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I. INTRODUCTION

The main aim of the present CRP is to identify the
existing analytical methods and develop new ones, if possible,
which provide rapid, reliable, and detailed information on the
radioactive contamination of the environment after a major
nuclear accident. Gamma spectrometry has long been regarded
as one of the most applicable radioana1ytica1 techniques but
its use for environmental studies requires some further
considerations. There are two possible approaches to measure
environmental radioactivity: (a) taking samples of the
different environmental media and measuring them in a
laboratory or (b) taking the spectrometer to the place of
interest and making in situ measurements. In the former case
sampling is a crutial factor hindering the rapid analysis while
the latter case is not always reliable due to the problems and
uncertain!ties of the measurement interpretation.

The application of in situ gamma spectrometry for
the determination of environmental radioactivity has become
increasingly attractive since the advent of the high resolution
semiconductor gamma detectors, especially, more recently,
portable high purity Ge diodes (HpGe). 4-fl—sernparison with
laboratory sample measurements, in situ gamma spectrometry has
substantial advantages:

- The amount of 'sample* is much larger than in case of
laboratory sample analysis.

- Work, time and money can be saved, representativity
problems are avoided if sampling and sample
preparation is not necessary.

- It is possible to determine the dose rate due to a
single nuclide, in addition to its activity
concentration, for different energies and
radionuclide distributions in the soil.

The applicability of this technique was very well proved
after the Chernobyl reactor accident when in situ spectrometry
played an important role in the rapid evaluation of the
fall-out situation. Our measurements provided information on
the amount and composition of the radioactive contamination of
the ground surface already in the first hours. These
measurements enabled us to predict the time variation of the
environmental radioactivity after the stabilization of the
situation. The portability of the system was an important
factor in performing a rapid and efficient survey in different
parts of the country.

A serious disadvantage of this method is, however, that it
requires some knowledge about the radionuclide distribution in
the soil, which is normally determined by tedious and time
consuming sample analysis of the different soil layers. Though
fresh fallout is often assumed to be distributed completely on
the ground surface recent studies revealed that a certain
penetration of the radioactivity into the soil can occur
already in the first instance. The improper estimation of the
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distribution parameter can result in a deviation of the
determined activity concentration from the true value by a
factor of 2 or more. This way the reliability of the method
is limited due to the lack of information on the depth profile
of the activity concentration.

The main objective of our study is to find a method (or
more, if possible) to estimate the penetration character of the
fallout radioactivity by using only spectral information
obtained by the in situ spectrometric measurement thus avoiding
the need for a long and tiresome sampling and sample
analysis procedure.

II. METHOD and INSTRUMENTATION

The method of in situ gamma spectrometric determination of
environmental radioactivity was elaborated by H.L. Beck at al.
for Nal<Tl) detectors in 1964 Cl] and developed for
semiconductor detectors in the early seventies [21. Since than
many applications by various authors have been published I3-SS].

The evaluation of environmental spectra measured by a
detector situated lm above the ground to be in a down looking;
position is based on the proportionality between the
environmental concentration of a given gamma emitting
radionuclide (SA) and the count rate of the full energy peak of
any of its gamma lines in the spectrum (Nf). According to Beck
the determination of the calibration factor Nf/S^ can be
divided into three parts, i.e.

Hf N f N o ({)
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Here N^/No is the angular correction factor, i.e. the
angular dependence of the relative detector efficiency RC13")
(related to the efficiency at 1*=0) folded with the angular
distribution of the photon flux, *f . No/<$ is the photopeak count
rate per unit flux of incoming photons parallel to the axis of
symmetry of the detector (determined purely by the
characteristics of the detector). (J) /S A is the unscattered
photon flux at the height of the detector per unit activity
concentration in/on the soil, SA. The photon flux is given by

•-J S(z)exp[-jJara -/Js (r- ra)]
= d V
2

are the mass attenuation coefficients of air and
soil, respectively, and S(z) the activity concentration of the
radionuclide in question at a depth z in soil.

No/$ is determined by calibration of detector efficiency
using point sources of various gamma emitting nuclides. The
angular correction factor Nf/N0 is obtained by a combination of
calibration measurement (determination of RClJ) ) and model
calculation (determination of vf (tf)). The quantity ' ty / SA ; is
not dependent on the detector characteristics and can be
computed by using different model assumptions for the
environmental source distribution. y|



In general calculations are performed by using an
exponential radionuclide distribution in soil

- ex z
S(z)=S0 e

with concentration per unit area

S = J S(z)dz
o

Using this expression, an equally distributed source (<x=0) and
a pure surface source ( <* = <*=>) can also be described. Besides
the reasonable assumption, which is in accordance with
measurements of depth profiles, the exponential distribution
has the advantage that d \f /d rJr as well as ty can be ca 1 cu la ted
analiticaIly.

In principle any gamma-spectrometric measuring equipment
can be applied for field measurement if the detector can be
transported to the place of interest. In our investigation the
following detectors were used: .

- HpGe (p-type, 15% re I. eff.)
- HpGe (n-type, 25% rel. eff.)
- Phoswitch (Nal(TI) + Csl(TD)

III. DESCRIPTION of RESEARCH

A. RadionucI ides of environmental relevance

In Annex VI of C63 a list of isotopes of expectable
environmental appearance is given for several possible nuclear
accident scenarios. From this list and also on the basis of our
post-Chernobyl experience the main attention is to be paid to
the Cs isotopes (Cs-134 and Cs-137) due to their yield and long
half-life. Contamination of Cs-134 on/in the ground will
diminish with a half-life of 754 days, if no other clearence or
removal process than radioactive decay is expectable, while
Cs-137 will be present in the environment for decades. There is
a concern about other nuclides, as well, but they are not gamma
emitters or their investigation with gamma spectrometry is of
no use (Sr-90 and some transuranic radionuclides).

B. Study of their nuclear characteristics in using Ge detectors

A solution to the problem is given if the following two
questions are answered:

- What are those spectral data (if at all), which are
characteristically variable in the function of the
source distribution?

- How to get the relevant conversion data for the actual
spectrometric equipment? (Wether with calculation or by
calibration measurements?)
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The shape of the spectrum measured by a semiconductor
detector is dependent on the energy and gamma yield of the
gamma quanta emitted by the radionuclide in question and on the
scattering processes in the media between the source and the>
detector. This scattering is a function of the photon energy
and it depends on the characteristics of the media
(composition, density etc.). These properties of the
photon-matter interaction give the key to the characterization
of the source distribution.

Cs-137 emits a single gamma photon of 661.6 keV energy
with a 85.IX emission probability. There is, however, an
additional X-ray line of the daughter product Ba-137m at 32 keV
(This is actually a compound of a 32.2 keV K ec, line with a
3.9% transition probability and a 31.8 keV Ko^ line with a 2.IX
transition probability) and there is a cluster of Kp X-ray
lines around 36 keV with a total transition probability of
2.3%. The 32 keV line will be observed with a 5.7% frequency
compared to the decay of the parent Cs-137 and the total
frequency of the 32 keV + 36 keV cluster is 7.9%.

Cs-134 has 9 lines with emission probability exceeding 1%:

Energy (keV) Intensity (%)

475.4
563.3
569.3
604.7
795.8
801.8
1038.5
1167.9
1365. 1

1. 46
8.38
15.4
97.6
85.4
8.73
1.00
1.80
3.04

In case of Cs-134 the emission rate of the X-ray photons
is less than 1%.

C Identification of possible spectral dependence on the source
distribution

If there is no matter between the source and the detector
the shape of the spectrum is determined by the properties of
the photon-detector interaction. If the space is filled with
absorbing material then the gamma radiation field will be
modified by two different effects, viz.:

- the attenuation of the primary (unscattered) photon
flux

- the build-up of the scattered gamma radiation field.

The first effect will diminish the total energy peak
intensities in an energy dependent way. The second phenomenon
distorts the spectrum region below the total energy peak.
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Since the unscattered flux per unit activity concentration
<J) /S A Is expressed as:

where
Et is the exponential integral of the first order and
h is the height of the detector above the ground,

therefore the energy dependence of (J> /SA can easily be
computed, as is shown in Fig. 1 for different <x exponential
distribution parameters. If now we select two gamma quanta of
different energies emitted by the same nuclide, than the ratio
of their total energy peak intensities in the spectrum will be
a function of the ex. value. The more distant are the energies
the more pronounced is the effect. Thus the «. source distribution
parameter can be estimated from the ratio of total energy peak
areas of different energy gamma photons emitted by the same
nuclide. As an example the ratio of the primary (unscattered)
fluxes per unit activity concentration at 662 keV and at 32 keV
is shown in Fig. 2.

The drawback of the method is that it requires at least
two, preferably distant energy gamma lines. This is a serious
limitation for both Cs radionuc1 ides. Most of the prominent
lines of Cs-134 are closely situated in the 500-800 keV energy
region, so only slight effect can be anticipated. Cs-137 has,
on the other hand, a single gamma line at 661.6 keV, while the
32 keV X-ray is too low in energy to be detected by normal
p-type HpGe detectors. The detection of this radiation requires
n-type HpGe detector or an additional low energy photon (LEP)
detector has to be applied.

Proceeding on the other line the build-up of the
scattered gamma radiation field can offer another solution.
When gamma radiation interacts with matter by Compton
scattering the probability of forward (or small angle)
scattering is a well defined non-zero quantity, which results
in the appearance of a continuum in the gamma radiation field
right on the low energy side of the primary (unscattered) gamma
line. In the spectrum (i.e. the convolution of the energy
distribution of the gamma flux and the detector response
function) an increase in the continuum between the Compton edge
and the total energy peak (the so called 'valley') can be
observed. This way the size of the step in the spectrum when
comparing the region below and above the total energy peak will
be a function of the oc source distribution parameter due to the
scattering in the soil.

This method has the advantage that it is applicable also to
singte line Isotopes. The probability of scattering in small
angles is described by the K1ein-Nishina expression [7].

74



In principle the expectable change in the step size or its
relation to the total energy peak area (i.e. the Peak-to-valley
ratio) can be calculated. In practice, however, a proper
experimental calibration is a more straightforward way of
getting the necessary values.

The main disadvantage of the method is that its
applicability is strongly dependent on the intensity of the
gamma line and on the spectral environment of the total energy
peak (whether there are interfering lines in the 'valley' or
above the peak).

On the basis of the above considerations the following
possible gamma spectrometric methods for the estimation of the

source distribution parameter were investigated:

- Ratio of several lines measured by any Ge(Li) or
HpGe detector (Cs-134)

- X-ray - main gamma line ratio measured by n-type HpGe
(Cs-137)

- X-ray - main gamma line ratio measured by HpGe + LEP
detectors (Cs-137)

- Peak-to-valley ratio measured by any Ge(Li) or HpGe
detector (Cs-137, Cs-134)

D. Definition of the equivalent water thickness

The experimental investigation of the spectrum
'deformation' in the function of the <x distribution parameter
is rather difficult due to the fact that the creation of a
standard source exponentially distributed in a semi-infinite
space is practically impossible. But since the attenuation of
the unscattered flux is attributable solely to the scattering
described by Eq. (1) and because flux of a point source
penetrating through a water volume is attenuated according to
the law of exponentia1ity the equivalence of the two phenomenon
provides the possibility for the definition of the equivalent
water" thickness thus giving a tool for experimental studies:

where
/*w is the attenuation coefficient for water and
d is the thickness of the water.

Solving the equation above for d the equivalent water
thickness is plotted in the function of o< in Fig. 3.

On the basis of the above considerations a series of
measurement was carried out in the following experimental
situation: Point sources of Cs-134 and Cs-137 isotopes were put
lm distant from the detector and spectrum measurements were
made meanwhile filling up a container situated between the
source and the detector with water to simulate the scattering]"
properties of the soil. The result of the experiment are
discussed in the next Section.
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IV. RESULTS and DISCUSSION

A. Ratio of different energy lines

In principle the energy dependence of <J)/SA makes the
determination of the ^distribution parameter possible if the
nuclide to be measured has at least two different energy lines.
This dependence is, however, a slowly changing function of the
energy, so the expectable effect is significant only if the
energy difference between the investigated lines is large.

Measurements were made to compare the peak intensities of
the 563 keV + 569 keV doublet and the 796 keV + 802 keV doublet
of Cs-134 at two different water thicknesses. The ratios
obtained were as follows:

I (796+802 keV)
= 3.00 at d = 0 cm

I (563+569 keV)

I (796+802 keV)
= 3.50 at d = 14 cm

I (563+569 keV)

The difference between the two ratios is less than 20%.
This means that the distribution can be estimated by this
method only if the contamination is high enough to cause
statistically significant peak intensities but the estimation
is rather rough even in this case.

B. X-ray - main gamma line ratio (n-type HpGe)

Measurements were made to determine the X-ray to main
gamma line ratio by n-type HpGe detector in the case of Cs-137
isotope. The water thickness changed from 0 to 14 cm by 1 cm
steps. Fig. 4 shows the ratio of the peak areas at energies
32+36 keV and 662 keV. The ratios were: 0.33 at water thickness
d=0 cm and 0.02 at d=14 cm. The difference between these ratios
is very significant. The measuring uncertain!ties were less
than 30% at the measuring time of 1000 - 2000 s. This means
that the distribution of Cs-137 can be estimated in this
manner.

C. X-ray - main gamma line ratio (HpGe + Phoswitch)

.,_ The ratios were also determined by another detector
combination. A Phoswitch detector was used to detect the low
energy peak and HpGe detector for photopeak at different water
thicknesses. The attenuation of the main gamma line of Cs-137
in the function of the water thickness is much less than that
of the X-ray line. It means that in case of the detector
configurations investigated the ratio of the full energy peak
areas of 662 keV gamma ray and 32+36 keV X-rays differs with a
factor of about 6 depending on the water thickness ranging from
d=0 cm to d=14 cm. This relatively high effect makes it
principally possible to appy the method, nevertheless the
application is limited because two different detector systems
and sophisticated electronics are required.
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The decrease of the X-ray to main gamma line ratio in the
function of the water thickness (normalized to d=0 cm) is
plotted in Fig. 5.

D. Peak-to-valley ratio (n-type HpGe)

Measurements were performed to determine the
peak-to-valley ratio for Cs-137 isotope by n-type HpGe
detector. Fig. 6 shows the ratios at different water
thicknesses. The extermal values were as follows:

115 at d=0 cm
15 at d=14 cm

The uncertainities of the measurements were less than 30%.
The method may be applicable - especially in the case of
environmental distribution with equivalent water thickness
ranging 0-5 cm - for the estimation of the Cs-137 ditribution.

V. CONCLUSIONS

The following main conclusions cam be drawn at the present:
stage of investigations:

(1) In case of Cs-137 and Cs-134 the efficiency of the method
using the different gamma line ratios (A) seems to be not
satisfactory for describing the vertical activity
distribution pattern in the soil.

(2) For Cs-137 isotope the X-ray - main gamma line ratio
method using n-type HpGe detector (B) provides a promising
means to determine the parameter of ta single exponential
activity distribution profile in the full range of the
expectable distribution patterns in the soil.

(3) The method of X-ray - main gamma line ratio by HpGe +
Phoswitch detector combination (C) seems to be also
effective enough to be applicable for the determination
of Cs-137 activity distribution in the soil.

(4) The peak-to-valley ratio method (D) for the 662 keV gamma
line of Cs-137 isotope proved to be applicable for the
determination of the exponential source distribution
parameter, d. , first of all in the range of infinity
(plane source) to about 3 cm" •

(5) We feel being encouraged by the promising preliminary
results to continue these studies according to the
following working plan:

a/ Testing the applicability of the above methods
(B-D) in environmental conditions, i. e. when the
signal-to-noise ratio is much worse.

b/ Determining the limits of applicability in terms of
Cs-137 activity concentration and distribution
pattern in realistic conditions.
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c/ Finding methods and experimental conditions to
improve signal-to-noise ratio, for instance
reducing background by special shielding or by
pulse shape discrimination and coincidence
circuitry, etc.

d/ Investigating other detector systems having more
advanced feature for simultaneous and high
sensitive detection of both X-rays and gamma
radiation.

e/ Studying the disturbing effect of the presence of
other radionuc1 ides in the determination of the
distribution characteristics of cesium isotopes.

f/ Extending the applicability of the methods for
other radionuc1 ides and other possible source
di str i but i ons.
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FIGURE CAPTIONS

Fig. i: 0 / S A it* the function of the photon energy for
different o< exponential source distribution parameters

Fig. 2: The ratio of the primary (unscattered) fluxes per unit
activity concentration at 662 keV and at 32 keV in the
function of the exponential distribution parameter <*

Fig. 3: The calculated equivalent water thickness in the
function of the distribution parameter o<

Fig. 4: Ratio of X-ray to gamma line areas measured by a n-type
HpGe detector for Cs-137 versus the water thickness
used for the calibration measurements

Fig. 5: Relative decrease of the X-ray line, i.e. the
decrease of the X-ray (measured by Phoswitch) to main
gamma line (measured by HpGe) ratio for Cs-137 in the
function of the water thickness (normalized to d=0 cm)

Fig. 6: Peak - to - valley ratio measured by HpGe detector for
the 662 keV peak of Cs-137 in the function of the water
thickness
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