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ENTRODUCTION 
The NCRP 49 (1976) (1) standard presents a methodology to determine protective shielding for 

diagnostic and therapeutic X-ray rooms. This methodology has been reviewed by several authors in the recent 
years (2). This work presents contributions for this new shielding evaluation method, taking into account 
information regarding patient attenuation and scattering, as well as workload spectra for diagnostic imaging 
modalities. The main object of the investigation was the development of a method for determining the thickness of 
a given material required to correct attenuation of primary, scattered and leakage radiation spectra which reach a 
structural barrier in a radiological room. This methodology was combined to new information regarding spectral 
distributions of radiation scattered by a phantom in order to allow the determination of ambient dose equivalents in 
X-ray rooms. The product of this work consists of a model that provides an optimised treatment for the problem of 
determining shielding thickness of the barriers necessary for radiological room protection. 

METHODOLOGY 
Semi-empirical TBC model 

Tucker et al. (3) introduced a model (TBC model) which proposed two different formulations for the 
evaluation of the radiation spectra emitted by an X-ray tube. These formulations take into account the continuous 
(Bremsstrahlung) spectra and the characteristic emission. The TBC model considered the target material, the tube 
design, and the composition of the materials which attenuate the radiation beam before emerging from the tube 
housing. The equation adopted for the Bremsstrahlung contribution was: 
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Where 	= re', with as the fine structure constant and re the classical radius of the electron. 
Moreover, Z is the effective atomic number of the target material, A is the atomic mass of the target atoms, To is the 
kinetic energy of the electrons when they reach the target, T is the kinetic energy of the electrons inside the target at 
a distance x of the surface, and E is the energy of the photons produced by the electrons. The expression 
(1/ )(dT/dx) represents the mass stopping power of the target material, B(E,T) is a function proportional to the 
number of photons produced by each incident electron, and F(E,T) represents the filtration of the materials. 

The TBC model proposed the function J(x/R) to represent the probability for characteristic emission. 
This probability was modelled as a parabolic function which drops to zero when the electron energy is equal to the 
k-edge bind energy, EK, or 
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R is the distance inside the target where the electron average kinetic energy is equal to Ek. Therefore, the 
characteristic radiation production can be modelled as 
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Ak and n„ are model parameters obtained by using a non-linear least square method, and f(E,) is the 
fractional X-ray characteristic emission of photons with energy E,. The parameter Ai, represents the number of 
characteristic photons emitted by the incident electrons. Moreover, the distance R can be calculated as R=(T02- 
Ek2)/ C(TO) where C(T) is the Thomson-Whiddington constant. In the present work, the Birch and Marshall (4) 
data for this constant were fitted by a linear function using the least square method. 
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Table 2 — Experimental conditions used by Fewell (7) to obtain the radiation spectra presented in Figures 3 and 4. 
The corresponding TBC generated spectra used the same voltage parameters and inherent and added filtration 

choice in order to determine equivalent first and second half-value layers. 

Figure 1 — Comparative results between measurements performed by a Si photodiode operated at room temprature 
(6) and computer simulation using the waveform generalised TBC model. The experimental conditions are 

presented in Table 1 for of 60 kVp, and they were the same used for the computer simulation. 
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Figure 2 — Comparative results between measurements performed by a Si photodiode operated at room temprature 
(6) and computer simulation using the waveform generalised TBC model. The experimental conditions are 

presented in Table 1 for 73 kVp, and they were the same used for the computer simulation. 
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Figure 3 - Comparative results between Ge detector measurements (7) and computer simulation using the 
waveform generalised TBC model. The experimental conditions are presented in Table 2 for 80kVp, and they were 

the same used for the computer simulation. 
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Figure 4 - Comparative results between Ge detector measurements (7) and computer simulation using the 
waveform generalised TBC model. The experimental conditions are presented in Table 2 for high voltage of 100 

kVp, and they were the same used for the computer simulation. 

Optimised model for shielding barriers calculation 
The current radiation protection standards (10) propose the use of the quantity equivalent ambient dose 

in order to quantify the efficiency of a given radiation shielding. The present work introduces the following 
function to represent the primary radiation levels in terms of equivalent ambient dose at a distance of one meter of 
the focal spot: 
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In the same way, expressions can be defined for scattered radiation as: 
v 
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In these equations, (H*(10)/K„,)(E) provides the unity conversion from air kerma units (gray) to 
equivalent ambient dose (sievert) (11). The constants ori,, 13m, and are obtained by applying Archer's model (2) 
for the utilised shielding material. The use of this model is especially useful in cases where the linear attenuation 
coefficient of the shielding material, ii,„(E), is not known. In this case, a non-linear least square method is applied 
two times: first, in order to fit families of attenuation curves of the considered material; second, in order to obtain 
worldoad related curves (equations (9) to (13)) calibrated in equivalent ambient dose units, which can be directly 
used for the shielding purpose. The function W(V) represents the workload spectrum (12) for the considered 
diagnostic modality and charge of use for the X-ray equipment. This formulation was chosen because of its ability 
to compensate the variation of the spectral shape when the radiation beam crosses the shielded wall . 

Therefore, a generic shielding barrier can be obtained using the following inequality: 

Hm'4'00 Xm ) 	Hem:(10,xtm) 1-174(10,xtm) t 
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Solving this inequation to xt, the shielding thickness can be determined, providing the optimised 
radiation level in the room's neighbourhood for a given workload spectrum. 

RESULTS 
A screening of workload spectra were realized in 14 Brazilian imaging departments using two different 

methods for data collection, which included General Radiography, Chest Radiography, Cardiac Angiography, 
Mammography and Computed Tomography dedicated radiation rooms. The Method I uses data collected by 
observing the operational techniques used in 605 examinations. The data corresponding to Method II were 
obtained by interviewing 51 technicians, who were questioned about the most useful parameters selected for the 
considered examinations. 

The results were compared to Simpkin' data (Figure 5) and used to obtain attenuation curves for 
primary and secondary shielding calculations. Figure 6 shows attenuation curves for primary beams from General 
Radiography, Chest and Cardiac Angiography techniques. Similar curves can be obtained for secondary radiation 
(Figure 7). 

Families of attenuation curves were also obtained for a commercial shielding material (not lead). These 
curves (Figure 8) were obtained by applying Archer's model to aftenuation measurements. The Archer's model 
parameters were obtained by a non-linear least square method and used in the equations (9) to (13). The application 
of Archer's model provided a collection of workload spectra related curves for a commercial shielding material 
(Figure 9)13. 
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Figure 5 - Workload spectra obtained for the present work by Method I (red), Method II (blue) and published by 
Simpkin (12) for General Radiography technique. 
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Figure 6 - Equivalent ambient dose as a function of lead thickness for primary radiation obtained applying 
equation (9) using workload spectra for General Radiography, Chest and Cardiac Angiography techniques. 
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Figure 7 - Equivalent ambient dose as a fimction of lead thickness for secondary radiation obtained applying 
equations (11) to (13) using workload spectra for General and Chest Radiography considering a scattering angle of 
45° and Cardiac Angiography technique considering a scattering angle of 90°. The considered workload spectra 

were obtained from Method II and from Simpkin (12). 

Figure 8 — Measured (points) and fitted (continuous lines) attenuation curves of a commercial shielding material. 
The fits were obtained applying Archer's model to experimentally measured data using a non-linear least square 

method 
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Figure 9 — Equivalent ambient dose for primary radiation using commercial shielding materials (not lead) and 
worldoad spectra for Chest and Cardiac Angiography techniques. These workloads were obtained from 

Simpkin(12). The Archer's model coefficients, a, 13 and y, for the evaluated material were obtained applying the 
non-linear least square method in the data shown in Figure 8. The coefficients for the gypsum wallboard are from 
reference (13). 

CONCLUSIONS 
The work provides an optimised treatment for the problem of determining shielding barriers necessary 

for radiological room protection. The developed method associates information regarding primary and scattered 
spectra usually present during diagnostic procedures as well as new data from workload spectra. These 
information were resumed in a set of equations which provides the relationship between equivalent ambient dose 
and thickness of a shielding material considering primary, scattered and leakage radiations from a given diagnostic 
procedure. The equations can generate families of attenuation curves, which are very useful during diagnostic 
room shielding designs. 

Comparative results of application of the NCRP 49 method and the formulation presented in this work 
in two real imaging diagnostic departments show a cost reduction of around 50% when using the optimised process. 
This result demonstrates that the development of an optimised methodology for shielding calculation in diagnostic 
room can be associated to a cost-benefit analysis. 
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