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ABSTRACT 
 
The Atomic Weapons Establishment (AWE) at Aldermaston has investigated the performance of low 
and high-resolution gamma-ray detectors for plutonium (Pu) assay in soil at the UK Below Regulatory 
Concern (BRC) threshold (0.4 Bq/g above the natural background activity level). The goal was a rapid 
and economical technique for sorting large volumes of lightly contaminated soils into above and BRC 
fractions. The strategy involved utilising the relatively high yield 60 keV emission from Am-241 
ingrowth (Pu-241 daughter) and known isotopic ratios. 

 
This paper covers the determination of detector response factors for an Am-241 source positioned at 
various locations within a circular tray of soil. These factors were weighted, according to the relative 
volumes that they represent, in order to derive a uniform response factor and quantify the systematic 
error for non-uniform activity distributions. Detection limits and random errors were also derived from 
the counting data.   

 
The high-resolution detector was shown to have the best detection levels and lowest systematic and 
random errors. However, uncertainties for non-uniform distributions of contamination were relatively 
large. Hence, analysing soils at the BRC threshold would only be feasible if contamination was well 
distributed throughout the soil sample being monitored. Fortunately, contaminated land at AWE is 
generally homogeneous and so the technique has wide applicability. 

 
INTRODUCTION 
 
For very low level plutonium (Pu) assay, of high volume/low activity materials (e.g. soils) at the SOLA 
(Substances Of Low Activity) threshold (0.4 Bq/g total Pu activity), the usual strategy is to measure 
the relatively high yield 60 keV emission from Am-241 ingrowth (Pu-241 daughter). The Pu 
concentration is inferred from the ratio of total Pu activity to Am-241.This approach is only valid if the 
isotopic ratios for the substrate are known and are constant throughout the sample. 
 
This document covers the determination of low and high-resolution gamma-ray detector response 
factors (counts per second (cps) per Bq), for an Am-241 source at various locations, within a circular 
tray of soil. These factors are ‘weighted’, according to the relative volumes that they represent, in order 
to derive a uniform response factor and quantify the systematic error for non-uniform activity 
distributions. Detection levels and random errors are also derived from the counting data.   
     
AIMS 
 
• Determination of the response figure (in terms of a measured net count rate per unit activity) for 

Am-241 activity distributed uniformly throughout the volume of a circular tray of soil. 
 
• Propagation of statistical (random) and systematic uncertainties through to the response figure in 

order to investigate the variation in the response figure due to non-uniform activity distributions 
that could occur in contaminated soil. 

 
• Comparison of the detection limit of the low-resolution sodium iodide detector (IS 610), 

specifically designed for ground contamination monitoring, with a general purpose High Purity 
Germanium (HPGe) probe. 
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EXPERIMENTAL 
 
Equipment      
 
The IS 610 detector is fully described in reference 1. It consists of a NaI (Tl) crystal with a diameter of 
75 mm and a thickness of 1 mm. There are three Regions Of Interest (ROI) displayed (C1: 10-24 keV; 
C2: 47-72 keV; C3: 10-72 keV). The factory set count time is 100 s for background counting. The 
sample may also be counted for 100 s. 
 
The germanium probe is a  45 % relative efficiency HPGe N-type with a portable multi-orientational 
cryostat, liquid nitrogen dewar (5 day holding time), 25 mm thick lead/copper collimator (flush with 
the detector end-cap) and a DART multi-channel analyser. The HPGe detector’s laptop computer has 
Maestro-32 gamma acquisition software.   
 
DRaStaC (Defence Radiological Standards Centre) provided a 20.4 kBq Am-241 source (ref. HL254, 
certificate RC 0370) encapsulated in a thin counter of perspex. 
 
Procedure 
 
The source was counted at distances of 15, 17.5 and 20 cm along the central axis of the detector and at 
5, 10, 15, 20, 25, 30 and 35 cm off axis. Counting time was 100 s for each source location. 
Backgrounds were measured for uncontaminated soil without the source present. The Maestro 32 
software manual and IS 610 manual were followed in order to acquire gamma spectra and obtain net 
counts, errors and background counts for the Am-241 ROI.   
 
The background count-rates, means and standard deviations, for each detector, are summarised in table 
I.This is for successive measurements on the same day. Variations over longer time-scales and for 
different soils should be determined for routine measurements.  

 
Table I Background countrates (cps) 

 
HPGe 

(58-61 keV) 
IS 610 

(48-72 keV) 
0.65 10.03 
0.76 10.82 
0.68 9.97 
0.58 10.71 
0.72 10.26 
0.72 10.27 
0.63 10.27 
0.76 10.68 
0.62 10.69 
0.62 11.13 

0.67 (Mean) 10.48 (Mean) 
0.06 (SD) 0.36 (SD) 

 
The non-attenuated net counts over 100 s are summarised, in table II, for each detector. The response 
factors for a soil disk were calculated, for each of the non-attenuated counts in table II, using the 
relationship: 
 
  Ln attenuated counts = Ln non-attenuated counts - µt  (Eq.1) 
   
 
(µ is the linear attenuation coefficient for soil (0.3 cm-1 for 1.5 g/cc soil (1)) and t is the path-length 
through the soil to the detector). 
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Table III gives the response factors for the HPGe and IS 610 detector located centrally and 20 cm 
above the base of a 70 cm diameter circular tray containing 5 cm depth of soil (28.86 kg). The uniform 
response factor (cps/kBq) was calculated by weighting the point source response factors, for each 
source location, according to the relative volumes that they represent.  The systematic error was 
calculated as the % difference between the uniform response factor and the maximum and minimum 
response factors and is summarised, in table IV, for counting the disk on one side and for counting the 
disk from both sides.The random error, for each measurement, is summarised in table II. The Maestro 
software gave the +/- error on the net counts for the HPGe probe. The error on the net counts for the IS 
610 was calculated as the square root of the sum of the sample plus background counts multiplied by 
1.96 (2). 

 
Table II Non-attenuated net counts over 100 s 

 
Source location Vertical offset (cm) HPGe IS 610 

On axis 15 5716 +/- 78 8832 +/- 194 
,, 17.5 4115 +/- 67 6454 +/- 169 
,, 20 3139 +/- 58 5033 +/- 152 

5 cm off axis 15 5176 +/- 75 7704 +/- 183 
,, 17.5 3927 +/- 65 5802 +/- 162 
,, 20 2997 +/- 56 4561 +/- 146 

10 cm off axis 15 4455 +/- 69 5322 +/- 156 
,, 17.5 3406 +/- 61 4427 +/- 144 
,, 20 2740 +/- 54 3676 +/- 134 

15 cm off axis 15 2848 +/- 56 3414 +/- 130 
,, 17.5 2502 +/- 52 3013 +/- 124 
,, 20 2150 +/- 48 2585 +/- 117 

20 cm off axis 15 1660 +/- 43 1990 +/- 107 
,, 17.5 1658 +/- 43 1956 +/- 107 
,, 20 1499 +/- 41 1905 +/- 106 

25 cm off axis 15 926 +/- 33 1290 +/- 94 
,, 17.5 966 +/- 33 1291 +/- 94 
,, 20 1061 +/- 34 1324 +/- 94 

30 cm off axis 15 556 +/- 26 772 +/- 83 
,, 17.5 678 +/- 28 868 +/- 85 
,, 20 698 +/- 28 905 +/- 86 

35 cm off axis 15 361 +/- 21 578 +/- 78 
,, 17.5 395 +/- 22 583 +/- 78 
,, 20 508 +/- 25 602 +/- 78 

 
Detection levels (Ld) were calculated using the formula below (3):   

 
Ld = (k2/Tt ) + 2kσb(1 + (Tb/Tt))1/2     (Eq.2) 
 

(k = 1.645, for 95 % confidence in the stated value; Tt = sample counting time; Tb = background 
counting time; σb = standard deviation in background cps). Ld values were converted from units of cps 
to Bq/g, by dividing by the appropriate response factor (cps/kBq) for the source location and the matrix 
mass (28.86 kg). The Bq/g values are summarised in table IV. 
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Table III Response factors for soil disk 
 

Source location Source depth in soil 
(mm) 

HPGe 
(cps/kBq) 

IS 610 
(cps/kBq) 

On axis 0 2.802 4.329 
,, 25 0.953 1.495 
,, 50 0.343 0.551 

5 cm off axis 0 2.537 3.777 
,, 25 0.869 1.284 
,, 50 0.318 0.484 

10 cm off axis 0 2.184 2.609 
,, 25 0.700 0.909 
,, 50 0.250 0.336 

15 cm off axis 0 1.396 1.674 
,, 25 0.456 0.549 
,, 50 0.164 0.197 

20 cm off axis 0 0.814 0.976 
,, 25 0.260 0.307 
,, 50 0.087 0.111 

25 cm off axis 0 0.454 0.632 
,, 25 0.122 0.164 
,, 50 0.047 0.059 

30 cm off axis 0 0.273 0.378 
,, 25 0.072 0.092 
,, 50 0.023 0.030 

35 cm off axis 0 0.177 0.283 
,, 25 0.037 0.055 
,, 50 0.012 0.015 

 
Table IV Systematic errors and detection limits 

 
Factor Sides 

 
HPGe 
(cps/ 
kBq) 

 

IS 610 
(cps/ 
kBq) 

HPGe  
% from 
uniform  

IS 610  
% from 
uniform 

HPGe 
Ld 

(Bq/g) 

IS 610 
Ld 

(Bq/g) 

Uniform 1 0.341 0.440 0 0 0.0284 0.1319 
Max 1 2.802 4.329 + 722 + 885 0.0035 0.0134 
Min 1 0.012 0.015 - 96.4 - 96.7 0.7796 3.9459 
Max 2 1.573 2.440 + 361 + 455 0.0062 0.0238 
Min 2 0.037 0.055 - 89.1 - 87.5 0.2599 1.0565 

 
RESULTS 
 
The response figure for an activity of Am-241 distributed uniformly throughout the interior volume of 
a 70 cm diameter circular tray containing 5 cm depth (28.86 kg) of soil has been determined as 0.341 
cps/kBq for the germanium detector and 0.440 cps/kBq for the IS 610. The extremes of fluctuation in 
the response figure due to geometry and matrix effects associated with non-uniform activity 
distributions have been determined to range from  - 96.4 % to + 722 % for one sided counting and 
from – 89.1 % to + 361 % for two sided counting, for the germanium detector. Corresponding values 
for the IS 610 were ranged from –96.7 % to + 885 % (one sided counting) and from – 87.5 % up to + 
455 % (two sided counting). It should be noted that the minimum response figure for two sided 
counting was for a point source located at the edge of the disk in the middle. However, the maximum 
response was an average of that given by a point source located along the detector axis and either non-
attenuated or fully attenuated. 
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The random error was dependant on count rate, but generally only a few % (table II).The minimum 
detectable quantity of Am-241 for a uniform activity distribution throughout the sample volume has 
been determined as 0.028 Bq/g for the germanium detector and 0.13 Bq/g for the IS 610 at the 95% 
confidence level (100 s count). 
 
DISCUSSION 
 
The HPGe detector outperforms the IS 610 because the counts in the germanium spectrum, although 
fewer in number, are concentrated over a relatively small energy range, giving much lower and less 
variable backgrounds. Hence, the HPGe detection limit, obtained for a uniform distribution of Am-241 
activity in soil, is better and compares well with open literature values (0.02-0.04 Bq/g). Therefore, 
assay of soils at the SOLA limit appears feasible if homogeneous activity distribution can be assured.    
  
 
Systematic errors, due to non-uniform distributions of activity, are potentially large. Hence, a more 
sophisticated approach is required to cater for this scenario. One possibility would be to apply 
radiometric sorting, such as the Segmented Gate System (SGS). In theory this moves soil along a 
conveyer belt to an array of sodium iodide detectors, which are linked to a computer and pneumatically 
operated segmented gates. When a ‘hot spot’ is detected it drops through the gates so that the soil is 
effectively decontaminated. The majority of the soil, which does not fall through the gates, is then 
deemed suitable for non-radioactive disposal. One drawback of this approach is the high cost of the 
SGS at £ 600 k compared to a germanium detector at £ 20 k.   
 
Multiplication factors, for the conversion of Am-241 activity to Pu alpha and beta activity, also need to 
be considered. The following multipliers would be appropriate for most Pu contaminated land at AWE: 
 
• Total Pu + Am alpha/Am alpha = 3 GBq/g/0.33 GBq/g = 9 
• Total Pu + Am alpha + Pu beta/Am alpha = 4.1/0.33 = 12.4 
 
Hence, the detection levels for Pu, based on the Am-241 signature, will be around ten times higher 
than those determined for Am. However, the counting geometry, counting time, sample dimensions 
and detector characteristics may be optimised to improve performance to meet specific requirements.  
 
It is worth comparing the performance of traditional destructive assay techniques, where a small (1 g) 
sample is subjected to a complex radiochemical procedure, with non-destructive assay of larger (many 
kg) samples, because this is often confusing. Radiochemistry gives excellent Pu detection levels 
(typically 0.0001 Bq/g). However, it is very costly (around £100 per sample) and time consuming 
(several days). Also large numbers of 1 g samples would be required to characterise areas where 
contamination was non-uniform. Sampling errors are potentially large and this may be illustrated by 
considering the soil disk of this study. At the SOLA threshold a 28.86 kg disk would contain 28.86 x 
400 = 11.544 kBq. Hence, the extremes of activity for a 1 g sample would be: 
 
• Maximum:11,544 Bq/g (+ 2,885,900 % error) 
• Uniform: 0.4 Bq/g ( 0 % error) 
• Minimum: 0.0001 Bq/g (- 99.975 % error) 
 
Hence, caution is required when comparing the results of radiochemistry with direct monitoring. 
 
CONCLUSIONS 
 
The uniform response factor has been determined for a circular disk (70 cm diameter and 5 cm deep) 
of soil of average matrix density (1.5 g/cc). Hence it will give an overestimate of activity if applied to 
less dense soils and an underestimate for more dense soils.  
 
 
 
For the response figure to be meaningfully applied to measured data from soils it must be established 
that the soils gamma ray attenuating properties are not significantly greater (relative to the overall 
measurement uncertainty) than those of the soil matrix involved in this experimental study. In other 
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words, the matrix of the unknown item must be reasonably consistent with that of the characterisation 
standard, at least in terms of gamma ray attenuation. 
 
The Am-241 activity, derived from the uniform response factor, has a potentially high total 
measurement uncertainty, due to non-uniform distributions of contamination. This may be reduced, or 
eliminated, by homogenising the sample.  
 
The Am-241 activity may be converted to a total Pu activity if the isotope ratios (e.g. Pu-239/Am-241) 
are known and are consistent throughout the sample. 
 
The self-absorption of 60 keV gamma rays within the Pu itself needs to be accounted for since any 
such effect will lead to an underestimate of activity. However, at the SOLA activity level (0.4 Bq/g), 
Pu particles would not be sufficiently large to give any significant absorption. 
 
Detection levels for Am-241 uniformly distributed in soil are around 0.028 Bq/g for the germanium 
detector and 0.13 Bq/g for the IS 610 (100 s count) which compares favourably with the SOLA 
threshold of 0.4 Bq/g total Pu activity. However, variations in backgrounds over longer time-scales 
must be accrued in order to assess whether this performance changes significantly with time or 
different soils 
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