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Abstract. The development of novel nuclear facilities has brought safer and more efficient energy options
but also poses significant challenges for radiation shielding calculations. MCShield, developed by the Radi-
ation Protection and Environmental Protection Laboratory at Tsinghua University, is a Monte Carlo
program designed for coupled neutron/photon/electron transport in radiation shielding calculations. It
incorporates a system of variance reduction techniques based on Auto-Importance Sampling (AIS) to
address the deep penetration problem commonly encountered in the field of radiation shielding. The accu-
racy and computational efficiency of MCShield have been validated through benchmark problems and
real-world applications. However, the current AIS system faces limitations in complex scenarios, user-
friendliness, and reliance on user experience. To address these issues, we optimized the size, shape, and
energy parameters for the AIS variance reduction method, expanded the use of regular virtual surfaces, and
introduced an irregular AIS virtual surface method. Additionally, we developed an automatic generation
method for AIS virtual surfaces and implemented automatic calculation for these surfaces. AIS Energy
Bias Method was proposed to improve convergence across different energy intervals. These improvements
enhance the applicability and refinement of the AIS virtual surface parameters, significantly boosting the
overall performance of MCShield.

1 Introduction

In the context of shielding design for nuclear facilities
such as power plants, accelerators, and radiation appara-
tus, meticulous computation of radiation parameter dis-
tributions under various shielding schemes are imperative.
Monte Carlo method, known is robust geometric repre-
sentation, rapid convergence, and precise computational
outcomes, has become the predominant technique for radi-
ation field assessment in shield design endeavors [1]. How-
ever, this method encounters efficiency constraints when
applied to complex geometrical configurations and deep
penetration scenarios typical of primary and secondary
radiation shielding calculation in advanced nuclear instal-
lations [2,3].

The Radiation Protection and Environmental Protec-
tion Laboratory at Tsinghua University has developed
a Monte Carlo program, MCShield, specifically designed
for radiation shielding calculations involving coupled neu-
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tron/photon/electron transport, tailored to address vari-
ous types of shielding challenges [4]. This program incor-
porates variance reduction technique system based on
Auto-Importance Sampling (AIS) method, which has
yielded favorable results [1,5–8] on benchmark problems
and real-world applications. AIS method divides the entire
particle transport space into K + 1 sequentially adjacent
subspaces by introducing virtual surfaces. The source par-
ticles are transported sequentially in layers between these
subspaces. Through automatic particle weight adjustment
and quantity control, the number of virtual particles on
the virtual surface is equal to the number of source parti-
cles. The calculation flow of AIS method is illustrated in
Figure 1.

However, in the shielding calculations for complex
configuration nuclear facilities, AIS method faces several
challenges:

a. Insufficient Geometric Adaptability of Virtual
Boundary Parameters: The regular virtual surface
types currently employed in AIS method, such as
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Fig. 1. Calculation flowchart of AIS method.

planar, spherical and cylindrical surfaces, are inade-
quate for addressing the complexity of configurations
in primary shielding. To better accommodate various
geometric structures, it is necessary to enhance the
geometric adaptability of virtual surfaces.

b. Virtual Surface Setup Problem: Users often strug-
gle to set up a suitable virtual surface for shielding
calculation due to lack of experience. To address this
issue, we propose an automatic generation method for
different types of virtual surfaces, which facilitates the
automatic calculation of AIS method.

c. Convergence Issues in Energy Spectrum: Vari-
ance reduction computations require convergence
across the energy spectrum, yet suboptimal conver-
gence is observed in certain energy intervals. Current
AIS methods lack the capability to adjust the energy
space. Therefore, it is necessary to develop energy bias
methods based on AIS to address the convergence
issues in energy spectrum.

Below, we will discuss each of these issues in detail.

2 The description of optimization work

2.1 Geometric applicability amplification of AIS
method

2.1.1 Amplification of regular AIS virtual surface method

The basic idea of AIS methods is to introduce virtual sur-
faces and to divide the computational space into several
subspaces for hierarchical transport. The virtual surface
is described by the following parametric equations:

F (u, v) = (x (u, v) , y (u, v) , z (u, v)) (1)

where u and v are parameters, and f (u, v) is a function of
u and v. As depicted in Table 1, MCShield supports three

regular virtual surfaces: planar, spherical and cylindrical
surface. However, these regular virtual surfaces are only
suitable for highly regular geometric scenarios and are
inadequate for situations involving irregular core geome-
tries, such as setting up hollow cylindrical surfaces or
accommodating inclined surfaces. To address these limita-
tions, we have expanded the regular virtual surface capa-
bilities by:

(1) Normal Direction Setting: Adding a normal property
to set the normal direction of planar and cylindrical
surfaces.

(2) Hollow cylindrical surface Setting: Adding a cylinder
inner diameter attribute for setting up hollow cylin-
drical surfaces.

These enhancements improve the flexibility and applica-
bility of MCShield in handling complex geometric config-
urations. The specific diagram of comparison illustrating
these enhancements is shown in Figure 2.

2.1.2 Irregular AIS virtual surface method

In complex scenes, due to the strong anisotropy of geome-
try, it is often difficult to achieve optimal variance reduc-
tion results using a single regular virtual surface. Irregular
AIS virtual surface method addresses this by generat-
ing virtual surfaces tailored to different geometric shapes
based on a series of amplified regular virtual surfaces, as
shown in Figure 3. Each virtual surface consists of several
virtual sub-surfaces, which are spliced together to form a
complete surface used for particle transport calculations.
It can be described as a collection of a finite number of
planar or cylindrical surfaces, each of which has its own
parametric equation. We can represent their parametric
equations as a set and ensure that they are correctly con-
nected in space by appropriate conditions.



J. Wu et al.: EPJ Nuclear Sci. Technol. 11, 4 (2025) 3

Table 1. Comparison of three types of regular virtual surfaces and their attributes.

Virtual surface type Virtual surface attribute Schematic diagram

Planar surface Center: the center coordinates of the surface

s

OrientationType: geometric direction value
HalfHeight: the half height of the surface
HalfWidth: the half width of the surface

Spherical surface
Center: the center coordinates of the spherical surface
Radius

Cylindrical surface

Center: the center coordinates of the cylindrical surface
Radius
OrientationType: geometric direction value
GeometryType: the virtual particle generation location
StartPhi: the starting degree of the cylinder
DeltaPhi: the span of the cylinder

Fig. 2. Geometric applicability expansion of planar and cylindrical virtual surfaces. (a) An inclined planar virtual surface (b)
an oblique cylindrical virtual surface (c) a hollow cylindrical virtual surface.

Supposing that there are N planar and M cylindrical
surfaces with their respective parametric equations:

Fi(ui, vi) = (xi(ui, vi), yi(ui, vi), zi(ui, vi)). (2)

Then the irregular AIS virtual surface can be represented
as:

S = {F1 ∪ F2 ∪ . . . ∪ FN+M , |1 ≤ i ≤ N +M} . (3)

When dealing with irregular virtual surfaces, there are
notable differences compared to existing AIS methods.

Each set of irregular virtual surfaces contains multiple
virtual sub-surfaces, introducing additional complexity
and adjustment requirements in terms of virtual sur-
face input, construction, fast calculation, and inspec-
tion display in MCShield. To improve the efficiency and
accuracy of constructing and searching irregular virtual
surfaces, the MCShield team adopted a spatial binary
tree method similar to the K-Dimensional tree (KDTree)
[9,10]. The KDTree is built recursively, sorting virtual sur-
faces according to depth and axis selection. At the leaf
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Fig. 3. Schematic diagram of an irregular AIS virtual surface
composed of multiple planar virtual surfaces.

nodes, virtual surfaces are merged, and the root node of
the KDTree is returned. This approach ensures efficient
combination and management of each virtual sub-surface.

The calculation flowchart of irregular AIS virtual sur-
face method (see Fig. 4) and specific schematics are out-
lined below.

(1) Complete Monte Carlo modeling. The user introduces
K irregular virtual surfaces, dividing the entire par-
ticle transport space into K + 1 sequentially adja-
cent subspaces. Each irregular AIS virtual surface Si

is constructed based on several regular virtual sur-
faces Fi (ui, vi), where each irregular AIS virtual sur-
face Si can be represented as Si = {Fi,j ∪ Fi,j+1

|1 ≤ i ≤ K}.
(2) Sample source particles to obtain the source parti-

cle C0 = (~r0, ~ω0, E,Wi) and initiate the transport
calculation, where ~ω, ~r, E, W are the direction of
motion, position, energy and weight of the parti-
cle. After each collision, update the particle state
Ci = (~ri, ~ωi, Ei,Wi). Determine if the particle can
reach the current virtual surface position ~ri

∗ along
with the direction ~ωi.

(3) If the particle can reach the virtual surface and the
position ~ri

∗ is in a region with non-zero importance,
generate a pseudo-particle C∗i = (~ri

∗, ~ωi, Ei,W
∗
i ),

and calculate and update the pseudo-particle weight
W ∗i .

(4) If the particle Ci = (~ri, ~ωi, Ei,Wi) cannot reach the
current irregular virtual surface Si along the direction
~ωi, or if the position ~ri

∗ reached is in a region with
zero importance, do not generate a pseudo-particle.
When a source particle crosses the current irregu-
lar virtual surface Si to reach the next subspace,
terminate it.

(5) Iterate steps (2), (3), and (4) until transport
is completed for all virtual surfaces of the
subspaces.

(6) Compute and output the results.

2.2 AIS automatic calculation method

2.2.1 Automatic generation method of irregular AIS virtual
surfaces

Under simple geometric conditions of homogeneity, the
automatic generation of AIS virtual surfaces is essentially
a binary linear classification problem in 3D space, primar-
ily handled by the Support Vector Machine (SVM) algo-
rithm. The process involves finding the support vectors in
the dataset to separate samples of different classes, maxi-
mizing the margin between them. This results in the best
separating hyperplane with different penetration proba-
bilities, which is used as the virtual surface. Due to the
complexity of the geometry in the reactor space, it is not
possible to achieve ideal computational results by using a
single regular virtual surface. For this case, we divide the
entire transport space into several grid cells of the same
size and calculate the direct penetration probability of the
center position of each cell with respect to the position of
the source term. That is, the probability that the particle
penetrates the current virtual surface without experienc-
ing any collision event from the source term [4]. Based on
the direct penetration probability of different positions,
the surfaces of the grid cells are selected as an irregular
virtual surface, as shown in Figure 5. The specific process
of automatically generating irregular AIS virtual surfaces
is as follows.

(1) Complete the Monte Carlo geometric modeling, deter-
mine the statistical region R3, and divide the entire
statistical region into Mx, My and Mz grid cells along
the X, Y , and Z axes, respectively.

(2) Calculate the direct penetration probability Pi,j,k for
each grid cell Ni,j,k(1 ≤ i < Mx, 1 ≤ j < My, 1 ≤ k <
Mz) in the entire transport space R3 is relative to the
source term position ~rs, which is specified as:

Pi,j,k = exp

(
−
∫ |−−−→ri,j,k−−→rs|

0

Σt (−−→ri,j,k + l−−−→ωi,j,k, Ei)dl

)
(4)

where−−−→ωi,j,k is the direction vector of any position−−→ri,j,k
in space with respect to the source term −→rs ; Σt is the
macroscopic total cross section, and Ei is the particle
energy.

(3) Based on the penetration probability Ps of the cell Ns

at the source term position ~rs, the penetration proba-
bility Pend, at the calculation boundary position −−→rend,
and the number of virtual surfaces K, determine the
penetration probability threshold θi(1 ≤ i < K) for
each subspace, ensuring consistent direct penetration
probability within each subspace.

(4) Starting from the source term cell Ns, the direct pen-
etration probability of the particle Pi,j,k at each cell
Ni,j,k is calculated iteratively in layers. Judge whether
Pi,j,k is greater than the threshold θi in the subspace,
and record the index of the cell Ni,j,k.

(5) After completing search for the current layer, select
the outer surface of all recorded cells as the virtual
surface for the current layer, removing overlapping
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Fig. 4. Calculation flowchart of AIS irregular virtual surface method.

Fig. 5. Schematic diagram of automatic generation method of irregular AIS virtual surfaces.

parts with the source term cell Ns and the trans-
port space R3 boundary to ensure the virtual surface
is complete without omissions, and output the infor-
mation of the virtual surface for the current layer as
required.

(6) Repeat steps (4) and (5) to ultimately complete the
generation of K virtual surfaces.

2.2.2 AIS automatic calculation method

Based on the above task, AIS automatic calculation
method can be further implemented. It is important to
note that MCShield uses five core classes to describe the
whole particle transport process, from the top to the bot-
tom: Simulation, Cycle, History, Route, and Step. The
control relationship of the five classes is to be invoked layer
by layer from the top to the bottom. Through the hierar-

chical structure of these classes, we are able to accurately
simulate and control each step of the particle transport.
The calculation process (see Fig. 6) is as follows:

(1) Complete the Monte Carlo geometric modeling, ini-
tialize the program, parse the config and GDML files,
and read the geometry, source term, statistical, mate-
rial, and variance reduction information. If the user
chooses to use AIS method, proceed to step (2); oth-
erwise, proceed to step (9).

(2) If the user chooses to automatically generate AIS vir-
tual surfaces, proceed to step (3); otherwise, com-
plete the AIS method initialization in MCShield and
proceed to step (9).

(3) Determine the statistical region R3, divide the entire
statistical region into Mx, My and Mz cells along
the X, Y , and Z axes, respectively, and calculate the
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Fig. 6. Automatic calculation flowchart of AIS virtual surfaces.

direct penetration probability Pi,j,k for each grid cell
Ni,j,k(1 ≤ i < Mx, 1 ≤ j < My, 1 ≤ k < Mz) in the
entire transport space R3 is relative to the source
term position ~rs.

(4) Based on the direct penetration probability Ps of the
cell Ns at the source term position ~rs, the direct pen-
etration probability Pend, at the calculation bound-
ary position −−→rend, and the number of virtual surfaces
K, determine the penetration probability threshold
θi(1 ≤ i < K) for each subspace, ensuring con-
sistent direct penetration probability within each
subspace.

(5) Starting from the source term cell Ns, the direct
penetration probability of the particle Pi,j,k at each
cell Ni,j,k is calculated iteratively in layers. Judge
whether Pi,j,k is greater than the threshold θi in the
subspace, and record the index of the cell Ni,j,k.

(6) After completing the search for the current layer,
select the outer surface of all recorded cells as the
virtual surface for the current layer, removing over-
lapping parts with the source term cell Ns and the
transport space R3 boundary to ensure the virtual
surface is complete without omissions, and output
the information of the virtual surface for the current
layer as required.

(7) Repeat steps (5) and (6) to ultimately com-
plete the generation of K irregular virtual surfaces
{Fi,j ∪ Fi,j+1 |1 ≤ i ≤ K}.

(8) Update the generated virtual surfaces in MCShield
and complete the AIS method initialization.

(9) Initialize the Simulation class and start particle
transport, completing the History process for all par-
ticles, and recording statistical results during trans-
port. If the user chooses to use AIS method, virtual
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Fig. 7. Schematic Diagram of AIS Energy Bias Method.

Fig. 8. Schematic diagram of a multi-layer core water model.

particles are generated on the next virtual sur-
face during particle transport, and automatic par-
ticle weight adjustment and quantity control are
performed on the virtual surface.

(10) After transport ends, output statistical results and
terminate the program.

2.3 AIS Energy Bias Method

In Monte Carlo calculations, the relative statistical error
in each region is determined by the number of parti-
cles entering the region, and the statistical errors varies
accordingly to whether or not the simulated particles are
uniformly distributed in different energy intervals [11]. In
the actual Monte Carlo simulation, the theoretical analysis
of relative statistical errors are more difficult because the
statistics are more complex and may use geometric split-
ting and variance reduction techniques such as roulette

and power windows, but the above conclusions are gen-
erally valid. Therefore, to meet the demand in practical
engineering, i.e., to make all energy group calculations
guarantee sufficient computational accuracy, we need to
realize as much as possible that the particle distribution
density of the particles in each energy group is uniform.
To address these issues, the team proposed AIS Energy
Bias Method. This method achieves a uniform distribu-
tion of virtual particles on the virtual surface within each
energy group by employing an energy dimension control
algorithm to regulate the number of virtual particles. Con-
sequently, it ensures a uniform distribution of particles
throughout the entire space of the Monte Carlo simulation
for each energy group. Specifically, the energy dimension
is added to the virtual surface, and the energy interval
is divided. When adjusting the number of virtual parti-
cles on the virtual surface, the number of virtual parti-
cles generated is maintained within each energy interval.
The technical scheme diagram of AIS Energy Bias Method
(see Fig. 7) and the specific implementation process are as
follows:

(1) Introduce K virtual surfaces, dividing the entire par-
ticle transport space into K + 1 sequentially adjacent
subspaces. For each virtual surface k, partition the
energy dimension into G energy intervals.

(2) Sample source particles to obtain the source particle
C0 = (~r0, ~ω0, E,Wi) and initiate the transport calcu-
lation. After each collision, update the particle state
Ci = (~ri, ~ωi, Ei,Wi), and generate pseudo-particles on
the virtual surface C∗i = (~ri

∗, ~ωi, Ei,W
∗
i ).

(3) Determine the energy interval g to which the pseudo-
particle C∗i = (~ri

∗, ~ωi, Ei,W
∗
i ) belongs to based on

its energy Ei. If a particle reaches the current virtual
surface during transport, terminate the particle.

(4) After completing transport within the current sub-
space, adjust the number of pseudo-particles Nk,g to
maintain on the virtual surface k, energy interval g.

(5) Pseudo-particles on the current virtual surface k act
as source particles for the next subspace, and the
transport process continues iteratively with steps (2),
(3), and (4) until transport is completed for all virtual
surfaces of the subspace.

(6) Compute and output the results.

3 Code validation test

After completing the code optimization work, the opti-
mization module of MCShield was tested and verified.
This paper presents tests on a multi-layer core water
model and a practical small reactor model. It needs to
be clarified that the statistical method mentioned in this
paper is “Mesh Tally”. In this approach, the spatial distri-
bution of physical quantities (e.g., neutron flux, dose rate,
etc.) over the entire computational domain is obtained by
dividing the computational domain into small virtual grid
cells and counting the trajectories of particles in each cell.
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Fig. 9. Schematic diagram of the practical small reactor model. (a) Overall schematic diagram of the practical small reactor
model. (b) Small reactor internals. (c) Small reactor core components.

3.1 Model A: A multi-layer core water model

The water model (see Fig. 8) is arranged in a multi-layer
configuration, with the core located at the center of the
lower bottom surface of the calculation space. The lower
layer is wrapped with water, lead, polyethylene, and steel
as shielding materials. The specific geometric parameters
are as follows: the lower cylinder has a radius of 500 mm
and a height of 400 mm, the upper cylinder has a radius
of 400 mm and a height of 500 mm, the central water
layer measures 2000 mm in length, 2000 mm in width, and
4000 mm in height, and the outer stainless-steel layer has
a thickness of 1000 mm.

3.2 Model B: A practical small reactor model

The small reactor model consists mainly of a pressure ves-
sel, steam generator, main pump, pressurizer, pipeline,
suppression pool, and shielding structure. The pressure
vessel is located at the center of the reactor chamber, as
shown in Figure 9. Inside the pressure vessel are the fuel
assembly, reflector, thermal shield, core basket, and other

reactor inner structures. The core fuel assembly is modeled
by homogenization. Various materials, such as stainless
steel, lead, polyethylene, and water, are used as shielding
structures around, above, and below the core. Neutrons
and photons start from the fuel pellet, pass through the
fuel assembly, reflector, pressure vessel, suppression pool,
and other structures containing various shielding materi-
als to reach the secondary shielding surface. In the small
reactor model, the source term is a neutron source located
in the core of a rectangular region (1 m long, 1 m wide, 2 m
high, with the bottom center at the origin). The energy
spectrum of the source term follows the Watt fission spec-
trum, and the direction is uniformly distributed.

4 Results

4.1 Irregular AIS virtual surface method: Model A

The effect of irregular AIS virtual surface method was
tested using a multi-layer core water Model A. Five pla-
nar, cylindrical, and irregular AIS virtual surfaces were
used, with the settings of the virtual surfaces are shown in
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Fig. 10. Schematic diagram of four
virtual surface settings. (a) No AIS.
(b) Planar AIS virtual surfaces. (c)
Cylindrical AIS virtual surfaces. (d)
Irregular AIS virtual surfaces.

Fig. 11. Results of 3D neutron
flux for four conditions. (a) No
AIS. (b) Planar AIS virtual sur-
faces. (c) Cylindrical AIS virtual
surfaces. (d) Irregular AIS virtual
surfaces.
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Fig. 12. Statistical errors of 3D neutron flux for four conditions. (a) No AIS. (b) Planar AIS virtual surfaces. (c) Cylindrical
AIS virtual surfaces. (d) Irregular AIS virtual surfaces.

Figure 10. The number of simulated particles was 107. The
results (see Fig. 11) show that regular AIS virtual surface
method cannot yield acceptable results. In the transport
process of the planar AIS virtual surfaces, virtual parti-
cles are guided only upward, resulting in no calculation
results around the core. For the cylindrical AIS virtual
surfaces, because the lower core is closer to the side of
the cylindrical AIS virtual surfaces, a large number of vir-
tual particles are generated on the side, and fewer virtual
particles are on the top, leading to abrupt changes in the
flux results. In contrast, irregular virtual surface method
can better conform to the shape changes of the core sur-
face, resulting in more uniform neutron flux calculations
across the entire space. The information about statistical
error under different virtual surface conditions are com-
pared (see Fig. 12 and Tab. 2). For the irregular virtual
surfaces, the proportion of cells with the statistical error
less than 5% was 35%, compared to 3% for the planar vir-
tual surfaces and 26% for the cylindrical virtual surfaces,
and the proportion of cells with the statistical error less
than 15% was 67%, better than the planar ones (33%) and
the cylindrical ones (47%).

To sum up, irregular AIS virtual surface method can
achieve better results when calculating the same number
of particles. This is mainly because the irregular virtual
surfaces can more closely conform to the shape changes of
different source terms, making it easier to obtain a more
uniform particle spatial distribution and accurate radia-
tion parameter calculation results. Compared to three types
of regular virtual surfaces, irregular AIS virtual surface
method offers certain advantages in more complex scenes.

4.2 AIS Automatic calculation method Model B

To evaluate the effect of the automatic calculation AIS
method, a practical small reactor model was used for test-
ing. The statistical range was −10 to 10 m in the X direc-
tion, −10 to 10 m in the Y direction, and −5 to 16 m in the
Z direction, with a “Mesh Tally” cell size of 10×10×10 cm.
The Figure of Merit (FOM) factor is used to evaluate com-
putational efficiency, defined as:

FOM =
1

R̄2T
(5)
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Table 2. Information about the statistical errors of different virtual surfaces.

AIS virtual surfaces Single-core time(1)/min The number of cells
Statistical error< 5% Statistical error< 15%

Planar AIS virtual surfaces 1403 3% 33%
Cylindrical AIS virtual surfaces 1720 26% 47%
Irregular AIS virtual surfaces 1636 35% 67%

(1)Single-core time refers to the time required to compute a case using a single CPU core.

Fig. 13. Calculation results and statistical errors of regular AIS virtual surface. Results: (a) Y –Z plane (X = 0). (b) X−Z
plane (Y = 0). Statistical errors: (a) Y−Z plane (X = 0). (b) X−Z plane (Y = 0).

where T is the computation time and R̄ is the average
statistical error of the cell calculated as:

R̄ =
∑N

i=0Ri

N
(6)

where N is the number of cells in the full space and Ri is
the statistical error within the ith cell.

Figures 13 and 14 show the neutron flux count-
ing results and statistical errors of cells using regular
cylindrical virtual surfaces and irregular virtual surfaces,
respectively. It is evident that irregular virtual surfaces
automatically generated achieve a lower and more uniform
statistical error distribution compared to regular cylindri-
cal virtual surfaces. Table 3 shows the calculation results

and statistical errors of two virtual surfaces. The results
indicate that the irregular virtual surface method can
obtain better results with a particle count of 108 com-
pared to the regular cylindrical virtual surface with 109

particles. Table 4 illustrates that the proposed irregular
virtual surfaces described in this paper can achieve better
computational performance.

4.3 AIS Energy Bias Method: Model A

The multi-layer core water model was used to test the
effect of AIS Energy Bias Method. The energy intervals
selected were 1.00E−05, 1.00E−03, 1.00E−01, 1.00E+00,
2.00E+00, 3.00E+00, 5.00E+00, 7.00E+00, 1.00E+01,
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Fig. 14. Calculation results and statistical errors of irregular AIS virtual surface. Results: (a) Y−Z plane (X = 0). (b) X−Z
plane (Y = 0). Statistical errors: (a) Y−Z plane (X = 0). (b) X−Z plane (Y = 0).

Table 3. Statistical errors of two virtual surfaces

AIS virtual surfaces The number of parti-
cles

The number of cells

Statistical error< 5% Statistical error< 15%

Cylindrical virtual
surface

1E+10 0 0.75%

Irregular virtual
surface

1E+08 0 8%

Irregular virtual
surface

1E+09 12% 60%

Irregular virtual
surface

1E+10 64% 85%

Table 4. Performance of two virtual surfaces.

AIS virtual surfaces The number
of particles

the time of
the calcula-
tion (min)

Average sta-
tistical error

FOM(min−1)

Cylindrical virtual surface 1E+10 1360 41.40% 4.29E−03
Irregular virtual surface 1E+08 27 44.90% 2.29E−01
Irregular virtual surface 1E+09 258 22.25% 1.05E−01
Irregular virtual surface 1E+10 2270 10.12% 4.30E−02
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Table 5. Comparison of statistical errors of neutron spectra in different energy intervals.

Energy MeV The number of cells: statistical error< 15%
No-Biased Biased

0.00E+00∼ 1.00E−5 26% 27%
1.00E−5∼ 1.00E−03 74% 69%
1.00E−03∼ 1.00E−01 78% 76%
1.00E−01∼ 1.00E+00 71% 70%
1.00E+00∼ 2.00E+00 44% 59%
2.00E+00∼ 3.00E+00 36% 53%
3.00E+00∼ 5.00E+00 34% 50%
5.00E+00∼ 7.00E+00 31% 45%
7.00E+00∼ 1.00E+01 31% 45%
1.00E+01∼ 1.20E+01 27% 41%
1.20E+01∼ 1.50E+01 29% 43%

1.20E+01, and 1.50E+01 MeV. To verify the effect of AIS
Energy Bias Method, the neutron fluxes of the full space
for these energy intervals were calculated. Table 5 com-
pares the statistical errors of the neutron flux across dif-
ferent energy intervals, with and without AIS Energy Bias
Method. The table shows the proportions of cells with
statistical errors less than 15% for a total of 1E+08 cal-
culated particles. The results indicate that the statisti-
cal errors in the low energy region are generally similar
in both cases, with the case without AIS Energy Bias
Method performing slightly better. This is mainly due to
the slowing down of source particles through the shielding
material, causing the energy spectrum to shift to the low
energy region, which aligns with physical laws. However,
in the high-energy regions, the calculation results using
AIS Energy Bias Method are significantly improved com-
pared to those unbiased. In summary, AIS Energy Bias
Method effectively enhances convergence across different
energy intervals.

5 Conclusion

In recent years, the Radiation Protection and Environ-
mental Protection Laboratory at Tsinghua University has
proposed various variance reduction methods for global
problems, source-detector problems, and regional prob-
lems. We have developed a variance reduction technique
system based on AIS method, integrated into the Monte
Carlo simulation software for large-scale radiation shield-
ing, MCShield. Our team has recently improved and
optimized the AIS system in three key areas: geometric
parameters, automatic calculation, and energy parame-
ters, addressing issues of insufficient applicability in com-
plex scenes and ease of use.

For geometric parameters, regular AIS virtual surfaces
method was extended by adding normal vector parameters
for planar and cylindrical surfaces, as well as the setting

of hollow cylindrical surfaces. Based on these enhance-
ments, irregular AIS virtual surface method was proposed,
along with the development of geometric construction and
fast positioning methods. In terms of automatic calcula-
tion of virtual surface, a method based on support vector
machine was proposed, facilitating AIS automatic calcu-
lation method. Regarding energy parameters, AIS Energy
Bias Method was introduced, which divides the parti-
cle energy into different intervals and ensures a consis-
tent number of particles across these intervals to improve
convergence.

In summary, these optimization measures not only
enhance the overall performance of MCShield but also
improve its adaptability to varying conditions, making it
more flexible and scalable for variance reduction calcula-
tions in complex scene structures in new nuclear settings.
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