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HIGHLIGHTS

e Barite mortar attenuation curves using X-ray spectra were calculated.
e Optimized thickness of protective barrier was estimated.

e An optimized model considers the energy spectra for protective barrier calculation.
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The aim of this study was to estimate barite mortar attenuation curves using X-ray spectra weighted by a
workload distribution. A semi-empirical model was used for the evaluation of transmission properties of
this material. Since ambient dose equivalent, H*(10), is the radiation quantity adopted by IAEA for dose
assessment, the variation of the H*(10) as a function of barite mortar thickness was calculated using
primary experimental spectra. A CdTe detector was used for the measurement of these spectra. The
resulting spectra were adopted for estimating the optimized thickness of protective barrier needed for
shielding an area in an X-ray imaging facility.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Shielding calculations for medical X-ray imaging facilities are
currently based on methods recommended by National Council on
Radiation Protection and Measurements (NCRP report 147) (NCRP,
2004). This publication presents physical and operational para-
meters to be considered in the selection of shielding materials and
it establishes modern fundamentals for calculating thicknesses of
barriers to be adopted for protecting diagnostic X-ray imaging
facilities. This publication uses Archer's model for calculation of
transmission curves of shielding materials (Archer et al., 1994) and
the workload distributions obtained in US X-ray imaging facilities
(Simpkin, 1996). However, NCRPs recommendations are based on
data obtained from air kerma measurements, which do not take
into account the direct spectral distribution of the X-ray beam
transmitted by the protective material. The NCRP data considers
different beam qualities, since different applied voltages in use in
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diagnostic X-ray beams were used, but these data are limited on
the representation of the transmitted X-ray spectra. Furthermore,
the original model for the evaluation of the transmission curves of
the shielding material is presented using the quantity air kerma
(Archer et al.,, 1994), which does not comply to modern require-
ments which adopt the quantity ambient dose equivalent (H*(10))
to represent the shielding design goals and environmental mon-
itoring (IAEA, 2014). Ambient dose equivalent, H*(d), at a point of
radiation field, is the dose equivalent that would be produced by
the corresponding expanded and aligned field in the ICRU sphere
at a depth, d, on the radius opposing the direction of aligned field
(ICRU, 1998). For penetrating radiation with d=10 mm, this is
H*(10).

The transmission curves of different shielding materials pre-
sented in NCRP report 147 cover a large sort of materials com-
monly used for shielding propose, such as lead, concrete, gypsum
wallboard, steel and others. However, the report does not present
transmission data for barite mortar, which is a material widely
used for shielding proposes in many countries (Akkurt et al., 2006;
Esen and Yilmazer, 2010; Okkalides, 1991). Some authors studied
barite mortar transmission properties for diagnostic X-rays energy
range. These data were obtained by computational methods (Hoff
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and Firmino, 2007; Hoff et al., 2009) or experimentally by mea-
surements of transmitted air kerma by an ionizing chamber (Costa
and Yoshimura, 2011; Ling et al., 2013). Li et al. (2012) also applied
a similar method for X-ray spectra typically used in mammo-
graphy imaging facilities using Monte Carlo simulations. McCaffrey
et al. (2009) also used Monte Carlo methods for studying shielding
optimization applying non-lead bilayers.

Some of these works present evaluations of the transmission
properties of conventional barite mortar or mortars composed of
different barite aggregates, but do not present the results in terms
of a radiometric quantity, nor do they take into account the effect
of these materials on transmitted X-ray spectra. Moreover, these
authors do not present correlations between the transmission
properties and the workload commonly found in real X-ray ima-
ging facilities (Santos and Costa, 2014). They also used simulated
X-ray beams, not measured radiation spectra with radiation qua-
lities commonly found in diagnostic devices (Kharrati and Zarrad,
2004).

The radiation spectra are a more complete representation of
the X-ray beam, since they provide information about the intensity
and energy of the photons (Johns and Cunningham, 1983).
Thereby, since the dose depends on the photon energy, the
knowledge of the spectral distribution of the beam transmitted by
the protective material should be more appropriate for dose as-
sessments of workers and members of the public present in con-
trolled and uncontrolled areas, respectively. In other words, the
availability of the energy spectra transmitted by shielding mate-
rials allows an better estimation of the absorbed dose (Johns and
Cunningham, 1983) for the individuals present in the protected
area than the estimations done considering only the air kerma
data obtained, for example, from radiation surveys.

A model for shielding calculation which takes into account the
influence of the X-ray diagnostic spectra was proposed in 2002
(Costa and Caldas, 2002). This model estimates the attenuation
curves of the shielding material in terms of the ambient dose
equivalent (mSv) as a function of the thickness of the protective
material. These authors applied this model for primary X-ray
spectra produced by a semi-empirical model (Costa et al., 2007).
Lead was considered as the protective material. The workload
distributions observed in some Brazilian X-ray imaging facilities
(Mello and Costa, 2007) were adopted, and the energy distribution
of the conversion coefficients relating air kerma to ambient dose
equivalent (ICRU, 1998) was considered in the calculations.

The adequacy of the protective barrier (radiation protection
survey) is usually assessed by estimating the transmission factor (B
(x)), which is defined as the ratio of the air kerma beyond the
barrier to the non-attenuated air kerma at the same distance
(NCRP, 2004). When the shielding design goals are represented in
units of ambient dose equivalent (mSv), the conversion between
these quantities must take into account the complete radiation
energy spectra (ICRU, 1998). The inadequate assessment of the
shielding adequacy can be avoided by using a model that allows
calculating ambient dose equivalent from air kerma by means of
the X-ray spectra and conversion coefficients, as a function of
thickness of the shielding material.

Therefore, the aim of the present study was to obtain trans-
mission curves by using measured X-ray spectra in terms of am-
bient dose equivalent and associate these transmitted spectra to
workload characteristic of four typical imaging procedures. This
work uses a methodology proposed by Costa and Caldas (2002)
which was applied for lead. McCaffrey et al. (2007) took a similar
approach using transmitted spectra, but for studying shielding
garments. Therefore, the application of this methodology for barite
mortar and its association of workload distributions is the main
innovative purpose of the present work.

2. Materials and methods

The method used in this work for transmission curve calcula-
tion was proposed by Costa and Caldas (2002). This method takes
into account the influence of the X-ray spectra represented in
ambient dose equivalent units (mSv) and also incorporates the
workload distribution of the X-ray facility into the calculations.
The function, H™(10, x,), showed in Eq. (1), represents the pri-
mary radiation levels as a function of the kind of shielding mate-
rial, m, and its thickness, x,,.

Vmax
H™(10, xp) = Z /OE”W (H;(l_o)](E)Nl‘,{ 2(EYW (V)e-rm(Exp dE
V=0 air

(1)

In Eq. (1), (H#(10)/Kq )(E) are the coefficients which convert the
air kerma (mGy) to ambient dose equivalent (mSv) as a function of
the photon energies. These conversion coefficients are provided
for monoenergetic photons by ICRU (ICRU, 1998) and they have a
strong energy dependence in the diagnostic energy range. NQ,{ a(E)
represents the primary broad beam spectra measured at a tube
potential, V, as a function of the photon energy, E, and normalized
by the current-time product (mAs). W (V) represents the workload
distribution, p,(E) are the linear attenuation coefficients of the
shielding material and V4 is the maximum voltage applied for
measurements of spectra in the workload distributions.

The transmission factor can be represented by Archer's
equation (Archer et al., 1983), as follows:

e (G S 2

In Eq. (2), @, p and y are fitting parameters obtained by using a
non-linear least-square method, and x,, is the thickness of the at-
tenuating material.

B(x) =

2.1. X-ray spectra measurements

Diagnostic X-ray beams (40-150kV) were generated by a
tungsten target X-ray tube (Philips, model MGC 450) with 3 mm Al
additional filtration (HVL=3.51 mm Al in 80 kV). The X-ray spectra
were measured using a CdTe spectrometer with a 9 mm? sensitive
area (Amptek, model XR-100T). This detector includes a tungsten
collimator with 1 mm diameter. Air kerma measurements for each
tube potential were performed with a 30 cm? cylinder ionization
chamber (PTW, model TW23361) calibrated against a PTB trace-
able standard. Fig. 1 presents a scheme of the experimental setup.

The measured spectra were corrected by the response function
of the detector using the stripping procedure (Di Castro et al.,
1984) implemented using a Matlab program. This procedure takes
into account the K-escape, Compton scattering and detector effi-
ciency corrections. The efficiency curve and K-escape fractions
were simulated (Tomal et al., 2014) using PENELOPE code (Salvat
et al., 2003), while the Compton scattering fraction was estimated
(Terini et al., 1999) using the cross sections from XCOM database
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Fig. 1. Experimental setup: positions of devices for air kerma and X-ray spectra
measurements. This picture is not in scale.
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Table 1
Major compounds found in samples of barite mor-
tar plate and its mass percent.

Major compounds Mass percent (%)

BaO 33.7
Ca0 27.1
Si0, 149
SO 143
Fe,0; 3.16
ALO; 2.85
MgO 1.65

(NIST).

Measurements of air kerma were performed simultaneously
along with the X-ray spectra in order to be used as a normalization
factor. It was taken into consideration that the area of the cor-
rected spectra is numerically equal to air kerma value obtained
with the ion chamber measurements (mGy).

2.2. Calculation input

Transmission curves were calculated using Eq. (1). The work-
load distribution obtained by Simpkin (1996) for a chest bucky and
floor or other barriers, in a radiographic room, and peripheral and
cardiac angiography was considered in the calculations. These data
are part of workloads distributions determined at 14 US medical
institutions and is adopted in the model of NCRP 147 (NCRP, 2004)
for shielding calculations in X-ray imaging facilities.

Barite mortar was considered as the shielding material for
primary barrier. The chemical composition of the barite mortar
was determined by Dispersive X-ray Fluorescence (WDXRF) and
fundamental parameter methods (SCAPIN, 2005). The major con-
stituents are presented in Table 1. X-ray mass absorption coeffi-
cients for this material were obtained from values provided by
database XCOM (NIST) for the compounds found in barite mortar
by WDXRF analysis. Fig. 2 shows the X-ray mass absorption coef-
ficients curve for the barite mortar used.

3. Results
Table 2 shows the nominal applied voltage and the corresponding

normalized air kerma found from the experimental measurements of
the primary spectra. The air kerma values were corrected by air

N
o
w
sl

=N
o
N
sl "

Mass absorption coefficients (g/cm2)

10° 10" 107
Energy (keV)

Fig. 2. Mass absorption coefficients curves for the barite mortar obtained from
values provided by database XCOM (NIST) for the compounds found in this material
by WDXRF analysis.

Table 2
Nominal tube voltage values and corresponding normalized air kerma result for the
measured X-ray beams. The air kerma was measured with uncertainty of 1.5%.

Tube voltage (kV) Normalized air kerma (mGy/mAs)

40 0.010739
50 0.021561
60 0.035761
70 0.050642
80 0.066856
90 0.084736
100 0.099905
110 0.117867
120 0.13744
130 0.137292
140 0.146968
150 0.169042

N(E) (mGy/mAs.keV@1m)

20 40 60 80 100
Energy (keV)

Fig. 3. Experimental primary spectra measured by spectroscopy system with CdTe
detector from 40 kV to 100 kV in 10 kV steps.

density factor. Fig. 3 shows some primary spectra, from 40 kV to
100 kV in 10 kV steps, measured using the CdTe detector using the
technical parameters presented in Table 2 and a 3 mm Al additional
filtration.

Primary beam attenuation curves obtained from measured
X-ray spectra weighted by different workload distributions and
considering the barite mortar mass absorption coefficients are
presented in Fig. 4. The results represented by black symbols were
calculated using Eq. (1). This calculation takes into account
workload distributions for the chest bucky and floor or other
barriers, in the radiographic room, and peripheral and cardiac
angiography. The X-ray spectra used in this calculation were
measured with applied voltages from 40 kV to 150 kV. The curve
fittings are presented as solid lines in Fig. 4. The quality of the
fittings was evaluated by considering the reduced y* and R?
parameters. The reduced y? was better than 0.01 and the R? was
approximately 1 for all fittings.

Table 3 presents the fitting parameters of Archer's model, the
non-attenuated ambient dose equivalent, H*(10, 0), and the HVL
corresponding to the curves achieved from the non-linear least
squares fitting of Eq. (2) applied on the data points calculated from
Eq. (1). The curve fittings are presented as solid lines in Fig. 4.

4. Discussion

The utilization of the optimized model for protective barrier
calculation proposed by Costa and Caldas (2002) was generalized
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Fig. 4. Attenuation curves provided by barite mortar plates in units of ambient
dose equivalent H*(10, x,). Different curves consider workload distributions for
chest bucky (black squares) and floor or others barriers (black balls), in radio-
graphic room, and peripheral and cardiac angiography.

Table 3

Fitting parameter of Archer's model for attenuation curves of H*(10), for different
workload distributions, as a function of barite mortar thickness and HVL of this
distribution.

Parameters Workload distributions

Rad room Rad room Peripheral  Cardiac angio

(chest (floor or angio

bucky) other

barriers)
a(cm™1) 1.32 (11) 0.8 (7) 24 (5) 1.55 (7)
f(cm™1) 8.76 (8) 103 (7) 9.1 (4) 8.77 (6)
7 0.474 (13) 0.23 (3) 0.33 (3) 040 (1)
H*(10,0) [mSv/ 2.1700 (11) 4.706 (3) 132.5 (1) 510.80 (11)
mA min@1 m]

HVL (cm of barite 0.018 (2) 0.0036 (1)  0.0070 (1)  0.0116 (3)

mortar)

in the present work including the adoption of directly measured
energy spectra and a generic shielding material, the barite mortar.
This application shows that the model is adequate for the accurate
determination of thickness of shielding material. The results pre-
sented in Fig. 4 show the influence of thickness of barite mortar on
the beam attenuation. The shapes of the curves are related to the
application of the model defined in Eq. (1), which takes into ac-
count the primary X-ray spectra in the range of voltages for di-
agnostic imaging, the workload distribution and the attenuation
properties of the shielding material.

From the curves presented in Fig. 4, adequate shielding mate-
rial thickness for a primary barrier can be determined according to
shielding design goals established in units of ambient dose
equivalent. The result obtained in the present work for barite
mortar as the primary barrier shows qualitative agreement with
results found by Costa and Caldas (2002) using lead as protection
material and simulated X-ray spectra. Moreover, other authors
published results using barite mortar air kerma transmission
curves for radiologic energy range using computational methods
(Hoff and Firmino, 2007; Hoff et al., 2009) or experimental mea-
surements of transmitted air kerma by an ionizing chamber (Costa
and Yoshimura, 2011). The results of these authors also present a
good qualitative agreement with the presented results. Quantita-
tive comparisons are not possible since the beam qualities and
other experimental conditions are different from those adopted in

the present work. Therefore, a user can calculate new transmission
curves by just substituting the functions W(V) and y, (E) in Eq. (1).

5. Conclusions

The objective of the study was to apply a previously developed
semi-empirical model for calculation of transmission curves of a
generic shielding material in units of the quantity ambient dose
equivalent. The application was performed using barite mortar
linear attenuation coefficient and published workload distribu-
tions. Resulting attenuation curves were described in units of
ambient dose equivalent (H*(10)). The experimental methodology
applied for X-ray measurements using a CdTe detector was con-
sidered adequate. It is believed that the consideration of the X-ray
spectra in this calculation can yield more realistic and optimized
values for shielding of X-ray imaging facilities.
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