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Abstract

Gamma ray transmission measurements have been used to evaluate the water equivalence of solid phantoms. Technetium-99m was used in
narrow beam geometry and the transmission of photons measured, using a gamma camera, through varying thickness of the solid phantom
material and water. Measured transmission values were compared with Monte Carlo calculated transmission data using the EGSnrc Monte
Carlo code to score fluence in a geometry similar to that of the measurements. The results indicate that the RMI457 Solid Water, CMNC
Plastic Water and PTW RW3 solid phantoms had similar transmission values as compared to water to within ±1.5%. However, Perspex had
a greater deviation in the transmission values up to ±4%. The agreement between the measured and EGSnrc calculated transmission values
agreed to within ±1% over the range of phantom thickness studied. The linear attenuation coefficients at the gamma ray energy of 140.5 keV
were determined from the measured and EGSnrc calculated transmission data and compared with predicted values derived from data provided
by the National Institute of Standards and Technology (NIST) using the XCOM program. The coefficients derived from the measured data
were up to 6% lower than those predicted by the XCOM program, while the coefficients determined from the Monte Carlo calculations were
between measured and XCOM values. The results indicate that a similar process can be followed to determine the water equivalency of other
solid phantoms and at other photon energies.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Solid water equivalent phantoms are used extensively for the
dosimetry of photon and electron beams as used in radiation
therapy, radiology, nuclear medicine and radiation safety. Water
is the phantom material of choice for both reference and rel-
ative dosimetry measurements in radiation therapy. There are
situations where a solid phantom is required (Andreo et al.,
2000; Badhwar et al., 2002; Metcalfe et al., 1997). Many radi-
ation detectors are not waterproof in which case a solid phan-
tom must be used (Mitchell et al., 1998). A solid phantom can
be designed into the required shape and/or size. In addition,
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measurements within high dose gradients can be difficult to
perform in water (Demir et al., 2005; Williams and Thwaites,
2000). Solid phantoms are also more useful for routine mea-
surements since they tend to be more robust and easier to set
up than water phantoms.

For a solid phantom to be considered water equivalent, it
must have similar radiological properties as that of water. These
properties include physical density, relative electron density
and effective atomic number as well as similar absorption and
scattering of radiation (Andreo et al., 2000; ICRU, 1989). For
higher energy photon beams as used in megavoltage radiother-
apy beams, the dominant interaction process is the Compton
effect, which has a dependence on the electron density of the
medium. The photons produced by therapeutic kilovoltage
X-ray units and some brachytherapy sources are lower in en-
ergy and the photoelectric effect becomes a more dominant
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interaction processes. The photoelectric effect has a strong de-
pendence on the atomic number of the medium. This means
that at these lower energies, differences in the effective atomic
number of the solid phantom as compared to water may lead
to greater differences in measured dose.

The ICRU Report 44 recommends if any solid phantom
is to be considered water equivalent, it should not introduce
uncertainties to the absorbed dose of greater than 1% otherwise
correction factors may be required (ICRU, 1989). Testing the
radiological tissue equivalence in terms of the water equiva-
lency of a solid phantom for X-rays with lower energies can be
achieved by several methods: measurement of relative dosime-
try data such as percentage depth doses and output factors
(Allahverdi et al., 1999; Healy et al., 2005; Hill et al., 2005),
measurement of X-ray beam attenuation and/or back scatter
factors (Hermann et al., 1985), measurement of X-ray linear
attenuation coefficient, �, using radioisotopes (Midgley, 2005)
and Monte Carlo dose calculations (Meigooni et al., 1994;
Reniers et al., 2004).

The results presented by Hermann found that the solid RW1
phantom material had good agreement with water for both
transmission and backscatter measurements in the energy range
10–100 kV (Hermann et al., 1985). The epoxy resin material,
Plastic Water, has been shown to give significant dose differ-
ences as compared to water for X-rays with energies less than
100 keV (Hill et al., 2005; Meigooni et al., 1994). These stud-
ies also found that the doses measured using the RMI457 Solid
Water epoxy resin phantom had good agreement with the doses
measured in water even at the lower energies.

Midgley measured the X-ray linear attenuation coefficient,
�, for a number of low atomic number materials using a
technetium-99m source and characteristic radiation in the en-
ergy range of 32.1– 62.2 keV (Midgley, 2005). The difference
in �, between Perspex and water, was up to 14% but for the
WT1 solid phantom, the maximum difference in the coefficient
was 3.6% over the same energy range.

In this paper, we used gamma ray transmission measure-
ments in solid phantoms to investigate the radiological water
equivalency of these phantoms. Linear attenuation coefficients
were determined for the solid phantoms and water using trans-
mission curves and compared with Monte Carlo calculations
and standard published data. An assessment of the dosimetric
response of the solid phantoms as compared to water was made.

2. Materials and methods

2.1. Experimental methods

All measurements were performed using a technetium-99m
radionuclide which has a half-life of 6.01 h (Chu et al., 1999).
Technetium-99m emits a number of different gamma and beta
rays while undergoing radioactive decay. The main gamma ray
emissions have energies of 140.5 and 142.6 keV with relative
amounts of 98.6% and 1.4%, respectively (Chu et al., 1999). It
is also noted that characteristic X-rays and Auger electrons are
emitted after internal conversion events and are not considered
in this work.

Table 1
Elemental composition by relative weight and physical density of the five
phantom materials used in this study: Water, RMI457 Solid Water (RMI
Gammex), Plastic Water (Computerized Imaging Reference Systems), RW3
solid phantom (PTW Freiburg) and Perspex

Water RMI457 Plastic Water RW3 Perspex

H 0.1119 0.0809 0.0925 0.0759 0.0805
C – 0.6722 0.6282 0.9041 0.5998
N – 0.0240 0.0100 – –
O 0.8881 0.1984 0.1794 0.0080 0.3996
F – – – – –
Cl – 0.0013 0.0096 – –
Ca – 0.0232 0.0795 – –
Br – – 0.0003 – –
Ti – – – 0.0120 –
Physical density
� (gm cm−3)

1.000 1.030 1.013 1.045 1.190

The following phantom materials were used in the com-
parison: water, Solid Water RMI457 (RMI Gammex, Mid-
dleton, WI, USA), Plastic Water (Computerized Imaging
Reference Systems Inc., Norfolk, VA, USA), RW3 Solid Water
(PTW Freiburg, Freiburg, Germany) and Perspex. The Plastic
Water and RMI457 Solid Water are made from epoxy resins.
Table 1 shows the elemental composition and physical charac-
teristics of each of the phantom materials (Andreo et al., 2000).
The solid phantom materials were in the form of blocks with
dimensions of at least 20 × 20 cm2 and different thicknesses.
The specified thickness of each block used was verified using
a vernier calliper and agreed to within ±0.2 mm.

For each phantom material, �, for the 140.5 keV gamma ray
was determined using the Bouger–Lambert–Beer law which
states that the intensity of the gamma rays, I, is given by the
following equation (Johns and Cunningham, 1983):

I = I0 × exp(−�x), (1)

where I0 is the intensity of the primary beam and x is the
thickness of the phantom material.

The radionuclide source was located inside a custom de-
signed lead container that produced narrow beam geometry with
a beam diameter of 0.5 cm (Brown et al., 2005). The geome-
try of the set-up used for the measurements is shown in Fig. 1.
A Philips SkyLight SPECT gamma camera (Philips Medical,
North Milpitas, CA, USA) using the Skylight software recorded
the total number of photons detected. The gamma camera was
positioned so that it was facing towards the floor. The lead con-
tainer with the source was placed on the floor and aligned with
the head of the gamma camera, which was 1 m above the con-
tainer. The attenuating material was placed 10 cm above the
source and aligned to be perpendicular to the beam. The gamma
camera had an energy window set to ±5% of the main gamma
ray energy of 140.5 keV in order to remove low energy scat-
tered photons from the total number of counts (Jaszczak et al.,
1984).

Photons were counted for 60 s for each measurement. For
each phantom material, the initial intensity, I0, was measured
with nothing in the beam, followed by measurements with
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Fig. 1. A diagram of the equipment used to measure the transmission values for technetium-99m gamma rays passing through varying thicknesses of five
phantom materials. Shown are the lead container that held the radionuclide, the gamma camera and the support for the different phantom materials.

different thickness of the phantom material from 2 to 10 cm.
The water was held in a thin plastic container, which was in-
cluded in all transmission measurements through water and
include for the initial intensity, I0.

Due to the short half-life of the technetium-99m isotope,
corrections were applied to take into account radioactive
decay during the experiment. The correction factor to the
total number of counts is given by � as per the following
equation:

� = exp

(−t × ln(2)

t1/2

)
, (2)

where t is the time from the measurement of the initial intensity
and t1/2 is the half-life of the source.

The error for each measurement was determined from the
uncertainty in the phantom thickness and the estimated uncer-
tainty from Poisson statistics.

2.2. Monte Carlo methods

Monte Carlo methods are widely used in solving radiation
dosimetry problems. In this work, we used the Electron Gamma
Shower (EGSnrc) version 4.2 Monte Carlo code to simulate
the gamma rays incident on the different phantom materials
(Kawrakow, 2000). The FLURZnrc user code was used to cal-
culate the energy fluence of the radiation beam for a cylindrical
geometry (Rogers et al., 2000).

The EGSnrc code is able to model the photoelectric ef-
fect, Compton scattering and Rayleigh scattering interaction
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processes that occur for these photon energies. There are a
number of calculation options that were ‘switched on’ in the
software for all calculations: the inclusion of bound Compton
scattering, angular sampling of the direction of the emitted pho-
toelectron, Rayleigh scattering, atomic relaxations and electron
spin effects. The use of these parameters for our calculations
is consistent with the results of a previous study (Verhaegen,
2002). Photon and electron energy cut-off parameters (includ-
ing the electron rest mass), PCUT and ECUT, were set to val-
ues of 0.002 and 0.561 MeV, respectively, for all calculations.
These cut-off parameters determine when a photon or electron
is no longer simulated and the energy is deposited in the local
voxel.

The technetium-99m source was modelled in FLURZnrc as
a narrow parallel beam, with a diameter of 0.5 cm, which cor-
responds to the size of the beam used in the measurements. The
source was simulated as a monoenergetic beam of photons with
energy of 140.5 keV. It should be noted that the lead container
holding the source was not explicitly modelled in the Monte
Carlo simulations. The slab of phantom material was positioned
at a distance 10 cm from the source. The total photon fluence
was scored in air within a 1 mm thick and 15 cm diameter voxel
situated on the central axis and at 1 m distance from the start
of the attenuating phantom, with large diameter of the voxel
selected to be much larger than the radial dimension of the in-
cident radiation beam. The thickness of the phantom material
was varied, matching the thickness of the phantoms used in
the measurements. Photons in this voxel were scored into dif-
ferent energy bins in the range of 0–145 keV with increments
of 5 keV. The calculation of transmitted primary photons was
determined from the tally of photons in the top energy bin of
140–145 keV.

The EGSnrc code uses cross section data from a data file
created by the PEGS4 application. There were two options for
cross section data to be used by PEGS4 to generate the PEGS4
data file: (1) the default setting which photon cross section
data derived by Storm and Israel and (2) newer National In-
stitute of Standards and Technology (NIST) cross-section data
(Kawrakow, 2000). The NIST data set contains newer cross-
section data that is applicable at lower photon energies. Fluence
calculations were performed using each of the cross-sectional
data sets. To minimise the calculation uncertainty in FLURZnrc,
a large number of incident photons were used for each calcu-
lation set: 2 × 107.

2.3. Determination of linear attenuation coefficients

The narrow-beam �, for each material was determined using
curve fitting software within the Sigmaplot software program
(Systat Software Inc., San Jose, California) using an exponen-
tial function as per Eq. (1). The resulting output provides a
value of �, and a calculated standard error. There were three
�’s determined for each of the phantom materials:

• Measured linear attenuation coefficient, �measured, based on
the corrected counts recorded by the gamma-camera against
the thickness of attenuating material.

• Monte Carlo calculated linear attenuation coefficient,
�EGSnrc, using the transmission data from the Monte Carlo
calculations.

• Calculated linear attenuation coefficients using data provided
by the NIST via their online XCOM data base found at
http://physics.nist.gov/PhysRefData/Xcom/Text/XCOM.html
(Berger et al., 1998). The formulation for each material was
taken from Table 1 and used as an input in the XCOM
database, to give the total mass attenuation coefficient at
photon energy of 140.5 keV. The total linear attenuation co-
efficient was determined from this by multiplying by the
physical density of the material as given in Table 1.

3. Results and discussion

The maximum uncertainty in the measured counts was cal-
culated to ±0.8% based on geometrical uncertainties and vari-
ations in the number of counts detected by the gamma camera.
The uncertainty in the phantom thickness was determined to be
±0.05 cm for the solid phantoms and ±0.1 cm for the water.

The measured transmission values as a function of phan-
tom thickness, based on the corrected counts of gamma rays,
are presented in Fig. 2. The results indicate that the transmis-
sion through Plastic Water, RMI 457 Solid Water and RW3
phantoms are in close agreement to that through water. The
agreement was in most cases within 1% and a maximum de-
viation of 1.5%. This level of agreement between doses mea-
sured in solid phantoms and in water is similar to previous
work using megavoltage X-ray beams (Allahverdi et al., 1999;
Liu et al., 2003) and in Monte Carlo calculations at similar
photon energies for brachytherapy sources (Meigooni et al.,
1994). The transmission values through Perspex are less than
those for water and with a greater deviation, being up to 4% at
depth.

Fig. 2. A comparison of measured transmission values of technetium-99m
gamma rays passing through varying thicknesses of 0–10 cm of five phantom
materials. The measurements were done at the thicknesses indicated by the
symbols on the plots. The lines passing through the data points have been
applied for ease of reading the data.

http://www.physics.nist.gov/PhysRefData/Xcom/Text/XCOM.html
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Fig. 3. A comparison of measured and EGSnrc calculated transmission values for technetium-99m gamma rays passing through varying thicknesses of five
phantom materials. The phantom materials studied were water, RW3, Plastic Water, RMI 457 Solid Water and Perspex. The line passing through the measured
data points have been applied for ease of reading the data and are not the actual data.

One aspect of the solid phantoms that will contribute to un-
certainties in the transmission measurements is the inhomo-
geneity in the manufacture of the blocks, leading to variations
in density (Allahverdi et al., 1999; Seuntjens et al., 2005). The
results indicate that within the uncertainties, the Plastic Wa-
ter, RMI-457 Solid Water and RW3 phantom materials meet
the ICRU requirements for water equivalency at this particular
energy.

The maximum uncertainty of the Monte Carlo calculations
was less than 0.2%. The difference in transmission values be-
tween using the default and updated NIST cross-section data
was less than 0.1% for all calculations. From this, the calcu-
lations that used NIST cross-section data are presented in this
paper.

The Monte Carlo calculated and measured transmission val-
ues for the five phantom materials are presented in Fig. 3.
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Table 2
Linear attenuation coefficients, � (cm−1), for the five phantoms studied deter-
mined using measured and Monte Carlo calculated transmission data and as
calculated by the XCOM program for gamma rays emitted by a technetium-
99m source

Water RMI-457 Plastic Water RW3 Perspex

�measured (cm−1) 0.148 0.151 0.151 0.149 0.166
�EGSnrc (cm−1) 0.151 0.151 0.152 0.153 0.170
�XCOM (cm−1) 0.154 0.154 0.155 0.155 0.177

The line passing through the measured data points has been
applied for ease of reading the data and is not the actual data.
Each graph shows the Monte Carlo calculated and the mea-
sured transmission data as a function of phantom thickness.
The agreement between the Monte Carlo and measured data is
good with a maximum difference of 1.3%, but in most cases
the deviation was less than 1%.

The linear attenuation coefficients based on the measure-
ments, �measured, the EGSnrc calculated transmission values, as
well as the coefficient calculated using XCOM, are presented
in Table 2. The results are such that the Monte Carlo calculated
linear attenuation coefficients agree with the measured values
to within 2.4%, with the standard error of the coefficient being
less than 0.7%. This level of agreement is acceptable due to the
variations that we expect as detailed above.

The value of the linear attenuation coefficient derived from
XCOM is greater than those derived from the measured and
the EGSnrc calculated transmission data. For the solid phan-
toms, the linear attenuation coefficient � was 2% greater than
the Monte Carlo values, while for Perspex the coefficient was
4% greater. These results are consistent with Reniers et al.
(2004) who found differences of 3% between EGSnrc (using
updated cross-section data) and XCOM calculated attenuation
coefficients. In comparison, the linear attenuation coefficients
for water and Perspex as measured by Midgley (2005) are
in good agreement with the XCOM calculated coefficients,
but 3.3% and 5.4% greater, respectively, than the measured
coefficients in this paper. It should be noted that Midgley
used a different detector in his measurement of the gamma
rays.

The differences between the measured and calculated lin-
ear attenuation coefficients are attributed to (a) the energy
resolution of the inorganic scintillator crystal in the gamma-
camera (±10% FWHM at 140 keV), (b) the partial energy
deposition of the gamma rays creating background noise,
(c) the Monte Carlo and XCOM calculated coefficients being
based on the attenuation of a monoenergetic gamma source
as compared to an actual spectrum, and (d) the lead colli-
mator used to hold the radionuclide generating X-rays via
fluorescence.

As mentioned in the introduction, the technetium-99m source
emits gamma rays of other energies that may be within the en-
ergy window of the data acquisition system software. These
are not included in either the Monte Carlo or XCOM calcu-
lations that are expected to introduce additional deviations as
compared to the measured data.

4. Conclusion

In this project, transmission values of gamma rays have
been used as a method of testing the water equivalence of four
solid phantoms. To test the water equivalency of solid phan-
toms, we have used experimental and Monte Carlo methods
with the criteria for water equivalence being based on ICRU
recommendations.

The experimental data was measured by using a technetium-
99m radionuclide source in conjunction with a nuclear gamma
camera as the detector. The experimental results indicate that
for the photon energy tested of 140.5 keV, the RMI457 Solid
Water, CMNC Plastic Water and PTW RW3 had transmission
values that were for most cases within 1.0% of those of wa-
ter thus meeting the ICRU requirements for water equivalency.
This means that these solid phantoms could be used for radi-
ation dosimetry of photons at this energy. Perspex cannot be
considered water equivalent for the photon energy tested. Veri-
fication of the experimental results by performing Monte Carlo
calculations shows similar results with the level of agreement
being within 1.3% after simulating the transport of gamma pho-
tons through the phantoms.

The agreement in linear attenuation coefficients calculated
from the transmission values of the experimental and Monte
Carlo values were within 2.4%, and greater disagreement with
those determined from NIST data. An improvement in the
Monte Carlo calculations could be achieved by modelling the
lead container holding the radionuclide. In addition, determi-
nation of the actual spectrum of photons that reach the gamma
camera could improve the agreement in the linear attenuation
coefficients from the three methods used.

All solid phantoms that claim to be water equivalent should
be checked in a similar manner before their use for dosime-
try measurements. This is particularly important if one will use
the solid phantom for photons with energies outside the range
specified by the manufacturer. By using other radionuclides that
emit lower energy gamma rays, further testing could be per-
formed at lower photon energies where the photoelectric effect
will become a more dominant interaction process. The experi-
mental procedure could also be used as a quality assurance tool
of the solid phantoms on a routine basis.
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