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Abstract

The continuous hazard of nuclear reactor failures, which may exceed in consequences that of the Chernobyl
accident on 26 April 1986, makes it imperative for us to develop and introduce soil, water and air contamination control
systems to protect the environment. A most efficient means of the contamination control at the artificial radioactive radiation
sources is the complex MONITORING SYSTEM controlled from a centre by competent and recognised experts. Such
systems have been used for years now many western world countries (USA, Canada, Sweden, etc.). The modest purpose
of this paper is at least to leave a trace of the efforts, both individual and of the institute, made in developing a component
of the monitoring system — airborne gamma-ray contamination control, which in western systems is a principal technique
of remote detection.

1. INTRODUCTION

For the control and protection of a state against the artificial fission products, three equally
important control systems should be established.

First, the system is based on the operation of automatic radioactivity level recorders. This
system includes a number of instruments installed in the expected directions of radiodebris cloud
approach. The information is radiotransmitted automatically to the main control centre.

Second, the control system is operated on analytical airborne survey data of soil radioactivity,
during or immediately after contamination of large areas of the national territory. The purpose of the
survey is to establish soonest possible the regional, provincial or national contamination data. At this
stage of monitoring, the use of a multichannel gamma spectrometer is necessary which analyses the
gamma-ray energy within the interval from 0 to 3000 KeV.

Third, the control system is organised on ground with the direction clearly defined on the
former two system results. The direction is always to be the highest-hazard region with the greatest
human, animal and vegetative populations.

In order to test the airborne survey techniques, a survey to determine the level of soil
contamination, size, type, nature and amount of decay radionuclides was carried out. The results will
be presented in this paper. The pilot area was 200 km2 in size,. Surveying was carried out on a
parallel grid with a total length of 1000 km of flight lines. The aircraft used was an AN-2. The flight
altitude was 100-150 m above the ground.

The specific area was selected for the announced possible fallout of artificial fission isotopes,
not only of Chernobyl origin. The expected "surface" contamination in the area was by cesium-137
and —134. The only expected point sources were europium 152/154 and cobalt 60, which are
incorporated in radioactive lightning conductors.

2. A CONCEPT OF THE ARTIFICIAL RADIOACTIVE ISOTOPE DETECTION ON
GROUND SURFACE

The possible detection of artificial radioactive isotopes on the surface is based, for the
explorers, on suitable characteristics of their energy gamma radiation. Almost all radionuclides
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produced in fission reactions are characterised by emissions of gamma photon energies up to 1000
KeV. In a registered 256-channel spectrum they are in the group of "low" energies. On this fact are
based many methodological techniques for detecting the presence of artificial gamma-ray emitters.
The physical aspect will be explained through the analysis of Fig. 1.

If an aircraft, equipped with an airborne gamma-ray spectrometer, flies the path ABC (Fig.
la), and if the gamma radiation emitted from the ground is measured each second from a height of
150 m, a spectrum would be recorded in points A, B and C. Let points A and C be granitic rocks,
which naturally possess an increased concentration of naturally radioactive potassium, uranium and
thorium or their decay products, and let point B contain artificial radioactive isotopes produced by
fission in a nuclear reactor. The radiation spectrum measurement results, already on the analog record
(Fig. lb), will show the presence of three anomalies, or increased intensities of gamma radiation, in
points A, B and C.

The nature of an increased radiation emitter can be determined in general terms by analysis
of the digital record of the gamma-ray energy spectrum and design of the spectrum (Fig. Id). A
natural source of gamma radiation will give a spectrum as those shown for points A and C. The
spectrum for point B is distorted by the presence of an artificial gamma-ray emitter of "low" energies
between 0 and 1000 KeV.

This step of the data analysis alone allows, by drawing each spectrum, to pinpoint
qualitatively the discrete points where sources of artificial gamma radiation are manifested. This,
however, is a time-consuming technique for the computer. Therefore a more elegant data analysis was
used, reduced to the calculation of ratio of "low" and "high" energy sums for each singly recorded
gamma-ray spectrum.

The idea is essentially the following: Both theoretically and empirically it was determined that
for natural gamma-ray spectra without the effect of artificial isotopes, the ration "low"
(300-900 KeV) and "high" (900-1500 KeV) energy sums is a value between 3 and 3.3. Any added
artificial source of fission gamma radiation disturbs the ratio, causes its anomaly from the increased
gamma radiation intensity within the "low" energy domain (Fig. le). The described technique was
one of the departing points for construction algorithm "Ecology".

3. ALGORITHM ECOLOGY

The algorithm named Ecology (Fig. 2) served as a guide to develop all procedures under The
Project of Developing AGS Application Methods in Environmental Control. It is designed on the basis
of the available theoretical knowledge, data from the available literature on identical systems in the
United States [2], Canada [1] and Sweden [5] and represents the approach in this country to the
problem.

The algorithm clearly defines each information to be registered in AGS for the set goal, which
is the nonambiguous answers to the following questions:

Is there any artificial radioactive source?
How large an area has been contaminated?
What is the contamination level?

An one-second digital record was designed that contained a series of relevant data. The record
of 751 bytes included information on time, date, flight line number, fiducial number, ordinal number
of the record, aircraft altitude, gamma radiation from the ground, and from the air, etc. Additional
data planned for use included analog records, photographs, topographic and geological maps.
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It has been established, and algorithm designed, that the minimum required data could be
fitted into a record of 512 bytes, which formed the initial GAMMASPEC file, now on a large
computer disk (VAX-9000).

GAMMASPEC is a data file for analysis of nature, type and intensity of gamma radiation.
From it two files are formed. One, comprising data on intensity of gamma radiation from natural
elements (potassium, uranium and thorium), is named NATURAL GAMMA RADIATION (NGR),
composed of records, each of 51 bytes. This file will not be considered here as it does not involve
the selected subject of the study. Another file, named ARTIFICIAL GAMMA RADIATION (AGR),
contains information on artificial radioactive isotope gamma radiation intensities. The length of the
AGR record is 108 bytes.

3.1 Artificial Gamma Radiation File Analysis

Environmental studies of contamination from artificial radioactive sources require a reliable
definition of two kinds of information. One information is the clearly identified parameters indicating
the presence of point, or individual, sources of artificial gamma radiation. The other will serve to
determine the surface distribution of artificial radioactive sources.

Fission products
Lanthanum
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Barium
Cesium
Zko nium

i ifl * u i t i 10 u IJ M L : LI U U i t

FIG. 1. Airborne detection of artificial gamma ray emitter.
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FIG. 2. Algorithm "Ecology".

From the above information, two more types of analytical data can be derived. One is
qualitative analysis which gives answer to the question: Is there any artificial source of radioactivity?
The other is quantitative which answers the questions: How large is the contaminated area? and What
is the activity of deposited radioactive sources that contaminated the areas?

For the purpose of both analyses, the algorithm anticipates three separate data files: POINT
sources, RATIO, and CESIUM 137 and 134. The former two are used to identify the presence of
POINT artificial radiation sources.
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Point or individual sources have been known to occur by specific accidents which have not
resulted in large-scale contamination. An example is the fall of the Soviet nuclear-powered satellite
KOSMOS 954 [1]. This required development of specific detection techniques for numerous artificial
point radiation sources, as has been earlier explained.

Figure 3 shows all windows for calculation of (L/H) ratios of "low" and "high" energy sums
necessary for location of discrete gamma radiation anomalies caused by the artificial sources. The
"L/H" ratio is not appreciable for urban centres in Serbia because of the high presence of europium
152, incorporated in lightning conductors.

Any presence of artificial radioactive sources is always recorded in the energy range
200-3000 KeV and never in the energy range 2400-3000 KeV. For this reason, the Algorithm
anticipated calculation of TC (200-3000 KeV) and Th (2400-2000 KeV) energy sum ratio (TC/Th).

The following step in the Algorithm development was identification of gamma energy spectra
for each anomalous TC/Th ratio. The cause of the anomaly was found visually on the monitor or
drawn on the plotter, as in Figs. 4, 5 and 6; The identified causes were Eu-152, Co-60, Cs-137 and
Cs-134.

In the described way, on a qualitative level, the presence was identified of discrete artificial
gamma radiation anomalies, their causes and, additionally, coordinates of their position on the ground
were determined. Qualitative information may suffice to attain some of the goals, This particularly
refers to detection of a single artificial point radioactive source, its location and identification in the
field.

For environmental control and protection of the population, the data must be quantitatively
analysed. The Algorithm Ecology includes a data file of records from Cs-137 and Cs-134 energy
windows (Fig. 3). The most delicate step in this stage of AGS data analysis is the conversion of
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FIG. 3. Gamma ray energy spectrum.
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F/G. 5. Gamma ray energy spectrum, Co-60.

corrected gamma radiation recorded in Cs-137 and Cs-134 energy windows, expressed in the number
of counts measured per second (cps), into deposited Cs-137 and Cs-134 activities, expressed in
becquerel per square metre (Bq/m2).

Conversion factors are determined on diagrams of AGS data conversion (Fig. 7), with the
abscissas showing plotted values of recorded Cs-137 and Cs-134 gamma-ray intensities reduced to the
level of 120 m above the control profile surfaces, and the ordinates values of deposited Cs-137 and
Cs-134 activities in soil samples from the same control profiles.

The relation between the deposited Cs-137 and Cs-134 activities and the number of recorded
counts is linear and it is not difficult to develop analytical relation of the line expressing the
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FIG. 6. Gamma ray energy spectrum, Cs-137 and Cs-134.

correlation of gamma radiation activity and intensity in a point. Constants for Cs-137 and Cs-134
allow the conversion of data into the deposited activity and the preparation of maps showing
qualitative analytical results.

The concept of Algorithm Ecology and the package of computer was tested over an area of
the Bor District. The test results will be presented in the following text section.

4. DETERMINING NATURAL K, U AND Th CONTRIBUTIONS IN THE "LOW" ENERGY
SPECTRAL COMPONENT

A problem in routine procedure of using airborne gamma spectrometry results to detect
ground contamination by radioactive isotopes — artificial gamma-ray emitters — is separating the
components of man-made and natural gamma-ray spectrum. Two mathematical procedures have been
developed. One is named the correlation technique and the other factor analysis. Both techniques
are based on experimental results obtained on concrete slabs at Grand Junction in 1981 [4 and 6].

Experimental studies, in laboratory, and field surveys, from airplane or helicopter, have
shown that a natural gamma-ray spectrum, recorded by Nal (TI) detectors, varies in shape with
altitude from which it was recorded. The spectral variations were determined in the function of the
amount of absorbing material (air) between the gamma-ray emitter and the detector. Practically, the
variations were established by flying at different altitudes over three different areas with the prevailing
concentration of uranium or thorium or potassium. Identical results, even representative ones, were
acquired using concrete calibration slabs.

Because calibration slabs eliminate many effects normally present in the field, such as from
artificial gamma-ray emitters, inaccurate attitude of aircraft, airborne radioactive gas around the
aircraft, etc., specialists decided to develop a technique of separating natural and man-made spectral
components using calibration slabs for spectral measurements. The material used in the experiment
were 2.4 x 2.4 m plywood sheets each an inch (2.54 cm) thick to simulate by their number the air
density (from 0 to 112 m) between the flying aircraft and ground surface. It is worth mentioning to
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the reader that the author of this article, while specializing in Canada, was a part of the team which
conducted a similar experiment where a helicopter (Hudson Bay Oil and Gas) AGS system was used
at the Calgary University Center.

Radioactivity rates of a terrain contaminated by artificial isotopes recorded in Cs-137 and Cs-
134 energy windows are burdened by the effects of natural gamma-ray emitters. If measurement
results are to be used in the control of the entire human, vegetative and animal environment, accurate
information is required separately on the natural and the artificial radioactivity components.

This was the purpose of the mentioned experiment which resulted in nine gamma-ray spectra
for altitudes from 0 to 112 m for each calibration pad, with altitude increments of 14 m (Fig. 8). The
fourth calibration pad was used for the background radiation.
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FIG. 7. AGS data conversion for Cs-137 and Cs-134.
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FIG. 8. Gama ray spectra for deposited K, U, Th.

Digital record of counts provided for calculation of the factor of natural gamma-ray
contribution in each spectral channel (a^ a2; a3) by correlation or linear regression procedure, based
on a matrix for a system of three linear equations with three unknowns. Assume that records from
Cs-137 and Cs-134 windows, with the detector on potassium, uranium or thorium pad, are designated
(RCsk, RCsu, RCs,) respectively, and records from potassium, uranium and thorium windows (Kk, Uk,
Tt), (K,,, Uu, TJ and (K,, Ut, T,), the relations can be written as:

RCsk = a^k + a2Uk + a3Tk + BR (1)
RCSU = a ^ + a2Uu + a3Tu + BR (2)
RCS, = a,K, + a2U, + a3Tt + BR (3)

where BR is background radiation subtracted from each spectral channel data.
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The presented relation can be written as a matrix, assuming preliminary elimination of
background radiation (BR):

RCsk

RCsu

RCs,

Uk Tk

Uu Tu

Kt Ut T,

The general form of the matrix is the following:

| A | = | B | * | X |

where from follows:

| X | = | B | •' * | A |

Developing matrix from equation (6) it follows:

Kk Uk Tk

Ku Uu Tu

K, U, T,

because the inverse matrix (B)'1 reads:

A u A21 A3,
A12 A22. A 32

A13 A^ A33

and matrix , or from:

RCsk

RCsu
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(4)

(5)

(6)

(7)

(8)

A =

b u
0
b21

0
b31

0

0

0

0

; and X =

an

a j ,

0
a31

0

0

0

0

0

Terms b,2, bI3, b^, b^, b32, b33, a12, a13, a^, a^, a32, and a33 are equal to zero, and the
solutions are reduced to the general formulas:

(9)

where from follows the problem solutions:

a! = AuRCsk + A12RCsu + A,3RCst (10)
a2 = A21RCsk 4- A^RCSu + AjjRCs/ll)
a3 = A31RCsk + A32RCsu + A33RCst(12)

Relations (10, 11,12) give final solutions for factors (a,, a2, a3) which provide for assessment
of natural radioactive emitter contributions (K, U, Th) in CS-137 and Cs-134 energy windows.

Since there are no concrete calibration pads in Yugoslavia, and because the described
experiment was performed with gamma radiation detectors and a spectrometer of identical
characteristics as those used in all surveys in Yugoslavia, the experimentally obtained spectra were
used to calculate constants of the type (a,, a2, a3) applied in the survey of a part of Timok magmatic

288



complex (TMC). The technique was tested first on one spectrum
recorded spectra.

anomaly A-64, and then on all

The procedure to determine coefficients expressing the natural gamma-ray emitter
contributions recorded in potassium, uranium and thorium energy windows to the "low" energy
(250-1000 KeV) spectral components, has been developed in Geoinstitut on the ALGORITHM named
EFFECT.

The algorithm was based on preceding digitalization of nine spectral diagrams of gamma
radiation recorded on potassium, uranium and thorium pads [4 and 6]. Spectra were recorded for
simulated altitudes, on the principle described in the preceding section, of 0 m, 14 m, 28 m, 42 m,
56 m, 70 m, 84 m, 98 m, and 112 m. Only summarized K-40, U-238, and Th-232 gamma-ray
window records from these spectra's are presented in Fig. 9. The data, however, were used to
graphically relate sums of gamma radiation records in the mentioned windows to simulated altitudes.
Gamma radiation values were read from the graphs, for selected altitude, and used to develop the
matrix by equations (1-12).

In the analysis of anomaly A-64 (Fig. 6), mathematical operations were preceded by
subtraction of the background radiation (BR) recorded during a flight over the river Danube at an
altitude of 20 m. In this case we handled data representing the sum of natural and artificial gamma
radiation for the selected altitude. As mentioned, it was decided to take altitude 112 m for the
measuring data reduction level because it was closest to the actual aircraft altitude during the
experiment in TMS, that is an area of the Bor District.
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FIG. 9. Gamma ray intensity in K, Th and U energy windows.
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The procedure is presented in this paper for estimation of the artificial gamma radiation
contribution by the correlation technique is based on separation of two gamma ray spectral
components, one natural recorded in AGS survey and the other caused by artificial radioactive isotope
produced by fission. The described correlation technique, on the principle of natural radioactive
sources of gamma rays (potassium, uranium, thorium) determined in each channel of the measured
gamma-ray spectra in low-energy region (0-1000 KeV), gives the component, or spectrum, of natural
emitters which is subtracted from the measured spectral values. Thus, the subtraction difference is
the component caused by artificial isotopes, of fission derivation, which primarily originate from the
Chernobyl accident.

5. EXPERIMENTAL SURVEY RESULTS

The background knowledge for the experiment were international experiences, the Chernobyl
accident, and AGS geological exploration results from 1982-1988 for the Timok magmatic rock
complex. It was presumed that all radioactive lightning conductors, with europium-152, were a good
example of point artificial gamma radiation sources.

For analysis of the recorded gamma energy spectra a VAX-9000 computer was used. Single
anomaly points which indicated the presence of gamma radiation from artificial emitters were located
from TC/Th ratios. A total of 412 anomalous points were identified in the survey area, all artificial
(Fig. 11).

Graphical presentation of all 412 spectra revealed two types of emitters, one europium-152
(Fig. 4) and the other cesium-137 and cesium-134 (Fig. 6). Particularly important for development
of the methodological procedure of AGS application in environmental control and protection was the
recorded spectrum 64 (Fig. 6).

Size of the area contaminated from artificial sources was determined from a map of ratios of
"low" and "high" energies of gamma radiation (Fig. 12).

Mapping Cs-137 and Cs-134 activities (Figs. 13 and 14) indicated surface contamination
spreading from Bor westward, on which the magnitude and direction of contamination were identified.
The map of Cs-134 contamination (Fig. 14) clearly shows locations of lightning conductors with Eu-
152/154, where the 779 KeV peak falls within the Cs-134 energy window.

The time of contamination and the origin of the gamma radiation source could be deduced
from the map of Cs-137/Cs-134 ratios of gamma radiation intensity sums (Fig. 15) using also Fig.
16. From the calculated values, given in Fig. 16, and values Cs-137/Cs-134 = 7 to 9 we have
concluded that the identified contamination Northwest of Bor, 100 km2 in size, occurred four years
earlier, at the time of the Chernobyl accident.

Our analyses led to two likely explanations on the origin of the radioactive material that
contaminated the area. The first possibility is contamination by radioactive material from Kozlodui,
which occurred two or three years before the survey of 1990, and not more than one year after the
Chernobyl accident. In this case, the radioactive material must have had the initial Cs-137/Cs-134
ratio equal to 1.7 to 2, and the area Southeast of Bor was not preliminary contaminated.

The other explanation is an almost synchronous contamination with that related to Chernobyl
reactor failure. It affected the entire survey area, and was emitted by artificial radioactive isotopes
from a nuclear-fuel which was used full time in nuclear reactors; the Cs-137/Cs-134 ratio was 1 at
the end of the firing cycle in those reactors. In this case, four years after the likely contamination by
such a fuel, the ratio would reach a value of about 4 (Fig. 16). The explanation is obviously non-
unique. The available information only suggests new questions which can be answered through
accurate analysis of samples from the contaminated ground, but this is beyond the scope of the
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objective of developing the airborne environmental control of contamination from artificial fission
gamma-ray emitters.

The following stage of data processing was selection of quantitative data necessary for final
estimates of the contamination hazard of a threatened area. Laboratory assays were used in drawing
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dependence diagrams of recorded, or corrected and processed, data on the content of natural and
artificial radioactive elements in the ground. It was assumed that the dependence could be analytically
expressed by a linear equation.

The map of deposited Cs-137 activity (Fig. 13) reflects the fact that a large part (about 100
km2) of the survey area is contaminated mainly with cesium-137. The quantity of the amounts
deposited varies from 1500 Bq/m2 to 3000 Bq/m2. The contaminated area is a part of the surveyed
surface located NW of the town of Bor and extending to Crni Vrh hill in the same direction. It is
clearly separated by the Brestovacka Banja-Bor-Krivelj limit from the south-eastern part of the
explored area where the deposited activity level is lower, below 500 Bq/m2.

LEGEND

SITE OF TC/Th
ANOMALY

PHOTOGRAPH

"SURVEY PROFILE

FIG. 11. Map showing locations of artificial point radioactive emitters — TC/Th > 100 anomalies.
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FIG. 12. "L'TH" ratio map showing sums of "low" and "high" gamma energy spectra.

The map of deposited cesium-134 activity (Fig. 14) shows up to eight times lower Cs-134 in
the area. Slightly increased deposition from 200 to 350 Bq/m2 or more also covers the same
contaminated area of about 100 km2, which indicates a synchronous contamination from the same
source.

Ratios of Cs-137/Cs-134 gamma radiation intensities of 6-8 for the north-western part of the
area (Fig. 15) indicate that the radioactive fuel, which could have been the source of contamination,
had this ratios between 1.7 and 2. The Cs-137/Cs-134 ratios for south-eastern part of the area of 4 -
5 indicate that this ratio of the radioactive fuel was 1, which means that it was exhausted.

Having established that the area north and Northwest of Bor, about 100 km2 in size, was
contaminated by Cs-137 several times more than that south and Southeast of Bor, the question was
when the contamination occurred. The answer to this question was more an information toward
learning how the contamination happened.
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FIG. 13. Map showing deposited Cs-137 (Bq/m2).

In some cases of ground contamination it is easy to detect the increased radioactivity in air
by a system of fixed points. There are cases, however, in which the increased radiation has not been
generally established, only registered on ground surface. In such a case, ratios of Cs-137 and Cs-134
sums recorded in energy windows are used.

These ratios indicate some important facts. One is the degree of nuclear fuel utilisation in the
reactor, and the other is the length of time since the fuel was removed from the reactor. Both facts
are important in finding the truth when there are some indications of various contamination sources.

6. ASSESSMENT OF METHOD AND EXPERIMENTAL RESULTS

The development of the method has three critical stages, each liable to errors which may
significantly affect the interpretation of results and the conclusions.
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FIG. 14. Map showing deposited Cs-134 (Bq/m2).

The first of the three stages includes development and planning of AGS exploration. The
difficulties of this stage are believed to have been overcome, and that both theoretical and practical
requirements were satisfied.

The second stage of AGS use in environmental examinations is the organisation of
experimental surveys after the designed algorithm. It is more open to errors. One possible error is
the selection of aircraft. It has been learned from experience that an fixed wing aircraft is satisfactory
for surveys of flat and large areas. Another possible error concerned calibration of instruments and
sampling for conversion of measurements into concentration or activity of natural or artificial
radioactive isotopes. The conversion of the measured qualitative into a quantitative information is
particularly important and vary sensitive, as it is liable to errors that may lead to significant even
contrary conclusions on the field situation. The use of a helicopter would have resulted in a far higher
consistency of the gamma radiation measurements and the laboratory radiometric analyses. A most
important addition to the design will certainly be the definition of the relationship, in the form of a
mathematical relation, between radioactive elements of artificial origin and gamma radiation intensity
caused by them.
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FIG. 15. Map showing deposited Cs-137/Cs-l34 gamma ray energy ratios.

The third stage in the development of AGS application in the environmental control refers to
the organisation of data processing procedures. It also involves corrections for the background
radiation, for effects of aircraft and of cosmic radiation. Of some importance for the data quality is
also correction for the effect of Compton scattering. We believe that the computer programme
package supporting the Algorithm Ecology has largely satisfied the method requirements and that its
complementation and extension are desirable.

7. CONCLUSIONS

The results of the developed procedures for airborne control of ground contamination from
artificial gamma radiation sources have confirmed the thesis that an area contaminated from
radioactive sources, type, nature and size of the contamination can be defined with gamma radiation
measurements from the air. It has also been shown that the presented procedure of the airborne
gamma-ray spectrometry must be included in any complex gamma radiation monitoring system on
a national scale.
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The constructed Algorithm, named ECOLOGY, defines the form of data presentation, modes
of processing, analysis and presentation of results. The main algorithm test, over an area of the Bor
District, 200 km2 in size, detected a significant contamination, Northwest of Bor, by cesium 137 and
134, in the deposited activity of over 3000 Bq/m2. The south-eastern part of the study area had 4-5
times lower deposited Cs-137 activity.

The conclusion based on all the available data and experimental results is that the airborne
control of ground contamination by artificial radioactive isotopes should be used as one of the
methods within complex monitoring systems of any country.
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