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Olof Karlberg

In-situ Y spectrometry of the Chernobyl fallout using soil-sample
independent corrections for surface roughness and migration.

Results from measurement campaigns in high contamination areas in Sweden, Russia
and Ukraine.

ABSTRACT

The 661 keV gamma and 32 keV X-ray fluences from Cs-137 were measured in-situ with a
Gamma-X Ge detector on different types of urban and rural surfaces. In comparison with a
model calculation, the 661 keV fluence was used to estimate the surface activity assuming an
ideai, infinite surface and the quotient between the 32 and 661 fluences was used to estimate
the correction factors for the surfaces due to migration and surface roughness. As an
alternative to the X-ray method, the use of a collimator for ordinary measurements of the 661
keV peak was analysed, and compared with the X-ray method and with measurements with-
out a collimator.

The X-ray method with the optimal soil distribution and composition gives the best results,
but ordinary neasurements with use of a collimator with a constant correction factor seems
to be an ar ,i priate method, when soil profiles for determination of a more exact calibration
factor are» f available.



Summary

This report evaluates some methods for determination cf deposited activity on ground
surfaces that are useful for a fast determination in emergency situations and thus does not
involve time consuming soil profile analysis.

In one method, denoted the X-ray method, the 661 keV gamma and 32 keV X-ray fluences
from Cs-137 were measured in-situ with a Gamma-X Ge detector on different types of u;oan
and rural surfaces. In comparison with a model calculation, the 661 keV fluence was used to
estimate the surface activity assuming an ideal, infinite surface and the quotient between the
32 and 661 fluences was used to estimate the correction factors for the surfaces due to migra-
tion and surface roughness. The measurements were carried out with use of a coliimator, in
order to let the detector "see" approximately the same areas for 32 and 661 keV respectively
and on a height of 1 m above the ground.

As an alternative to the X-ray method, the use of a coliimator for ordinary measurements of
the 661 keV peak was analysed, and compared with the X-ray method and with
measurements without a coliimator.

The results indicate a good ability for the X-ray method to distinguish between different
surfaces. The reproducibility is high on permeable surfaces, and somewhat lower on hard
ones. The theoretical investigations shows that the dependence of activity distribution in the
surface material and isotopic composition, as well as for the surface roughness, is large for
surfaces with a high degree of migration. In comparison with soil samples, the best agreement
was found for an activity distribution were all the activity were assumed to exist at a certain
depth, and with organic surface material. This seems to be reasonably since most of the sites
were covered with a layer of grass when the measurements were carried out.

The use of a coliimator and an ideal surface calibration underestimates the surface activity
with a factor of 0.5 to 0.8, while free field measurement underestimates from a factor 0.4 for
nearly ideal surfaces down to 0.2 for surfaces with large migration.

The X-ray method with the optimal soil distribution and composition gives the best results,
but ordinary measurements with use of a coliimator with a constant conection factor seems
consequently to be an appropriate method, when soil profiles for determination of a more
exact calibration factor are not available.
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1. Introduction

Generally, one can identify two types of measurement approaches. One is to collect samples
from the field and measure them under well defined geometry's in the laboratory. This is a
straight forward approach giving high accuracy results for each single sample. The drawbacks
are, however, several. The sample collection on hard surfaces is troublesome and costly and
one always destroy the object of study to some extent. In the Chernobyl case, the spatial
variation of the deposited activity has proven to be large, and consequently many samples
have to be taken to gain statistical significance.

In-situ measurements has many advantages. It is a very cost effective and fast method, it
leaves the object of study intact and makes it possible to measure averages over relatively
large areas, which is often desirable. On the other hand, the measurement geometry's are
complex, leading to some uncertainty and complex calibrations. One can choose between free
field or collimated geometry's, where the free field has the advantage of low counting times,
low weight of the system and averaging over a large area. However, the uncertainty caused by
surface attenuation will be reduced with the use of a collimator, which is theoretically
discussed in the report.

Beck, et al (1972) calculated conversion factors between the unscattered fluence and the soil
contents of naturally occurring and fallout nuclides, for different activity distributions with
depth. However, this method impose knowledge of the actual activity distribution, either from
a measured soil profile or from an assumption based on experience. When such knowledge is
not available, on hard surfaces it can hardly be found at all, there are several approaches to
establish calibration factors based on other physical properties within the measurements
themselves:

(i) the ratio of fluence for different energies will depend on depth distribution

(ii) the ratio of scattered and unscattered radiation will depend on depth distribution

(iii) the angular distribution will depend on depth distribution

(iv) the ratio of fluence at different heights will depend on depth distribution

Two methods corresponding to approach (i) and (ii) were evaluated in (Karlberg, 89), where
the first one, approach (i), was based on nuclides like Lal40 and Csl34. The other method,
approach (ii), compared measured and spectrum converted exposures with unscattered
fluences, where the background exposures where estimated with use of the measured
unscattered fluences of the naturally occurring nuclides. Both methods were validated with
measurements on different soil surfaces, where the true values where obtained from soil
samples. Both methods gave reliable results for deeply buried activity, such as ploughed or
harrowed soils with surface attenuation factors below 0.1, but uncertain results for
undisturbed soils with factors larger than 0.3-0.5. Both methods involves a rather complex
calibration procedure.

Finck, 1992a investigated theoretically a method based on approach (iii), involving a
comparison between a collimated and a free-field measurerrent. The method seemed to be
useful but was not fully experimentally validated.



In this report, a method bused on approach (i) and .similar to the one described above, is
investigated. The only difference is that an X-ray energy is used as the low energy, which
leads to a substantial increase of the sensitivity of the method for nearly ideal surfaces. Figure
1 demonstrates the maximum depth for which the method is applicable which is around 3
g/cm2

Figure 1. Relative attenuation as a function of soil layer thickness for 32 and 661 keV
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Others (Rybacek et al 1992 and Korun et al 1991) have applied this method on a limited no of
spectras from the Chernobyl fallout with good results, and a comparision with the results of
this report is carried out in section 6.

As an alternative to this method, the use of collimated measurements is discussed
theoretically and compared to the X-ray method and to ordinary free field measurements.



2. Attenuation models for surfaces

2.1 Ideal surface

The full energy peak angular photon flucnce <j> of energy E from an infinite, smooth, plane
surface with a uniformly distributed radioactive nuclide is given by Beck et al (1972).

d$ S-/-tan8 <? a _ ,
—r- = —J- E q l

<B 2

where

5 is the deposition (Bq/m2)

f is the gamma yield for the energy E

1X3 is the linear attenuation coefficient (m"1) in air

h is the height above the surface (m)

6 is the angle between the direction to the integration point and the vertical direction.

The total photon fluence from an infinite source is then

$ = j ^ d 9 Eq2
0 dQ

With use of the angular full energy peak efficiency e(9) for the detector, the count rate Nf and
consequently the geometry factor Nf/S, is given with Eq 2 and the integrand multiplied with
e(0).

Nf tS= | e ( 6 ) - ^ d6 Eq3
0 d9

When this calibration is used, the results are denoted surface equivalent activity.

2.2 Activity depth distributions

It is quit obvious that the unscattered radiation will be attenuated to some extent at
measurements on real surfaces, due to the migration into the surface, especially since a large
part of the radiation will reach the detector almost parallel with the surface. This effect could
be simulated with different types of depth distributions.

Eq 4,5, and 6 gives the differential angular fluence for three different distributions



a. Exponential distribution (denominated "Exponential depth distribution").

.. _ . . _ -uJilcosQ
dé S f a sin 8 e a

— = Eq 4
dQ 2(a c o s 8 + j i )

where

u s is the linear attenuation coefficient (nv1) in soil

The exponential depth distribution is defined as

s(x) = so-e-ax

where

s(x) = the volume concentration at depth x (Bq/rrr3)

so=S*a the surface volume concentration (Bq/nr3)

a is the inverse of the relaxation length of the exponential depth distribution (m~ *)

b. All activity is distributed at a fixed depth X (denominated "Fixed depth distribution ").

c. The activity is uniformly distributed to a depth of X (denominated "Uniform depth
distribution").

d§ S-f-smQ-e a (l-e )
— — cq o
dQ 2 M

2.3 Surface roughness

Simulation of real surface roughness is a far to complex process for the scope of this report,
instead a simple approach is used to just test the influence of the phenomena. If one model a
rough surface as cubes with a side of X and with the activity deposed only on the horisontal
surfaces, a geometrical consideration will show (if one assumes radial symmetry) that such
surface will act as if half of the activity will not be attenuated at all (top surfaces) and the



other half will be attenuated with half of the height of the cubes. The differential photon
fluence will consequently be

5 - / t a n 8 ( 0 . 5 - g - ^ / C O S e »0.3 V *
dB

Eq7

2.4 Photon fluences and attenuation factors for the model surfaces

With Eq 2 and Eq:s 4, 5, 6 and 7 the photon fluences as a function of depth distribution
parameter X and I/a for the different distributions are calculated and shown in figure 2

Figure 2. Photon fluences for 661 and 32 keV as a function of depth distribution
parameter. 1 Bq/cm^ of Cs-137
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As one can see, the fluence for the surface roughness model will not be less than half of the
initial value, since a half of the activity is direct exposed.

The attenuation factor T̂  for a given energy is then defined as the ratio of photonfluence from
an actual distribution to the fluence from the ideal surface

_ ̂ actualdistribution

'dcalsurface



With equation 2 and 4, 5 and o, r| is calculated lor the 6b 1 keV and is plotted in tigure 3
against the quotient between the photon fluences, <|>661keV^32 keV- ' e - dividing the 661 kev
curves with the corresponding 32 keV curves in figure 2 and normate to unity for zero depth
distribution parameter. The quotient between the fluences is a detector calibration
independent quantity.

Figure 3. Attenuation factor T| as a function of the quotient of phothonfluences for 661
and 32 keV for three different depth distributions. Unit deposition of Cs-137
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The values used for us and ua are from Beck-72 and listed in table 1, and the soil is of
mineral type.

Table 1. Mass attenuation coefficients for air and soil

Energy

keV

32

661

ua/p

cm^/g

0.28

0.077

us^P mineral
soil

0.82

0.078

us^P oreanic
matter

cm^/g

0.36

0.086



3. Field operation and calibrations.

The measurements were made with a Gamma-X detector with a beryllium window and a
crystal diameter of 5.2 cm and 2 cm thickness, connected to a battery- operated multichannel
analyser. The detector was mounted on a tripod with the crystal at a height of 1 m above the
ground, facing down- wards with the axis of symmetry perpendicular to the ground plane. A
lcad-collimator, 3 cm thick, were hung below the tripod and covering the crystal down to the
exact lower end of the crystal.

Cs-137 (i.e. Ba-137m) have '^ee X-ray peaks, 31.8 keV (2.1%), 32.2 (3.8%) and 36.4
(1.4%) besides the gamma peak of 661.8 (85%). The first two can not be resolved by the
spectrometer ( .5 keV FWHM) and will act as one peak with energy 32.0 keV and 5.9 %
yield. Cs-134 has identical peaks but with a corresponding total yield of 0.6% and will not
influence on the results to any larger extent. No naturally occurring nuclides will have in-
fluence ( X-rays around 10 and 50-80 keV), but many potential fallout nuclides like Sb-125
and others have energies close to 32 keV which is a disadvantage of the method. In this study,
where the measurements were carried out from 1989 and later no compensation had to be
made since other sources of error are dominating.

The spectrometer was calibrated against a certified Cs-137 point source at a distance of 75 cm
and at different angles of incident. The peak areas were evaluated with the standard EG/Ortec
algorithm.

Figure 4 shows the efficiency e(0) for the detector, normated to unity at the vertical direction,
as a function of angular direction for the 32 keV and 661 keV with and without the
collimator. The collimated 32 keV curve should be close to a cosine function, which is
included

Figure 4. Relative intensities for 661 and 32 keV as function of the angle of incidence.
The actual detector with and without the collimator
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With use of Eq 3 and 4 the integral contribution to the countrate as a function of distance
from the detector point ti. calculated and shown in figure 5. As could be seen, an area within
a 4 meter distance will contribute with around 90% of the countrate.

Figure 5. Integral contribution to countrate as a function off" *ance for an ideal surface
and one with a 2 cm relaxation length. The actual detector with collimator

Ideal 32 kev
Ideal 661 kev
2 cm relax 32 kev
2 cm relax 661 kev

0.2

4 6
Distance from detector (m)

Q is defined as the quotient between the countrates of 661 and 32 keV.

With use of Eq 4, 5 and 6 in combination with Eq:s 2 and 3, T| and Q is calculated for
different values of a and X and are plotted against each other in figure 6.

Figure 6. Attenuation factor TJ as a function of Q for three different depth
distributions. The actual detector with collimator.
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Q will be equal 2.2 for the ideal surface and r\ will decrease fast with increasing Q. For Q
greater than 4, the assumption of proper depth distribution will also be important

Finally, Nf/S for 661 keV and the three depth distributions are plotted against Q in figure 7
and is used to estimate the surface deposition.

Figure 7. Nf/S as a function of Q for three different depth distributions and for a
mineral soil. The actual detector with collimator.
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3.1 Sensitivity to the isotopic composition of the surface material

Since the attenuation factor for low energies are promotional to 7?, the isotopic composition
of the surface material could be important. In figure 8, Nf/S is calculated for 100% typical
organic matter (73% 0,12% C, 10% H and 5% N) with attenuation coefficients as in table 1.
The results now shows that the method will not work for Q-values larger than 5 for the
exponential and uniform distribution since the sensitivity to Q is to large in that area. For the
fixed depth distribution Q is however still useful.

In reality, organic soil types can contain as much as 70% organic matter (Linde-1993), while
in sandy soil types the organic fraction could almost zero.
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Figure 8. Nf/S as a function of Q for three different depth distributions and for a
organic surface material. The actual detector with collimator.
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3.2 The influence of surface roughnessif one uses the simplified model from section 2.3 the
corresponding curves are shown in figure 9.

Figure 9. Nf/S as a function of Q for three different depth distributions and for
simulation of surface roughness. Mineral soil. The actual detector with collimator.
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The curve denoted "Surface roughness, 10%" assumes that 10% of the activity is on the top of
the surface elements and is not attenuated. As one can see, Q will be useless for
determination of Nf/S, at least for high values of Q.

The reason for the shape of the curves is that for large surface elements, the fraction that is
not attenuated will dominate the curves. Generally and independent of depth distribution, if a
large fraction of the activity is not attenuated at all, the value of Q will be misleading.

However, in reality and especially for permeable surface, there will always be a combination
of migration and surface roughness effects, and the curves will be dominated by the effects of
the depth distribution. Finck-1992b have discussed a number of papers dealing with different
methods to simulate surface roughness, and the general conclusion is that fixed layer and
exponential distribution could be used.

3.3 The influence of depth distribution for different angular response of the
detector

This section is not primary related to the X-ray method, since the use of a collimator is
crucial to the methodology. A different shape of the angular response function would of
course effect the sensitivity of the method to some extent, but not change the overall
applicability.

Instead, this section deals with the influence of the angular response function with respect to
ordinary measurements of the 661 keV for different depth distributions. Figure 10 shows the
countrate as a function of relaxation mass per area (exponential depth distribution) for an
hypothetical detector with two ideal angular response functions, with a uniform response (no
collimator) and for the actual collimator described in section 3.

Figure 10. Countrate per 10 kBq/m2 as a function of relaxation mass per area for dif-
ferent detector angular response functions (collimators)

100

or
m
2C

5
Q.
O,

O
o

0.1

0.01

-No coll
-linear 30*60 deg
-linear 60-90 deg
-Actual collimator

2 3 4 5 6 7 8

Relaxation mass per area (cm2/g)

10



12

In figure 11, the derivative of the countrate with respect to the relaxation mass per area is
shown as a function of relaxation mass per area, i.e. the uncertainty in the countrate due to
uncertainty in the relaxation mass per area.

Figure 11. Derivative of countrate per 10 KBq/m2 with respect to the relaxation mass
per area as a function of relaxation mass per area for different detector angular
response functions (collimators)
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From the figures one can see that while the countrate is decreasing with a factor 4.5 when
using the actual collimator instead of no one, the derivative is decreasing with a factor 25 for
an ideal surface. The corresponding values for a surface with a relaxation mass per area of 1.6
g/cm2 is 3 and 4.5. Figure 12 explains the used angular response functions.

Figure 12. Description of the used angular response functions
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The use of a collimator consequently reduces the influence of depth distribution, especially
for nearly ideal surfaces.
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4. Conclusions from the theoretical part

From the theoretical calculations in section 2 and from the sensitivity investigations with the
actual detector in section 3 one can conclude the following regarding the applicability of the
X-ray method

• For large migration, i.e. high values of Q, the influence of the type of depth distribution
becomes important.

• For surfaces with a high content of organic matriel, i.e. low values of Z, the method
becomes insensitive and will not work for other depth distribution types than the fixed
layer distribution.

• For measurements on surfaces where some fraction of the activity is not attenuated at all,
e.g. on fresh fallout on a hard surface like paving stones, the value of Q could be
misleading.

• The X-ray peak will be disturbed on fresh fallout with a Chernobyl type of nuclide
composition

• The sensitivity to migration and surface roughness for ordinary measurements on a single
g-peak, especially for a fresh fallout, will be significantly reduced if a collimator is used.
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5. Measurements and results

Measurements were carried out on both hard and permeable surfaces in several measurement
campaigns in Sweden (1989 and 1990), one campaign in Russia (1990) and one in Ukraine
(1991).

On all sites in Russia and Ukraine the measurements were repeated on a rectangular grid with
10 to 20 m distance between the points in order to test the reproducibility of the method. In
Sweden the points were selected randomly around a fixed position. Measurements were also
carried out with a HPGe coaxial detector with a nearly uniform angular response (DeGeer et
al, 1992). A number of soil columns with 5 cm diameter was collected at each site.

Table 2 summarises basic measured data for the X-ray method and the soil sample estimated
deposition S s a mpi e . The values in the table are mean values of all the measurements at each
site with the number of measurements within brackets. The soil samples consists of soil cores
with 5 cm diameter with the number of collected samples from each site given within
brackets. The samples for the hard surfaces were obtained by removing of the plates and
paving stones, which were measured in a low background environment, and by collection of
the sand in between the plates (Nordlinder, 1992). On the asphalt surface, the reference value
were obtained by repeated measurements with a 15 x 15 cm collimator.

Table 2. Summary of measured Q, countrate Nf at 661 keV and soil sample estimated
deposition S s a m pi e . example is the inverse of the relaxation length estimated from soil
profiles.

Site

Gävle region.
Sweden

Rådhusplatsen

Stora torget

Parking place

Trödje

Härnäs

Härnäs

Surface

Paving stone

Concrete plates

Asphalt

Cultivated soil

Pasture field

Sand

Q±lo 3

-

4.2±8% (2)1

4.3±8% (2)

2.3±10 %(3)

3.8±6 (3)

3.5±2% (4)

8.0±9% (5)

Nf t la 3

661 keV

cps

3.7±8%

.43±10%

.61*8%

7.8±9%

11 ±2%

10±3%

ssample± l a 3

KBq/m2

79±20%(l)1

7.9±20 %(1)

15±20%(5)

190±13%(4)

270±8 %(4)

as above

"sample

cm*1

.56

.35

-
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Table 2. Continued

Site

Novozibkov
and Tula region
Russia

Babaki 1

Babaki2

Dobrodeevka

Plavsk 1

Plavsk 2

Chernobyl re-
gion Ukraine

Burjakovka

Otashev

Surface

Cultivated soil,
ploughed

Grass field

Grass field

Grass field

Grass lawn

Grass field

Grass field

Q±la 3

-

18±5% (6)

11±12%(5)

13±8 %(8)

8.0±5% (7)

8.7±4% (3)

7.2±8%(5)

5.6±4% (9)

Nf t la 3

661 keV

cps

32±9%

95±5%

36±3%

13±2%

16±4%

4.3±3%

153±3%

Sample* l a J

KBq/m2

2450±9% (4)"

2140±9% (5)

I040±5% (9)

364±5 %(9)

457±6%(5)

110±16%(5)

3140±16% (9)

asample

cm-1

.712

.312

-

A2l

No of samples for which the average is based on

^Obtained from the Leningrad Institute of Radiation Hygien, Dr Gulikov

^The uncertainty given is the mean error of average

The measured countrates Nf, is then divided with the calibration coefficient Nf/S for the six
combinations of depth distributions and surface material obtained from figure 7 and 8, and
the results, Sx-ray, a r e plotted in figure 11 relative to the obtained results from soil samples,
^samples-
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Figure 11. Results relative to soil samples for X-ray method for six different
combination of depth distributions and surface material.
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The best agreement with measured data was obtained for the fixed layer distribution with
organic matter, which is shown in figure 12 and compared with collimated and free field
measurements. The mean and standard deviation of all measurements are indicated in the
legend. The errors (only given for the X-ray method) accounts for the errors of Q (both due to
counting errors in each peak and to the vanation between different spots on the same site)
propagated to Nf/S, the errors in Nf (both due to counting error in the 661 keV peak and to
the variation between different spots on the same site) and the error in the soil sample
estimated S sampie .

Figure 12. Results relative to soil samples for the optimal X-ray method fit compared to
collimated and free field surface equivalent estimations
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6. Discussion and conclusions

The deviation of surface equivalent activity relative soil samples for the free field
measurements in figure 12 shows that Q is a good indicator of activity penetration into the
surface and certainly useful in a qualitative sense.

The best fit were achieved for the assumption of a fixed layer depth distribution and an
organic surface material which was not expected. However, nearly all permeable surfaces
were covered with a varying but thick layer of grass which would act as a shield and
consequently the distribution in the soil itself will be less important and the overall
distribution would look more like a fixed layer with organic material. The statistical
uncertainty in the results cannot explain the deviation from unity for all sites, instead the
sensitivity to the depth distribution and the isotopic composition at each site are the probable
explanation. If those parameters could be categorised in a simple way (grass layer thickness,
soil type) an improvement might be possible. The results for the hard surfaces (3 surfaces,
indicated with arrows in figure 12) seem to give acceptable results with one exception (an
asphalt surface with Q=2.3, which indicates a nearly ideal surface), were the estimation of the
true deposition have given contra dictionary results. This has not yet been resolved, and is
indicated with a high upper uncertainty bound in figure 12.

Rybacek et al 1992 have used the same method on a few measurements obtained within half a
year after the Chernobyl accident, and assuming an exponential depth distribution model.
Some efforts had to be made to compensate for disturbing nuclides like Sb-125, but the
results were good with an average deviation from soil samples less than 6%. The obtained
values of Q for the different measurements were not given in the paper and the sensitivity to
different soil depth distribution and soil compositions were not investigated, but since the
measurements were carried out on relatively fresh fallout with corresponding small values of
Q, the dependence of soil depth distribution is not crucial.

Koran et al 1991, applied a similar but more general methodology including gamma-peaks as
well. The method was tested on five spectras with good results. It was not shown in the report
exactly which peaks were used, and the results for Cs-134 is surprisingly good taken into
account the absence of X-ray peaks and other peaks with a high degree of energy separation.

The major drawback of the X-ray method, besides the special design of the detector, is the
relatively large sensitivity to the choice of depth distribution and isotopic composition of the
surface materia), (as well as to some extent the surface roughness) as mentioned above. Other
drawbacks are the long counting times relative to a free field gamma measurement and the
potential disturbance of X-ray peaks from other fallout nuclides.

Good results, i.e. a small variation with Q, are obtained with the collimator measurements
without any migration corrections at all as seen in figure 12. The use of a collimator is a
major improvement relative to free field measurements, which was indicated in the theoretical
investigation in section 3.2. Such measurements are therefore recommendable when it is
practical. The design of the collimator should be carefully optimised with respect to
minimising the angular effects (small area "seen" by the detector) and the counting time as
well as the representativity of the measurement site (large area "seen" by the detector).

Most detectors for in-situ measurements have nearly uniform angular responses, which makes
the results comparable with other similar detectors, independent of the depth distribution.
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This is not the case if different collimators is used and that is a drawback of this technique. A
standardisation of collimators for in-situ use would therefore be desirable.

In conclusion

• Given that you measure on a wide range of surfaces as in this study and include nearly
ideal ones (smooth grass or asphalt surface with a fresh dry deposition) the X-ray method
with the optimal fit would give small systematic errors, the collimator measurement
would underestimate down to a factor 2, while the free field measurement would
underestimate down to a factor 5.

• Measurements with the X-ray method on surfaces with a large migration and a high
degree of organic surface material must be considered separately.

• Given the drawbacks of the X-ray method as outlined above, measurements with a
collimator seems to be a good alternative and will certainly reduce the uncertainty related
to free field measurements.
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