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In the field of radiation protection, the point-kernel code method is a practical tool widely used in the calculation of 3-D radiation
field, and the accuracy of the point-kernel integration method strongly depends on the accuracy of the build-up factor. It is well
known that calculation of the build-up factor for single-layer shields is composed of single material, but it is very complicated to
calculate the build-up factor for multilayer shields (MLBUF). Recently, a novel and high-precision method based on the deep
neural network (DNN) for calculating MLBUF has been proposed. In this paper, the novel method is described completely by slab
models. )rough the study of photon transport in multilayer shields, the parameters that mainly affect the calculation of build-up
factor are analyzed. )ese parameters are trained by DNN as the input vectors, and the build-up factor for multilayer shields is
predicted based on the trained DNN.)e results predicted by DNN confirm that the method can calculate the build-up factor for
multilayer shields quickly and accurately. )e method has been preliminarily applicated into a 3-D radiation field calculation
software, and it has proved that the method for calculating MLBUF has a broad application prospects in 3-D radiation
field calculation.

1. Introduction

To protect radiation protection personnel from the radiation
harm, it is often necessary to know the radiation situation of
the working environment in advance and calculate the
distribution of 3-D radiation field quickly and accurately. At
present, the main methods for calculating the 3-D radiation
field are determination method, Monte Carlo method, and
point-kernel method. Due to the fast calculation speed and
being suitable to solve deep penetration problem, the point-
kernel method [1, 2] shown in formula (1) is usually used in
the calculation of 3-D radiation field, such as QAD [2],
MICROSHEILD [3], MERCURE [4], and Monte Carlo
coupling point-kernel method [5]. Although the point-
kernel method can apply in 3-D radiation calculation at
some extent, the radiation filed calculation results are highly
relied on the estimated build-up factor [6, 7], and the error of

calculation results brought by estimated build-up factor is
relatively large, and calculation accuracy cannot satisfy the
higher and higher accuracy requirement of practical engi-
neering. )is work is aimed to improve calculation accuracy
of the build-up factor and ensure the accuracy of 3-D ra-
diation field calculation in practical engineering application.

H(r) � FB
EV

A r′, E( 

4π r − r′( 
2 B(d, E)e

− μ(E)ddVdE, (1)

where H(r) is the dose rate at the reference point r, Fis the
conversion factor of photon flux rate to dose rate, A(r′, E) is
the source activity of specified energy located at r′, d is the
piercing path length along r − r′, B(d, E) is the build-up
factor, and μ(E) is the linear absorption coefficient.

A lot of efforts have been done to improve the accuracy
calculation of build-up factors. )e methods of calculating
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build-up factor for single-layer shields have been very
mature, and the empirical formulas, such as Taylor formula
[8] shown in formula (2), interpolation method based on
ANSI/ANS-6.4.3 [9] database, and G-P fitting formula [10]
shown in (3) and (4) are usually used to calculate the build-
up factor for single-layer shields.

B(E, μ d) � β(E)e
−α1(E)μd( ) +(1 − β(E))e

−α2(E)μd( ), (2)

where E is the energy of gamma-ray, μ is the mass atten-
uation coefficient of shielding, and α1, α2, and βare the
functions of energy, and they are related to materials.

B(E, x) �

1 +(b − 1)x forK � 1,

1 +(b − 1) K
x

− 1( 

(K − 1)
forK≠ 1,
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(3)

K(x) � cx
a

+ d
tan h x/xk − 2(  − tan h(−2)

1 − tan h(−2)
forX≤ 40,

(4)
where E is the energy of photon, xis the mean free path of
photon, B is build-up factor, and b, c, a, and xkare the
parameters of the G-P fitting formula.

While for multilayer shields, whose each layer is
composed of different materials or combinations of
different materials, the transport process of photons in
the multilayer shields is relatively complicated, and it is
difficult to calculate the build-up factor with simple
empirical formulas. In early stage, due to the limitation
of computer technology, the calculation of build-up
factor for muiltlayer shields mainly focused on empirical
formulas fitting, mainly including Kalos formula [11],
Bowman and Trubey formula [12], Broder formula [13],
Burke and Beck formula [14], and Lin and Jiang formula
[15]. In addition, a useful and free online platform called
Py-MLBUF [16] for calculating the build-up factor is
available. It includes the most of empirical formulas, and
it can select different empirical formulas to calculate
fastly the build-up factor on the basis of requirement.
With the rapid development of computer science and
technology, the researchers proposed the iterative al-
gorithm [17] and support vector regression (SVR) [18]
method to achieve the accurate calculation of build-up
factors for muiltlayer shields. Although the methods
mentioned above achieved some good results, it cannot
satisfy today’s requirement in practical engineering
application. For empirical and semiempirical, the main
problems are the necessity of defining the fitting function
specially and a large number of correction factors are
often added in the final empirical formula, which are
usually not fully explained and inadequately defined [18].
As for the SVR and iterative method, their calculation
accuracy was seem not far from acceptable, but they
cannot satisfy the higher and higher accuracy require-
ment of practical engineering application. )erefore,
how to calculate more accurately the build-up factor for
multilayer shields has been an urgent problem in cal-
culation of radiation field.

Recently, a novel and high-precision method for cal-
culating the c-ray build-up factor for multilayer shields has
been proposed in this paper. )e method is based on the
deep neural network (DNN) [19, 20], which is a kind of
machine learning. In this paper, the main works are to
obtain the appropriate parameters that are related to the
build-up factor calculation and construct an approximate
deep neural network which calculates the build-up factor for
multilayer shields by learning the relationship between
parameters and the value of build-up factor. )e methods
not only can calculate a large number of build-up factors at
one time but also its calculation accuracy is relatively high,
which can meet the accuracy requirements of point-kernel
code in the 3-D radiation field calculation and be applied
into the practical engineering application.

In Section 2, it is a general description about the defi-
nition of build-up factor and introduction of some common
calculation methods for MLBUF, and the novel and high-
precision method is completely introduced in this section.
Results and discussion are given in Section 3, and the
method is validated by the MCNP, and a preliminary ap-
plication is also illustrated. At the last, there is a conclusion
about this work in Section 4.

2. Materials and Methods

2.1. Build-Up Factor. It is well known that build-up factor is
a physical quantity describing the effect of scattered photons
which makes the amount of received photons increase.
Generally speaking, it refers to the ratio of the actual value of
radiation quantities to the radiation quantities caused by the
c-ray, which is generated by the radiation source and does
not react with the shields at the point of interest in the
absorbed material. Build-up factors may refer to a number of
various quantities. )e physical quantities commonly used
in radiation protection include flux, fluence, exposure, and
dose, and the counterparts of build-up factors are flux build-
up factor, fluence build-up factor, exposure build-up factor,
and dose build-up factor. In the 3-D radiation field, the dose
received by the staff is the key physical quantity to measure
the radiation injury.)erefore, the work in this paper mainly
considers the dose build-up factor among these build-up
factors. )e dose build-up factor is the ratio of the actual
dose D

•

at the point of interest to the dose D1 produced by
the c-ray that does not interact with the material [21].

B �
D
•

D1
. (5)

)e methods for calculating the build-up factor for
single-layer shields are well known. )e methods mainly
include analytical expression such as Taylor formula, Berger
formula, and G-P fitting, tabulated form such as ANSI/ans-
6.4.3 database. Compared with single-layer shields, the
calculation of MLBUF is muchmore complicated, which not
only depends on the characteristics of the current layer but
also on the characteristics of previously penetrated layers.
)e early research studies on the calculation of MLBUF
mainly focus on empirical formulas, and the empirical
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formula established by Broder and his collaborators is
commonly used, as shown in formula (2) [13]. Lin and Jiang
proposed an empirical formula for the calculation of

MLBUF, which is also one of the widely used empirical
formulas as shown in formula (3) [15].

B 
N

i

μidi
⎛⎝ ⎞⎠ � BN 

N

i

μidi
⎛⎝ ⎞⎠ + 

N

i

Bn 

N

i

μidi
⎛⎝ ⎞⎠ − Bn+1 

N

i

μidi
⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦, (6)

where N is the number of shielding layers, B is the build-up
factor of N-layer heterogeneous shielding media, and Bn is

the build-up factor of homogeneous medium composed of
nth shielding material.

B 
n−1

i�1
Xi, Xn) � Bn Xn(  + B 

n−1

i�1
Xi − Bn Xn( ] × K 

n−1

i�1
Xi − C Xn( ],⎡⎣⎡⎣⎛⎝ (7)

where Bn is the build-up factor of nth shielding, Xn is the
thickness of nth shielding, and K is shown in formula (8). If
the high Z material is in front of the low Z material, the
calculation of C is shown in formula (9), otherwise shown in
formula (10) as follows:

K 
n−1

i�1
Xi) �

B 
n−2
i�1 Xi, Xn−1  

n−2
i�1  − 1

Bn 
n−1
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,⎛⎝ (8)

C Xn(  � e
−1.08βXn + 1.13βl Xn( , (9)

C Xn(  � 0.8l Xn(  +
e

Xn c

K
. (10)

Although these empirical formulas can obtain good
results at some extent in calculating the build-up factor for
double-layer to quadruple-layer shields, the calculation by
these empirical formulas needs some complicated param-
eters, which increases the complexity of calculation, and the
range of application is limited and cannot meet the actual
engineering application.

Suteau and Chiron introduced an iterative algorithm to
calculate the build-up factor for multilayer shields in 2005
[17]. )e algorithm is based on the empirical formula of
double-layer shield build-up factor. In each iteration pro-
cess, a single equivalent layer is used to replace the first two
layers of shield materials, thus converting n-layer shields
into (n− 1) layer shields. A large number of samples are
trained to determine the atomic number and thickness of a
single equivalent shield layer. )rough a number of itera-
tions, n-layer shields are transformed into double-layer
shields, and the build-up factor is calculated by empirical
formula of double-layer shield build-up factor.

)e support vector regression method was proposed by
Trontl et al. [18], which also transforms n-layer shields into
(n− 1) layer through the iterative algorithm. Different from
Suteau and Chiron’s iterative method, the equivalent shield
layer in each iteration process is calculated by support vector
regression. )e input vector space of SVR for single-layer

and double-layer shields is obtained by the Monte Carlo
method and SAS3 (Shield Analysis Sequence No.3), and the
input vectors of SVR are the equivalent build-up factor of N
layer (1,2, ..., N) in front of the shield layer and the build-up
factor of the shield in the nth layer, the homogenized ef-
fective atomic number of (1, 2, ..., N− 1) and the atomic
number of the nth shield material, the equivalent shield
thickness of the n-layer (1, 2, ..., N− 1) in front of the nth
shield layer and the shield thickness of the nth layer, and the
incident photon energy. Finally, the build-up factor for
multilayer shields is calculated by LIBSVM. According to
Trontl’s work, the relative average deviation (RAD) for the
build-up factor of double-layer shields calculated by the
support vector method is 9.7%, and the maximum relative
absolute deviation is 68.77%, and RADs for triple-layer and
quadruple-layer shields were 24.3% and 29.7%, respectively
[18, 22].

)rough the introduction of several common calculation
methods of build-up factor for multilayer shields, it is found
that although these methods can obtain good results and
solve the problem of build-up factor calculation to a certain
extent, the input vector space of the iterative method and
support vector machine are incident photon energy, atomic
number of shield material, shield thickness, and build-up
factor for each shield, and the accuracy of the build-up factor
calculated in this way cannot satisfy the requirements of the
correction point-kernel code. In this paper, some new pa-
rameters are proposed as input vectors by studying the
photon transport in the shields. )e new parameters can
effectively improve the calculation accuracy of build-up
factor by training these parameters based on DNN.

2.2. Deep Neural Network. )e deep neural network (DNN)
is a kind of machine learning, which can be understood as a
neural network with many hidden layers, and it is also well
known as deep feed-forward network or multilayer per-
ceptron. )e structure of the deep neural network is divided
into input layer, hidden layers, and output layer. )e layers
are fully connected, and any neuron in i layer must be

Science and Technology of Nuclear Installations 3



connected with any neuron in i+ 1 layer. )e method based
on DNN includes the following steps: the extraction of
characteristics and features, procession of the features, in-
ternal training of samples, cross-validation, external test of
samples, and so on. )e structure of DNN applied in the
method is shown in Figure 1.

2.3. Input Vectors. )e input vectors are given by a number
of parameters defining the physical problem that is to be
modelled using the DNN.

2.3.1. Cross Section. To make the DNN learn characteristics
of parameters of build-up factor more richly, the transport
process of photons in the shield is analyzed in this paper.
When c-ray incidents on a shield, depending on shielding
material (characterized by density and section of photo-
electric effect, Compton scattering, and electron-positron
effect) and photon energy, there exists a certain probability
that the electromagnetic fields of photons interact with the
electromagnetic fields of atoms, atomic electrons, nuclei, and
charged particles. In the process of interaction, photons may
be absorbed, and the whole energy of photons will be
converted into other forms of energy. )e scattering may
occur and part of the photon energy will be absorbed, and its
propagation direction will be changed, or the photon energy
will remain unchanged, and only its propagation direction
will be changed [23]. Any of the interaction process may
result in secondary photons that have a probability of
reaching the point of interest, thus increasing the flux, in-
fluence, or dose. In the process of interaction, the dominant
interactions are photoelectric effect, Compton scattering,
and electron-positron effect.

)e photoelectric effect is the interaction of photons with
bound electrons in matter, and the full energy of the photon
is absorbed by a bound electron so that the kinetic energy of
the electron is enough to get rid of the bondage of the atomic
nucleus and emit from the inside of the atom, while the
photon itself disappears. When the energy of the incident
photon is high (above 1.022MeV) and it passes by the
nucleus, the incident photon may be transformed into a
positron and a negative electron under the action of the
nuclear Coulomb field. )e reaction is called electron-
positron effect. )e incident photon collides with the ma-
terial atom, and part of the photon energy is transferred to
the external electron of the atom. )e electron obtains ki-
netic energy and gets rid of the atomic bondage and becomes
a recoil electron. )e newly generated scattering photon
deviates from the original direction, and its energy decreases.

When the energy of incident photon is relatively low,
photoelectric effect dominates and then Compton scattering.
While the energy of the incident photon is relatively high,
the electron pair effect dominates. All matters obey this law.
)e probability of the three interactions between photons
andmaterials is related to their cross section: cross section of
photoelectric effect, Compton scattering, and electron-
positron effect. According to the analysis, it can be deduced
the three kinds of cross sections of interaction will directly
affect the probability that the photons interact with the

materials and affect the value of build-up factor. )erefore,
using three kinds of cross-sections as input vector param-
eters can well reflect the physical process of photon
transport.

2.3.2. Energy of Incident Photons. )e energy of incident
photons also has a great influence on the calculation for
build-up factor. When the energy of the incident photon is
different, the corresponding three cross-sections for the
same material are different and the build-up factor is also
different. For the same shield, the build-up factor decreases
with the increase in energy. )e main reason is that the
scattering cross section decreases with the increase in
photon energy, which leads to the decrease in photon
scattering.

2.3.3. Number of Mean Free Path. )e number of mean free
path (MFP) is an important parameter affecting the build-up
factor, which is the ratio of photon penetration distance to
mean free path. In shielding design, the thicker the shield is,
the greater the number of the free path of photons in the
shielding is, and the times of scattering are also more.

2.3.4. Density of Shield Material. )e density of shield
material is also one of the parameters affecting the calcu-
lation of build-up factor. )e density of material is related to
cross section in some way. For example, the quotient of
density and cross section of shield material is the mass
attenuation coefficient, which is the share of particles re-
duced by interaction after the charged particles penetrate
through the unit mass thickness. )e mass energy decreased
coefficient and mass energy absorption coefficient are in the
same way. In addition, the density can also be used as a
representative of some material to distinguish the material
through which photons penetrate for engineering
application.

In conclusion, the input vector parameters of DNN
include incident photon energy, material density of each
layer, shield free path number of each layer, Compton
scattering cross section of each layer, electron-positron effect
cross section of each layer, and photoelectric effect cross

Y

x1

x2

xn

…

…

…

…

Input layer Hidden layer Output layer

Figure 1: )e structure of the deep neural network.
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section of each layer. )e input vectors and output of DNN
are shown in Table 1.

2.4.MLBUFCalculation. According to the determined input
vectors of DNN, the appropriate structure of DNN used to
calculate the build-up factors is constructed.)eDNN trains
the sample data of build-up factor. By continuously
adjusting the relevant parameters of DNN learning, the error
of training set and verification set can meet the requirement
of calculation accuracy of build-up factor. To ensure that the
DNN learning does not appear overfitting and underfitting,
the error of build-up factor of calculation training set and
verification set is reduced as far as possible. )e main flow
chart of the build-up factor calculation method based on
DNN is shown in Figure 2.

2.4.1. Learning Sample Data Generation. )e Monte Carlo
method has been used to generate the reference data points.
According to the determined parameters to be learned, N
groups of different shield models are established. )en,
MCNP input files with different energy, different shield
thickness, and different shield material combinations are
generated in batch. )e samples are calculated by MCNP
program, and then the dose D

•

considered the scattering
photons calculated by MCNP, and D1 unconsidered scat-
tering photons are extracted in batches, and the corre-
sponding build-up factors are calculated. After
preprocessing the learning sample data, the learning sample
data are divided into input items and corresponding output
items.

2.4.2. Determine the Structure of DNN. )e topological
structure of the DNN is determined according to the
number of input parameters and the number of output
parameters. Considering the complexity of the practical
shielding problem, the structure of DNN has the following
guiding principles:

(a) For complicated engineering problems, the hidden
layers of the neural network should adopt double-
layer neurons as much as possible.

(b) In the single-layer hidden layer neural network, the
structure of the neuron number of the whole neural
network is recommended as follows:

n1⟶ 2n1 ± 1⟶ n2 (11)

(c) In the double-layer hidden layer neural network, the
structure of the neuron number of the whole neural
network is recommended as follows:

n1⟶ 1.5n1⟶ 2n1 ± 1⟶ n2. (12)

According to the characteristics of build-up factor for
multilayer shield calculation parameters, this paper adopts
the following parameters of DNN to train the DNN:

(1) )e deep neural network is composed of input layer,
three hidden layers, and output layer

(2) )e number of neurons in each layer is auto, 50, 80,
50, and auto

(3) Relu is selected as the activation function in the input
layer and hidden layers, and linear is used as the
activation function in the output layer

(4) SGD+momentum is adopted as the activation
function as a training method, and the minibatch
parameters are set to 512

(5) )e ratio of training set, verification set, and test set
is 9 :1 :1

2.4.3. Training and Prediction. )e DNN is used to train the
samples data. By adjusting the training parameters of the
DNN, the relative average deviation of the training set and
validation set is less than the setting accuracy or the iteration
finished, and the DNN ends the training.

After the DNN finished the training, by inputting the input
vectors (incident photon energy, material density of each layer,
number of mean free path of each layer, Compton scattering
cross section of each layer, electron-positron effect cross section
of each layer, and photoelectric effect cross section of each layer),
the build-up factor can be predicted quickly and accurately.

3. Results and Discussion

3.1. 9e Results. In this paper, the slab model and a point-
collimated source are used as the calculation model of
build-up factor, and the build-up factor for single-layer,
double-layer, triple-layer, and quadruple-layer slab model
is calculated, respectively. )e geometry models of the four
are shown in Figure 3, and the variation range of shield
models is shown in Table 2.

By MCNP modelling, the problem of calculating the
build-up factor is transformed into solving the ratio of the
dose penetrated shields and the dose without considering the
scattering. A number of MCNP input files are generated by
random uniform sampling in the variation range of the
shield layer. In this paper, the number of MCNP input files
for single-layer, double-layer, triple-layer, and quadruple-
layer slab model is 3900, 7800, 15600, and 31200, respec-
tively. )e build-up factor of each shield combination (each
layer comprised of different material or a combination of
materials) under different shields, different number of mean
free path, and different incident photon energy is calculated.

)e sample data are preprocessed for the DNN training.
)en, the DNN trained the sample data, and the training
iteration time of training is set to 100000. )e DNN stops
training until the validation set error converges to the ideal
level. )e mean absolute percentage error (MAPE) of
training set and validation set is used as appraisal to the
prediction, and the MAPE charts of the training process for
single-layer, double-layer, triple-layer, and quadruple-layer
slab model are shown in Figure 4. When the validation set
error converges to the ideal level, the DNN stopped training,
and the trained DNNwas used to predict the build-up factor.
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MAPE �
100%
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i�1
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Λ
− yi
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. (13)

3.2. 9e Regression Analysis and the Relative Average
Deviation. )e quality of the prediction was tested on all

data (including training set, validation set, and test set),
using relative average deviation (RAD) as a quality measure:

RAD �


n
i�1 yi − f


/yi  × 100%
n

, (14)

where fi is the predicted value corresponding to the target
value yi.

)e regression analysis on all data of training set, vali-
dation set, and test set has been done in this paper, and the
results of single-layer shields, double-layer shields, triple-
layer shields, and quadruple-layer shields are shown in
Figure 5. According to the regression analysis chart, the
DNN can well fit the parameters of the build-up factor, and
there is no overfitting or underfitting. )e relative deviation
between the predicted value and the actual value calculated
by MCNP is small and consistent.

For analysing the relative error between the predicted
value and the target value, this paper has drawn the dis-
tribution of relative error of single-layer shields, double-
layer shields, triple-layer shields, and quadruple-layer
shields. As it is shown in Figure 6, the relative errors between
all predicted values and actual values are mostly between
−10% and 10%. It can be educed that the deep neural
network is suitable for calculating the build-up factor. )e
RAD of different media of shielding is calculated, and the
partial RAD results are shown in Table 3.

According to the results of comparison between pre-
dicted value and actual value, the relative average deviation
observed for single-layer shields is 2.05%, with the maxi-
mum of 19.31% detected for a 0.141mfp thick aluminum
shield at 10MeV incident c-ray energy(BMCNP � 1.049 and
BDNN � 0.846). Only 0.57% of the predicted data points have
the relative absolute deviation higher than 10%.

)e RAD observed for double-layer shields is 2.87%.
Maximum relative absolute deviation of 31.37% was ob-
served for a shield composed of 0.199mfp of iron and
0.026mfp of aluminum, at 0.8MeV c-ray energy
(BMCNP � 1.115andBDNN � 1.464). 2.05% of the predicted
data points have the relative absolute deviation higher than
10%.

)e RAD observed for triple-layer shields is 3.13%.
Maximum relative absolute deviation of 32.50% was de-
tected for a shield made of 0.078mfp thick layer of iron with
0.712mfp thick layer of aluminum followed by 0.061mfp
thick layer of iron at 0.6MeV incident c-ray energy
(BMCNP � 1.460 and BDNN � 1.934). Only 3.25% of predicted

Table 1: Table of input vectors of DNN.

Layers Input vector Reference
value

1 Energy, Density1, MFP1, Section of material 1 B1
2 Energy, Density1, MFP1, Section of material 1, Density2, MFP2, Section of material 2 B2

3 Energy, Density1, MFP1, Section of material 1, Density2, MFP2, Section of material 2, Density3, MFP3, Section of
material 3 B3

4 Energy, Density1, MFP1, Section of material 1, Density2, MFP2, Section of material 2, Density3, MFP4, Section of
material 3, Density4, MFP4, Section of material 4 B4

. . . . . . . . .

Start

Generate and calculation samples

Determine the parameters
(affect the calculation of build-up factor)

Preprocessing sample data

Construct the appropriate deep neural
network(DNN)

Initialize the DNN

Training the sample data by DNN

The accuracy of training
set and validation set satisfy the

requirements?

End the training

Predict the build-up factor

End

Debug the training
parameters of DNN

Yes

No

Figure 2: )e flow chart of build-up factor calculation based on
DNN.
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Figure 3: )e schematic diagram of slab models.

Table 2: )e variation range of the shield layer.

Shield layer Total MFP of shield layer Energy of incident photons (MeV)
Al [0, 10] {0.5, 0.6, 0.8, 1, 1.5, 2, 3, 4, 5, 6, 8, 10}
Pb + Fe [0, 10] {0.5, 0.6, 0.8, 1, 1.5, 2, 3, 4, 5, 6, 8, 10}
Fe +Al + Pb [0, 10] {0.5, 0.6, 0.8, 1, 1.5, 2, 3, 4, 5, 6, 8, 10}
Al + Fe + Pb + Fe [0, 10] {0.5, 0.6, 0.8, 1, 1.5, 2, 3, 4, 5, 6, 8, 10}
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The MAPE charts of the training process for single-layer

0

2

4

6

8

10

12

M
A

PE

1 2 54 763 8 9 100
Epoch

(a)

Training set
Validation set

×104

The MAPE charts of the training process for double-layer

0

1

2

3

4

5

6

7

8

M
A

PE

1 2 3 95 6 8 100 4 7
Epoch

(b)

Figure 4: Continued.
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Figure 4: )e MAPE of training set and validation set in the training process.
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Figure 5: Continued.
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Figure 5: )e regression curve of all data.

�e distribution of relative deviation for single-layer

0

100

200

300

400

500

600

St
at

ist
ic

al
 q

ua
nt

ity

–20 –15 –10 200 1510 25–25 –5 5
Relative error

(a)

�e distribution of relative deviation for double-layer

0

500

1000

1500

St
at

ist
ic

al
 q

ua
nt

ity

–20 –10 0 10 20 30 40–30
Relative error

(b)

Figure 6: Continued.
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data points have the relative absolute deviation higher than
10%.

)e RAD for quadruple-layer shields is 3.06%. Maxi-
mum relative absolute deviation of 32.04%was detected for a
shield comprised of 2.259mfp of aluminum, 1.689mfp of
iron, 2.137mfp of aluminum, and 0.034mfp of lead at
0.5MeV c-ray energy (BMCNP � 5.399 and BDNN � 3.669).
Only 2.85% of predicted data point have the relative absolute
deviation higher than 10%.

For validating the method, we re-establish an infinite
homogeneous medium of the double-layer shielding model
with a point-isotropic source and use the constructed DNN
to train the MCNP sample data. )is paper takes the MCNP
value as reference value and compares the calculated results
of DNN and Py-MLBUF with MCNP results at 3MeV,
respectively. )e results of DNN at 3MeV are calculated by
the trained DNN, and the results of Py-MLBUF are cal-
culated by the Py-MLBUF online platform. )e calculation
results of MCNP, DNN, and Py-MLBUF and the deviation
of DNN results and Py-MLBUF results compared with the

MCNP results are all shown in Table 4. According to Table 4,
the RAD is 4.83% and the maximum relative absolute de-
viation is 18.39% for DNN and the RAD is 6.97% and
maximum relative absolute deviation is 18.60% for Py-
MLBUF.

3.3. 9e Comparison of Actual Target and Predicted Target.
In this paper, the data (including training set, validation set,
and test set) are been predicted by the trained DNN, and the
partial predicted results of build-up factor for single-layer
shields and stratified shields are showed in Figures 7 and 8. It
can be seen that the curves of the predicted target and the
actual target are almost identical, and the relative deviation is
very small. )e DNN constructed in this paper can fit the
parameters of the build-up factor very well and calculate the
corresponding build-up factor value successfully.

3.4. Application. )emethod has been preliminarily used in
our 3-D radiation field calculation software called VMERAS
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Figure 6: )e relative error distribution.

Table 3: )e partial RAD results.

Material of shields Average deviation
(%)

Maximum deviation
(%)

Maximum deviation point ((MeV),[mfp1]. . .

[mfpn])
Deviation >10

(%)
Al 2.20 19.31 (10, 0.141) 2.31
Fe 2.24 15.22 (10, 0.043) 0.69
Pb 1.71 12.71 (10, 9.870) 0.31
Al + Pb 2.65 20.21 (0.5, 4.489, 0.119) 1.27
Fe + Pb 2.48 22.18 (10, 0.022, 0.214) 1.64
Pb +Al 3.51 22.92 (10, 4.974, 0.281) 4.08
Al + Fe + Pb 3.05 20.24 (0.5, 3.218, 3.478, 0.186) 3.63
Fe + Pb +Al 2.83 19.32 (10, 1.755, 3.492, 0.214) 1.69
Pb +Al + Fe 2.90 21.30 (1, 2.195, 0.0796, 0.0538) 2.77
Al + Fe + Pb + Fe 2.69 17.50 (0.5, 2.233, 1.332, 0.143, 0.394) 1.54
Fe + Pb + Fe +Al 3.19 24.44 (0.6, 1.411, 2.468, 0.253, 0.078) 3.54
Pb +Al + Fe +Al 3.27 17.87 (0.5, 2.079, 0.419, 0.198, 2.074) 2.92

10 Science and Technology of Nuclear Installations



Table 4: )e results of MCNP, DNN, and Py-MLBUF, and the deviation at 3MeV.

Media of shield MCNP
DNN Py-MLBUF

DNN Deviation:|DNN−MCNP|
MCNP L&J Deviation: (%)|L&J−MCNP|

MCNP

2Al + 1Fe 3.09 2.87 7.12 2.98 3.56
2Al + 2Fe 3.82 3.65 4.45 3.66 4.19
2Al + 3Fe 4.60 4.48 2.61 4.41 4.13
2Al + 4Fe 5.29 5.27 0.38 5.21 1.51
2Al + 5Fe 6.14 6.03 1.79 6.05 1.47
2Al + 6Fe 7.06 6.72 4.82 6.94 1.70
2Al + 1Pb 2.63 2.25 14.45 3.06 16.35
2Al + 2Pb 3.14 2.93 6.69 3.67 16.88
2Al + 3Pb 3.71 3.63 2.16 4.40 18.60
2Al + 4Pb 4.51 4.36 3.33 5.20 15.30
2Al + 5Pb 5.22 4.86 6.90 6.04 15.71
2Al + 6Pb 5.98 5.56 7.02 6.93 15.89
2Fe + 1Al 3.18 2.90 8.81 3.22 1.26
2Fe + 2Al 4.03 3.89 3.47 4.06 0.74
2Fe + 3Al 4.85 4.59 5.36 4.89 0.82
2Fe + 4Al 5.68 5.19 8.63 5.73 0.88
2Fe + 5Al 6.57 6.06 7.76 6.58 0.15
2Fe + 6Al 7.41 7.50 1.21 7.44 0.40
2Fe + 1Pb 2.61 2.13 18.39 3.02 15.71
2Fe + 2Pb 3.14 2.77 11.78 3.65 16.24
2Fe + 3Pb 3.73 3.50 6.17 4.39 17.69
2Fe + 4Pb 4.57 4.29 6.13 5.19 13.57
2Fe + 5Pb 5.32 5.09 4.32 6.03 13.35
2Fe + 6Pb 6.12 5.99 2.12 6.92 13.07
2Pb + 1Al 2.91 2.93 0.69 3.14 7.90
2Pb + 2Al 3.80 3.87 1.84 3.90 2.63
2Pb + 3Al 4.69 4.80 2.35 4.68 0.21
2Pb + 4Al 5.55 5.34 3.78 5.48 1.26
2Pb + 5Al 6.43 6.22 3.27 6.31 1.87
2Pb + 6Al 7.34 7.44 1.36 7.16 2.45
2Pb + 1Fe 2.81 2.58 8.19 3.12 11.03
2Pb + 2Fe 3.61 3.54 1.94 3.87 7.20
2Pb + 3Fe 4.47 4.49 0.45 4.65 4.03
2Pb + 4Fe 5.36 5.36 0.00 5.46 1.87
2Pb + 5Fe 6.32 6.24 1.27 6.31 0.16
2Pb + 6Fe 7.27 7.47 2.75 7.20 0.96
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Figure 7: Continued.

Science and Technology of Nuclear Installations 11



Al-actual target
Al-predicted target
Fe-actual target

Fe-predicted
Pb-actual target
Pb-predicted

Build-up factor for single-layer shields at 4MeV γ-ray

0

1

2

3

4

5

6

Ta
rg

et

983 6 100 21 54 7
MFP

(c)

Al-actual target
Al-predicted target
Fe-actual target

Fe-predicted
Pb-actual target
Pb-predicted

Build-up factor for single-layer shields at 8MeV γ-ray

0

1

2

3

4

5

6

7

8

Ta
rg

et

983 6 100 21 54 7
MFP

(d)

Figure 7: )e comparison of build-up factor between actual target and predicted target for single-layer shields at 0.8, 2, 4, and 8Mev c-ray
energy.
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Figure 8: Continued.
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Build-up factor for triple-layer shields at
2MeV γ-ray energy
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Figure 8: )e comparison of build-up factor between actual target and predicted target: )e comparison for (a) single-layer shields of
aluminum at different incident photon energy, (b) double-layer shields at 0.8MeV c-ray energy, (c) triple-layer shields at 2MeV c-ray
energy, and (d) quadruple-layer shields at 6MeV c-ray energy.

1#

Figure 9: )e CAD model display of the calculation model.

Figure 10: )e visualization of the calculated radiation field.
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as a sub module. )is paper uses 4 simplified nuclear fuel
waste barrels as the calculation model to calculate its 3-D
radiation field, where #1 barrel is regarded as the source and
the other barrels as shielding. Figure 9 is the CAD model
display of the calculation model, and Figure 10 is the vi-
sualization of the calculated radiation field in VMERAS.
Figure 11 is the comparison of partial calculated dose rate
between MCNP and VMERAS. It can been clearly seen that
the deviation between VMERAS and MCNP is very small,
and it proved that the novel and high-precision method for
calculating MLBUF has the ability to apply into the practical
engineering.

4. Conclusion

In this paper, a novel and high-precision method for cal-
culating the c-ray build-up factor for multilayer shields is
introduced. Comparing to the previous approaches, the
biggest characteristics of the method are deep neural net-
work and new parameters of the build-up factor calculation.
)rough the deep neural network constructed in this paper
training the new parameters, the MLBUF can be calculated
without decoupling the complex physical relationship be-
tween input and output. Once the deep neural network
finishes the training, it can be used to predict a number of
build-up factors in a short time. By illustrating the pre-
liminary application case, it is proved that the novel and
high-precision method has the ability to apply into the 3-D
radiation field calculation program and it has a broad ap-
plication prospect.

From the above discussion about the predicted results, it
can be seen that the accuracy of the predicted build-up factor
is very high and even the maximum deviation does not seem
far from acceptable. )e method can meet the accuracy
requirement of point-kernel code correction in the

calculation of 3-D radiation field and satisfy the requirement
of calculation speed. )erefore, the method for calculating
build-up factors is feasible in engineering practice.
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