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ARTICLE INFO ABSTRACT

Keywords: To use the dosimetric advantages that proton therapy provides, the exact knowledge of the range and its asso-
Proton range ciated parameters of the beam is essential. Since the human body is composed of several tissues whose
xg}; composition and density differ from water it is important to relate the range in water to the range in those tissues.

Those range associated parameters are the Water Equivalent Ratio (WER) and Water Equivalent Thickness
(WET). This work presents the Range, WER and WET values obtained from the simulations using the Monte Carlo
codes MCNP6.1 and TOPAS for several tissue-equivalent materials, which are materials that reproduce the ra-
diation behavior of the human tissues in a phantom. Simulations have been done in the therapeutic proton
energy range from 70 to 225 MeV. Therefore, the main objective of this work is to provide and contribute to the
improvement of dose calculation in proton therapy, more specifically in the calculation of WER and WET in
tissue equivalent medium. The results showed good agreement between codes, presenting only small differences
less than 1.9% in the cortical bone, but they did not affect the dose calculation in the therapeutic range used in

Proton therapy
Monte Carlo simulation

this study.

1. Introduction

Proton therapy is an increasingly relevant form of radiotherapy.
Despite the high cost to build a proton treatment center, the possibility
of reducing the total dose compared to photons, saving critical struc-
tures, while higher and better-conformed doses are delivered to the
tumor volume, fully justifies the use of this type of treatment beam.
Although it is an already technologically mature modality, there are still
many open problems in this field that must be investigated. Accurate
knowledge of the range of a proton beam when penetrating the patient’s
body or other materials is essential and can be defined in terms of the
water equivalent thickness - WET (Zhang and Newhauser, 2009). Basi-
cally, this parameter depends on the proton energy and material density
and composition.

Proton beam dosimetry is usually evaluated in water to represent the
patient in calculating the beam range and measuring the absorbed dose.
The range that was measured for water is used to calculate the WER and
WET which in turn will be used as tissue equivalence estimators (Bagheri
et al., 2019; Safigholi and Song, 2018).

Bagheri et al. (2019), determined the water equivalent ratio, WER,
for some dosimetric materials like paraffin, polymethyl methacrylate
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and polyetyrene. One of their conclusions is that polyethylene and
paraffin are the most similar to water in terms of dose results. Safigholi
and Song (2018) also calculated WER for several materials using various
Monte Carlo (MC) codes using proton monoenergetic energies ranging
from 10 to 500 MeV. They found good agreement among the results
obtained from different MC codes and observed that WER values are
greater for higher density materials (higher than water) and decrease
rapidly for materials density lower than water in the range of energy of
10-50 MeV. For the range of energy between 100 and 500 MeV the WER
values are approximately constant for all materials. Akbari et al. (2014)
calculated WER for several dosimetric materials using FLUKA (Ferrari
et al., 2005) and SRIM (Ziegler, J.F., Biersack, J.P., Ziegler, 2008) for
different monoenergetic proton energies. The calculations were done in
a cylindrical phantom determining the dose in cylindrical slice detectors
to plot depth dose curves from where WER values were obtained. Very
good agreement has been reported between the two codes.

In research for new dosimetric materials, commercial plastic mate-
rials characteristics have been analyzed by Lourenco et al. (2017)
experimentally and using FLUKA (Ferrari et al., 2005) and Geant4
(Agostinelli et al., 2003) MC codes in low (60 MeV) and high (226 MeV)
proton energy beams. They concluded that the plastic-to-water
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conversion factors are small, (1% from unity) showing no preference
regarding the type of water-equivalent plastic.

WET is also a parameter that can be related to the tomography of
patient planning through the calibrated HU (Hounsfied Unit). It can be
used in conjunction with CBCT (Cone Beam CT) for the detection of
changes in organs and setup errors (Wang et al., 2016). During the
treatment, considerable variations have been observed in WET, which
have to be taken into account showing to be useful for analysis in
adaptive proton therapy. Similar work has been done by Matney et al.
(2016), where they investigated the use of WET to quantify the effects of
respiratory motion during proton therapy. WET variation was calculated
between exhale and inhale phases. This work showed the use of WET to
identify cases where the respiratory motions impact on the calculated
dose. WET was also used as complementary clinical indicators and to
support decision-making process in case of anatomic changes during the
treatment (Veiga et al., 2016).

The main objective of the present work is the calculation of WET and
WER parameters considering several different tissue equivalent mate-
rials relevant in proton therapy. Some of those materials like bone, ad-
ipose and lung tissues were not considered in previous works. For this
purpose, longitudinal dose distributions have been calculated using two
Monte Carlo codes: TOPAS (Perl et al., 2012) and MCNP6.1 (Goorley
et al., 2012). Differences on the results provided by these codes were
analyzed and quantified using the stopping power database from the
National Institute of Standards and Technology (NIST) for several pro-
ton energies in the therapeutic range from 70 to 225 MeV. Also, com-
parison of results obtained with different stopping power database has
been analyzed to quantify its influence in the WER and WET
determination.

2. Material and methods
2.1. Tissue-equivalent materials

According to report 44 of the International Commission for Radiation
Units and Measurements (ICRU) (White, D. R., Booz, J., Griffith, R. V.,
Spokas, J. J., & Wilson, 1989), tissue equivalent materials can reproduce
the radiation behavior of the reference material in a phantom, in order
to evaluate the dose distribution (White, D. R., Booz, J., Griffith, R. V.,
Spokas, J. J., & Wilson, 1989). In the present work, 12 different tissue
equivalent materials have been considered to estimate the water
equivalence thickness. Table 1 shows the composition and density of
each material used where natural isotopic concentration has been
considered.

Table 1
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2.2. WET and WER calculations

In clinical practice, the WER parameter is considered due to the
applications of water equivalence of the material in radiation dosimetry
(Akbari, M., & Karimian, 2020; de Vera et al., 2014; Safigholi and Song,
2018). The WER is characterized as the ratio of the range (dgp) in water
and in a phantom material (Bagheri et al., 2019), being defined by eq.
(1):

water
d80

WER = >
dgrgnenal

@

where dgg represents the range obtained through the longitudinal dose
distribution curve corresponding to the depth where the dose assumes
80% of the maximum dose. It is measured in the distal part of the curve
(Bagheri et al., 2019; Paganetti, 2012; Yoriyaz et al., 2019).

The presence of heterogeneities produces changes in the dose dis-
tribution, depending on the thickness, composition and density of the
materials (Faiz and John, 2014). Knowing the thickness of the material
through the WET calculation, it is possible to obtain the thickness of
water, which causes a beam of protons to lose the same amount of en-
ergy, in which it would lose in the material (Akbari et al., 2014; Zhang
and Newhauser, 2009). Fig. 1 shows the concept of WER and WET.

According to the study by Zhang and Newhauser (2009), an
analytical way to calculate WET values was developed and it can be
defined by eq. (2) (Zhang et al., 2010; Zhang and Newhauser, 2009):

WET = z,,,% Sn o)

where py, and Sy are the density and the mean proton mass stopping
power of water; ty, pm and Sy, are, respectively, the thickness, density,
and the mean proton mass stopping power of the material. The mean
proton mass stopping power can be defined by eq. (3) (Zhang and
Newhauser, 2009):

< JSdE
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In the present work the calculation of WET was based on the
formulation proposed by Safigholi and Song (2018) where a material of
thickness, tp, is added to water, so that, the WET can be obtained
through the difference between the range in water and that obtained in
the presence of another material of interest, defined as eq. (4):

WET = dvsvéner _ dggzlcrml—wmm‘ (4)

Density and composition of the 12 tissue equivalent materials used in this work. Compositions are in fraction by weight, except for polyethylene, polysthylene and

water, which are in number of atoms.

Fraction by Weight
Material Density Element and Atomic Number
g/cm®

H C N (o] Na Mg P S cl K Ca

1 6 7 8 11 12 15 16 17 19 20
Adipose Tissue - ICRP 0.95 0.114 0.598 0.007 0.278 0.001 - - 0.001 0.001 - -
Brain - ICRP 1.04 0.107 0.145 0.022 0.712 0.002 - 0.004 0.002 0.003 0.003 -
Compact Bone - ICRU 1.85 0.064 0.278 0.027 0.410 - 0.002 0.070 0.002 - - 0.147
Cortical Bone - ICRP 1.92 0.034 0.155 0.042 0.435 0.001 0.002 0.103 0.003 - - 0.225
Eye Lens - ICRP 1.07 0.096 0.195 0.057 0.646 0.001 - 0.001 0.003 0.001 - -
Lung - ICRP 1.04 0.105 0.083 0.023 0.779 0.002 - 0.001 0.002 0.003 0.002 -
Muscle Skeletal - ICRP 1.05 0.102 0.143 0.034 0.710 0.001 - 0.002 0.003 0.001 0.004 -
PMMA - Lucite 1.19 0.081 0.599 - 0.319 - - - - - - -
Polyethylene 0.94 2.000 1.000 - - - - - - - - -
Polystyrene 1.06 8.000 8.000 - - - - - - - - -
Soft Tissue - ICRP 1.03 0.105 0.256 0.027 0.602 0.001 - 0.002 0.003 0.002 0.002 -
Soft Tissue - ICRU-4 1.00 0.101 0.111 0.026 0.762 - - - - - - -
Water 1.00 2.000 - - 1.000 - - - - - - -

ICRP - International Commission on Radiological Protection.
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Fig. 1. Schematic representation for (a) WER and (b) WET calculations.

where, the term dggeri@l-waer jg the range of protons obtained with the
presence of material m with thickness t,, added to the water phantom as
shown in Fig. 1b. Four thickness values have been considered in the
simulations: 0.5, 1.0, 1.5 and 2.0 cm. For the WER values, we considered
the simulation setup shown in Fig. 1a and using eq. (1).

2.3. Simulations

The geometry of the phantom for simulation consisted of a box of
tissue equivalent material with dimensions of 20 x 20 x 40 cm>. Depth
dose distribution was calculated in a grid of 4000 points (each step with
0.01 cm) placed in Z direction. The phantom was filled completely with
water or tissue equivalent material which are: Adipose tissue — ICRP,
Brain — ICRP, Compact Bone — ICRU, Cortical Bone — ICRP, Eye Lens —
ICRP, Lung - ICRP, Muscle Skeletal — ICRP, PMMA - Lucite, Poly-
ethylene, Polystyrene, Soft Tissue — ICRP and Soft Tissue — ICRU-4. Fig. 2
shows the geometry used in the simulations.

The radiation source consists of a monoenergetic proton beam with a
circular shape with a radius of 0.2 cm positioned 5.0 cm distant from the
phantom and in a vacuum media. The proton source energies were 70

Vacuum

20.0 cm

40.0 cm

Fig. 2. Schematic representation of the geometry used for simulations with
codes MCNP and TOPAS.

MeV, 100 MeV, 125 MeV, 150 MeV, 175 MeV, 200 MeV and 225 MeV
(Bagheri et al., 2019; Schuemann et al., 2014).

2.4. MCNP6.1 code

MCNP6 version 6.1 (J.T. Goorley et al., 2013) is able to transport
several particles types including heavy ions. Physics models in the code
are separated in basically 3 energy ranges: a) below 1.31 MeV the me-
dium is treated as a gas of free electrons; b) above 5.24 MeV the stopping
power is calculated from Bethe formula and; ¢) in the intermediate range
of 1.31-5.24 MeV, the stopping power values are interpolated from
previous range data (Zieb et al., 2018).

Depth dose distribution was obtained superimposing a grid of 4000
points over the geometry to obtain the fluence distribution (FMESH
mesh tally) multiplied by the stopping powers data entered through DE/
DF cards. This procedure allowed us a very high spatial resolution (0.01
cm) for interpolation of values in a very steep curve region near the
Bragg Peak and consequently to be able to determine dgp with high
precision.

2.5. TOPAS code

TOPAS is a user-friendly, multipurpose program that was initially
created for medical physics application. TOPAS, current version 3.7.0,
wraps around and extends the functionality of GEANT4 (version 10.06.
p03), and in the present work, simulations were made using the default
physics list suitable for proton therapy. This physics list has models that
take into account the transport of protons and secondary particles
although only protons were scored, as was the case in the MCNP
simulations.

The physics models used in the simulations are listed in Table 2. In
“G4EmStandardPhysics_option4”, ionization is handled by several
models depending on the particle type and energies for protons. The
Bragg model is used for energies below 2 MeV and the Bethe-Bloch for
higher energies. The geometry of the simulations followed exactly that
previously defined by the MCNP6.1 for the parameters WET and WER,
as well as, the spatial grid resolution of the scoring region.

2.6. Stopping powers on WET and WER calculations

To verify the influence of different stopping power data on WET and
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Table 2
TOPAS default physics list used in simulations for dose calculation.

Modules Simulated Interactions

g4em-standard_opt4 Electromagnetic physics. It’s a combination of the most
accurate EM models

Nuclear interactions using Binary Intranuclear Cascade (BIC)
Model. High Precision (HP) libraries are used to model the
neutron elastic scattering for energies below 20 MeV.
Decay of all long-lived nuclei.

Nuclear interactions using binary cascade for light ions.
Elastic scattering of hadrons. Uses High Precision libraries
for neutrons with energies below 20 MeV.

Captures resting charged particles.

g4h-
phy_QGSP_BIC_HP

g4decay
g4ion-binarycascade

g4h-elastic_ HP

g4stopping

WER values, simulations were performed using the stopping power
provided by NIST and from those calculated in TOPAS (Perl et al., 2012)
and MCNP6 (Armstrong and Chandler, 1973; Bethe and Ashkin, 1953;
Bichsel, 1972; Janni, 1982; Lindhard, 1954). For each material and
energy, the beam range, dgy, was determined using an in-house script
written in Python code version 3.8. In the script, a Gaussian curve was
fitted between the longitudinal points of maximum dose and at 20% of
the maximum dose in order to obtain the value of dgo.

2.7. Statistical analysis

In all simulations, the maximum statistical uncertainty was less than
1.0%. To achieve this precision the total number of proton histories
simulated were 5 x 10° and 1 x 10°, respectively, in MCNP6 and
TOPAS. As the percentage differences, PD (%), between the MCNP6 (M)
and TOPAS (T) results, were obtained using the TOPAS results as a
reference, according to eq. (5).
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M-T
T

PD(%) =100 (5)

The proton energy cut-off value, Ecut, is the minimum energy for
transport. This value was 100 eV for Topas and 1 keV for MCNP6. We
have assured that the correspondent proton range for these energies are
smaller than the smallest geometry dimension in the problem so that any
proton with energy smaller than Ecut is locally absorbed.

3. Results and discussion

Fig. 3 shows the dependence of CSDA range from NIST with proton
energy and the relative differences in percentage that exist when
comparing stopping powers from different data (NIST, MCNP and
TOPAS) for four different tissues: Adipose, Cortical Bone, Muscle Skel-
etal and Water. The most significant differences are found for cortical
bone with a maximum difference of 1.60% and 1.90% at 70 MeV,
respectively for two cases: a) the difference corresponds to the case
when the stopping power data from NIST is compared to those extracted
from the MCNP6 code; and b) the difference corresponds to the case
when the stopping power data from NIST is compared to those extracted
from TOPAS code. In general, however, in the therapeutic range
(70-225 MeV), the agreement is very good among data for all tissue-
equivalent material.

Dose profiles were simulated and the range was obtained for water
and various materials, being used as an equivalence estimator. Table 3
shows the range dgp (cm) obtained with TOPAS and MCNP6 codes. The
last one was used for simulation using different stopping power data for
each material. The first one was assumed as a reference for computing
the relative differences between values.

The maximum simulation statistical uncertainties in MCNP6 and
TOPAS results were respectively 0.6% and 0.5%. From these results, in
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Fig. 3. The dependence of CSDA range from NIST with proton energy and relative differences of stopping powers obtained from different data (NIST, MCNP and

TOPAS) for 4 different tissue-equivalent materials.
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Table 3

Proton range (dgo) in cm for different tissue-equivalent materials and energies among results using different stopping power data.

Radiation Physics and Chemistry 203 (2023) 110606

Tissue-Equivalent Materials

Energy AD B CpB CtB EL Lg MS PMMA Pe Py StR StU w
MeV
70 Topas 4.18 3.92 2.37 2.42 3.84 3.94 3.92 3.51 4.06 3.92 3.95 4.11 4.10
N 4.20 - 2.37 2.42 - - 3.92 3.50 4.06 3.90 - - 4.08
M 4.20 3.94 2.37 2.42 3.87 3.95 3.92 3.50 4.06 3.90 3.97 4.12 4.09
T 4.20 3.94 2.37 2.42 3.87 3.95 3.92 3.50 4.06 3.90 3.97 4.12 4.08
100 Topas 7.91 7.41 4.49 4.56 7.28 7.45 7.41 6.64 7.70 7.41 7.48 7.77 7.75
N 7.90 - 4.48 4.57 - - 7.37 6.59 7.64 7.34 - - 7.67
M 7.90 7.40 4.48 4.58 7.27 7.43 7.37 6.59 7.64 7.34 7.46 7.75 7.67
T 7.90 7.39 4.48 4.57 7.26 7.43 7.37 6.59 7.64 7.34 7.45 7.74 7.67
125 Topas 11.76 11.02 6.66 6.77 10.81 11.07 11.01 9.86 11.44 11.02 11.12 11.54 11.50
N 11.78 - 6.64 6.79 - - 10.97 9.80 11.39 10.93 - - 11.43
M 11.78 11.02 6.64 6.79 10.82 11.06 10.98 9.80 11.39 10.93 11.11 11.54 11.44
T 11.78 11.02 6.64 6.79 10.82 11.06 10.97 9.80 11.39 10.93 11.10 11.54 11.43
150 Topas 16.20 15.17 9.16 9.31 14.88 15.24 15.15 13.58 15.77 15.17 15.31 15.89 15.83
N 16.24 - 9.14 9.34 - - 15.12 13.50 15.71 15.07 - - 15.75
M 16.24 15.18 9.14 9.34 14.91 15.25 15.13 13.51 15.71 15.07 15.31 15.91 15.76
T 16.24 15.18 9.14 9.34 14.91 15.24 15.12 13.51 15.71 15.07 15.31 15.90 15.75
175 Topas 21.19 19.83 11.97 12.15 19.46 19.93 19.81 17.76 20.62 19.83 20.02 20.78 20.69
N 21.21 - 11.95 12.19 - - 19.76 17.66 20.54 19.70 - - 20.58
M 21.22 19.84 11.95 12.19 19.49 19.92 19.77 17.66 20.54 19.70 20.01 20.78 20.59
T 21.21 19.84 11.95 12.19 19.48 19.92 19.76 17.66 20.54 19.70 20.00 20.78 20.58
200 Topas 26.67 24.96 15.06 15.28 24.49 25.08 24.93 22.35 25.96 24.96 25.20 26.15 26.04
N 26.65 - 15.04 15.34 - - 24.83 22.20 25.81 24.75 - - 25.86
M 26.66 24.93 15.05 15.34 24.49 25.03 24.84 22.21 25.82 24.76 25.14 26.10 25.87
T 26.65 24.93 15.04 15.34 24.48 25.03 24.83 22.21 25.81 24.75 25.13 26.10 25.86
225 Topas 32.62 30.52 18.40 18.68 29.95 30.67 30.48 27.34 31.75 30.53 30.81 31.98 31.84
N 32.55 - 18.39 18.73 - - 30.31 27.11 31.53 30.22 - - 31.57
M 32.56 30.44 18.39 18.74 29.89 30.56 30.32 27.11 31.54 30.23 30.69 31.87 31.57
T 32.55 30.43 18.39 18.73 29.89 30.55 30.31 27.11 31.53 30.22 30.68 31.86 31.57

AD - Adipose Tissue B — Brain — ICRP CpB — Compact Bone — ICRU.

CtB - Cortical Bone — ICRP EL - Eye Lens — ICRP Lg — Lung — ICRP.

MS — Muscle Skeletal - ICRP PMMA - Lucite Py — Polysthylene.

Pe — Polyethilene StR - Soft Tissue — ICRP StU — Soft Tissue — ICRU-4 W — Water.
Topas - Topas Values.

N - Percentage Difference (Topas versus MCNP6 w/NIST Stopping Power).

M - Percentage Difference (Topas versus MCNP6).

T - Percentage Difference (Topas versus MCNP6 w/Topas Stopping Power).

the therapeutic energy range, no significant differences in dose were
observed when using different stopping power data presenting a
maximum relative difference of around 1.0%. Also, the results obtained
here have shown no differences comparing to those provided by Bagheri
et al. (2019) for water, polysthylene, polyethylene and PMMA with a
maximum discrepancy less than 0.5%.

Using eq. (1) and data from Table 3, WER values were obtained with
TOPAS code in function of energy and shown in Fig. 3 for different tissue
equivalent materials. The calculations were performed following the
scheme presented in Fig. la. It can be observed that the values are
almost independent of energy. The minimum (0.98) and maximum
(1.73) WER values were, respectively, for adipose tissue and compact
bone. The independence of WER with energy facilitates dose calculation
process since the amount of water to substitute the tissue depends only
of the amount of tissue and not of beam energy.

Soft tissue — ICRU presented the closest depth dose values to water
followed by Polyethylene (PE) as mentioned by Bagheri et al. (2019) and
can be observed in Fig. 4.

Comparison of all simulated WER values with those obtained with
MCNP6 code are shown in Fig. 5 for each energy considered and using
different stopping power data (SP MCNP6 - stopping power from
MCNP6; SP NIST - stopping power from NIST and SP TOPAS - stopping
power from TOPAS).

In general, the codes maintained good agreement, having relative
differences less than 1.2% for the entire energy range. Materials with
higher densities have higher WER values with respect to water. The
highest range is found for Adipose Tissue (AD) and the lowest range for
Compact Bone (CpB).

Table 4 shows the dgy with the presence of tissue-equivalent mate-
rials of different thickness and for all the energies considered in this
study obtained with TOPAS code. From these values and using eq. (4)
the WET values have been calculated and presented in Table 5.

Fig. 6 shows these values in function of material thickness for all
materials and for the energies of 70 and 225 MeV demonstrating the
linearity of WET with material thickness. Also, when comparing WET
values of different materials one can observe that the smallest differ-
ences occur for lowest material thickness increasing as the thickness
increases. It was also noted that these differences are almost constant for
all energies as can be seen comparing the curves for both energies, 70
and 225 MeV.

Table 6 shows the linear coefficients obtained through the fit of the
WET data for all energies according to eq. (6):

WET (cm) = a.ty + b (6)

The values in parentheses in Table 6 show the uncertainties of the
coefficients a and b in percentage, being less than 0.3%. Fit errors for all
materials were less than 0.1%.

Previous study shown that, basically, two material components have
influence in WET determination: material composition and density.
Further analysis has shown that the composition has minor influence in
contrast to density which has greatly influence in WET variation (Branco
et al., 2019).

4. Conclusion

In general, very good agreement has been found between the range
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Fig. 5. Percentage differences (%) in WER between values obtained with TOPAS and MCNP6 codes using different Stopping Power (SP) data: SP MCNP6 — Stopping
power from MCNP6; SP NIST - stopping power from NIST; SP TOPAS - stopping power from TOPAS.

and WET values obtained with two codes, and also, with those found in
the literature for materials such as water, polysthylene, polyethylene
and PMMA with a maximum difference less than 0.5%. Small differences
were found when using different stopping power data for different
tissue-equivalent materials (maximum of 1.9% for cortical bone at 70
MeV), but it did not affect the calculation of dose in the therapeutic
range of energy of 70-225 MeV. We also demonstrate the linearity of

WET with material thickness regardless of proton source energy
considered. This aspect greatly simplifies the treatment planning pro-
cedure since the WET dependence on material thickness can be repre-
sented by a first-order polynomial. The highest range, dg, was found for
Adipose Tissue (AD) and the lowest range for Compact Bone (CpB)
among all materials studied. The authors believe that the results pre-
sented in this work can provide important information for treatment
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Table 4
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Proton range dgo in cm for different tissue-equivalent materials with different thicknesses and energies.

Energy Mev tm (cm) Tissue-equivalent Materials
AD B CpB CtB EL Lg MS PMMA Pe Py StR StU
70 0.5 3.61 3.57 3.23 3.25 3.56 3.58 3.57 3.51 3.59 3.57 3.58 3.60
1.0 3.12 3.05 2.37 2.48 3.03 3.06 3.05 2.93 3.09 3.05 3.06 3.10
1.5 2.63 2.53 1.50 1.55 2.50 2.54 2.53 2.35 2.59 2.53 2.54 2.60
2.0 2.14 2.01 0.64 0.70 1.97 2.02 2.00 1.76 2.08 2.01 2.03 2.10
100 0.5 7.26 7.22 6.88 6.89 7.21 7.23 7.22 7.16 7.24 7.22 7.23 7.25
1.0 6.77 6.70 6.02 6.04 6.68 6.71 6.70 6.58 6.74 6.70 6.71 6.75
1.5 6.28 6.18 5.15 5.19 6.15 6.19 6.18 6.00 6.24 6.18 6.19 6.25
2.0 5.79 5.66 4.29 4.34 5.62 5.67 5.66 5.41 5.74 5.66 5.68 5.75
125 0.5 11.01 10.97 10.63 10.64 10.96 10.98 10.97 10.91 10.99 10.97 10.98 11.00
1.0 10.52 10.45 9.76 9.79 10.43 10.46 10.45 10.33 10.49 10.45 10.46 10.50
1.5 10.03 9.93 8.90 8.94 9.90 9.94 9.93 9.75 9.99 9.93 9.95 10.00
2.0 9.54 9.41 8.03 8.09 9.37 9.42 9.41 9.17 9.49 9.41 9.43 9.50
150 0.5 15.34 15.30 14.96 14.97 15.29 15.30 15.30 15.24 15.32 15.30 15.31 15.33
1.0 14.85 14.78 14.09 14.12 14.76 14.79 14.78 14.66 14.82 14.78 14.79 14.83
1.5 14.36 14.26 13.23 13.27 14.23 14.27 14.26 14.08 14.32 14.26 14.28 14.33
2.0 13.87 13.74 12.36 12.41 13.70 13.75 13.74 13.50 13.82 13.74 13.76 13.83
175 0.5 20.20 20.16 19.82 19.83 20.15 20.17 20.16 20.10 20.19 20.16 20.17 20.19
1.0 19.71 19.64 18.95 18.98 19.62 19.65 19.64 19.52 19.68 19.64 19.65 19.69
1.5 19.22 19.12 18.09 18.12 19.09 19.13 19.12 18.94 19.18 19.12 19.14 19.19
2.0 18.73 18.60 17.22 17.27 18.56 18.61 18.60 18.36 18.68 18.60 18.62 18.70
200 0.5 25.55 25.51 25.16 25.18 25.50 25.51 25.51 25.50 25.53 25.51 25.52 25.53
1.0 25.06 24.99 24.30 24.32 24.97 25.00 24.99 24.87 25.03 24.99 25.00 25.04
1.5 24.57 24.47 23.44 23.47 24.44 24.48 24.47 24.29 24.53 24.47 24.48 24.54
2.0 24.08 23.95 22.57 22.62 23.91 23.96 23.94 23.71 24.03 23.95 23.97 24.04
225 0.5 31.34 31.31 30.96 30.97 31.30 31.31 31.30 31.24 31.33 31.31 31.31 31.33
1.0 30.86 30.79 30.10 30.12 30.77 30.79 30.78 30.66 30.83 30.79 30.80 30.84
1.5 30.37 30.27 29.23 29.27 30.24 30.27 30.26 30.08 30.33 30.27 30.28 30.34
2.0 29.88 29.74 28.36 28.41 29.71 29.76 29.74 29.50 29.83 29.74 29.76 29.84
Table 5
WET in cm for different materials, thicknesses and energies.
WET (cm)
Energy Mev tym (cm) Material
AD B CpB CtB EL Lg MS PMMA Pe Py StR StU
70 0.5 0.49 0.53 0.87 0.86 0.54 0.52 0.53 0.59 0.51 0.53 0.52 0.50
1.0 0.98 1.05 1.73 1.70 1.07 1.04 1.05 1.17 1.01 1.05 1.04 1.00
1.5 1.47 1.57 2.60 2.55 1.60 1.56 1.57 1.76 1.51 1.57 1.56 1.50
2.0 1.96 2.09 3.46 3.40 2.13 2.08 2.10 2.34 2.02 2.09 2.08 2.00
100 0.5 0.49 0.53 0.87 0.86 0.54 0.52 0.53 0.59 0.51 0.53 0.52 0.51
1.0 0.98 1.05 1.73 1.71 1.07 1.04 1.05 1.17 1.01 1.05 1.04 1.00
1.5 1.47 1.57 2.60 2.56 1.60 1.56 1.57 1.75 1.51 1.57 1.56 1.50
2.0 1.96 2.09 3.46 3.41 213 2.08 2.10 2.34 2.01 2.09 2.07 2.00
125 0.5 0.50 0.53 0.88 0.86 0.54 0.53 0.53 0.59 0.51 0.53 0.53 0.51
1.0 0.99 1.06 1.74 1.72 1.08 1.05 1.06 1.18 1.02 1.05 1.05 1.01
1.5 1.48 1.58 2.61 2.57 1.61 1.57 1.58 1.76 1.51 1.58 1.56 1.50
2.0 1.96 2.10 3.47 3.42 2.14 2.09 2.10 2.34 2.02 2.10 2.08 2.00
150 0.5 0.50 0.54 0.88 0.87 0.54 0.53 0.54 0.59 0.51 0.53 0.53 0.51
1.0 0.99 1.06 1.75 1.72 1.08 1.05 1.06 1.18 1.02 1.05 1.05 1.01
1.5 1.48 1.58 2.61 2.57 1.61 1.57 1.58 1.76 1.52 1.58 1.56 1.51
2.0 1.96 2.10 3.47 3.42 2.14 2.09 2.10 2.34 2.01 2.10 2.08 2.00
175 0.5 0.50 0.54 0.88 0.87 0.55 0.53 0.54 0.60 0.51 0.54 0.53 0.51
1.0 0.99 1.06 1.75 1.72 1.08 1.05 1.06 1.18 1.02 1.06 1.05 1.01
1.5 1.48 1.58 2.61 2.58 1.61 1.57 1.58 1.76 1.52 1.58 1.56 1.51
2.0 1.96 2.10 3.48 3.43 2.14 2.09 2.10 2.34 2.02 2.10 2.08 2.00
200 0.5 0.50 0.54 0.88 0.87 0.55 0.54 0.54 0.55 0.52 0.54 0.53 0.51
1.0 0.99 1.06 1.75 1.73 1.08 1.05 1.06 1.18 1.02 1.06 1.05 1.01
1.5 1.48 1.58 2.61 2.58 1.61 1.57 1.58 1.76 1.52 1.58 1.56 1.51
2.0 1.96 2.10 3.48 3.43 2.14 2.09 2.10 2.34 2.02 2.10 2.08 2.01
225 0.5 0.50 0.54 0.88 0.87 0.55 0.53 0.54 0.60 0.52 0.54 0.53 0.51
1.0 0.99 1.05 1.74 1.72 1.07 1.05 1.06 1.18 1.02 1.06 1.05 1.01
1.5 1.47 1.57 2.61 2.57 1.60 1.57 1.58 1.76 1.52 1.58 1.57 1.51
2.0 1.96 2.10 3.48 3.43 2.14 2.09 2.10 2.34 2.02 2.10 2.08 2.01

planning to predict dose in human body tissues in proton therapy.
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Fig. 6. WET (cm) in function of material thickness for different materials for the energies of 70 and 225 MeV.

Table 6
WET Linear coefficients for each material (In parentheses are the uncertainties of
the coefficients a and b in percentage).

Materials WET = a.t, + b

a b

Adipose Tissue - ICRP
Brain - ICRP
Compact Bone - ICRU
Cortical Bone - ICRP
Eye Lens - ICRP

0.9758 (0.07)
1.0426 (0.05)
1.7301 (0.02)
1.7038 (0.04)
1.0619 (0.02)

0.0106 (0.09)
0.0113 (0.06)
0.0117 (0.02)
0.0122 (0.05)
0.0118 (0.02)

Lucite - PMMA 1.1679 (0.2) 0.0050 (0.3)
Lung - ICRP 1.0379 (0.2) 0.0104 (0.2)
Muscle Skeletal - ICRP 1.0441 (0.05) 0.0116 (0.07)
Polyethylene 1.0012 (0.04) 0.0125 (0.05)
Polystyrene 1.0420 (0.02) 0.0118 (0.02)

Soft Tissue - ICRP
Soft Tissue - ICRU

1.0326 (0.01)
0.9947 (0.07)

0.0117 (0.02)
0.0115 (0.1)
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