurement was repeated in smaller steps of
increment (0.2 mm) around the Bragg peak to determine a more accu
rate R80 value. The PDI curve of water was measured for a monoenergetic 115 MeV pencil beam and then slabs of solid water (1 cm),
lung (0.5 cm) and bone substitutes (0.5 cm) were placed individually in
front of the water phantom and for each configuration the new PDIw,m
was measured (Fig. 4, Setup 2). PDI measurements were corrected for
temperature and pressure and the Bragg Peak chamber and beam
monitor ratio calculated as this accounts for any beam variations. The
IC
determination of ranges RIC
80,w and R80,w,m by the interpolation of the PDI
followed the same approach as range determination method described
in section 2.2.4.

on the central horizontal axis - RFilm
80,OD (see Fig. 3b), secondly after the
film calibration was applied, from the depth dose profile on the same
central horizontal axis - RFilm
80,D (see Fig. 3d). No correction for quenching
was applied to the depth dose profiles [26]. The impact of minor posi
tioning errors was investigated as well as its impact on the derived
range. Results showed minor deviations which were within the 0.5%
positioning uncertainty value given for the setup.
The position of the peak was calculated by determining a 2nd order
polynomial fit of the points around the peak value and the results were
then normalised to the peak value to determine the distal R80 depth of
the curve. The R80 value was then interpolated from a linear fit around
the 80% dose of the distal edge of the profile. A comparison of theRFilm
80,OD

and RFilm
80,D range values was carried out to investigate if a range cali
bration factor could be determined for EBT3 film range measurements.
The use of OD only would provide improved efficiency for the audit
process by not requiring a film calibration (section 2.2.1). The red
channel was used for the OD analysis because it exhibits the highest
absorption from the three colour channels [30]. For the dose profiles,
the red channel was also used, the multichannel optimisation setting
automatically corrected the red channel for film variations through use
of information from the other two colour channels; this algorithm is
described in Micke et al. [31]. The multichannel method has shown to
reduce the uncertainty due to EBT3 film variations; including artefacts,
varying thickness of the active layer, scanner nonlinearity and noise
[30].

2.3.2. Empirical determination of solid water scaled depths
An empirical method was used to derive the R80 ranges for each
configuration tested (Table 1) by using ionisation chamber measure
ments, WETm and rWETm calculations (section 2.3.1.). These indepen
dently derived ranges were then compared with the EBT3 film
measurements (section 2.2.4.) to validate the EBT3 film measurements.
(Further information on WETm measurements [41–43] can be found in
the supplementary materials)
The range in the solid water R80,sw was derived using equation (5),
where RIC
80,w was determined from the ionisation chamber measurements
and rWETsw from equation (4). Equation (5) provides the range for
configuration 1 from Table 1.

2.3. Validation of EBT3 film measurements
We validated the film measurements by comparing the results with
ionisation chamber measurements and Monte Carlo simulations.
2.3.1. Ionisation chamber measurements
Ionisation chamber measurements were performed to determine the
water equivalent thickness (WETm ) and relative water equivalent
thickness (rWETm ) of the materials (m) used within RaLPh, using
equations (3) and (4), respectively [32].
WETm =

RIC
80,w

rWETm =

−

WETm
tm

RIC
80,w,m

R80,sw =

RIC
80,w
rWETsw

(5)

To derive the range of the other configurations (Table, 1, configu
rations 2–7), firstly the solid water equivalent thickness of the material,
m, was determined via equation (6).

(3)
(4)

tsw−

IC
RIC
80,w corresponds to the range in water, R80,w,m is the range in water
when including the material slab in front of the water phantom and
tm the thickness of the material slab.
A water phantom was setup with a large area PTW Bragg peak

eq,m

=

WETm
rWETsw

(6)

The solid water equivalent thickness of the heterogeneous configu
rations (n) was then compared to the solid water only configuration
thickness (config 1) to determine a solid water equivalent thickness

Fig. 4. Two water phantom setups (without - setup 1, left - and with - setup 2, right - RaLPh material in front of water phantom) considered in the ionisation chamber
experiments and the Monte Carlo simulations.
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difference.
Δtconfig.n
sw− eq,m

=

tconfig.n
sw− eq,m

−

tconfig.1
sw

Further information on the tuned beam characteristics and Monte
Carlo derived I-values for the RaLPh materials can be found in the
supplementary materials.

(7)

The difference in solid water equivalent thickness was then related to
the change in depth of the solid water range for the heterogeneous
configuration.
config,n
config,n
Δtsw−
eq,m = Δzsw

2.4. RaLPh in a treatment planning workflow
The phantom was tested as an audit device by acquiring a CT scan of
the phantom and performing TPS calculations to determine the TPS
predicted range. The TPS predicted ranges were then compared to the
EBT3 film measurements.

(8)

This enables the range determination in the heterogeneous phantom
configurations to be calculated via equation (9).
RIC,config.n
= R80,sw − Δzconfig.n
80,sw,m
sw

(9)

2.4.1. CT scanning protocol
RaLPh was scanned with a Phillips Big Bore CT scanner. The
following scanner settings were used; axial scan, tube voltage of 120 kV,
voxel size of 0.117 × 0.117 × 0.1 cm3, average tube current of 155 mA,
helical reconstruction mode and scan reconstruction option of Brain.
The 14 configurations tested were scanned in the CT scanner. Ball
bearings were applied to the midpoints of the phantom surface to allow
for correct alignment in the TPS.

2.3.3. Monte Carlo calculations
The RaLPh phantom was also modelled to derive ranges numerically
by Monte Carlo simulations using the FLUKA 2011.2x.8 and Flair 2.3.0
codes [33–35]. Each simulation used 7 × 106 primary protons. The
Monte Carlo derived ranges were then compared to EBT3 film mea
surements to validate them.
2.3.3.1. Beam characterisation. The beam was modelled as a monodirectional pencil beam. The mean excitation energy (I-value) of water
was fixed at 78 eV [36]. The incident beam parameters (beam energy
and energy spread) were tuned to achieve a match between the simu
lated and the 115 MeV beam’s depth dose profile measured with the
ionization chamber (described in section 2.3.1). The default settings for
particle therapy was used with full transport of ions while secondary
electrons were set to deposit dose locally. Dose was scored with a res
olution of 0.01 cm within a cylindrical volume with a diameter equal to
the sensitive area of the PTW Bragg peak chamber. The proton transport
was simulated through a water cylinder with a radius 30 cm and length
30 cm.

2.4.2. TPS calculations
The CT data were imported into Pinnacle3 (version 16.0) to create a
treatment plan and the proton range was calculated for the difference
tested configurations. The plan was designed to replicate the experi
mental setup: a proton beam with a field size of 4 × 4 cm2 delivering 289
spots field (0.650519 MU/spot) and the gantry was set to 89 degrees to
apply the same tilt as in the experiments. A dose grid with a resolution of
0.1 cm3 was applied for each plan. The HU to stopping power calibration
curve for the specific scanner used was entered into Pinnacle3 for the
dose calculation. The depth dose profile was extracted as a line profile
aligned with the beam axis with start and end point corresponding to the
central coordinates of the phantom at the front face and the end of the
phantom. The Bragg peak as well as range, RTPS
80 , were determined as in
section 2.2.5. The density override option was also applied to the TPS
plans by contouring the different materials and inputting the measured
material density values (density values defined in section 2.1.). It should
be noted that averaged solid water density measurements were used in
the density override option. TPS range predictions were then compared
to the measured range values from the film measurements.

2.3.3.2. Material characterisation. The transport of the characterised
beam was simulated through a setup that replicated the experiment
described in section 2.3.1. The I-value of the different materials listed in
Table 1 were adjusted until the R80 range matched that of the ionisation
measurements in section 2.3.1 within 0.01%. It should be noted that
average density measurements were used for the solid water slabs
(density values can be found in Fig. 2).
2.3.3.3. Phantom simulations. The characterised beam and tuned ma
terial I-values were used in a box geometry surrounded by a vacuum that
replicated the seven different phantom configurations for the two types
of solid water. The 4 × 4 cm2 field was simulated, and the dose was
scored along the central axis of the phantom in a cylinder with a radius
of 1 cm. These results were used to determine the range in the phantom
and were compared to the EBT3 film measurements.

2.5. Summary of analysis
Fig. 5 schematic summarises how measurements taken at the proton
centre were implemented in the analysis process. RFilm
80,D were compared
to measured and/or calculated data in order to: i) validate the EBT3 film
measurements and ii) to investigate the application of the phantom in
the clinic.
Fig. 5. Schematic of RaLPh measurements, calculations, and
analysis, where n is the configuration number, RFilm
80,OD are the

R80 measurements from the depth OD profiles of EBT3 film, RFilm
80,D
are the R80 measurements from the depth dose profiles of EBT3
film, RIC
80 are scaled R80 values determined based on the ionisa
tion chamber measurements, RMC
80 are the R80 values calculated
from the depth dose profiles of Monte Carlo simulations and RTPS
80
are the R80 values calculated from the TPS depth dose profiles.
Film
R80,D values were compared to other range measurements and
calculated data, this is shown via the straight line box and
directional arrows shown in the schematic.
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3. Results

3.1.2. EBT3 film irradiations for variable phantom configurations
Fig. 6 shows the average depth-dose profiles for the seven SW 1471
configurations (Fig. 6a) and the seven SW 1472 configurations (Fig. 6b).
The average depth-dose profiles were calculated from the four repeat
measurements of each configuration. The uncertainty for each mea
surement was the propagation of both the 0.5% relative standard un
certainty in positioning of EBT3 film in the phantom as well as the
repeatability of measurement. All uncertainties are expressed as stan
dard uncertainties (at 1 sigma level) and are presented in the error bars
shown in Fig. 6. The range of average standard uncertainty for all con
figurations was between 0.50 and 0.58%.
Table 3 shows the R80 values calculated from the depth-OD and
depth-dose profiles for the 14 different RaLPh configurations. RFilm
80,D data
points have been extracted from depth-dose profiles as illustrated in
Fig. 6. As with the results reported in section 3.1.1., the results show that
a range calibration factor value of 1.012 ± 0.002 was found by the ratio
between the OD and dose measurements at R80 value.

3.1. EBT3 film range measurements in RaLPh
3.1.1. Beam tilt measurements
Film
Table 2 shows the RFilm
80,OD and R80,D for the EBT3 film results for all the

Film
tilts considered in this study. The ratio between RFilm
80,OD and R80,D for the
EBT3 film measurements is also provided. The results from Table 2 also
show that no tunnelling effect was seen for zero-degree tilt. The results
show that a range calibration factor could be applied to the depth-OD
profiles as a constant value of 1.012 ± 0.001 mm was found by the
ratio between the OD and dose EBT3 film measurements at R80 value.

Table 2
Film
R80 range measurements from tilt setups considering the RFilm
80,OD and R80,D ranges
for the EBT3 film measurements. As well as the ratio comparison between RFilm
80,OD

and RFilm
80,D .

Degree of tilt
0 degrees
1 degree
2 degree
4 degrees
5 degrees
10 degrees
5 degrees
4 degrees
2 degrees
1 degree

Tilt
Couch tilt
Couch tilt
Couch tilt
Couch tilt
Couch tilt
Couch tilt and Gantry
Gantry
Gantry
Gantry
Gantry

RFilm
80,OD (mm)

RFilm
80,D (mm)

Film
RFilm
80,OD /R80,D

102.64
102.56
102.63
102.70
102.66
101.91
102.84
102.51
102.57
103.12

101.43
101.28
101.43
101.64
101.50
100.83
101.70
101.27
101.31
101.80

1.012
1.013
1.012
1.010
1.011
1.011
1.011
1.012
1.012
1.013

Table 3
Comparison of R80 value between depth-OD and depth-dose profiles for RaLPh
phantom.
Configuration (n)

RFilm
80,OD (mm)

RFilm
80,D (mm)

Film
RFilm
80,OD /R80,D

SW 1471
SW 1471/SB5
SW 1471/AC
SW 1471/L
SW 1471/SB5/L
SW 1471/SB5/AC
SW 1471/SB5/L/AC
SW 1472
SW 1472/SB5
SW 1472/AC
SW 1472/L
SW 1472/SB5/L
SW 1472/SB5/AC
SW 1472/SB5/L/AC

102.91
99.30
99.49
106.90
103.10
96.02
99.70
95.64
92.79
92.62
100.82
96.03
88.97
93.53

101.78
98.22
98.37
105.50
102.05
94.90
98.53
94.53
91.61
91.84
99.09
94.72
87.93
92.32

1.011
1.011
1.011
1.013
1.010
1.012
1.012
1.012
1.013
1.009
1.017
1.014
1.012
1.013

3.2. Validation of EBT3 film results
3.2.1. Ionisation measurements in a water phantom
Table 4 shows the R80 data calculated from the ionisation chamber
measurements and calculated WETm and rWETm for RaLPh materials
using Eqs. (3) and (4).

Table 4
Ionisation R80 values and WETm and rWETm for RaLPh materials.

Fig. 6. Average depth-dose profile for a) SW 1471 configurations and b) SW
1472 configurations, normalised to the area under the curve. The points on the
profiles are the R80 for each configuration.
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Material

R80 (mm)

WETm (mm)

rWETm

Water
SB5 (0.5 cm)
AC (0.5 cm)
L (0.5 cm)
SW 1471 (0.5 cm)
SW 1472 (0.5 cm)
SW 1471 (1.0 cm)
SW 1472 (1.0 cm)

98.85
90.59
90.95
97.77
93.98
93.50
89.21
88.00

8.27
7.90
1.09
4.87
5.35
9.64
10.85

1.65
1.58
0.21
0.97
1.07
0.96
1.09
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Table 7
Comparison of TPS predicted ranged with EBT3 film range measurements RFilm
80,D

Table 5
Comparison of empirical calculations of proton range from the solid water scaled
depth (equation (9)) with the EBT3 film range measurements RFilm
80,D (Table 3).
Relative % difference was calculated as follows
Configuration (n)
SW 1471
SW 1471/SB5
SW 1471/AC
SW 1471/L
SW 1471/SB5/L
SW 1471/SB5/AC
SW 1471/SB5/L/AC
SW 1472
SW 1472/SB5
SW 1472/AC
SW 1472/L
SW 1472/SB5/L
SW 1472/SB5/AC
SW 1472/SB5/L/AC

RIC
80 (mm)
101.91
98.39
98.77
105.79
102.26
95.24
99.12
92.38
89.67
90.02
96.38
93.67
87.30
91.30

((RIC
80

−

RFilm
80,D )

Film
Film
(Table 3). Relative % difference was calculated as follows ((RTPS
80 − R80,D ) /R80,D )*
100.

/RFilm
80,D )*100.

Configuration (n)

Relative % Difference

−
−
−
−
−
−
−

0.12
0.17
0.41
0.28
0.20
0.36
0.60
2.27
2.11
1.98
2.73
1.11
0.72
1.10

SW 1471
SW 1471/SB5
SW 1471/AC
SW 1471/L
SW 1471/SB5/L
SW 1471/SB5/AC
SW 1471/SB5/L/AC
SW 1472
SW 1472/SB5
SW 1472/AC
SW 1472/L
SW 1472/SB5/L
SW 1472/SB5/AC
SW 1472/SB5/L/AC

3.2.2. Empirical determination of solid water scaled depths
WETm and rWETm for the individual materials (Table 4) were used to
calculate the RIC
80 values for the configurations by applying equations
5–7. These results are shown in Table 5 and were compared to EBT3 film
measurements (RFilm
80,D )shown in Table 3. Results from this table show that
the agreement between EBT3 film and empirical scaled depths was on
average 0.3% for SW 1471 whilst for SW 1472 the agreement was within
1.7%.

SW 1471
SW 1471/SB5
SW 1471/AC
SW 1471/L
SW 1471/SB5/L
SW 1471/SB5/AC
SW 1471/SB5/L/AC
SW 1472
SW 1472/SB5
SW 1472/AC
SW 1472/L
SW 1472/SB5/L
SW 1472/SB5/AC
SW 1472/SB5/L/AC

101.81
98.26
98.64
105.72
102.17
95.10
99.00
96.18
93.12
93.48
100.14
97.13
90.46
94.43

0.03
0.04
0.27
0.21
0.12
0.21
0.48
1.75
1.65
1.79
1.06
2.54
2.88
2.29

RTPS
80 (mm)

Relative %
Difference

106.31
103.74
103.62
112.86
110.62
100.62
106.91
99.80
96.93
98.48
106.59
103.66
94.51
99.20

4.45
5.62
5.34
6.98
8.40
6.03
8.51
5.57
5.81
7.23
7.57
9.44
7.48
7.45

102.25
97.95
98.42
109.77
103.96
96.63
101.48
95.91
92.10
93.04
101.89
98.51
90.58
97.77

0.46
− 0.27
0.05
4.05
1.87
1.82
2.99
1.46
0.53
1.31
2.83
4.00
3.01
5.90

4. Discussion
This work was completed to address the current lack of phantoms in
proton beam therapy that can measure range. RaLPh is a compact, easily
transportable phantom which enables quick and easy setup as well as
irradiation. The beam tilt study showed that no tunnelling effect was
seen for zero-degree tilt which has been observed in other film studies
[17]. This may be due to the variable slab section in front of the film
causing scattering effects before the beam enters the film or the phantom
not having significant airgaps between slabs. The average range
measured was 101.4 mm and the setup that showed the largest deviation
of the averaged range value (0.6%) was the setup with a 10 degrees tilt.
For this setup, the film only captures the edge of the field, thus the range
seen in the film is reduced to 100.83 mm. The gantry (standard deviation
(SD) = 0.27 mm) and couch tilt (SD = 0.13 mm) appear to have com
parable range measurements, but the gantry shows a slightly larger
variation in range measurements. Consequently, this study suggests a
small degree tilt of 1 to 3 degrees via the couch provides the most
repeatable measurements.
This work also shows the phantom design enables a range of water
and tissue equivalent material configurations to be assessed via
measuring range shift with EBT3 film. RaLPh shape and linear interfaces
did not perturb the beam and the proton beam travels by direct trans
mission through the phantom to produce a sharp Bragg peak (Fig. 6).
Consequently, EBT3 film can provide a simple full range measurement
which allows for relative comparison of Bragg peaks and R80 depths for a
range of material configurations.
Varying the phantom plate configurations allow for measurable
range differences, as shown in Fig. 6. The shift of each of the fourteen
different configurations was individually determined within a range of
1 cm. These allowed for a range of varying density material configura
tions to be experimentally tested and compared against TPS calcula
tions. The EBT3 film measurements in this study showed good

Film
Film
((RMC
80 − R80,D ) /R80,D )*100.

Relative % Difference

Relative %
Difference

Table 7 shows the Pinnacle3 predicted RTPS
80 both without and with
density override for the phantom materials. The TPS results were then
compared to EBT3 film measurements (RFilm
80,D )shown in Table 3.

Table 6
Comparison of Monte Carlo simulated ranges with EBT3 film range measure
ments RFilm
80,D (Table 3). Relative % difference was calculated as follows
RMC
80 (mm)

Density override

RTPS
80 (mm)

3.3. RaLPh in a treatment planning workflow

3.2.3. Monte Carlo simulations
The average R80 percentage difference between the ionisation
chamber measurements and the simulations was 0.01% for the water
phantom setup. The point-to-point dose difference between the ionisa
tion chamber measurements and simulated Bragg Peak curves was
within 2%. Differences were larger towards the Bragg peak due to the
steep dose gradient.
Table 6 shows the simulated RMC
80 ranges and comparison with EBT3
film range dose measurements (RFilm
80,D ) shown in Table 3. The relative
standard uncertainty for the repeated simulation range calculations was
0.2% for water depth-dose profiles, 0.4% for SW 1471 configurations
and 0.6% for the SW 1472 configurations.

Configuration (n)

No density override
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repeatability and range measurements had an average uncertainty of
0.5% when considering the relative standard uncertainty in positioning
of EBT3 film in the phantom and repeatability of measurement. This
work agrees with findings from previous studies which showed EBT film
was capable of range measurements with a 0.5 mm uncertainty [15,16].
Our findings also suggest the possibility of using a constant range cali
bration factor (1.012 ± 0.002) to be applied to the depth-OD measured
ranges. Typically, one of the disadvantages of using EBT3 film is that a
calibration curve is required to convert OD to dose. The calibration of
EBT3 film can be a time consuming process as it requires additional
setup and multiple irradiation over a range of dose values; however, our
results suggest a constant range calibration factor can been derived from
the ratio of OD and dose values (Table 2 and 3). Hence the range cali
bration factor could be applied to future EBT3 film measurements for
range measurements to simplify the audit process.
An extensive investigation into the validation of EBT3 film range
measurements was performed. For SW 1471, the EBT3 film ranges
agreed within 0.3%, whilst for SW 1472, the agreement was within 1.7%
with the empirically determined scaled depths method (Table 5). With
regards to the Monte Carlo simulation results, the EBT3 film range
measurements were also in good agreement (within 0.2%) for SW 1471
(Table 6), whilst for SW 1472, deviation were significant larger (1.9%).
This is due to the variability in density due to the inhomogeneities of SW
1472 which were not simulated in the Monte Carlo simulations.
Although in previous work SW 1472 was found to be superior to SW
1471, and other commercial solid water equivalent materials, in terms
of proton nuclear interaction cross sections [23], homogeneity of the
materials is a more important characteristic for range measurements and
the results from this study support the use of SW 1471 in future range
audit purposes. Overall, the validation results showed that EBT3 film
can be used within a heterogeneous phantom for accurate range
measurements.
In the second stage, the phantom was assessed for independent range
verification capability in the clinic as part of a dosimetry audit for
proton beam therapy. The phantom was applied within the treatment
planning workflow by performing Pinnacle3 dose calculations from CT
scans of the phantom. Table 7 shows there was a large discrepancy be
tween the measured EBT3 film ranges and the TPS predictions when the
latter automatically assigned densities to the various materials within
the phantom based on the CT calibration curve. This was due to the
materials in RaLPh not being tissue equivalent in terms of photon in
teractions resulting in their stopping power to be wrongly derived from
the stoichiometric calibration curve [37]. Some uncertainty could also
be attributed to the ability to accurately distinguish each sample per
voxel in the CT scan as some samples were relatively thin (5 mm thick)
compared to the scan resolution of 1 mm per slice. Thicker slabs could
reduce CT imaging uncertainty, though it should be noted that regions of
thin tissue and bone can be found within the body. Nevertheless, some of
this range discrepancy can be traced to the uncertainty in the TPS proton
beam transport algorithm as well. When the density of the material was
manually overridden (density override changes the Hounsfield unit of
the material, which in turn changes the relative stopping power (RSP) in
Pinnacle) in the TPS the discrepancy decreased to less than 1% if lung
configurations are not considered. The lung tissue equivalent material
used is very spongy in nature so there is a larger uncertainty on the
measured density of this material.
Results from this study suggest that the RaLPh phantom could be
used as a range audit device, if the correct material override values were
provided to centres for their TPS system. This corresponds to a known
issue and, for example, IROC applies a material override to some of the
materials used in their Radiological Physics Center (RPC) phantoms, due
to some of the phantom materials having a relative linear stopping
power (RLSP) greater than 5% from the TPS predicted values [38].
Consequently, the phantom cannot be used to validate the CT calibration
curve as part of an audit. For a full treatment workflow audit, work
needs to be undertaken into the development of materials that are tissue

equivalent in both photon and proton beams. This will facilitate the TPS
to correctly assign accurate RLSP. The full treatment workflow audit
would provide a more comprehensive testing of the TPS system,
including the CT calibration process. In future work, quenching cor
rections could also be applied to EBT3 film to achieve reference dose
measurements [15,39] as well as investigation into possible batch or
energy dependent corrections of EBT3 film with regards to the range
calibration factor. Currently, research is being undertaken to develop
new tissue materials that are optimised for photon and proton therapy
beams for a range of properties that will include attenuation, stopping
power, scattering and nuclear interactions [40].
5. Conclusion
The RaLPh phantom is compact, of simple setup and provides good
repeatable range measurements with EBT3 film. EBT3 film can provide
repeatable simple depth dose measurements with an average relative
uncertainty of 0.5% at the R80 depth. A 1.012 range calibration factor
from optical density to dose R80 values could be applied for proton range
measurements. EBT3 film measurements have been validated via Monte
Carlo simulations and an empirically determined scaled depths method
using ionisation chamber measurements. The phantom can be used as an
audit device provided density override for the materials is used in the
TPS. For the phantom to be implemented as a full treatment workflow
audit device, further work needs to improve the elemental formulation
of the tissue equivalent materials.
This work has shown EBT3 film to be an accurate range detector for
scanning proton beam depth dose measurements within a heteroge
neous phantom and that RaLPh can serve as a range audit device that
can complement reference dosimetry audits and end-to-end test based
dosimetric audits.
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the FLUKA code. Ann Nucl Energy 2015;82:10–8.
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