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a b s t r a c t

A new computer code named as SHIELD DESIGN has been developed in Visual Basic Version 6.0 for pre-
cise estimation of shielding thickness in gamma ray shielding designs. In the conventional forward cal-
culations using point kernel method, the sources and geometry are specified along with the shield
thickness to obtain dose rates at desired locations. But in this code, a new computational technique based
on inverse calculation and iterative procedures have been employed to estimate the shield thickness
using the dose rate criteria as input information. This new technique enables quicker and easier way
of shield design optimization by computing shield thickness required in a single run whereas in the for-
ward shield design optimization method, dose rate computations need to be carried out for various shield
thicknesses. The shielding thickness arrived with this code provides a first hand information to the
designer to carry out forward calculations for accurate optimization. Also, the code is very useful to reg-
ulators for quicker verification of shield calculations submitted by the designers for approval. Further,
various options available in this code extend its flexibility and user friendliness. This paper briefly pre-
sents the development and validation of the code, SHIELD DESIGN. The validation has been carried out
by performing analyses of the gamma shielding design for some standard problems. The results were
compared with those of renowned forward calculations, experimental measurements, NCRP-51 bench-
marks and other gamma radiation shielding utilities like RAD-PRO and satisfactory agreement was
observed. These validation tests demonstrate the precise estimation of shield thickness.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Radiation shielding computer codes need to be developed with
the newer algorithms for the quicker optimization of shield design
with the choice for materials of efficient shield characteristics. This
study introduces a new computer code, SHIELD DESIGN based on
inverse calculation technique for precise estimation of shielding
thickness in gamma ray shielding designs.

In the usual forward shielding calculations (Penner et al., 1994;
QADCGGP, 1980; Subbaiah and Sarangapani, 2006, 2008), generally
the source specifications for geometry, strength, energies and
emission probabilities, source to detector distance, shielding mate-
rial and thickness are given. By using the above information in the
standard point kernel method, the dose rates are estimated. How-
ever, often the shield designer is not provided with the type of
shielding material and the thickness required. Instead, only the

dose rate criteria and source strength are provided to arrive at
the suitable material and the thickness required. Shield thickness
is arrived at by computing the dose rates for various shield thick-
nesses. This kind of shield design optimization in practice usually
involves many trial runs and is time consuming. Hence, a need
was felt to develop a new code with an innovative computational
technique for quicker and easier way of optimization of shielding
thickness.

Towards this objective, a new algorithm based on inverse calcu-
lation technique has been made and implemented in the code,
SHIELD DESIGN. Though the radiation utility tool like RAD-PRO
(RAD PRO, 2009) employs similar approach, it is with several lim-
itations viz. It can handle only a point source, slab shield geometry
and standard sources with built-in energy information whereas
volume sources with multiple energies are frequently encountered
in practice. On the other hand, SHIELD DESIGN code can handle
multiple sources of different shapes and sizes, various shield
geometries and user defined energy information of sources in addi-
tion to built-in energy information of standard sources. Also, the
code has several user friendly input options regarding source
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description, source to detector distance, target dose rates, selection
of shield materials and their properties and choice of shield calcu-
lations say either shield design optimization for the prescribed
dose criteria or dose rate calculations for the given shield thick-
ness, etc. These options extend the flexibility and usefulness of
the code in various radiation shield design applications.

The following sections explain in sequel about the mathemati-
cal formulations employed in SHIELD DESIGN, various OPTIONS
available in it, its validation and conclusions.

2. Mathematical formulations

SHIELD DESIGN code has been developed based on inverse cal-
culation technique, i.e., the shield thickness required is calculated
for the prescribed dose from the target dose rate at the desired
location. In shield design computations, three types of sources
are generally expected. They are (1) a point source emitting single
gamma energy, (2) a point source emitting multiple gamma
energies, (3) Multiple point sources emitting single/multiple gam-
ma energies and (4) Multiple volume sources emitting single/mul-
tiple gamma energies. Simplified flow diagram of SHIELD DESIGN
code is given in Fig. 1. The mathematical formulations for the
above source descriptions are given below.

2.1. A point source emitting single gamma energy

The dose rate D(E, d) at any point at a distance ‘d’ from the
source after transmitting through shield slab of thickness ‘x’ cm
is given by

DðE;dÞ ¼ DoðE; dÞBðE;lxÞe�lx ð1Þ

where D(E, d) is the dose rate at distance ‘d’ due to gamma ray of
energy ‘E’, Do(E, d) is the dose rate at distance ‘d’ due to gamma
ray of energy ‘E’ by considering only the geometric attenuation,
B(E, lx) is the buildup factor of the medium (ANSI/ANS-6.4.3,
1991) based on energy ‘E’ and mean free path ‘lx’, l is the linear
attenuation coefficient of the shield material at the energy ‘E’
MeV (cm�1), x is the thickness of the shield material (cm).

Do(E, d), which is valid in the energy range of 0.1–3.0 MeV, is gi-
ven by

DoðE; dÞ ¼
0:54CE

d2

R
h

� �

,where C is in ‘Curies (Ci)’, E is in ‘MeV’ and d is in ‘m’ (Cember and
Johnson, 2009).

DoðE; dÞ ¼
0:54CEx10�6

d2

Sv
h

� �
; ð2Þ

where d is in ‘cm’. More precisely, Do(E, d) can also be obtained by
multiplying photon flux at that point with the flux-to-dose rate con-
version factors for entire gamma energy range of 10 keV–30 MeV
ANSI/ANS-6.4.3, 1991). In the forward calculations, generally the
source strength, energies, emission probabilities, shielding material
and thickness are given. By substituting the given information in
Eqs. (1) and (2) the dose rate can be estimated. However, often
the designer is not provided with the type of shielding material
and the thickness required. Instead, only the dose rate criteria
D(E, d) and source strength are provided. The shield designer is ex-
pected to arrive at suitable material and thickness required. The
shield thickness can be obtained straight away by rearranging the
Eq. (1).

Rearranging Eq. (1) as

elx ¼ DoðE;dÞ � BðE;lxÞ
DðE; dÞ ð3Þ

where Do
D

� �
is obtained based on the calculated dose rate Do and the

dose rate criterion D. In Eq. (3), l can be calculated knowing shield
material and density and taken it to be known in subsequent in dis-
cussions. The other parameters ‘x’ and ‘B’ are unknown and more-
over ‘x’ is an implicit function of ‘B’. To solve for two variables, we
need two equations. To circumvent this difficulty, we assume B(E,
lx) = 1, which gives minimum thickness, thus eliminating one var-
iable. Initial minimum thickness lx0 is computed as given in step 0
below, where all other quantities are known. The algorithm adopted
in the computation is explained in steps below.

Step 0: Initial thickness is obtained from lx0 = Ln{Do/D}.
Step 1: Compute the ratio Do

D

� �
based on dose rate in air (Do) and

dose rate criterion (D). ‘DO’ can be estimated through Eq. (2)
once source strength is known.
Step 2: Compute B(E, lx) using the following equation

BðE;lxÞ ¼ 1þ ðb� 1ÞðKx � 1Þ
ðK � 1Þ for K– 1

BðE;lxÞ ¼ 1þ ðb� 1Þ � x for K ¼ 1

where

KðE; xÞ ¼ c � xa þ d
tan hðx=Xk � 2Þ � tan hð�2Þ

1� tan hð�2Þ

where E is the incident photon energy, x is the penetration depth in
mean free path, a, b, c, d and Xk are the G–P fitting parameters and b
is the value of buildup factor at 1 mfp. The parameter K(E, x) is the
photon dose multiplication factor and change in the shape of the
spectrum.

Step 3: Compute lx0 ¼ ln DoðE;dÞ�BðE;lxÞ
DðE;dÞ

h i
Step 4: Check for convergence lx0

lx � 1
��� ��� 6 0:001

If it is satisfied, exit.
Else, Goto Step 2 and repeat the other steps.
These iterations will go on till final convergence has been

achieved. As the function ‘B’ is a smooth and monotonically in-
creases with thickness ‘x’ and hence convergence is very fast and
it is observed that within four iterations the expected convergence
of 0.1% in ‘x’ is obtained.

On Exit: Compute

x ¼ lx
l

Then, STOP. Thus by few iterations, the algorithm given con-
verges and gives out precise estimate of thickness required.

2.2. A point source emitting multiple gamma energies

In the case of problems involving source with the multiple
energies, the algorithm is complex. If the gamma source is of
multiple energies of ‘N’ components, then the dose rate in air
due to each energy component is computed with the following
expression

DoðE;dÞ ¼
0:54C � 10�6

d2 EiPi
Sv
h

� �
ð4Þ

where Pi is the probability of emission of ith component Ei.
The shield thicknesses [x1, x2, x3, . . . , xi] required to reduce

the above dose rate in air to target dose rate is calculated first
for each energy component by using the technique as explained
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