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1. Introduction

There are many factors which affect external exposure in contaminated areas:

distributions of fallout, compositions of radioactive nuclides, soil conditions, depth

profile of radioactivity in soil, rain fall, snow cover, radioactive decay, shielding effects

of houses and other structures, de-contamination measures, and the "occupancy factor"

which accounts for the fraction of time that inhabitants spend in different locations. In

Subject 1, several important issues concerning these factors have been investigated

using field measurements and computational simulations since 1992.

The objectives of the study were:

1) The development of a mobile survey method to collect radiation data of the

contaminated area over a wide area in a short time;

2) The verification of a method to infer external dose to the population;

3). The provision of basic data used for the evaluation of external dose due to gamma

ray using a Monte Carlo simulation method.

The field measurements were conducted mainly in summer for about one

month, but some additional measurements were carried out in different seasons. The

simulation calculations and development of measuring instruments were performed

mainly in Japan. In this report, the results will be summerized.

2. Development of a Mobile Survey Method

To develop a method to rapidly measure radiation over wide areas and map the

extent of fallout, a mobile survey system was constructed and tested; the conversion
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factors to convert the measured data to required quantities were examined; extensive

environmental measurements using the system were performed; and finally a detailed

contamination map was created.

The field surveys were implemented by using a land rover and a helicopter. A

land rover is useful for surveying a large area because the survey is less expensive,

available in most weather conditions, and able to survey near the boarders with other

countries without any declaration. A helicopter is useful for surveying areas where

greater detail is required. This method is complex, expensive and weather dependant,

but effective in surveying areas with little road access.

2.1 Mobile survey using a land rover.

A remote sensing unit was assembled using a 2" spherical Nal(Tl) detector

fixed to a rod extended backward from the roof of the land rover at 2 m height above the

road's surface. A conversion factor was determined to convert the gamma dose rate

measured at this position into that at 1 m above ground according to measurement

results on and around the land rover. For this purpose, we often stopped and collected

dose rates on the both sides of a road.

The block diagram of this mobile survey unit is shown in Fig. 1. It consists of

an accurate dose rate meter developed at JAERI, a GPS (Global Positioning System)

and a personal computer. The specific features of this unit are its compact size,

resistance to vibration, adaptability for use on any type of car, and the loaded map data

to enable us to navigate in the Chernobyl area.

2.1.1 A Conversion factor

Examples of radiation level profiles across roads in the Chernobyl area are

shown in Fig.2. The profiles are influenced by the contamination conditions. The

radiation level on the road is generally lower than the level in the field, since the road

surface has been de-contaminated intentionally and naturally. A conversion factor for

the mobile survey method was developed to convert the air absorbed dose rate measured

on the land rover to that measured at lm above ground. The upper figure indicates a

homogeneous activity distribution over the field, while the lower figure an

inhomogeneous activity distribution, especially biased near the road.

In Fig. 3, the x-axis shows the level of gamma dose rates measured at a

distance of 20m from the road's edge. The dose rate distributed from several tens nGy/h

to 10 nGy/h. The y-axis shows the gamma dose rates measured on the land rover. A

conversion factor of 2 was obtained as the averaged "workable factor" for the mobile

survey method.
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2.1.2 Examination ©f the variation of the conversion factor

In order to examine to what degree the conversion factor vary according to the

contamination conditions, computational simulations were carried out assuming some

typical contamination conditions using the environmental gamma-ray transport

calculation code YURI3. In this simulation the modeled road width was changed from

5 to 20 m, and the area around the road was divided into several sections, and each

section was given a letter to identify its position as shown in the lower part in Fig. 4.

Some different activity distributions across the road were considered as also shown in

this figure; further, vertical activity distribution was assuming an exponential depth

profile. The variation of the conversion factor due to road width, contamination ratios of

the sections, and depth profile is given in the upper figure in Fig. 4. It became clear

that this conversion factor is influenced by the width of the road, the activity

distribution across the road, and the activity depth profile in the ground, and the range

of variation is 1-3.

2.1.3 Mobile survey results

In Fig. 5, the air dose rates measured with the mobile survey method were

compared with the radiation levels inferred from the IAEA contamination map

assuming an exponential activity distribution with a relaxation mass of 2 g/cm2. By this

comparison, we could validate the developed mobile survey method. Further, it was

found that the contamination distribution in the Chernobyl region changes drastically

and rapidly with location in some areas, and the mobile survey method is appropriate to

follow these fine contamination structures and make a detailed contamination map.

2.1.4 Measured gamma radiation

The field survey covered over a distance of 15,000 km between 1994 and 1999;

according to the survey data a contamination map was developed. The dose rate

distribution map is presented in Fig. 6. The red dots in the map indicate the trace of the

land rover; the CNPP (Chernobyl Nuclear Power Plant) is indicated by the double

circles. The existence of a highly contaminated area was confirmed at 150 km north east

of CNPP besides the area close to CNPP. The dose rate was measured at 2 meter above
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road surface, converted to the standard at 1 meter above ground level, and normalized to

the values in 1996. The influences of variation in the conversion factor was examined.

2.2 Mobile survey method using a helicopter

In the mobile survey using a helicopter, the same mobile sensing unit as the

car-borne survey was used. Conversion factors different from those for a car-borne

survey must be developed since a helicopter hovers at more than 100 meters above

ground level.

2.2.1 Conversion factors

The conversion factors depend on the relaxation mass of vertical radioactivity

distribution in the soil and on measuring altitude. By considering these two variables,

the radiation levels on the ground can be properly inferred. The conversion factors from

spatial dose rates into dose rates at 1 m were developed using YURI3 as shown in Fig. 7.

In this figure, the x-axis indicates the height, the y-axis the relaxation mass (3 (as an

indicator of the depth profile). Relaxation mass per area of 2 g/cm2 was determined as

the average after analysis of the soil samples taken from the Chernobyl; this value

coincides to data published in the ICRU Report 53.

2.2.2 Measured gamma-radiation distribution

A distribution map of gamma dose rates, as measured from the helicopter, is

shown in Fig.8. Data were collected in a grid subdivided into 1 km squared sections,

with the CNPP at the origin of the coordinates. The helicopter flied along the lines

constituting the grid. This map covers 100 km to the west of CNPP, 20 km to the east,

60 km to the south, and 60 km to the north. The gamma levels ~ after applying the

conversion factors at relaxation mass of 2 g/cm2 - need to be adjusted to be 20% lower

in the forested areas and more than 20% higher in the cultivated terrain if we consider

the difference in depth profile of radionuclide concentration.

2.3 Summary

The results are summarized as follows:

•We successfully developed a mobile survey system and tested it in the Chernobyl

area;
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•We examined the conversion factors and established the error margin;

•We created detailed contamination maps and enhanced our understanding of the

contaminated area.

As subjects for future research, we recommend;
0 The development of a mobile survey system with an ability to differentiate

radioactive nuclides;

•A detailed analysis of contamination within the Chernobyl area;
8 An analysis on the optimum survey methods after a nuclear accident based on the

accumulated data.

3. The verification of a method to infer external dose to inhabitants

Individual dose measurements using personal glass dosimeters worn by

inhabitants in the Chernobyl area were performed for evaluating external dose due to

the accidental contamination. This method is expensive and time consuming; therefore,

JAERI also tried to verify of a simple method for evaluating external dose to the

population groups who live in the contaminated area, by using radiation data measured

inside and outside the houses and "occupancy factor" describing the fraction of the total

time spent in the various locations.

3.1 Inferring dose by considering radiation levels in and around a dwelling

For this investigation, we carried out radiation measurements in the living

environments using accurate dose rate meters in addition to individual dose

measurements using glass dosimeters. Most of the population, in the 30km zone, had

been relocated to safe areas assigned by the governments. The measurements were

carried out in several settlements where inhabitants still existed in the contaminated

areas. Fig. 9 gives an example of dose rate distribution inside and outside a house

measured with potable dose rate meter. The radiation levels inside the dwelling,

especially near the center, were two or three times lower than those outside the dwelling

by shielding effect.

Fig. 10 shows the external dose averaged over each settlement measured by

individual glass dosimeters. Relatively high individual doses were observed in several

settlements at 60 km southwest from CNPP outside the 30 km zone. This does not mean

that outside the zone is more contaminated than inside the zone, but this mean that
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people who use to live in highly contaminated settlements in the zone have already been

relocated.

In some settlements the individual dose measurements were conducted in a

snowy season beside a snow-free season, and it was found that the dose decreased by

30% at maximum due to snow fall as shown in Fig. 11. This is partly because that

gamma radiation from the ground was shielded by snow cover and partly because that

during winter people spent much time inside their houses where the radiation levels are

low.

Fig. 12 shows the relation of doses outside houses with doses inside houses and

with individual doses. The data showed a positive correlation between the levels

recorded inside and outside the houses as well as individual doses.

Further, occupancy factors were also investigated by direct questionnaires to

inhabitants. Most of people in and around the Chernobyl area live daily life in a very

simple style. The average indoor occupancy factor was estimated at 0.58 according to

the analysis of the questionnaire results.

Individual doses were inferred from occupancy factors and dose rate data

measured with portable dose rate meters in and around houses. The evaluated doses

were compared to directly measured individual doses with glass dosimeters in the seven

settlements (Fig. 13). Though the dose evaluation model used was rather simple, a good

agreement was observed with an error margin of a several tens %. This proved the

evaluation method used is effective for the dose evaluation of inhabitants in the

Chernobyl area. Further analyses are to be performed to examine if the dose evaluation

without the measurement data inside the houses could be done properly.

3.2 Summary

An error of approximately 20% was found to be inherent in the simple method

for inferring exposure dose for inhabitants. The reliability and applicability of the

inferring method can be enhanced by:

- analyzing the distribution of individual dose obtained from this study;

- considering the shielding effects of dwellings properly;

- using dose rate distribution data obtained from the mobile survey method.

4. The provision of basic data for evaluation of external gamma dose

Basic data used for the evaluation of environmental gamma-ray dose rate in
the contaminated area were calculated using a Monte Carlo method. The following two
kinds of data have been provided from the calculation: a) conversion factors from the
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nuclide concentration in the ground to the air kerma rate at 1 m height; and b) the
shielding factors of a typical Chernobyl house against gamma radiation.

4.1 Air kerma rate conversion factors
Concerning the air kerma rate conversion factors, first, the calculation was

made for plane sources at various depth in the ground emitting monoenergetic gamma
rays covering wide energy range. Then, necessary conversion factors were composed
from these data taking into account the spectrum of emitted gamma rays and the depth
profile of the radionuclides in the ground. It became possible to obtain versatile
conversion factors according to diverse conditions by the prepared basic data. The
kerma conversion factors have been proved through the comparison with measured
data.

Examples of the composed dose rate conversion factors for exponentially
distributed source are shown with current conversion factors in Fig. 14. The
discrepancies between the present data and current data observed for some nuclides are
mainly due to two reasons. Firstly, the new nuclear data sets were used in this study;
secondly, proper transport calculations were made for low energy region.

4.2 Shielding factors of dwellings
Concerning the shielding factor of dwelling against gamma radiation, a

computational model was constructed on the basis of the precisely measured
dimensions of a typical Chernobyl wooden house (Fig. 15). In the calculation, a plane
source at a depth of 0.5 g/cm2 in the soil emitting monoenergetic gamma rays was
assumed. This assumption was considered to be appropriate to investigate relative
change in kerma rate.

The calculated shielding factor was compared with the measured factor under
the present situation assuming that only Cs-137 exists. From gamma spectrometry, it
has been confirmed that more than 80% of the kerma rate in the Chernobyl region
is attributed to Cs-137 at present. A good agreement of shielding factor between
measurement and calculation was observed.

Then, the general characteristics of the shielding factor were investigated
changing the conditions: the thickness of walls, house size, source energy, etc. Fig. 16
shows the energy dependency of the shielding factors. This investigation allows to give
the shielding factors for diverse radionuclides deposited on the ground since the
accident happened.

4.3 Summary

Kerma rate conversion factors were provided for important anthropogenic

radionuclides exponentially distributed in the ground, and for dominant natural

radionuclides uniformly distributed in the ground. Further, basic data for plane sources
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at various depth are available. This enable us to compose kerma rate factors for sources

with arbitrary distributions in the ground.

The shielding effect of a typical wooden house in the Chernobyl regions

against external gamma radiation was properly simulated by a Monte Carlo method

using a precise house model. The energy dependence of the shielding factor obtained

from this simulation would allow to compose the conversion factors for nuclides other

than Cs-137 which could be sources of exposure in the early stage of a nuclear accident.
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