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In treatment planning of brachytherapy, absorbed dose is calculated by superposing predetermined
distributions of absorbed dose to water in water for the single source according to the irradiation
pattern �i.e., placement of the source�s� or dwelling position�s��. Single-source reference water data
are derived from Monte Carlo �MC� simulations and/or experiments. For reasons of positional
accuracy, experimental brachytherapy dosimetry is most often performed in plastic phantoms. This
work investigates the water equivalence of phantoms made from polystyrene, PMMA, and solid
water for 192Ir dosimetry. The EGSnrc MC code is used to simulate radial absorbed dose distribu-
tions in cylindrical phantoms of dimensions ranging in size from diameter and height of 20 cm to
diameter and height of 40 cm. Water equivalence prevails if the absorbed dose to water in the
plastic phantom is the same as the absorbed dose to water in a water phantom at equal distances
from the source. It is shown that water equivalence at a specified distance from the source depends
not only on the size of the plastic phantom but also on the size of the water phantom used for
comparison. Compared to equally sized water phantoms, phantoms of polystyrene are less water
equivalent than phantoms of PMMA and solid water but compared to larger water phantoms they
are the most water equivalent. Although phantom dimension is the most important single factor
influencing the dose distributions around 192Ir sources, the effect of material properties is non-
negligible and becomes increasingly important as phantom dimensions increase. The importance of
knowing the size of the water phantom whose data underlies treatment planning systems, when
using such data as a reference in, e.g., detector evaluation studies, is discussed. To achieve the
highest possible accuracy in experimental dosimetry, phantom-specific correction factors should be
used. © 2009 American Association of Physicists in Medicine. �DOI: 10.1118/1.3121508�
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I. INTRODUCTION

Brachytherapy dose calculation for treatment planning super-
poses single-source dose distributions in liquid water �in the
following called water�. For low energy seeds �i.e., sources
with mean energies below 50 keV�, Task Group No. 43 of
the American Association of Physicists in Medicine �AAPM
TG43-U1� recommends that results from one Monte Carlo
�MC� and one experimental study be published before taking
a source into clinical use and provides detailed specifications
on how to derive such data.1 For new 192Ir sources of design
similar to existing ones, it is considered sufficient to conduct
either a MC or an experimental study and compare the re-
sults with those from older source models.2 Renewed interest
in experimental 192Ir dosimetry is demonstrated in the design
of dosimeters suitable for verifying treatment plans3 or for in
vivo dosimetry.4

Experimental brachytherapy dosimetry is a challenge due
to steep gradients in dose and dose rate, low photon energies,
and spectral changes with distance from the source. Since
positional accuracy is crucial, measurements are often per-
formed in plastic phantoms. To measure absorbed dose to
water valid for points in a reference water phantom using
plastic phantoms, these must be either truly water-equivalent

or investigators must apply appropriate correction factors.
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Several investigations have been performed on phantom ma-
terials for 125I and 103Pd seeds. The importance of the pho-
toelectric effect at these low energies makes dose distribu-
tions highly sensitive to phantom composition5–7 and
material specific correction factors are required. The higher
mean energy of the 192Ir photon spectrum makes dose distri-
butions around 192Ir sources less sensitive to phantom com-
position and Meli et al.8 concluded that for experimental
192Ir dosimetry, polystyrene and solid water can be consid-
ered water equivalent. Meli et al.8 also found that under con-
ditions of “full scatter,” defined as the presence of at least 5
cm of material exterior to the point of measurement, PMMA
was water equivalent. The results by Meli et al.8 are still
referenced to indicate the water equivalence of phantom ma-
terials for 192Ir dosimetry.9

Meli et al.8 based their conclusion as to the water equiva-
lence of PMMA, polystyrene, and solid water on the results
of experiments and MC simulations without studying the im-
pact of varying phantom dimensions. The influence of phan-
tom size on radial dose distributions around 192Ir sources in
water was investigated by Ellett10 and later by Pérez-
Calatayud et al.,11 with extensions to various tissue materials
by Melhus and Rivard.12 The influence of phantom dimen-

192
sions on experimental Ir dosimetry was pointed out by
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Williamson13 who found improved agreement between MC
and experimental results when the MC simulations were per-
formed for the measurement geometry used. Recently, Gran-
ero et al.14 investigated how radial absorbed dose distribu-
tions depend on the sizes and shapes of the water phantoms
used. They further provide readers with information neces-
sary to compare radial dose profiles of data sets derived in
water phantoms of different sizes and shapes.

The aim of this work is to investigate further the water
equivalence of various plastic phantoms regarding their use
in experimental 192Ir dosimetry. A situation of special interest
is that of experiments performed to verify MC results for
single-source reference water data underlying treatment plan-
ning dose calculations. The sizes of water phantoms used in
MC studies vary between investigations as do the sizes of the
plastic phantoms used in the experiments. The single-source
geometry investigated by Meli et al.8 is in this work ex-
tended to study the water equivalence of plastic phantoms
compared to both similarly and differently sized water phan-
toms.

II. THEORY

II.A. Water equivalence

In cases when charged particle equilibrium can be as-
sumed, absorbed dose to water calculated at points in a water
phantom is given by the water collision kerma. This is a
valid approximation for photon energies below 1 MeV and
can be assumed for photon energies used in brachytherapy.
Using a plastic phantom, we assumed that the absorbed dose
to water at a point in the phantom is given by the water
collision kerma at that point. This is the same as assuming
that a small dosimeter of water in which charged particle
equilibrium prevails is positioned at that point. A plastic
phantom is then said to be water equivalent if the absorbed
dose to water at a point in the phantom is equal to the ab-
sorbed dose to water in a water phantom at �on a linear scale�
equal distances from the source over the specified range of
measurements.

The absorbed dose to water in a water phantom is denoted
Dw,w, the absorbed dose to water in a plastic phantom
Dw,phan, and the absorbed dose to the phantom material in the
phantom Dphan,phan. Using this formalism, water equivalence
of a phantom means that Dw,phan=Dw,w at all points in the
phantom.

In MC simulations, the absorbed dose to the phantom
material, Dphan,phan, is primarily calculated. Assuming
charged particle equilibrium, this can be expressed as

Dphan,phan = �
0

h�max ��en�h��
�

�
phan

�phan�h��dh� . �1�

Here, �phan�h��dh� is the energy fluence of photons with
energies in the interval h�, h�+dh� and ��en /��phan is the
mass-energy absorption coefficient for the phantom material.
The absorbed dose to water in the water phantom is given by
Eq. �1� with the index phan for the phantom replaced by

index w for water.
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The absorbed dose to water at a point in the phantom is
then obtained from

Dw,phan =

�0
h�max��en�h��

�
�

w
�phan�h��dh�

�0
h�max��en�h��

�
�

phan
�phan�h��dh�

· Dphan,phan

=
� �̄en

�
�

w
�phan

� �̄en

�
�

phan
�phan

· Dphan,phan

= � �̄en

�
�

phan

w

· Dphan,phan. �2�

Equation �2� shows that ��̄en /��phan
w is the quotient of energy

fluence weighted means of the mass-energy absorption coef-
ficients for water and phantom material, respectively. The
distribution of the photon energy fluence to calculate
��̄en /��phan

w can be derived from MC simulations, as shown in
Sec. III.A.

In Fig. 1, the quotients of the mass-energy absorption co-
efficients, ��en /��phan

w , for the phantom materials investigated
are shown as functions of photon energy. The energy depen-
dence in ratios of mass-energy absorption coefficients be-
tween water and the investigated plastics increases substan-
tially below 100 keV and is most pronounced for
polystyrene.

II.B. Examples of phantoms used in experimental
and MC 192Ir dosimetry

There exist numerous publications on single-source 192Ir
reference data from various manufacturers; for an overview
see Ref. 15. Of these, a few present both MC simulations and
experimental measurements �or relate the two to each other�.
Kirov et al.16 compared MC simulations of a 192Ir high dose
rate �HDR� source in a spherical water phantom of radius 15

FIG. 1. Ratios of mass-energy absorption coefficients, ��en /��phan
w , between

water and the investigated phantom materials as a function of photon energy.
The atomic compositions of the materials are given in Table I.
cm to experimental thermoluminescent �TL� dosimetry per-
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formed in a rectangular �28�28�20 cm3� phantom of solid
water. MC simulations in a spherical water phantom of ra-
dius 15 cm by Williamson and Li17 were experimentally
verified by Valicenti et al.18 in a rectangular solid water
phantom �dimensions 28�28�20 cm3�. Karaiskos et al.19

compared MC simulations in a spherical water phantom of
radius 15 cm to experimental TL dosimetry in a cubic poly-
styrene phantom �dimensions 30�30�30 cm3�.

In MC studies, some investigators have followed the TG-
43U1 recommendation1 of using a spherical water phantom
of radius 15 cm,16–19 while others have used cylindrical wa-
ter phantoms of radius 20 cm and height 40 cm �Refs.
20–22� or larger.23 Current trends support the use of large
phantoms, providing full scatter within a radius of 20 cm
from the source.11 A recent comprehensive MC study15 pre-
senting single-source data on all available 192Ir HDR and
PDR sources used a cubic water phantom of dimensions 80
�80�80 cm3. The MC component of the work by Meli et
al.8 used a cylindrical phantom of radius 15 cm and height
10 cm.

Some experimental studies do not provide the exact di-
mensions of the plastic phantoms used but only specify “full
scattering conditions,” for examples see the overview by
Ghiassi-Nejad et al.24 The water phantom used in the experi-
mental component of the work by Meli et al.8 was a Scan-
ditronix Therados RFA-3 tank. The water height within the
60�60�60 cm3 phantom was not provided. The sizes of
the plastic phantoms by Meli et al.8 were 20�20�20 cm3.
However, additional slabs were sometimes used to increase
the phantom height to allow larger source-detector �ion
chamber� distances to maintain at least 7 cm of phantom
material surrounding both source and detector.

III. MATERIALS AND METHODS

III.A. MC simulations

MC simulations were performed using EGSnrc version
V4-r2-2-5.25 A point source was modeled and given a photon
energy spectrum supplied with the EGSnrc package, corre-
sponding to that in air at 90° with the longitudinal axis just
outside a steel-encapsulated microSelectron-v1 HDR 192Ir
source.26 The design and materials in other HDR and PDR
192Ir sources are similar and results obtained using this spec-
trum should be representative of similar sources from other
manufacturers.15 Simulations were performed using both
DOSRZnrc and FLURZnrc, user codes supplied with
EGSnrc �Ref. 27� for scoring absorbed dose and fluence dif-
ferential in energy �i.e., energy spectra� in cylindrical geom-
etries. Three differently sized cylindrical phantoms �heights
of 20, 30, and 40 cm and radii of 10, 15, and 20 cm, respec-
tively� were modeled and filled with either water, PMMA,
polystyrene, or solid water. The atomic compositions of the
materials are listed in Table I. For improved modeling of low
energy photons, XCOM cross sections28 compiled for use
with EGSnrc were used.29 Rayleigh scattering, Compton in-
teractions with bound electrons, and atomic relaxation after
photoelectric events were modeled. The cut-off energy for

photon transport was 1 keV. Electron transport was not mod-
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eled. The number of simulated photon histories was 5�108,
which ensured a standard deviation in absorbed dose of less
than 0.5% for all the distances and phantom sizes studied.

For all materials and phantom sizes studied, simulations
were performed with the point source placed centrally in the
phantoms �i.e., at z=0 and r=0�. Absorbed dose was scored
along the central radius of the phantom in cylindrical voxels
of dimensions ��r=0.2 cm, �z=0.1 cm�. Fluence spectra
were scored in 10 keV energy bins using cylindrical voxels
of dimensions ��r=0.2 cm, �z=0.1 cm� that were centered
at 1, 3, 5, 7, 9, 11, 13, 15, 17, and 19 cm along the central
radius. The ��̄en /��phan

w in Eq. �2� was derived by numerically
averaging mass-energy absorption coefficients over the en-
ergy fluence spectra. Tables of mass-energy absorption coef-
ficients from Hubbell and Seltzer30 were used. Logarithmic
interpolation in the tables was applied to obtain values at the
energies of the spectra used.

III.B. Data handling

The MC derived values of Dphan,phan were multiplied by
the square of the radial distance from the source. The result-
ing radial dose profiles were fitted to fifth-order polynomials.
MC derived energy fluence spectra were used to derive
��̄en /��phan

w �Eq. �2�� as a function of radial distance from the
source and fitted to fifth-order polynomials. Use of polyno-
mial fits to represent Dphan,phan eliminated the influence of
statistical noise on absorbed dose values. Another advantage
of using polynomial fits to represent Dphan,phan and
��̄en /��phan

w as functions of depth is that this made it possible
to continuously convert values of Dphan,phan, obtained in MC
simulations, to Dw,phan, required to test water equivalence
�defined as Dw,phan=Dw,w�. The polynomials were never used
outside the input data range.

IV. RESULTS

IV.A. Fluence energy spectra

Figures 2�a� and 2�b� show photon fluence energy spectra
at 7 cm from the source for equally sized water, PMMA,

TABLE I. Atomic compositions of the materials used in the EGSnrc MC
simulations.

Element

Water
�No. of

atoms per
molecule�

PMMA
�No. of

atoms per
molecule�

Solid water
�fraction by
weight, %�

Polystyrene
�fraction by
weight, %�

H 2 5 8.09 7.74
C – 8 67.22 92.26
O 1 2 19.84 –
N – – 2.40 –
Al – – 2.32 –
Cl – – 0.13 –

Density �g cm−3� 1.00 1.19 1.03 1.06
polystyrene, and solid water phantoms. Results are shown
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for two differently sized phantoms: Cylinders of radius 10
cm and height 20 cm �Fig. 2�a�� and of radius 20 cm and
height 40 cm �Fig. 2�b��.

The influence of phantom dimensions on the energy spec-
tra at 7 cm is seen by the substantially higher fluence of low
energy scattered photons in the larger phantom. The fluence
of primary photons is similar in water and polystyrene while
that in PMMA is significantly lower. The higher density of
PMMA results in a higher attenuation of primary photons
that is associated with a corresponding increase in the
buildup of scattered photons. In the smaller phantom �Fig.
2�a��, the fluence of scattered photons is similar in water and
polystyrene; in the larger phantom, however, the fluence of
low energy photons in polystyrene approaches that in
PMMA. While polystyrene is closer to water in density than
PMMA, the lower atomic numbers of its constituents result
in a larger fraction of scattered photons. This increase in low
energy photon fluence is more pronounced for the larger
phantom. Spectra in water and solid water are indistinguish-
able in both phantoms.

IV.B. Ratios of mass-energy absorption coefficients
for differently sized phantoms

Values of ��̄en /��phan
w for the centrally positioned source

and various phantom materials are shown as functions of
distance along the central radius of the phantoms in Fig. 3,

FIG. 2. �a� Photon fluence energy spectra at 7 cm on the central axis from
the source in cylindrical water, PMMA, polystyrene, and solid water phan-
toms of radii 10 cm and heights 20 cm, normalized per particle emitted from
a point source positioned at the centers of the phantoms. �b� Photon fluence
energy spectra at 7 cm on the central radius from the source in cylindrical
water, PMMA, polystyrene, and solid water phantoms of radii 20 cm and
heights 40 cm, normalized per particle emitted from a point source posi-
tioned at the centers of the phantoms.
together with the corresponding polynomial fits. The differ-
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ence in the values for the same material with phantom size is
a result of differences in photon energy spectra at equal dis-
tances from the source in phantoms of different dimensions
�for r=7 cm, see Figs. 2�a� and 2�b��. The larger the phan-
tom, the lower is the mean energy of the photons caused by
increased fractions of scattered, energy-degraded photons.
The energy absorption properties of polystyrene in relation to
water �see Fig. 1� make measurements of absorbed dose in
polystyrene more sensitive to variations in energy spectra
than measurements performed in PMMA or solid water.

IV.C. Water equivalence of plastic phantoms

IV.C.1. Water equivalence of plastic phantoms in
relation to water phantoms of equal size

To isolate the influences of material properties from those
of phantom dimensions, the water equivalence �expressed by
the dose ratio Dw,phan /Dw,w� of the plastic phantoms at points
along their central radius has been evaluated in comparison
to water phantoms of the same size. Results are shown in
Figs. 4�a�–4�c�.

For the smallest phantom, polystyrene is water equivalent
to within 1% �Fig. 4�a��. When dimensions are increased,
however, the degree of water equivalence is reduced to
within +2% at 5 cm, +4% at 10 cm for the intermediately
sized phantom �Fig. 4�b��, and to within +5.5% at 10 cm for
the largest phantom �Fig. 4�c��.

PMMA is water equivalent to within �1% out to 7 cm in
the smallest phantom �Fig. 4�a�� and out to 11.5 and 14 cm in
the two larger ones, respectively �Figs. 4�b� and 4�c��. The
water equivalence of PMMA is increasingly lost at the edges
of the phantoms since the faster attenuation in PMMA
�caused by its approximately 20% higher density than water�
is not compensated for by the buildup of scattered photons,
in agreement with findings reported by Meli et al.8

Solid water is water equivalent to within �1% in the
smallest phantom �Fig. 4�a��. In the two larger phantoms,
water equivalence is to within �1% out to 5 cm but de-
creases toward �2% at 10 cm in both phantoms �Figs. 4�b�

FIG. 3. Ratios of mass-energy absorption coefficients of water and phantom
materials, ��̄en /��phan

w , averaged over the energy spectra �Eq. �2�� along the
central radius of the phantom, as a function of distance r from the centrally
positioned point source. Dimensions �in cm� of the cylindrical phantom
�radius, height� are the parameters specified in the legend.
and 4�c��.
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IV.C.2. Water equivalence of plastic phantoms in
relation to water phantoms of different sizes

IV.C.2.a. Plastic phantom smaller than water phantom.
Figures 5�a� and 5�b� show the water equivalence of cylin-
drical plastic phantoms and a water phantom of diameter and
height 20 cm in relation to cylindrical water phantoms of
diameter and height 30 cm �Fig. 5�a�� and of diameter and
height 40 cm �Fig. 5�b��. Figure 5�c� shows the water equiva-
lence of cylindrical plastic phantoms and a water phantom of
diameter and height 30 cm in relation to a water phantom of
diameter and height 40 cm.

The influence of phantom size alone can be seen by in-

FIG. 4. �a� Ratios of absorbed dose to water in phantom �Dw,phan� to ab-
sorbed dose to water in water phantom �Dw,w� in equally sized cylindrical
phantoms of diameter �d� and height �h� 20 cm along the central radius for
a centrally positioned source. �b� Ratios of absorbed dose to water in phan-
tom �Dw,phan� to absorbed dose to water in water phantom �Dw,w� in equally
sized cylindrical phantoms of diameter �d� and height �h� 30 cm along the
central radius for a centrally positioned source. �c� Ratios of absorbed dose
to water in phantom �Dw,phan� to absorbed dose to water in water phantom
�Dw,w� in equally sized cylindrical phantoms of diameter �d� and height �h�
40 cm along the central radius for a centrally positioned source.
specting the dose ratios for the water phantoms. The water
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equivalence of the smallest water phantom in relation to the
intermediate-sized one �Fig. 5�a�� is �0.5% at 2.5 cm, �2%
at 5 cm, and �6% at 7.5 cm from the source. Corresponding
values for the intermediate-sized phantom in relation to the
largest water phantom �Fig. 5�c�� are �1.5% at 5 cm and
�3.5% at 10 cm from the source.

Interestingly, while polystyrene is less water equivalent
than the other plastic phantoms in comparison to water phan-
toms of equal size �Figs. 4�a�–4�c��, it is the most water-
equivalent one in relation to water phantoms of larger size
�Figs. 5�a�–5�c�� including the water phantom of the same

FIG. 5. �a� Ratios of absorbed dose to water in phantom �Dw,phan� of diam-
eter �d� and height �h� 20 cm to absorbed dose to water in a cylindrical
water phantom of diameter and height 30 cm along the central radius in the
phantoms for a centrally positioned source. �b� Ratios of absorbed dose to
water in phantom �Dw,phan� of diameter �d� and height �h� 20 cm to absorbed
dose to water in a cylindrical water phantom of diameter and height 40 cm
along the central radius in the phantoms for a centrally positioned source. �c�
Ratios of absorbed dose to water in phantom �Dw,phan� of diameter �d� and
height �h� 30 cm to absorbed dose to water in a cylindrical water phantom of
diameter and height 40 cm along the central radius in the phantoms for a
centrally positioned source.
size as the polystyrene one. This is due to the lower atomic



2233 Å. C. Tedgren and G. A. Carlsson: Phantom material and dimensions for experimental 192Ir dosimetry 2233
numbers of polystyrene �hydrogen and carbon but no oxy-
gen� which cause larger fractions of scattered photons in the
polystyrene phantom, balancing the increased scatter in the
larger water phantoms. The lack of water equivalence of the
solid water phantoms seen in Fig. 4 for phantoms of equal
size is further accentuated when the solid water phantom is
smaller than the water phantom �Fig. 5�.

IV.C.2.b. Plastic phantom larger than water phantom.
Figure 6 shows the water equivalence of cylindrical plastic
phantoms of diameter and height 40 cm �including a water
phantom of equal size� in relation to a smaller cylindrical
water phantom of diameter and height 30 cm. Figure 6 shows
that solid water is more water equivalent than the other phan-
toms �including water� when compared to a smaller water
phantom. Experimental plastic phantoms are generally
smaller than reference water phantoms used in MC simula-
tions. The results in Fig. 6 are, however, interesting since
they complement those in Figs. 4 and 5, demonstrating how
the differences in the scattering properties of various phan-
tom materials �see Fig. 1� influence their water equivalence
in a manner depending on phantom size in relation to the size
of the reference phantom.

V. DISCUSSION

It is not practical to construct experimental plastic phan-
toms of as large dimensions as those used in generating 192Ir
single-source reference data with MC simulations ensuring
full scatter out to 20 cm distance.11,15 In addition, although
size is the factor of largest influence, the choice of material
cannot be disregarded. The difference between water and
plastic is more pronounced for large phantoms, even when
these are of the same sizes as the water reference phantoms
�see Figs. 4�a�–4�c��.

Meli et al.8 concluded that all the phantom materials in-
vestigated in their study were water equivalent for 192Ir do-
simetry as long as at least 7 cm of material surrounded both
source and detector. The good agreement between their mea-

FIG. 6. Ratios of absorbed dose to water in phantoms �Dw,phan� of diameter
�d� and height �h� 40 cm to absorbed dose to water �Dw,w� in a cylindrical
water phantom of diameter and height 30 cm along the central radius of the
phantoms and for a centrally positioned source.
surements in the polystyrene and water phantoms may be
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explained by the water phantom being larger than the poly-
styrene phantom used �see Sec. II.B�, in agreement with our
results in Fig. 5�c�.

For equally sized phantoms, polystyrene is the least
water-equivalent material, in particular, for the larger size of
phantom in Fig. 4�c�. At 7 cm from the phantom edge, the
absorbed dose to water in the polystyrene phantom is about
8% higher than the absorbed dose to water in the water phan-
tom, whereas the absorbed doses to water in the PMMA
phantom are within 1% of those in the water phantom. The
MC simulations by Meli et al. also showed good agreement
between the absorbed doses obtained in polystyrene and wa-
ter phantoms. This may be explained by the use of a com-
paratively small phantom �radius 15 cm, height 10 cm� in the
simulations �see Fig. 4�a��. Meli et al. did not compare their
MC simulations and experiments except for water where
depth doses normalized at 3 cm showed good agreement.
The statistical precision in their simulated data was no better
than 3% �1 standard deviation�, corresponding to an ex-
panded uncertainty of 6% at coverage factor k=2. In our
work, discrepancies on the order of 6% or less are statisti-
cally significant since the standard deviation in absorbed
dose data was less than 0.5% and, in addition, the data were
smoothed by polynomial fitting. Our results show that in
most of the cases studied, water equivalence within 6% is
obtainable at distances up to 7 cm from the phantom edge
except for the case with polystyrene and a large equally sized
water phantom �Fig. 4�c��.

A situation of interest is when absorbed doses to water
derived by treatment planning systems �TPSs� are to be veri-
fied experimentally or to be used as references in evaluating
detector performance.31 Experimental phantoms are usually
cubic and commonly used TPSs use as references a water
cylinder of diameter and height 40 cm �Varian for the Gam-
maMed Plus and 12i sources20–22� or a water sphere of diam-
eter 30 cm �Nucletron for all their sources17,32–34�. Results14

for water phantoms indicate that cubic phantoms with sides
20 and 30 cm correspond to cylinders of diameter and height
22 and 33 cm; a spherical phantom of diameter 30 cm cor-
responds to a cylinder of diameter and height 28 cm. Using
this information it is, assuming dependence on shape to be
similar for plastic and water phantoms, possible to roughly
estimate corrections needed if data for cylindrical phantoms
are used in measurements with cubic phantoms. To be rep-
resentative of a cubic solid phantom with sides of 20 cm �30
cm� in relation to a cylindrical water phantom of height and
diameter 40 cm, the quotients in Fig. 5�b� �Fig. 5�c�� have to
be multiplied by the correction factors of Eqs. �3� and �4�,
respectively:

�Cyld=22 cm
h=22 cm/Cyld=40 cm

h=40 cm�w/�Cyld=20 cm
h=20 cm/Cyld=40 cm

h=40 cm�w, �3�

�Cyld=33 cm
h=33 cm/Cyld=40 cm

h=40 cm�w/�Cyld=30 cm
h=30 cm/Cyld=40 cm

h=40 cm�w. �4�

The factor of Eq. �3� is equal to +1% out to 6 cm, +2% at 8

cm, and +4% at 10 cm, while that of Eq. �4� is equal to +1%
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out to 10 cm from the source. Corresponding correction fac-
tors to the quotients in Fig. 5�a� �Fig. 4�b�� which are repre-
sentative of solid cubic phantoms with sides of 20 cm �30
cm� in relation to a spherical phantom with diameter of 30
cm are given in Eqs. �5� and �6�:

�Cyld=22 cm
h=22 cm/Cyld=28 cm

h=28 cm�w/�Cyld=20 cm
h=20 cm/Cyld=30 cm

h=30 cm�w, �5�

�Cyld=33 cm
h=33 cm/Cyld=28 cm

h=28 cm�w/�Cyld=30 cm
h=30 cm/Cyld=30 cm

h=30 cm�w. �6�

The factor of Eq. �5� is +1% out to 4 cm and within +2% out
to 6 cm, thereafter rapidly increasing toward +10% at 10 cm
from the source. That of Eq. �6� is +0.5% out to 4 cm and
within +2% out to 6 cm, thereafter rapidly increasing toward
+6% at 10 cm from the source.

VI. CONCLUSIONS

The degrees of water equivalence of plastic phantoms de-
pend on phantom material and the sizes of the phantoms as
well as the size of the water phantom used for comparison.
While phantom size is the largest factor influencing water
equivalence, the influence of phantom material is not negli-
gible and increases with increasing phantom size. Use of
phantom-specific correction factors is recommended for ex-
periments which demand high accuracy such as those aiming
to verify single-source treatment planning data or evaluating
the performance of new detectors. In this context it is impor-
tant to emphasize that the size of the water phantom used for
deriving the single-source reference data is different in dif-
ferent treatment planning systems. Corrections to data de-
rived in a cylindrical phantom of diameter and height 20 cm
�30 cm� to represent a cubic phantom with sides 20 cm �30
cm� in relation to a cylindrical reference phantom of diam-
eter and height 40 cm �used as reference water phantom in
the Varian TPS� are about 1% out to 6–10 cm from the
source �depending on phantom size�. Corresponding correc-
tions applied using data for cylindrical phantoms to represent
cubic phantoms in relation to a spherical reference phantom
�as that used in the Nucletron TPS� are larger. The need for
phantom-specific correction factors will increase with the fu-
ture use of even larger phantoms for MC simulations of ref-
erence water data.

Overall, PMMA is the most water-equivalent �for the
sizes explored in this work� phantom material independent of
the size of the water phantom used for comparison, except
for the region 5–7 cm from the edge. Compared to water
phantoms of larger size, polystyrene is the most water-
equivalent material �Figs. 5�a�–5�c��. Solid water is the most
water-equivalent material when compared to water phantoms
of smaller dimensions �Fig. 6�.

The energy spectrum of the photon fluence in a given
phantom position in multiple-source irradiation is not identi-
cal to that around a single source. We recommend that ex-
perimental investigators bear in mind that the water equiva-
lence of a given phantom in single-source irradiation might

therefore not be the same in multiple-source irradiations.
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