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To improve the computational efficiency of the deposit energy calculation in a very small volume due to nuclear 
reactions, we have attempted to implement a forced collision method in the deposit energy distribution tally of the 
PHITS (Particle and Heavy Ion Transport code System). The local deposit energy distribution by 100-MeV neutrons 
penetrating a cubic silicon cell with μm size was calculated by the modified PHITS code. It was found that the com-
putational efficiency was improved in inverse proportion to the cell size. In the case of a 1-μm silicon cell, the forced 
collision method brought improvement to the computational efficiency by a factor of about 15. This indicates that the 
forced collision method is effective to estimate the local deposit energy distribution due to nuclear reactions in a mi-
croscopic volume. 
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I. Introduction1

In prediction of soft error rates in semiconductor devices 
and dose estimations in radiation therapy, it is required to 
calculate with high accuracy the deposit energy distribution 
(or pulse height distribution) in a small volume by radiation. 
The authors of Kyushu University have been investigating 
cosmic-ray neutron induced soft errors,1) using the Particle 
and Heavy Ion Transport code System2) (PHITS code). The 
terrestrial cosmic-ray neutrons induced soft error is known 
as one of the key reliability issues for modern microelec-
tronic devices, and is required to estimate soft error rates by 
simulations.3) But it takes very long computation time to 
obtain convergent result because the probability of neu-
tron-induced reactions is extremely small in a micrometric 
volume size. For such cases, one expects that a forced colli-
sion (FC) method is effective as one of the variance 
reduction schemes. 

 

Unfortunately, the use of the FC method is not allowed in 
the calculations of deposit energy distribution with the latest 
version of the PHITS code. Thus, we have attempted to im-
plement the FC method in the deposit energy distribution 
tally of PHITS on the basis of the deconvolution method.4,5) 
 
II. Forced Collision Method 

The FC method is one of the variance reduction schemes 
that increases the sampling of collisions in a specified cell. 
When a specified particle enters a region defined as the FC 
region, the incident particle splits into uncollided and col-
lided particles as shown schematically in Fig. 1. The 
uncollided particle passes through the current cell without 
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collision. The collided particle is forced to collide within the 
specified cell. It means that the “passing-through case” and 
the “collision case” are analyzed due to a single incident 
particle simulation. These split particles are weighted by the 
following passing-through or collision probabilities: 

( )dWW tuncoll Σ−= exp0 , (1) 

( ){ }dWW tcoll Σ−−= exp10 , (2) 

where W0, Wuncoll and Wcoll are the weights of the incident 
particle, the uncollided particle and the collided particle, re-
spectively. d is the distance to cell surface in the particle’s 
direction, and Σt is the macroscopic total cross section of the 
cell material. The collision distance x is sampled by the fol-
lowing method. The probability of colliding within a 
distance x is given by 

( )xxP tΣ−−= exp1)( . (3) 

                                    

Fig. 1 Schematic interpretation of the FC method 
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Whenever the FC method is applied, the collision is assumed 
to occur within a distance d. Thus the position x should be 
sampled in the interval 0 < x < d within the cell according to 
ξ = P(x)/P(d), where P(x)/P(d) is the conditional probability 
of collision within the distance x and ξ is the random number. 
By solving Eq. (3) with respect to x, the following equation 
is obtained: 

( ){ }[ ]dx t
t

Σ−−−
Σ

−= exp11ln1 ξ . (4) 

If the FC method is applied more than once in a single in-
cident particle simulation, many “cases” should be analyzed. 
Let us consider an example of neutron-induced events as 
shown in Fig. 2. The target is composed of a carbon cell (cell 
1) and a silicon cell (cell 2), and both cells are defined as FC 
regions. Neutrons are specified as FC particles. In this exam-
ple, four cases are analyzed as shown in Fig. 2: 
 

Case 1: Incident neutron passes through both of the cell 1 
and the cell 2. 

Case 2: Incident neutron collides in the cell 1 and 
secondary neutron passes through the cell 2. 

Case 3: Incident neutron passes through the cell 1 and 
collides in the cell 2. 

Case 4: Incident neutron collides in the cell 1 and 
secondary neutron collides in the cell 2. 

 
The deposit energy tally differs from standard Monte 

Carlo tallies (e.g., product tally) in that the deposit energy can 
only be tallied when the transport of all the particles is 
finished. In the present work, we incorporate new additional 
routines based on the deconvolution method4,5) in order to 
handle the information belonging to each case in the deposit 
energy tally of the PHITS code. 
 
III. Deposit Energy Distribution Tally with Group 

Tree 
To tally deposit energy for each case, the “group number” 

is allocated tentatively to all particles and “group tree” is 
formed. Figure 3 shows the group tree of the above example. 

First, the incident particle is allocated the “mother group”. 
If the splitting occurs by the FC method, new groups are 
created, and uncollided and collided particles are allocated 
separately. The particles generated by a collision belong to 

the same group as collided particle. The deposit energy and 
the weight of each group are calculated and temporarily 
stored. About above example, stored data are as follows: 

0=motherE ,  0WWmother =  
01 =E ,  ( )111 exp dWW mother Σ−=  

CeE =2 ,  ( )[ ]112 exp1 dWW mother Σ−−=  

03 =E , ( )2213 exp dWW Σ−=  (5) 

SieE =4 ,  ( )[ ]2214 exp1 dWW Σ−−=  
05 =E ,  ( )2225 exp dWW Σ−=  

pAl eeE +=6 , ( )[ ]2226 exp1 dWW Σ−−= , 

where Wi and Ei are the weight and deposit energy of i-th 
group, eC, eSi, eAl and ep are the deposit energy by each ion, Σj 
is the macroscopic neutron total cross section of the j-th cell 
material and dj is the distance to j-th cell surface in the 
neutron’s direction. 

After transport of all particles is finished, each case is 
identified by referring to the group tree and the deposit 
energy of each case is tallied. The final result of the above 
example is given according to “case”: 
 

Case 1: mother group + group 1 + group 3 
0=E ; 3WW =  

Case 2: mother group + group 2 + group 5 
2EE = ; 5WW =  

Case 3: mother group + group 1 + group 4 
4EE = ; 4WW =  

Case 4: mother group + group 2 + group 6 
62 EEE += ; 6WW =  

 
This deconvolution method can be applied even if the 

target is constructed by many cells. 
 
IV. Results and Discussion 

First, the deposit energy distribution in a cubic silicon cell 
(cell size: 1, 2, 5 and 10 μm) due to 100-MeV neutrons is 
calculated to validate the modified PHITS code with the FC 

Fig. 2 Classification of each case to be analyzed in a simulation 
of single neutron incidence on carbon and silicon cells 

Fig. 3 A scheme of “group tree” caused by forced collisions 
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method. Figure 4 represents the computational system, and 
Fig. 5 shows comparisons of the deposit energy distributions 
calculated by the original PHITS code without the FC method 
and the modified PHITS code with the FC method. The mod-
ified PHITS calculation is in excellent agreement with the 
original PHITS calculation within the statistical error. This 
result indicates that the additional routines work well. 

Next, computational efficiencies of the FC method in the 
above simulations are estimated. The computational effi-
ciency is defined by 

2

2

FC

original

FC

original

t
t

Efficiency
σ

σ
×= , (6) 

where t is the computational time, σ2 is the variance, and the 
subscripts, original and FC, stand for the original PHITS 
calculation and the PHITS calculation with FC method, 
respectively. The variances in both the calculations are 
adjusted to have the same value in the present work, thus the 
computational efficiency corresponds to the ratio of 
computational time. In Fig 6, the efficiency of each 

simulation is plotted as a function of the reciprocal of the cell 
size. It is found that the efficiency is improved in inverse 
proportion to the cell size. This tendency is attributed to the 
fact that the first term in Maclaurin expansion of the collision 
probability, as shown in Eq. (7), is directly proportional to the 
cell size. 

( ) ( ) ( ) 32

6
1

2
1exp1 dddd tttt Σ+Σ−Σ=Σ−−  (7) 

In the case of a 1-μm silicon cell, the FC method brought 
improvement to the computational efficiency, i.e., reduction 
of the computational time, by a factor of about 15. 
Finally, the modified PHITS code with FC method was ap-
plied to a cosmic-ray neutron induced soft error simulation. 
The configuration of the test device structure is illustrated in 
Fig. 7. A silicon oxide insulation layer 0.35 μm thick is 
placed on a 1.0 × 1.0 × 5.0 μm3 silicon substrate. A 3.0 μm 
metal layer consisting of copper and silicon oxide is located 
on an insulation layer and tungsten connects the metal layer 
and silicon substrate. The entire test device is defined as the 
FC region, and the deposit energy in a sensitive volume (0.1 
× 0.1 × 0.5 μm3) embedded in the silicon substrate is tallied. 
The incident neutron spectrum is assumed to be the same as 
that of the Weapons Neutron Research Facility (WNR) neu-

Fig. 4 Neutron incident on silicon cell (cell size: 1, 2, 5, and 
10 μm) 
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Fig. 6 Computational efficiencies as a function of the reciprocal 
of the cell size 

Fig. 5 Comparisons of deposit energy distribution simulated by 
the PHITS calculations with and without the FC method 

Fig. 7 Schematic structure of the test device 
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tron beam6) shown in Fig. 8, which is similar to a typical ter-
restrial neutron spectrum observed at the ground level and is 
widely used for accelerated tests of soft errors. 

Figure 9 presents a comparison of the deposit energy dis-
tributions. The PHITS calculation with the FC method is in 
excellent agreement with the original PHITS calculation 
within the statistical errors except at high energy deposit, 
where a divergence between both the calculations is seen 
because of poor statistics. The computational efficiency is 
improved by a factor of about three, which is equivalent to 
that of Fig. 6 for d = 8.35 µm corresponding to the device 
length in the incident neutron direction. Thus, the present 
result indicates that the routines added newly in the deposit 
energy tally works well even when the target is constructed 
by several cells and more complicated group tree is formed. 
Therefore, the FC method is very effective to calculate the 
local deposit energy distribution caused by neutron-induced 
reactions in a microscopic volume. Our practical application 
to soft error simulation has been reported in detail else-
where.7) 
 
V. Conclusion 

The force collision (FC) method was successfully imple-
mented in the deposit energy distribution tally of the PHITS 
code. The deposit energy distribution by 100-MeV neutrons 
incident on a cubic silicon cell with μm size was calculated 
by the modified PHITS code. It was found that the computa-
tional efficiency is improved as the cell size scales down. In 
the case of a 1-μm silicon cell, the FC method brought im-
provement to the computational efficiency by a factor of 
about 15. This indicates that the FC method is useful to esti-
mate the local deposit energy distribution due to nuclear reac-
tions in a microscopic volume with good computational 
efficiency. 
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Fig. 9 Comparison of deposit energy distribution between the 
PHITS calculations with and without the FC method 
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