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Introduction

Events following the Chernobyl reactor accident highlighted the need for
rapid methods of monitoring fallout radionuclides in food. Even five years
later, there is still a need to monitor radionuclides in certain types of
foodstuffs produced in certain areas of the world. This project was initiated
to study the feasibility of adapting a probe, which was developed earlier at
Chalk River for measurements in boreholes, for the measurement of
gamma-emitting radionuclides in bulk foodstuffs. This waterproof probe, which
is about 2.5cm in diameter and 60cm long, contains a 0.5in x 2in Nal(Tl)
detector, high voltage supply and preamplifier. It operates on 12V DC power.
It could be inserted into loose bulk materials and liquids in order to measure
the concentrations of radionuclides present. The probe could be coupled to a
rather simple ratemeter for screening measurements or to a more sophisticated
microprocessor-based instrument, which would allow quantitative measurements
to be carried out by less skilled personnel. In the early stages after an
accident the probe would probably be most useful for screening samples,
because the spectra would be complicated due to the presence of short-lived
gamma-emitters. After the short-lived activities had decayed away, the probe
could be used for quantitative measurements of residual caesium isotopes.

Modelling the Response of the Probe

When a detector is inserted into a bulk material it will respond to gamma
rays emitted by radionuclides present in the material. In addition, the
detector will be shielded from radiation from the external environment by the
material being measured. The count rate of photopeak events recorded by the
detector will be a function of the concentration of measured radionuclides in
the material and the geometry.

The response can be expressed as:

CR = Ep*<|> 1.

where: CR is the photopeak count rate (sec"1)
Ep is the photopeak efficiency of the counter
counts»photons~1»cm2

9 is the uncollided flux (photons»cm~2«sec~1)

Analytical expressions for 9 are given in reference 1. In the case of a
point at the centre of a sphere the uncollided flux is given by:

. S v -us Ro

9 = (1-e ) 2.

where Sv is the source strength photons*cm~3*sec"
1

u s is the linear attenuation coefficient (cm"
1)

Ro is the radius of the sphere(cm)

Sv is related to the radionuclide concentration C (Bq*cm~
3) by:

Sv = C*I 3.

where: I is the Y~ray intensify (photons'decay"1)
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Substituting 3 into 2 and the result into 1 gives:

C»I _u T>

CR = ED • (1-e Vs °) 4.Vs

It would be difficult to calculate the efficiency E p theoretically
because of the shape of the crystal and the complicated structure of the
probe, so it was decided to measure it empirically. The variation of CR with
radius is proportional to the variation of <j> which is shown in Table 1 for
an aqueous source of 137Cs (p=l, us=0.0863) and for Sv=l
photon* cm"3'sec"1. It is evident from the table that the flux
essentially reaches the limiting value for Ro = » when H = 90cm.
Furthermore, the flux reaches 90 percent of the limiting value (ie. 10.43)
when Ro is between 20 and 30 cm. Hence, when the size of the source is
larger than an equivalent sphere with Ro = 20-30 cm the countrate of the
detector can be considered to be independent of geometry, within an acceptable
degree of error. After this point the countrate only depends on the
radionuclide concentration. Containers that are larger than 20-30 cm in
radius should be measured using a grid in order to get a better mean value.

Reference 1, also gives equations which can be used to derive the flux at
the centre of a cylinder. In this case:

h» us Ro> 5.

where: Sv and us are as defined previously
h = height of the centre of the cylinder (cm)
Ro= radius of the cylinder (cm)
and values for the function, G are given in plots _in reference 1.

Results for the fluxes from 137Cs in water contained in cylinders with
H = D (height = diameter) and H = 2D are given in Tables 2 and 3,
respectively. The case for a cylinder with H = D is similar to that for a
sphere with the flux reaching 90 percent of the maximum at H = 40-50 cm
(roughly equivalent to a sphere with Ro = 20-25cm). In the case of a
cylinder with H = 2D the flux rises more slowly with H, which reflects the
asymmetry between H and D (ie. the vertical paths reach the limiting length
before the horizontal ones). Although this shape is less ideal from the point
of view of counting efficiency, it is closer to the usual shapes of drums and
barrels.

The figures given in Tables 1 to 3 would apply to a point: detector
surrounded by the material being measured. In fact, the actual situation is
more complicated since the detector in the probe has a finite size and it is
surrounded unevenly by shielding material (the stainless steel housing, photo-
multiplier tube etc.) and an air space. Although the data gives useful
information on the expected variations in $ (and hence, count rate) with
changes in shape, the approximations become poorer as the size of the source
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decreases. In order to improve the analysis, a Monte Carlo simulation was run
using the SANDYL2 code. The results obtained for aqueous sources in
cylindrical geometries with H = D and H = 2D are shown in Figures 1 and 2,
respectively. The simulations were performed at a number of energies in the
energy range of interest for monitoring food. The "counts" on the vertical
axes in the Figures are uncollided photons which enter the detector volume.
It is evident from Figures 1 and 2, that it takes longer for the response to
higher energy gamma-rays to converge on a limiting value as H increases. This
is because of the increase in range in the material with increasing photon
energy. For a given photon energy the response is higher and it converges
more slowly as the density decreases. This is illustrated by the curve for E
= 0.6 MeV and density = 0.5g»cnr3 shown on Figure 2.

The responses calculated using equation 5 for E = 0.6 MeV in the cases of
cylinders with H = D and H = 2D are compared with the Monte Carlo simulations
in Figures 3a and 3b. The values from equation 5 were normalized to the
simulations at 20cm and 150cm in Figures 3a and 3b, respectively. As
suspected, equation 5 gives poorer results for smaller sizes, where the
approximations are poorer. However, even in the 40cm size range the errors
are not too bad (<20%). Since the Monte Carlo simulations are time consuming
and require a larger computer, it would ~b~e advantageous to use equation 4 or 5
to generate the geometry corrections for actual instrumental measurements.

Sensitivity of the Probe to a Volume Source

The sensitivity of the probe was determined by empirical measurements in a
cylindrical fibre-glass fish tank (61cm radius x 68cm height). The probe was
clamped on a support so that the centre of the Nal(Tl) crystal was close to
the centre point of the tank. Spectra were accumulated with a Canberra Series
10 analyser or a Canberra model 8100 analyser, when the Series 10 was out of
service. The spectra either were stored on cassette tape and later
transferred to a PC and stored on diskette or were transferred directly from
the analyser to a PC. Peak areas and net counts in the 137Cs window were
determined using LOTUS 1-2-3.

The background (total counts in the region of the 137Cs peak) was
first determined in the empty tank (Background 1) and then re-determined with
the tank filled with water (Background 2). The results are given in Table 4.
It is evident that the water in the tank provides considerable self-shielding
(a 7.6-fold reduction in countrate was measured). This reduction in
background improves the sensitivity of the probe, but the changes in
background with different materials would have to be measured by placing
windows on the spectrum below and above the peak of interest (137Cs in
this case).

After the determination of Background 2, the water in the tank was spiked
with 137Cs (353Bq/L) and Cs carrier (13mg/L). The net response in the
photopeak of 137Cs, as measured with the probe, is given in the third
column of Table 4. The sensitivity of the probe to 137Cs was calculated
using the equations of Currie3 and the results are also given in Table 4.
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The tank was then emptied and refilled with a solution of KC1 (11.6 Bq of
40K per L). There was no observable net response in the region
corresponding to the 40K photopeak (1.46 MeV) even after a counting time
of 58,000 seconds. Consequently, it was not possible to estimate the
efficiency of the probe for higher energy gamma-rays; however, given the lack
of net response, the probe evidently is not sufficiently sensitive to measure
higher energy gamma-emitters in food.

Conclusions

The probe, with a 0.5 in by 2 in Nal(Tl) detector, is sufficiently
sensitive to measure 137Cs and 134Cs at levels in food which are below
WHO limits, but it is not sufficiently sensitive to measure higher energy
gamma-emitters. A larger detector would be needed to improve the high energy
sensitivity, but a larger detector would require a larger probe, which would
be more difficult to insert into bulk solid materials. The modelling of the
changes in response with geometry indicates that it is possible to correct for
this effect with a reasonable degree of accuracy. Thus, we can conclude that
it is feasible to design an instrument to measure Cs isotopes in food based on
the use of this insertion probe. The instrument would have to have additional
windows in order to account for changes in background due to self-shielding.
Ideally, for quantitative measurements the instrument should incorporate a
microprocessor so that the geometry corrections can be made automatically.
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Table 1

Variation of Uncollided Flux at the Centre
of a Spherical Source vith Radius

Ro (cm) ^*(photons»cm~2»sec~1)

10 6.70
20 9.53
30 10.72
40 11.22
50 11.43
60 11.52
70 11.56
80 11.58
90 11.59
100 11.59
» 11.59

* for Sv = 1 photon*cm-
3"sec-1

137Cs: Ey = 662 keV
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Table 2

Variation of Uncollided Flux at the Centre
of a Cylindrical Source (H = D) with Height

H (cm) 9*(photons»cm~2»sec~1)

20 7.42
30 9.04
40 10.08
50 10.83
60 11.15
70 11.30
80 11.39
90 11.47
100 11.51
120 11.56
140 11.59
» 11.59

*for Sv = 1 photon«cm~
3»sec~1

137Cs: Ey = 662 keV
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Table 3

Variation of Uncollided Flux at the Centre of
a Cylinder (H = 2D) with Height

H (cm) ^*(photons«cm~2«sec~1)

20 5.33
30 6.95
40 8.00
50 8.69
60 9.39
70 9.97
80 10.30
90 10.60
100 10.80
120 11.12
140 11.31
160 11.40
» 11.59

*for Sv = 1 photon*cm"
3"sec"1

137Cs: Ey = 662 keV
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Table 4

137

Sensitivity of the Probe for Cs

Background 1 (cps) Background 2 (cps) Response to 1 3 7Cs*
(counts'sec"1)

1.152
1.173
1.142

means:
1.16

Efficiency

0.142
0.164
0.153

0.153

= 1.36xlO~3 cps.Bq-i'L

0.534
0.456
0.471
0.498
0.489

0.479

*353 Bq-L"1

Limit of Detection3 for 100 and 400 Second Counting Times

T = 100 s T = 400 s

Lc 67 Bq/L 18 Bq/L
L D 154 Bq/L 72 Bq/L
LQ 919 Bq/L 316 Bq/L

ECooper/91-04-22
wpl780r/hu-8242
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Figure 1

Simulated Response for a Cylinder with H = D
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Figure 2 "

Simulated Response for a Cylinder with H=2D
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Figures 3a and 3b

Comparison of Responses CalculaCed from Equation 5 ( ) with Results
of the Monte Carlo Simulation ( ) for Density =1 and ETf=0.6 Mev
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