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Abstract 

 
   Thermal and fast neutrons were measured inside the West Zone II building 
on Ito Campus for the assessment of terrestrial neutrons in a stand alone 
concrete building. Ratios of count rate of thermal neutrons to that of fast 
neutrons were almost constant inside the building. The contribution of fast 
neutrons across outside wall has been discussed. A simple method to estimate 
the neutron flux near the outside wall has been proposed. 
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1. Introduction 
 

   Much attention has been paid to the details of the environmental neutron flux on the ground 
due to the insight from the soft-fail studies of modern electronics that environmental neutrons are 
the prime cause of soft errors. When a charged particle produced by the neutron induced reaction 
hits a sensitive volume such as a depletion region (a region of unbalanced charge across a p-n 
junction) in a microelectronic device, the local carriers - electrons and holes - induced by the 
ionizing particle can be amplified to form an electrical pulse large enough to flip the memory state 
of a cell from 1 to 0 or vice versa. This random event, called a single-event upset (SEU) or soft 
error, causes data corruption, although it does not cause any permanent damage in the device. With 
development of high-tech in LSI manufacturing, its integration becomes much higher. This causes 
SEU to be more probable. Until recently, fast neutrons with energies greater than 1 MeV have been 
considered to be a main contributor to SEU. It has been pointed out, however, the use of boron as 
BPSG (Borophosphosilicate glass) in modern LSI manufacturing results in drastic increase of 
probability of SEU caused by environmental thermal neutrons, due to the huge capture cross 
section of the reaction 10B(n,α)7Li1-4) and the energies of produced alpha (1.47 MeV) and 7Li (0.84 
MeV) particles sufficiently high to induce charge to cause memory flip. Therefore, information on 
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flux of both fast and thermal neutrons is of high importance. 

Many experimental studies on environmental fast neutrons in high latitude area at flight altitude 
have been carried out in North America and Europe.5-13) However, information on neutron flux at 
sea and ground levels is rather poor. Some results on cosmic ray neutrons at sea level in Japan have 
been reported.14-19) A few results on cosmic ray neutrons on ground level in Japan have been 
available.20, 21) In recent years, several experiments have been performed at low geomagnetic 
latitudes area.14, 21) United Nations Scientific Committee on the Effect of Atomic Radiation 
(UNSCEAR) 2000 reported the neutron fluence rate of 47 n/cm2-hr at sea level in high 
geomagnetic latitude area.22) The values in lower geomagnetic latitude area have been reported to 
be lower than the UNSCEAR 2000 value.  

For thermal neutrons, several authors have measured the discrepant flux values. O΄brien and 
others have reported23) that the measured terrestrial flux is 3 n/cm2-hr which is 10 times larger than 
the theoretical prediction and discussed on the contribution of neutrons thermalized by water 
nearby. Later, an average flux of 106 n/cm2-hr, about 30 times higher than the measurement by 
O΄brien et al., has been observed by Heusser 24). With the interest in soft fails caused by thermal 
neutron induced reactions in BPSG in ICs, several investigations have also been carried out. The 
measured fluxes range from 10 to 67 n/cm2-hr.1, 25) Recently, the thermal neutron flux at sea level 
has been measured with 3He and BF3 Boner spheres to be in the range of 1 to 4 n/cm2-hr21, 26). From 
these prior measured values largely scattered from 1 to 300 n/cm2-hr, it can be noted that the 
thermal neutron flux largely depends on terrestrial location and surroundings.  

The data of neutron flux inside a concrete building is rare, while most of modern electronics are 
operated in the building. To the best of authors’ knowledge, the available neutron flux inside the 
concrete building is due to Jiang and others27) and Dirk and others.28). Jiang et al. measured the 
neutrons in a five story building with bare and polyethylene covered BF3 counters. They have 
inferred that the contribution of neutrons penetrating through windows or walls to the neutron dose 
in the building rooms can be competitive with that passing through the roof. Dirk et al. carried out 
the measurement in the center of a wide six story building. Both of fast and thermal neutrons have 
been shown to decrease exponentially as increasing the thickness of concrete above the floor. The 
deduced attenuation length for thermal neutrons is about 2/3 of that for fast neutrons. Their result 
indicates negligible contribution of neutron across windows or walls However, it is not sure that 
their findings are also applicable to the case that a building is rather narrow and/or a room faces 
outside wall.  

In the present paper, study on terrestrial neutrons in rooms of a stand alone eleven stories 
building is presented. The contributions of cosmic neutrons passing through the roof, window and 
wall are discussed. 
 

2. Experimental Method and Results 
 
2.1 Neutron measurement  

Thermal neutrons can be detected selectively using reactions with 3He, 6Li, 10B, or 235U, which 
have extremely large cross sections only for neutrons in thermal energy region. Among them, the 
3He(n,p)T reaction has largest cross section The reaction Q value is 0.764 MeV and both of the 
residuals are the charged particles, so that in principle a 3He counter provides signals with constant 
voltage corresponding to the released energy of 0.764 MeV for thermal neutrons. 

Two types of the 3He counters were used for neutron detection; one is of bare type for detection 
of thermal neutrons. 3He gas is filled in a cylindrical tube with 32 cm in length and 2.5 cm in 
diameter. The other one is the neutron dose rate meter (NDRM), which consists of 3He gas counter 
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of same size with the former one and 10 cm thick polyethylene surrounding the counter. The 
neutron dose rate meter is known to be sensitive to neutrons with energies more than 1 MeV and 
much less sensitive to thermal neutrons, so that neutrons with energies greater than 1 MeV are 
considered to be mainly measured by the NDRM . Hereafter, we define fast and thermal neutrons 
as those detected by the NDRM and the bare 3He detector, respectively. The photograph of both the 
detectors and the block diagram of the electronic circuit for thermal neutron detection are shown in 
Figs. 1 and 2, respectively. Signals from 3He counter were processed through preamplifier, linear 
amplifier and then fed to a pocket multi channel analyzer (PMCA), a timing single channel 
analyzer (TSCA) and a delay and gate generator (DGG) were used to produce trigger pulse for the 
PMCA. A personal computer (PC) was connected to the PMCA to acquire the data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Bare 3He detector and neutron dose rate meter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Block diagram of electronic circuit with 3He counter. 
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Measurements of neutrons were carried out in West Zone II building on Ito campus of Kyushu 
University, Nishi-ku, Fukuoka-shi, Japan. The height of the eleven stories building is 50 m and the 
thickness of the concrete floor is 15 cm, each floor has a height of about 3 m. The size of the 
building is about 40 m× 150 m. Measurements were conducted at 11th, 9th, 8th, 7th and 3rd floors and 
at basement. The measurement room at basement is on the same level with the ground behind the 
outside wall of the room. The size and structure of the measurement rooms are not same. Rooms at 
3rd and 7th floors and at basement are big in size and have big size window. These rooms are at the 
face side of the building. The room at 3rd floor is located in the corner of the building and has 
window which covers outer side of the room, and for 7th floor and basement the windows cover 
50% of the outer wall. Rooms in 8th and 9th floors are small in size, have no window and are in the 
middle of the floor. One smaller building stands near the window of the room at basement. Room at 
11th floor is located near the end of building and its roof is not made by concrete. The building 
structure is shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Front and cross views of the West Zone II Building. 
 
 
2.2 Experimental results 

Measurements in each floor were repeated for four to six times in the period of 1 year. Since the 
rate of terrestrial neutron counting is very low, we consumed about one week in total in data 
acquisition for individual floors to obtain sufficient statistics. The results of the measurements of 
fast and thermal neutrons in different floors of the building are summarized in Table 1. It is to be 
noted in the table that the ratios of counting rate of thermal neutrons to that of fast ones are almost 
same for all of the floors measured, irrespective of room and window sizes and location.  

Figure 4 shows the dependence of the count rates of fast and thermal neutrons on concrete 
thickness above the floor. The count rates attenuate exponentially in the range of concrete thickness 
from 15 cm to 60 cm. In the region more than 60 cm thick, however, the values are much higher 
than the exponential attenuation calculation to reproduce the data at 15, 45 and 60 cm. 
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Table 1 Measured counting rates. 
Floor Concrete 

thickness 
(cm) 

Fast neutron 

( 13 sec10 −−× ) 

Thermal neutron 

( 13 sec10 −−× ) 

Ratio of thermal 
neutrons to fast 

ones 
11 15 07.020.3 ± 3.04.45 ± 3.02.14 ±  
9 45 06.007.2 ± 2.00.28 ± 4.05.13 ±  
8 60 05.052.1 ± 2.00.21 ± 4.08.13 ±  
7 75 05.057.1 ± 2.00.22 ± 5.00.14 ±  
3 135 5.052.1 ± 2.05.21 ± 5.02.14 ±  

B1 165 04.087.0 ± 1.02.11 ± 6.09.12 ±  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Measured thermal (filled circles) and fast (open circles) neutrons count rates as a function of 
concrete thickness. The solid and dotted lines are the exponential function to reproduce the data at 

15, 45 and 60 cm. 
 
 

3. Data Analysis and Discussion 
 
3.1 Attenuation by concrete shielding 
   To investigate the attenuation of neutrons due to concrete shielding, composition of concrete is 
desirable to be definite. Portland cement concrete is nominally a 1:2 mix of cement and sand which 
contains 10% water by weight. Composition of sand has variance depending on the place produced. 
Concrete density has been pointed out to vary up to 30%, owing to variance of composition of sand 
and fraction of aggregate included. Thus it is very difficult to deal with the attenuation of neutrons 
by concrete so that, in the following, we analyzed the data phenomenologically. We adopted the 
concrete density of 2.45 g/cm3, which is the typical value for concrete used in Kyushu area.29) 

The change in neutron count rate )(xN by concrete thickness x can given by 

 ( )xNxN n µ−= exp)( 0                                                     (1) 

where 0
nN is the neutron count rate before absorption by concrete, and µ the neutron attenuation 
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coefficient. The attenuation length ( µ1 ) deduced by using the fast neutron data at 11th to 8th floors 
(solid line in Fig. 4) is 149 g/cm2, which is in reasonable agreement with previous investigations.28, 

30) This agreement, together with the large deviation of the data at lower floors from exponential 
behavior, strongly suggests the contribution of some neutrons other than passing through the roof, 
on lower floors. 
 
3.2 Window and wall effect on fast neutron fluxes 

As suggested in Ref. 27), sky neutrons are possible to come into rooms by passing through 
windows or walls. It is important to clarify their contribution at each measurement location.  

We consider number of fast neutron counted per unit time )(xC to be represented as follows, 

 21 )exp()( AxAxC +−= µ                                                  (2) 

where 1A is the flux, measured at roof, of neutrons which reach to the room by passing through the 
concrete floors, and 2A is the flux, measured in the room, of neutrons passing through the window 
or the wall. We assumed for simplicity that the attenuations of neutrons by wall and window are 
negligibly small. This assumption leads to the criterion that 21 AA + should be exactly same for all of 
the floors. We first determined the µ , 1A and 2A values for the neutron counting rates at 7th and 11th 
floors and at basement, on the assumption that the same 1A and 2A values can be applied to the 
measurement rooms facing the outside wall. The deduced attenuation length is 140 g/cm2, which is 
in reasonable agreement with Refs. 28) and 30) Using thus obtained attenuation length and 
the 1A + 2A value, the individual 1A and 2A values were determined for all of the other floors. The 
deduced 1A and 2A values at different floors are shown in Table 2 together with the measured and 
calculated count rates. 

The )/( 212 AAA +  value of 17.3% deduced from the data at 11th and 7th floors and at basement is 
considered to be possible to apply for rooms facing outside wall in the other stand alone buildings, 
although some deviation may be caused by the structure of the building such as the thickness of the 
outside wall. The smaller )/( 212 AAA + values were deduced for 8th and 9th floors. These variations 
are reasonable because the measured rooms are located in the center of the building and have no 
window. The reason of the differences in )/( 212 AAA + values between 8th and 9th floors is not clear 
but it is sure that the measured room at 9th floor is somewhat closer to the outside wall than that at 
8th floor. The )/( 212 AAA +  value for 3rd floor is about twice of those for 11th and 7th floors and for 
basement. This is quite reasonable because the measured room at 3rd floor is located in the corner of 
the building so that two sides face the outside wall. 
 

Table 2 Measured and calculated fast neutron count rates with the value of 1A and 2A . 

Floor Concrete 
thickness 

(cm) 

Measurement 

( 13 sec10 −−× ) 

Calculation 

( 13 sec10 −−× )
1A  

( 13 sec10 −−× )

2A  

( 13 sec10 −−× ) 
21

2

AA
A
+

(%) 
11 15 07.020.3 ±  3.20 3.270 0.685 17.3
9 45 06.007.2 ±  2.07 3.465 0.490 12.4
8 60 05.052.1 ±  1.52 3.747 0.208 5.3
7 75 05.057.1 ±  1.57 3.270 0.685 17.3
3 135 5.052.1 ±  1.52 2.692 1.263 31.9

B1 165 04.087.0 ±  0.86 3.270 0.685 17.3
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Figure 5 shows a comparison of the calculation using 1A and 2A deduced from the data at 11th 
and 7th floors and at basement with the measured fast neutron count rates. The individual 
contributions of neutrons passing through the wall (window) and the roof are also shown. From this 
figure, it is clear for the rooms facing the outside wall that neutrons across the wall become more 
contributive than those from the roof when the thickness of concrete above the room is greater than 
95 cm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Comparison of measured count rates of fast neutrons with calculation for the rooms facing 
outside wall (solid line). The dashed and dot-dashed curves are the individual contributions of 
neutrons passing through roof and wall (window), respectively. 

 
 

3.3 Thermal neutron flux  
   The thermal neutron data were analyzed in the same procedure as described in sect. 3.2. Figure 
6 shows a comparison of the calculation using 1A and 2A deduced from the thermal neutron data at 
11th and 7th floors and at basement with the measured thermal neutron count rates, together with the 
individual contributions of neutrons passing through the wall (window) and the roof. The 
deduced 1A and 2A values tabulated in Table 3 indicate that neutrons passing through the outside 
wall are in general less contributive than the case of fast neutron. It is to be noted in the calculated 
results for 8th and 9th floors that neutrons across the outside wall make negligible contribution 
toward the neutron flux in rooms in the center of the buildings. The attenuation length deduced by 
the analysis using the thermal neutron data at 11th and 7th floors and at basement is 148 g/cm2, 
almost the same with that obtained for fast neutrons. This result is contradictory to the observation 
by Dirk and others.28) They measured the flux in the center of the wide building and found that the 
attenuation length for thermal neutrons is about 102 g/cm2, much lower than our result. As 
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described in section 1, the thermal neutron flux is possible to largely depend on surroundings. 
Further investigations will be necessary to give more insight on the flux of thermal neutrons in the 
buildings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Comparison of measured count rates of thermal neutrons with calculation for the rooms 
facing outside wall (solid line). The dashed and dot-dashed curves are the individual contributions 
of neutrons passing through roof and wall (window), respectively. 
 
 
 

Table 3 Measured and calculated thermal neutron count rates with the value of 1A and 2A . 

Floor Concrete 
thickness 

(cm) 

Measurement 

( 13 sec10 −−× ) 

Calculation 

( 13 sec10 −−× )
1A  

( 13 sec10 −−× )

2A  

( 13 sec10 −−× ) 
21

2

AA
A
+

(%) 
11 15 3.04.45 ±  45,4 47.8 8.1 14.5
9 45 2.00.28 ±  28.0 53.3 2.6 4.7
8 60 2.00.21 ±  21.0 55.5 0.4 0.7
7 75 2.00.22 ±  22.0 47.8 8.1 14.5
3 135 2.05.21 ±  21,5 38.6 17.3 30.9

B1 165 1.02.11 ±  11.2 47.8 8.1 14.5
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4. Conclusion 
 

We measured the count rates of thermal and fast neutrons by using bare 3He counter and 
neutron dose rate meter, respectively, for the assessment of terrestrial neutrons in a concrete 
building. A simple method to roughly estimate the neutron flux in rooms facing the outside wall has 
been proposed. It has also been pointed out that, in the rooms in the center of the building, neutrons 
across the outside wall are less contributive than the case facing the outside wall. Investigation on 
the neutron flux in various locations in individual floors is needed to provide a tool for estimating 
the neutron flux at any position. However, it is difficult to find rooms which allow long-term 
measurements without disturbance in the West Zone II building. The measurements in the other 
buildings combining with the purpose of examining applicability of the proposed estimation 
method might be desirable.  
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