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Nuclear facility sites after decommissioned are necessary to confirm to be decontaminated prior to be released 
from nuclear safety regulations. A conservative method to evaluate radioactivity remaining on the sites of 
decommissioned nuclear power plants was proposed in this study, and its validity was discussed. Cesium 137 was 
taken up to validate the evaluation method as one of the typical radionuclides for nuclear power plants. In the 
evaluation method concept, all of the Cs-137, which are in reality distributed across the area of interest, is assumed to 
be the single point source located at the furthest position on the ground surface of the area from a detector. In such a 
configuration, most conservative result was given by Monte Carlo calculations, and the detectable time (time need to 
detect enough amount of radioactivity) predicted by the calculation was approximately equal to the actual in-situ 
measurement time by the potable pure-germanium semiconductor detector. These results indicate that the proposed 
evaluation method was reasonable for the conservative evaluation of remaining radioactivity. 
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I. Introduction1

According to the basic Japanese nuclear policy, nuclear 
power plant sites are allowed to be released from nuclear 
safety regulations after the plants are decommissioned. The 
sites are necessary to confirm to be decontaminated prior to 
be released1). In the present study, we proposed a 
conservative method to evaluate radioactivity remaining on 
the sites of decommissioned nuclear power plants, and 
confirmed validity of the evaluation method by in-situ tests. 

The in-situ measurement with a portable pure-germanium 
semiconductor detector (Ge detector) was applied to detect a 
very low radioactivity remaining on the sites. The Ge 
detector does not need preprocessing and waiting for 
attenuation, can provide measured data in real time on the 
sites, and can distinguish radionuclides by the intrinsic 
emission energies. The in-situ method has also has 
advantages such as being capable of enlarging the range of 
the object, and being able to secure representativeness of the 
data obtained in the sites1), 2). 

Cesium-137 was taken up to validate the evaluation 
method as one of the typical radionuclides for nuclear power 
plants. 

 
II. Concept of the Evaluation Method 

As basic assumption in the evaluation method, Cs-137 
pollution is attributable to ground surface deposition, and no 
significant Cs-137 pollution is presumed to be existence in 
an interest area, from the history investigation on the 
decommissioned nuclear power plant site. 

The concept of the proposed method is drawn in Fig. 1. 
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All of the Cs-137, which are in reality distributed across the 
area of interest, are assumed to present as the single point 
source located at the furthest position on the ground surface 
of the area from a detector. In such a configuration, the 
counting time need to detect the Cs-137 point source (the 
detectable time) is predicted using Monte Carlo simulation. 
If radiation from the Cs-137 point source is not detected for 
longer than the predicted detectable time, it can be proven 
that the radioactivity remaining in the interest area is lower 
than the radioactivity corresponding to the assumed Cs-137 
point source most difficult to detect. The difference from 
previous method is that it is not necessary to measure the 
absolute radioactivity. 

III. Reasonability of the Evaluation Concept 
In the evaluation concept, it is premise that the detectable 

time predicted by the calculation is identical with 
measurement time to detect a radiation source actually.  So 
the validity of the detectable time predicted in a 
configuration system was confirmed by the field tests. 

 

All of the Cs-137 are is in reality 
distributed across the interest area

All of the Cs-137 are assumed to present as 
the single point source located at the furthest
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Fig. 1 Concept of the conservative evaluation method. 
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1. Field tests 
Figure 2 shows a schematic view of field tests. To avoid 

the influence of radiation from various artificial structures 
the tests were carried out around the center of large space 
(site area of 18,000 m2), and to avoid the influence of 
radiation from fallout origin by past nuclear weapons testing, 
the disturbed site, where the soil layer had been dug up many 
times, was selected. 

Two standard point sources of different radioactivity of 
0.29 MBq and 0.44 MBq were prepared as Cs-137 point 
sources. The point source was sealed in a column type 
polyethylene container of 5 cm in diameter and 5 cm in 
height. The point source was placed at a fixed distance (3 m 
- 20 m) from the Ge detector (Refer to Fig. 2). The Ge 
detector was set up at 1 m in height above the ground level. 
The Cs-137 point source of lower radioactivity (0.29 MBq) 
was used for shorter distance measurement (3, 5, 7 and 10 
m), and that of higher radioactivity (0.44 MBq) was for 
longer distance measurement, as summarized in Table 1. 

The German regulatory standard of Cs-137 radioactivity 
for site release is 0.06 Bq/g3). If Cs-137 of 0.06 Bq/g was 
uniformly distributed over the depth of 1 cm from ground 
surface in a soil layer of 1.6 g/cm3 in density, there is 0.30 
MBq of Cs-137 in the interest area of 10 m in radius. The 
radioactivity of the Cs-137 point source used in this study 
was as much as that calculated from the German regulatory 
standard. It seems that the radioactivity in Table 1 is suitable 
level for studies on the site release. 

 
 
 
 
 

 

The time-dependent changes of the detection limit 
counting rate and net counting rate at the peak of 661.7 keV 
were analyzed. The peak counting rate from background 
radioactivity for 12,000 sec was 0 cpm. The actual 
measurement time was defined to be the time interval where 
the peak counting rate was greater than the detection limit 
counting rate. 

The time courses of the detection limit counting rate and 
the peak count rate, which were measured for the 
configuration of "20 m in distance from detector", are shown 
in Fig. 3, as a typical example. The measurements were 
carried out triplicate runs under the same testing condition. 

2. Prediction of the detectable time for radiation source 
set up at the furthest position 
The prediction procedure of the detectable time for 

radiation source set up at the furthest position is explained 
about Fig. 3. Relationship between detection limit counting 
rate NL (cps) and measurement time t (s) can be 
approximated to Eq. (1).  

 
   b

LNat     (1) 
 

Substituting the detection limit counting rate with minimum 
radioactivity AL (Bq) should be detected and radioactivity 
conversion coefficient K (Bq/cps), we obtain 

 
   -b

L KAat     (2) 
 
The K corresponding to configurations in Fig. 1 and Fig. 2 

was calculated from the particle transport simulation using 
the Electron-Gamma Shower (EGS)-5 code4). Theoretical 
minimum measurement time that the peak counting rate was 
greater than the detection limit counting rate for the Cs-137 
point source can be predicted by using AL and K in each 
testing condition. 

 

Cs-137 point source

3m 5m 7m 10m 15m 20m

1m

Ge detector

Fig. 2 Schematic view of field tests.

(a) Time courses of detection
limit counting rate 
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(b) Time courses of peak 
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Fig. 3 Time courses of detection limit counting rate and peak counting rate at 661.7 keV. 

Table 1 Measurement distance and Cs-137 point source. 

0.44 MBq0.44 MBq0.29 MBq0.29 MBq0.29 MBq0.29 MBqCs-137 point source

201510753Distance from Ge detector

0.44 MBq0.44 MBq0.29 MBq0.29 MBq0.29 MBq0.29 MBqCs-137 point source

201510753Distance from Ge detector
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As been obvious from Fig. 3 (a), the curves in the three 
runs were not the same. Therefore, a and b in Eq. (1) and Eq. 
(2) contain uncertainty. From the maximum value and the 
minimum value of a and b decided by fitting Eq. (2) to all 
the measurement results, the uncertainties of a and b were 
decided to 9.91 4.49, 1.43 0.32, respectively. Thus 
uncertainty in the detectable time predicted is expressed by 

 
 t = (9.91 4.49)×(AL/K)-(1.43 0.32)  (3) 

 
3. Measurement of actual time detected radiation source 

set up at the furthest position 
The measurement time that the Cs-137 point source set up 

at the furthest position was regarded to be detected, when the 
peak counting rate was greater than the detection limit 
counting rate, was decided by according to Fig. 4. As shown 
in Fig. 4, point A is measurement time that the peak counting 
rate exceeded firstly the detection limit counting rate, and B 
is measurement time that the peak counting rate was to 
exceed always the detection limit counting rate. The A and B 
can be assumed to be judgment values for the actual 
measurement time detected the Cs-137 point source. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Uncertainty in the detectable time predicted from Eq. (3) 

and the actual measurement time A and B were summarized 
in Table 2. The differences between A and B were large in 
some testing conditions. It is necessary to consider large 
error in the measurement time. The predicted detectable time 
was roughly equal to the actual measurement time, by 
considering large error in the measurement precision. The 
results suppose that the prediction procedure of the 
detectable time for radiation source set up at the furthest 
position was reasonable. 

 
 
 
 
 
 
 
 
 
 

IV. Conservativeness of the Evaluation Concept 
1. Radioactivity conversion coefficient 

The radioactivity conversion coefficient K is obviously 
influenced by the vertical distribution because of the 
shielding effect with the soils. 

Radioactive substances discharged from the nuclear 
power plants distribute into the surrounding soil layers, 
where the radioactive concentration decreases exponentially 
from the ground surface. The vertical distribution tendency 
is described by the depth distribution parameter 5),  

 
A(Z) = A0 exp(-Z/ ),     (4) 

where A (Z) represents radioactive concentration (Bq/g) at Z 
cm, A0 surface radioactive concentration (Bq/g), Z depth 
(cm), and  depth distribution parameter (g/cm2). 
 

For example, relationship between  and the distribution 
of Cs-137 concentration was illustrated in Fig. 5. In general, 
vertical distribution of radioactive substances in soil layers is 
often evaluated with =4.8 g/cm2), 5), 6), when the radioactive 
pollution is attributable to the surface deposition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The conservativeness of the radioactivity conversion 

coefficient in the proposed evaluation method was discussed 
from the viewpoint of distribution tendency of radioactive 
substances. The radioactivity conversion coefficients were 
compared between the three cases; case (i) Cs-137 assumed 
to be uniformly distributed, case (ii) Cs-137 assumed to be 
exponentially distributed, and case (iii) Cs-137 assumed to 
be the single point source located at the furthest position. 
The radioactivity conversion coefficient was calculated by 
using the EGS-5 code under the conditions in Table 3. In the 
calculation, the radius and the depth of the interest area, and 
the  value were varied. Figure 6 shows the results of 
comparing the radioactivity conversion coefficients K of 
each case at intervals of 1, 3, 5, and 10 m in radius. The K of 
the case (iii) Cs-137 assumed to be the single point source 
was drawn as the horizontal line. Most K of the case (iii) are 
larger than that of the case (i) and the case (ii), except for a 
part of the result of 1 m in radius, and the case (iii) was the 
most conservative configuration. The results mean that the 
radioactivity remaining in the interest area may be 
conservatively evaluated by setting the evaluation unit to 3 
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Fig. 5 Relationship between  and vertical distribution of 

Cs-137 concentration. 

A Measurement time that the peak
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the detection limit counting rate
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B Measurement time that the peak
counting rate exceeded always
the detection limit counting rate

 
Fig. 4 Judgment concept for actual measurement time. 

Table 2 Uncertainty in the detectable time predicted by 
calculation and actual measurement time. 

 
A is measurement time that the counting rate at the peak exceeded firstly 
the detection limit counting rate, and B is measurement time that the 
counting rate was to exceed always the detection limit counting rate, in 
Fig. 4. 
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m or more in radius. 

2. Influence of radiation from outside area 
The Ge detector also counts the radiation from outside of 

interest area. According to some previous knowledge, 
contribution from outside of the interest area of 10 m in 
radius is assumed for 15 %, when Cs-137 is distributed with 

=4.8 g/cm2 from the surface of an infinite plane area6). The 
influences of radiation from the outside are increased with 
decreasing radius of the interest area. Thus, the radioactivity 
evaluated using the calculated radioactivity conversion 
coefficient is to provide more conservative values in actual 
situation. 
 
V. Conclusion 

The conservative method to evaluate radioactivity remaining on 
the sites of decommissioned nuclear power plants was proposed. 
The in-situ measurement test using the portable Ge detector 
proved that the proposed evaluation method was reasonable 
for the conservative evaluation. 

At the next stage, it is necessary to discuss on 
considerations for fallout and natural radionuclides, on 
requirements for detection lower limit, and on optimizations 
of concrete approving procedures and measurement 
conditions. 
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Fig. 6 Comparison of radioactivity conversion coefficients 

calculated at intervals of 1, 3, 5, and 10m in radius. 

Table 3 Conditions in Monte Carlo calculation by EGS-5 code. 
Number of photon generation 108 - 109 (661.7keV)
Height of detector 1m
Soil density 1.6g/cm3

Ge crystal 61, 45.5mm, Efficiency 30%
Configuration types of Cs-137 radiation source

(i) for single point source located at the furthest position
(ii) for uniform distribution
(iii) for exponential distribution ( = 1, 4.8, 10)
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