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ABSTRACT 
 

Probability neighbor method (PNM) is proposed in this paper to accelerate geometry treatment of 
Monte Carlo (MC) simulation and validated in self-developed reactor Monte Carlo code RMC. 
During MC simulation by either ray-tracking or delta-tracking method, large amounts of time are 
spent in finding out which cell one particle is located in. The traditional way is to search cells one 
by one with certain sequence defined previously. However, this procedure becomes very time-
consuming when the system contains a large number of cells. Considering that particles have 
different probability to enter different cells, PNM method optimizes the searching sequence, i.e., 
the cells with larger probability are searched preferentially. The PNM method is implemented in 
RMC code and the numerical results show that the considerable time of geometry treatment in MC 
calculation for complicated systems is saved, especially effective in delta-tracking simulation.  
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1. INTRODUCTION 
 
Deterministic method and Monte Carlo (MC) method are two main approaches to solve neutron 
transport problems on reactor physics. Monte Carlo method utilizes continuous-energy nuclear 
data with fewer approximations, as compared with the deterministic method based on group 
condensation theory. Another advantage of MC method is its capability to treat arbitrary 
geometry. However, the drawback of MC method is its substantial computational expense.  
 
Actually, cross-section processing, geometry treatment and particle interaction are three basic 
procedures in MC calculation, costing most of computing time. According to our recent research 
based on a newly self-developed Reactor Monte Carlo code RMC [1, 2], the respective time 
proportion of these three procedures may be among 30%-80%, varying with different types of 
problem. Time consumed on cross-section processing grows with the increasing number of 
nuclides, while time of geometry treatment grows with more cells.  
 
There is little margin to reduce time consumption on particle interaction since the interaction 
physics is almost fixed. Some techniques [3, 4] have been employed in RMC to accelerate the 
cross-section processing, such as unionized energy grid and hash table search. However, up to 
now fewer studies have been performed to optimize the geometry treatment. 
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In this paper, the probability neighbor method (PNM) is proposed to accelerate geometry 
treatment in MC calculation, which has been applied into self-developed MC code RMC. The 
numerical results show that PNM can save considerable time of geometry treatment in MC 
calculation for complicated systems. 
 

2. GEOMETRY TREATMENT IN MONTE CARLO SIMULATION 

2.1.  Geometric Definition 
 
Generally, in MC codes such as MCNP [5] and RMC, geometry is specified by cells with 
homogeneous material. Cells are combined by elementary boundary surfaces using boolean 
operators such as intersection, union, and complement. Surfaces are usually defined by analytic 
surface equations like s=f (x,y,z) = 0. To describe the relationship between points and surfaces, 
an important concept called “sense” is defined. For any set of points (x,y,z), if s=f (x,y,z) is 
positive, the points are said to have a positive sense with respect to that surface. Conversely, if s 
is negative, they have a negative sense. If s = 0, it means that the points are on the surface. 
Figure 1 shows the senses of plane and sphere. 
 
 

 
Figure 1.  Sense of plane and sphere 

 
To judge whether a particle is inside a cell or not, it only needs to calculate senses of the particle 
with respect to all surfaces of the cell. 

2.2.  Geometric Tracking 
 
Particles are tracked repeatedly across cells or surfaces during MC calculation and one essential 
procedure is to find out which cell the current particle is located in. Detailed geometry routines 
may differ from each other among different tracking methods such as ray-tracking and delta-
tracking. Accordingly, probability neighbor method (PNM) takes different consideration on them, 
the detailed information of which are illustrated in Section 3. 
 

3. GEOMETRY TREATMENT IN MONTE CARLO SIMULATION 
 
As mentioned above, MC simulation spends amounts of time to find out which cell one particle 
is located in. The traditional way is to search cells one by one without an optimized sequence. 
The basic idea of PNM is to consider that particles have different probability to fly into different 
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cells from certain position, and the calculating time could be saved if cells with larger probability 
are searched first. The search sequence is reordered according to cell’s entering frequency which 
is gathered by statistics in the first several cycles. The extra time spent on statistics is negligible. 
 
PNM is utilized for both ray-tracking and delta-tracking in RMC, which are described 
respectively below. 

3.1.  PNM in Ray-tracking 
 
Existing MC particle transport codes are conventionally based on a “regular” tracking algorithm, 
that is ray-tracking [6]. Ray-tracking moves particles through one region at a time, until collision 
occurs. It includes 3 stages: 
- Stage 1, randomly sample the free-flight distance d1 to the next interaction, and calculate the 

distance to cell boundary d2. 
- Stage 2, if d1<d2, then move the particle to the interaction point; if d1>d2 move the particle to 

the cell boundary and find out which cell the particle will enter next.  
- Stage 3, repeat stage 1 and stage 2 until the particle flies out of system or the history is cut off. 

 
 

 
Figure 2.  Sketch of ray-tracking 

 
For example, shown in Figure 2, the particle is originally located in cell 0. Supposed free-flight 
distance (d1) is larger than the distance to cell boundary (d2), then the particle is moved to point 
P at the cross surface s. What’s cared about now is which cell the particle will next fly into, that 
is, a so called “neighbor search” should be performed. 
 
A conventional way is to check all the cells with the common surface; here five cells satisfy this 
condition. This method is awkward because actually the particle is only possible to enter two 
cells (cell 3 and cell 4).  
 
To overcome this low efficiency, some codes such as MCNP build "neighbor lists" for each 
bounding surface of each cell during tracking [5]. Initially, neighbor lists are empty and neighbor 
search is performed as mentioned above. If the neighbor is found, it’s stored in neighbor lists. 
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Later, check neighbor lists first, only do search if necessary. Such a method can help to improve 
the efficiency of neighbor search; however, it does not decide the searching sequence in the 
neighbor lists. When the size of neighbor lists is big, many times of search are still needed. 
 
PNM in ray-tracking does not only remember the neighbors with respect to all surfaces of each 
cell, but also records every entering event during the first several cycles. A 3D vector H is 
constructed and H[i][s][j] represents number of particles entering cell j from cell i across surface 
s. Then the search sequence is arranged according to the counted frequency. For example of 
Figure 2, supposed 70% particles enter cell 4, 30% particles enter cell 3 and no particles enter 
other cells, the search sequence should be 4-3-1-2-5. 

3.2.  PNM in delta-tracking 
 
An alternative geometric treatment method is known as delta-tracking, which samples the next 
collision point without handling the surface crossings. The procedure was initially proposed by 
Woodcock in the 1960s, so it’s also called Woodcock-tracking [7]. Delta-tracking is used in MC 
codes such as SERPENT, MONK, MCBEND,RCP01 , RACER , MCU and VMONT [8]. 
 
Basically, delta-tracking method consists of 3 stages: 
- Stage 1, randomly sample the free-flight distance d1 to the next interaction, move the particle to 
the interaction point, and find out which cell the particle is located in. 
- Stage 2, calculate the total macro cross-section of the cell Σi and the maximum total macro 
cross-section over all cells Σ, and sample a random number ξ. If ξ<Σi/Σ, then a real collision 
happens, otherwise a virtual collision happens. 
- Stage 3, repeat stage 1 and stage 2 until the particle flies out of system or the history is cut off. 
 
The main advantage of the delta-tracking method is the simplified geometry treatment, without 
calculating the distance to boundary compared with ray-tracking, and much computing time is 
saved. However, it may be low effective when heavy absorber exists in system and Σi/Σ is small 
therefore. It also places certain limitations on the capability to calculate integral reaction rates 
inside regions of small volume or low collision rate.  
 

 
Figure 3.  Sketch of delta -tracking 
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In delta-tracking, there is no strict definition of “neighbor cell” since surface crossings are not 
handled. For example of Figure 3, the particle is originally located in cell 17. According to stage 
1, it will be moved by a randomly sampled free-flight distance to a new location where the next 
collision happens.  
 
Theoretically, the new location could be in any of the overall 25 cells. That means an “overall 
search” should be performed in delta-tracking until the correct cell is found. This “overall 
search” procedure is quite different with the “neighbor search” in ray-tracking, and it becomes 
very time-consuming if the cell number is large. 
 
In reality, the next collision usually happens in only a few of overall cells. For example, if the 
mean free path is not too long compared with cell size, the next collision is probably happen in 
cells nearby. PNM in delta-tracking optimizes the search sequence and prefers to search the cells 
with large opportunity. A 2D matrix H is built; element H[i][j] records the number of particles 
which enter cell j from cell i during certain free-flight path. Later, the search sequence is 
reordered by the recorded frequency. 
 

4. VALIDATION AND RESULTS 
 
Four problems are calculated by RMC to validate the correctness and efficiency of 
implementation of probability neighbor method (PNM).  
 
Problem 1 is a benchmark [9] of sphere structure containing two regions filled with U233 fuel 
and U235 fuel. The inner radius is 5.04cm while the outer radius is 6.26cm, and the whole sphere 
is equally divided into 120 cells along radius, as shown in Figure 4. The calculation results are in 
Table I. 
 
 

 
Figure 4.  Description of problem 1 
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Table I. Calculation results of problem 1 
 

Tracking method Keff 
Total Time (s) 

Time Saved 
Without PNM With PNM 

Ray-tracking 0.99589±0.00038 107 107 0.0% 

Delta-tracking 0.99579±0.00038 70 29 58.6% 

5000particles×1000generations(100 inactive generations) 
 

In this problem, PNM in delta-tracking is proved to be quite effective and 58.6% of computing 
time is saved. But in ray-tracking, efficiency is not improved by PNM. This is because any cell 
in this problem has a unique neighbor cell with respect to a certain boundary, therefore it is 
meaningless to optimize neighbor search in ray-tracking. 
 
Problem 2 is a PWR pin with 2.0% U235 in fuel, the axial length of which is 30cm and equally 
divided into 30 nodes. The model is described in Figure 5, while calculation results are shown in 
Table II. 
 

 
Figure 5.  Description of problem 2 

 
 

Table II. Calculation results of problem 2 
 

Tracking method Keff 
Total Time（s） 

Time Saved 
Without PNM With PNM 

Ray-tracking 1.62663±0.00027 729 426 41.6% 

Delta-tracking 1.62663±0.00027 404 299 26.0% 

5000particles×1000generations(100 inactive generations) 
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In problem 2, PNM saves 41.6% of computing time in ray-tracking and 26.0% in delta-tracking. 
 
Problem 3 is a 5×5 PWR assembly, each cell in which is the same with Problem 2 but the axial 
length is 5cm and equally divided into 5 nodes, as is described in Figure 6. Calculation results 
are presented in Table III. 
 
 

 
Figure 6.  Description of problem 3 

 
 

Table III. Calculation results of problem 3 
 

Tracking method Keff 
Total Time (s) 

Time Saved 
Without PNM With PNM 

Ray-tracking 1.62656±0.00027 757 419 44.6% 

Delta-tracking 1.62660±0.00028 1384 495 64.2% 

5000particles×1000generations(100 inactive generations) 
 
Table III shows that, in ray-tracking 44.6% total time is saved by PNM, while in delta-tracking 
this proportion is more than 64%. It suggests that, PNM is especially effective in delta-tracking 
when the number of cells is large (500 cells in problem 3). 
 
Problem 4 is a 5×5 PWR assembly with control rod. The axial length is 5cm and equally divided 
into 5 nodes, as is the same with Problem 3. Its geometry model is described in Figure 7, and 
calculation results are presented in Table IV. 
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Figure 7.  Description of problem 4 

 
 

Table IV. Calculation results of problem 4 
 

Tracking method Keff 
Total Time（s） 

Time Saved 
Without PNM With PNM 

Ray-tracking 1.50210±0.00033 746 424 43.2% 

Delta-tracking 1.50093±0.00033 3334 640 80.8% 

5000particles×1000generations(100 inactive generations) 
 
It is shown that, delta-tracking gives low efficiency compared with ray-tracking when heavy 
absorber exists in the system. In this case, PNM can improve the efficiency to a very large extent, 
more than 80% for problem 4. 
 

5. CONCLUSIONS 
 
During MC simulation by either ray-tracking or delta-tracking, geometry treatment costs large 
amounts of time, the large proportion of which is spent to find out which cell particles are 
located in. Probability neighbor method (PNM) can accelerate this procedure by optimizing the 
searching sequence based on statistics data. PNM can be applied to both ray-tracking and delta-
tracking and saves considerable computing time, especially in delta-tracking. Generally, the 
efficiency of PNM increases with the increasing number of cells in the system and depends on 
the geometry structure. It is found that PNM obviously improves the efficiency of delta-tracking 
when there exists heavy absorber. 
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