NUCL SCI TECH (2017) 28:66
DOI 10.1007/s41365-017-0219-6

CrossMark

@

Fast three-dimensional radiation field characterization in large-

scale nuclear installations

Yuan-Jie Bi' - Zhi-Ping Luo' * Jin-Sen Guo' - Chuan-Long Li' - Hong-Wei Yang' -

Ling Chen'

Received: 4 November 2016/Revised: 16 December 2016/ Accepted: 25 December 2016/ Published online: 29 March 2017
© Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Chinese Nuclear Society, Science Press China and

Springer Science+Business Media Singapore 2017

Abstract The requirement of the fast three-dimensional
radiation field calculation is raised during the decommis-
sioning of large-scale nuclear installations. The most often
used methods, such as the Monte Carlo and the discrete
ordinates methods, have shortcomings in their simulations
of such problems. The coupled Monte Carlo—point kernel
computational scheme is developed to meet the require-
ment. The facility is separated into the source region and
the bulk shielding region, with a common interface. The
transport within the source region is simulated using the
Monte Carlo method, which is by nature good at treating
complex geometries. The radiation field in the bulk
shielding region is treated by the point kernel approach to
avoid the extremely expensive computation for deep pen-
etration problems. The flow rate through the interface,
which is given by the Monte Carlo simulation, is consid-
ered as the equivalent surface source for the point kernel
calculation. Test calculations from simplified typical waste
storage facilities have been performed to validate the
coupled scheme by comparing them with the results con-
ducted by the Monte Carlo method directly. The good
agreement of the results, as well as the significant saving in
computing time, indicates that the coupled method is
suitable for the fast three-dimensional radiation field
calculation.
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1 Introduction

During the decommissioning of nuclear installations, the
shielding conditions and the sources change quickly with the
dismantling of the devices. The disappearance of one risk
always makes another one become progressively dominant
[1]. Meanwhile, measurements cannot always be done as
desired. Therefore, fast simulation in a changing radiation
field is quite necessary to follow up the work progress.

Furthermore, traditional dose assessment methods, which
often give the dose rate in some representative positions, cannot
reveal the dose variations in the full space. The given dose rate
may not indicate the actual value for a worker standing in a
specific location. Given the situation, the need for full three-
dimensional (3D) radiation field simulations is raised.

The fundamental tool to solve radiation transport prob-
lems is the Boltzmann equation, which is, in general,
extremely difficult to solve. The deterministic discrete
ordinates method and the stochastic Monte Carlo method
are the most often used methods to solve this equation
[2, 3]. The discrete ordinates method, which solves the
Boltzmann transport equation by the discretization of the
angular variable, could deal with deep penetration prob-
lems but has limitation on treating complex geometries and
sources. The Monte Carlo method is naturally suitable for
the complex geometry and complicated source modeling.
However, it requires great computational expense for large-
scale bulk shield, even in the cases where different kinds of
variance reduction techniques are used. The discrete
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ordinates adjoint function could also be used to do auto-
mated variance reduction in Monte Carlo shielding calcu-
lation, which needs the discrete ordinate code to work first
[4, 5].

To meet the requirement for fast calculations, some tools
based on the conventional point kernel method are also
developed [1, 6-10]. These tools are supportive of the as low
as reasonably achievable (ALARA) approach. The point
kernel approach is fast enough even for 3D interactive sim-
ulations as compared to the other two methods. However,
large numbers of approximations make the calculation accu-
racy very low, especially for complex geometry configura-
tions and for the detectors close to sources.

Given the difficulty in dealing with the large-scale bulk
shield simultaneously while treating the complex geome-
tries and sources using a single method, the coupled
computation scheme has been developed. Dividing the
geometry into a complex source region and a bulk shield
region, the radiation field could be solved by combing two
different methods. The complex source region is simulated
first to get the particle information on the interface, which
is then used as the source term of the bulk shield region.
The coupled Monte Carlo—discrete ordinates computational
scheme, which uses the Monte Carlo method to deal with
the source region, and the discrete ordinates method to treat
the bulk shield region have been proposed in some papers
[11-14]. However, this coupled method is not applicable to
do the fast simulation, since discrete ordinates calculations
are usually computationally expensive and need skills to
speed up the convergence of the iterative solution [15].

In view of the situation described above, we developed a
fast 3D radiation field simulation method based on the
coupled Monte Carlo—point kernel computational scheme.
It could make the 3D simulation much more accurate than
that given by the simple point kernel method, and it is
faster than both Monte Carlo simulation and Monte Carlo—
discrete ordinates calculations. The idea of the coupled
computation scheme was initially validated by the simu-
lation of a single radioactive waste storage container in the
previous study [16]. In order to adapt it to much more
general situations, the physical models and the algorithms,
as well as the key computing modules, have been improved
in this paper. Two representative examples, covering the
symmetric and asymmetric sources and geometries, have
been examined to validate the program system.

2 The coupled Monte Carlo—point kernel program
system
As a new way to obtain the 3D radiation field, the

coupled Monte Carlo—point kernel computational
scheme is characterized by the fast and full 3D calculation.

@ Springer

An interface is selected to separate the whole geometry into
two parts: the Monte Carlo region with complex sources
and geometry, and the point kernel region with simple
geometry and bulk shield. An interface program is devel-
oped to convert the Monte Carlo output into the equivalent
surface source of the point kernel calculation. Combing the
Monte Carlo and point kernel results, the 3D radiation field
of the facility can be obtained.

There are six steps to do the coupled Monte Carlo—point
kernel simulation:

Select the interface;

Do the Monte Carlo simulation;

Set up the interface program;

Do the point kernel approach;

Consider the wall/floor reflection;

Combine Monte Carlo and point kernel results to get
the 3D radiation field.

2.1 Selecting the interface

Since the symmetry is usually present in practical
problems, the solid boundary is often selected as the
interface, which could significantly simplify the calcula-
tion. For the case of spherical, cylindrical, rectangular, and
conic containers filled with radioactive nuclides, the con-
tainer surfaces are selected as the interface surfaces,
resulting in spherical, cylindrical, rectangular, conic, and
disk surface sources.

2.2 Doing the Monte Carlo simulation

The complex sources and geometric region is simulated
using Monte Carlo method first. The general purpose
Monte Carlo code FLUKA [17, 18] is run to get the particle
information on the interface. “USERDUMP” is added in
the input file to activate the user routine, “MGDRAW”, to
score the boundary crossing events. The interface is
meshed into differential surface elements (AA). The double
differential (energy and angle) particle distribution across
each surface element is recorded.

2.3 Setting up the interface program

The particle information on the interface obtained from
the FLUKA simulation should be converted into the sur-
face source of the point kernel calculation. The connection
could be established by solving the Boltzmann equation. It
could be strictly proved from the Boltzmann equation that
the arbitrary source and materials distributed inside the
interface could be replaced by the flow rate cross the sur-
face [2]. The response of the detector is the same in both
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cases. The flow rate passing through the connection surface
is equivalent to the intensity of the surface source.

it (7B Q) -, (7 E.G) = sa (7, E,8), (1)
in which Sp is the source intensity at the interface, and
JE(RE, Q) =n-Qp* (7, E,Q). Where “+7 denotes the
direction from the Monte Carlo region to the point kernel

region, “—” denotes the other way round, 7 is the outward
normal of the surface at any given point, rs, E is the particle

energy, Q is the direction vector, and ¢= (7, E, ﬁ) denotes
the fluence rate.

The flow rate from the point kernel region to the Monte
Carlo region could be ignored for two reasons: (1) there is
no source in the point kernel region and (2) the contribu-
tions of the backscattered particles from the reflection
surface decrease inversely with the square of the distance.
Generally, the interface is far from the reflection surface.
Therefore, for the equivalent surface source,

J—(r;Efz) zo,j;(r:,E,ﬁ) :SA<r;,E,fz). 2)

The angular distribution of the surface source is usually not
isotropic, but we can use a more generalized form to
express it as a power distribution of cos 6 [2],

1 -

£(0) = iy (7., G) (m + 1) cos™ 0, (3)
n

where 0 is the angle between the emission and the outward

normal of the surface element, and m is a variable

parameter, which can be found using the least-squares fit-

ting. The integration of the function f(0) over solid angle is

equal to j (7, E, Q),

/Q £(0)dQ = /O ” /0 " £(0) sin 0d0d¢p = j;(r:,E,ﬁ),
4)

where the distribution is supposed to be symmetric with the
azimuthal angle, ¢.

For an arbitrarily source, the angular distribution of the
emissions would not be expressed as a continuous function
of cos@. The discrete method is used instead in this
situation.

2.4 Doing the point kernel approach

After getting the angular distribution on the interface,
the point kernel approach is done. The steps to calculate the
detector response are summarized as follows:

e Use the same mesh of the interface as Sect. 2.2,
e (Calculate the detector response to the surface elements,
e Add the contribution of all the surface elements.

The most important part of doing the point kernel approach
is to calculate the detector response to the surface elements.
With a plane surface source as an example, Fig. 1 shows
the geometry for the calculation. For an arbitrary surface
element, dS, at point A, the detector is located at point P.
The projection of P on the plane is P'. The angle between
AP and the outward normal of the surface element around
point A is characterized by 0. The azimuthal angle of
detector P is expressed as ¢. 6 and ¢ could be calculated
using

AP -2 AP - %
cosH:fZ, cosd):fx. (5)
|AP| |AP|

For the case when the emitting angle is symmetric with
¢, it could be expressed as a cosine function of 0. The
detector response is expresses as:

1
dR — 2—rsz(E, d)efud(())gn(E)j; (m+ 1) cos™ OdEdS,
A
(6)

where r = |AP|, B(E,d) is the gamma-ray buildup factor
through the shield, d(0) is the shield thickness along the 6
direction, p is the photon attenuation coefficient, and R(E)
is the detector response function. The widely used ANSI/
ANS-6.4.3-1991 buildup factors and attenuation coeffi-
cients are adopted [19] in the paper. Since the buildup
factors are provided for point isotropic sources in a
homogeneous infinite medium, the error increases for
practical situations, e.g., a shield of finite extent or slant-
penetration problems. Situation-specific buildup factors or
situation-specific corrections should be used for the special
cases. For example, different series of a buildup factor
could be used for a parallel beam obliquely incident on a
slab [20].

For an arbitrary emitting angle, which is depending not
only on 0 but also on ¢, the discrete method is used. The
detector response is:

Fig. 1 Geometry to calculate the detector response
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dR = r~*Hy,¢,B(E,d)e """ %) dEdS, (7)

where Hy, ¢, is the dose equivalent at one unit distance from
the source with no shield along (0;, ¢;) direction.

Integrating the differential detector response over
energy and the whole interface, the total detector response
is obtained.

Enmx
Rtotal = // dR. (8)
S JE=0

2.5 Considering the wall/floor reflection

The reflection from the floor and the walls are consid-
ered by introducing a reflection factor, which can be
obtained from the albedo concept. The seven-parameter
approximation of the dose albedo given by Chilton and
Huddleston [2] is expressed as

O(D(E()v OOa 07 ¢)

C(Ey)K (Ey, 05)10% + C (E
= F(Eo,00; 0, $) (Eo)K (Eo,6:) (Eo)

9)
in which the factor F is given by

F(Eo, 00;0,¢) = A1 (Eo) + Ay (Eo)vers®0 + A3 (Eo)vers®0
+ A4(E0)Ver5290ver526
+ As(Ep)versOyversOverso,
(10)

where Ej is the energy of the incident particle, 6y and 6 are
the incident and emergent polar angle, respectively, with
respect to the outward normal of the reflecting surface,
vers = 1 —cos0,¢ is the emergent azimuthal angle,
C,C A\, Ay, A3, Ay, and As are fitted parameters, which
depend not only on energy, but also on the composition of
the reflecting medium [21], and K(Ey,6;) is the Klein—
Nishina energy scattering cross section for scattering angle
05 in the units of square centimeters.

The response of the detector, which is located at the
direction (0, ¢) with respect to the reflecting surface dS’, is

op(Eo, o; 0, ¢) cos 0pdS’
D . 0d> (11)

r

dRr:RO

where R represents the response at the location of dS’, due
to incident particles, and r; is the distance from the detector
to dS’. Integrating over the area of the reflecting surface,
the total reflected dose is obtained. It should be noticed that
as the differential surface dS changes, the variables
0o, 0, ¢, and r, change as well.
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1 + (cos B/ cos 0)(1 + 2Eqversfy)"/*’

2.6 Getting the 3D radiation field

Figure 2 shows the flow chart of the coupled model. The
interface program and the point kernel approach module
are developed using the Fortran language. Combing the
Monte Carlo and point kernel results, the 3D radiation field
is obtained.

3 Verification of the coupled program

Two models from simplified typical waste storage
facilities are used to verify the coupled program. One is
used to test the case when the emitting angle from the
equivalent surface source is a power distribution of cos 6,
and the other one is designed for an arbitrary emitting
angle, which is depending not only on 6 but also on ¢.

3.1 Case A: the emitting angle is a power
distribution of cos 0

3.1.1 The geometry and source

As depicted in Fig. 3a, there are two rooms in the
facility. Two identical vessels containing 1.5 g/cm3 silt
with radioactive nuclide Cs-137 are placed in the room on
the right side. The walls of the vessels are composed by

Read the interface mesh

1
+
Get the flow rate Jn
on each surface element
¥

The equivalent surface
source S,=Ji"

|Interface surface ||Complex sources regi0n|

|Read the detector coordinates

Calculate 6 and ¢

Get the detector response
to the surface element

t kernel approach

[
|Bulk shield region|
[

v
|Add the wall/floor reﬂecton| :

Poin

e o e e e ot o o e

—74‘ast 3D radiation field,

Fig. 2 Flowchart of the coupled model
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10 mm steel. A concrete wall of 20 cm at x = —673cm
separates the vessels from the room on the left side. The C—
C’ and D-D' cross sections of the vessels, which are
identical, are shown in Fig. 3b. The major part of the vessel
is a cylinder that is 3.1 m high with an inverted frustum of
cone of 1.0 m on the bottom. The source is exponentially
distributed throughout the z direction and inclined to the
negative direction along the x-axis.

3.1.2 The coupled computation

A full Monte Carlo simulation is conducted first using
FLUKA to do the benchmark. The “BIASING” card is
used to compensate the photon attenuation caused by the
concrete wall and by the geometric distance from the
source.

The surfaces of the vessels are selected as the interface
for the coupled computation, resulting in cylindrical, conic,
and disk surface sources. The cylindrical and conic surface
sources are meshed in cylindrical coordinates, while the
disk surface source is meshed in Cartesian coordinates. The
mesh size for each element is selected to make sure the
deviation of the final results is less than 2% when
increasing the mesh number. The entire energy range is
subdivided into 15 groups and the angular variable is dis-
cretized into 15 parts. To obtain the equivalent surface
source, the current j on each surface segment is given by
the FLUKA simulation. Figure 4 shows the double differ-
ential spectra of emissions with 0 in different energy
intervals for a selected frustum surface element. Three
energy intervals are taken for drawing comparison, where
E, € ]0.596,0.662], E, €]0.529,0.596], E; €
[0.463,0.529] MeV. The distribution of the emissions is
expressed as the power of cos 0,/ (m + 1) cos™ 0/2n. The
parameter, m, is equal to 2, which is obtained using the
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Fig. 3 a Geometry model of a simplified typical facility. b
Distribution of the slit on the C—C’ and D-D’ cross sections of the
vessels

least-squares fitting. It is shown by the figure that the data
fit well with the formula.

The point kernel approach is done following the steps of
Sect. 2.4, using the current j given by the FLUKA sim-
ulation. The reflections caused by the wall near the vessels
and the floor below them are considered. The incident
angle, 6y, is selected to be zero due to the approximate
normal incidence.

3.1.3 The verification of the coupled program

To verify the new program, the results of coupled
computation are compared with the full FLUKA simula-
tion. The ambient dose equivalent as a function of x is
shown in Fig. 5 for the line of z=250,y =0 and
7=1250,y =235cm, where y =0cm is the symmetric
plane of geometry and y = 235cm is the plane passing
through the central axis of a vessel as depicted in Fig. 3.
The solid black line shows the large divergence of the point
kernel approach at the position which has the label of
“Container surface”. It is an intrinsic drawback of the point
kernel method. When the detector is very “close” to the
source, the term 1/ r? in Egs. (6) and (7) approaches
infinity. In such cases, the results oscillate substantially
when the mesh of the interface is changed slightly. The
radiation field in such region is selected from the FLUKA
simulation in the coupled method.

The dose equivalent decreases fast when passing
through the concrete wall located from x = —663 to x =
—683 cm (called “inwall” for short). The selection of the
buildup factor is always an artistic problem in the practical
design, especially for odd shaped or large objects. The
buildup factor for an isotropic point source in an infinite
homogeneous medium is usually chosen in the shielding
calculations, since it is likely to be a conservative estima-
tion. However, as shown in Fig. 4, since most of the par-
ticles move forward along the outward normal of the

x10
1
. « E,—FLUKA
A - E,~Fit
08r o E,~—FLUKA
v, 2 )
. —E,—Fit
06t oy . E;~-FLUKA
) E,~—Fit

04 ]

dN/dE/dQ (Counts/sr/MeV/cmz/primary)

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
6 (Radian)

Fig. 4 (Color online) Double differential spectra of emissions with
in different energy intervals for selected frustum surface
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Coupling—-B(d) for point source, y=0 cm
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-6 FLUKA, y=0 cm
- - Coupling——B(d) for point source, y=235 cm
— Coupling—-B(d) for parallel beam, y=235 cm|
+ FLUKA, y=235 cm
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9 .
! 0—1 800

Fig. 5 (Color online) Ambient dose equivalent as a function of x with
z=250cm

surface, the beam approximately parallel illuminates the
“inwall” in our case. Therefore, the buildup factor for the
parallel beam fits better with the FLUKA simulation.

3.2 Case B: the emitting angle is a discrete
distribution

3.2.1 The geometry and source

As depicted in Fig. 6, three identical vessels the same as
the one in Sect. 3.1 are placed on the right side of the room.
There are two 20 cm concrete walls named by “walll” and
“wall2”. The dotted line box enclosing the vessels is
selected as the interface.

3.2.2 The coupled computation

The steps to do the coupled computation are similar to
Sect. 3.1. The biggest difference is: Since the emitting
angle from the interface is depending not only on 6 but also
on ¢, the discrete method is used. For a given detector, the

600 F T T T T T T T T a

200 H n i

three vessels

Y (cm)
o

-200 + wall2 wallt &l

-400 H t g

interface surface

-600 T T T T T T T T
-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0

X (cm)

Fig. 6 Geometry model of case B
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response from each side of the interface is added. The
buildup factor for the parallel beam is chosen in the
calculation.

Figure 7 shows the ambient dose equivalent as a func-
tion of x, with z = 250cm. Two representative lines, y =
—234 and y = 403 cm, are selected to compare with the
FLUKA simulation. The two results match very well on a
large scale for the ambient dose equivalent, which drops
about five orders of magnitude. We also see large fluctu-
ation for the FLUKA results after passing “wall2”,
although 1.2 x 10'° particles have been simulated.

3.3 The advantage of the coupled scheme

The good agreement of the results in Sects. 3.1 and 3.2
indicates the reliability of the coupled Monte Carlo—point
kernel scheme. Comparing with the Monte Carlo method,
the coupled scheme can speed up the calculation under the
premise of ensuring the accuracy.

For case A, using the desktop computer with Intel(R)
Core(TM) i3-3240 CPU @3.4 GHz, 4 GB memory, for a
mesh of 70 x 50 x 20, it takes 8 h for the full FLUKA
simulation to get the relative uncertainties of 5% in the
right corner and 15% in the left corner of the left room. The
CPU time to get the equivalent surface source in the cou-
pled technique is 20 min within the relative uncertainty of
1%, and the time for the point kernel calculation is 35 min
using the same mesh size.

For case B, using the same computer and the same mesh,
30 h was spent for the full FLUKA simulation due to the two
thick shields, although the “BIASING” card is used to reduce
the variance. The relative uncertainty is 12% in the right
corner and 24% in the left corner of the most left room for the
FLUKA simulation. The coupled technique takes 75 min to
get the equivalent surface source with the relative uncertainty
of 5%, and 134 min to do the point kernel calculation.

10 T T T T T T T T
—Coupling method, y=—-234 cm|
6 ° FLUKA, y=-234 cm

Coupling method, y=403 cm
+ FLUKA, y=403 cm

bt 3
R
i ey,

Ambient dose equivalent (mSv/h/MBq)
\

—11

-1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 0
x (cm)

Fig. 7 (Color online) Ambient dose equivalent as a function of x with
z=250cm
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The results show that the coupled technique saves
approximately one order of time compared to the full
Monte Carlo simulation.

4 Conclusion

The coupled Monte Carlo—point kernel scheme, which
could meet the requirements of the fast radiation field cal-
culation for large-scale nuclear installations, has been pre-
sented and validated. The coupled program system takes the
advantages of both the Monte Carlo simulation and the point
kernel method. The combination of these features makes it
possible to deal with the complex geometry and source using
the Monte Carlo model and do fast dose assessments by the
point kernel approach in the large-scale bulk shielding region.

Two models from simplified typical waste storage
facilities are selected to do the code verification. Although
the test models are rather simple, they have the following
features:

The source is non-standard;

The shield is bulk;

The building house has large dimension;
A fast 3D dose field map is needed.

As the large-scale complex nuclear installations share the
same features as pointed above, it can be concluded that the
simple models test and verify the ability of the coupled
scheme to do such simulations. The coupled scheme will
be extended to be capable of dealing with more complex
cases in the follow-up study. Using the actual scene of the
large-scale nuclear facilities, the source and the geometry
will inevitably be more complex. Several examples cov-
ering a wide range of expected configurations would be
examined to determine the overall validity of the method
for use during the decommissioning process.
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