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ABSTRACT 

Several in-field measuring techniques were identified for use in safeguards inspections. The radiation 
measurements play a major role in seeking environmental signatures. A high-resolution gamma-ray 
spectrometer, either in-situ or in sample analysis, gives unequivocal evidence of nuclear activities on the 
site of interest. Although portable spectrometers are commercially available, hardware development and 
software tailoring seem to be necessary befoie efficient mobile measurements can be initiated. To 
understand trends and partem of contamination, the results of the measurements have to be displayed on 
digital maps. GPS-integranon is an essential requirement for the equipment in environmental monitoring. 
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PREFACE 

The studies presented in this report belong to the Finnish Support programme to IAEA Safeguards 
implementation (FINSP). Several commercial instruments have been used in evaluating the performance 
of different measuring nrthcds. This report is not a market survey; thus, the instruments mentioned refer 
only to a few. strictly selected firms. The authors either have these products at their own disposal or the 
manufacturers have given them for test purposes. 

We thank Mr. Matti Tarvainen and Mr. Juhani Lahtinen. Finnish Centre for Radiation and Nuclear 
Safety, for encouraging attitude, nelpful suggestions and advice throughout the work. We take the 
opportunity to acknowledge the contribution of Mr Jens Hovgaard, Danish Emergency Management 
Agency. He performed the measurements with a large Nal crystal. We also appreciate the highly valuable 
information that we received from Dr. Marjatta Rautio and Dr. Pekka Lehtonen. Verification Institute for 
the Chemical Weapons Convention, about the analysis methods of organic chemistry. 
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1 INTRODUCTION 

The IAEA is considering methods to strengthen 
safeguards implementation and to make it more 
efficient and effective. Environmental monitoring 
is being considered as a possible method to detect 
the presence of undeclared nuclear activities in a 
country covered by a comprehensive safeguards 
agreement Environmental samples collected at the 
sites of interest could be rapidly screened for the 
presence of elemental, isotopic or molecular 
signatures of nuclear activities. 

35U or ^'Pu are needed to construct a nuclear 
weapon. The highly enriched uranium (HEU) is 
produced in the enrichment processes of natural 
uranium whereas a nuclear reactor and a fuel 
reprocessing plant are needed for plutonium 
generation. The environmental signatures in the 
enrichment processes are less prominent than in 
the spent fuel reprocessing (Tables I and II). 

TK- presence of fission products or certain organic 
c'jemicals may be an indication of a covert nuclear 
programme based on spent fuel reprocessing. To 
reveal the true nature of the nuclear processes 
involved, the IAEA takes samples within the 
facility or in the environment of the installations. 
These samples are then analysed in the laboratory. 
However, for detailed inspection of large facilities 
or areas, an extensive number of samples have to 
be taken. For exa-r.ple. the IAEA laboratories in 
Seibersdorf performed hundreds of analytical 
measurements on samples during special inspec
tions of Iraqi nuclear installations (Donohue and 

Zeisler, 1993). The later analysis of the 
environmental samples is laborious and time 
consuming. Very careful handling and record 
keeping are needed for reliable conclusions. 

An alternative for sampling and later laboratory 
analysis is to cany out the whole procedure, or 
part of it, on the spot. Extensive environmental 
monitoring, sampling and immediate analysis 
could be very efficient means in searching signa
tures of nuclear processes. If a signal is detected or 
suspected, samples could be taken for more 
detailed analysis. This procedure would focus the 
sampling on interesting sites or objects and, 
consequently, the anount of the laboratory work 
would be greatly reduced. 

It is possible that reprocessing activity is 
suspected on a certain area or within a country but 
the geolocation of the facility is unknown. In such 
cases sampling may be especially insensitive or 
insufficient to confirm the conduction of a covert 
nuclear programme. Mobile in-situ measurements, 
together with directed sampling, would create the 
best opportunities for detecting signatures of 
environmental contamination. 

The present report is intended to review some of 
the possible assay systems that might be useful in 
special inspections of the -AEA. The main 
emphasis is placed on radiation measurements. 
The detection of some organic chemicals is also 
discussed. 
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Table I. Isotopic. elemental and molecular signatures from Pu-production of irradiated fuel. The 
signatures are quite similar if uranium is separated from irradiated HEU fuel (McMahon et al.. 
1993). 

Stage 

Fuel irradiation in reactor 

Fuel reprocessing 
- dismantling 

Fuel reprocessing 
1 - dissolution 

1 Separation and purification 

Conversion of Pu to metal 

Signatures 

fission ano activation products 
(also short-lived isotopes): 
- gaseous and volatile nuclides: 

«Kr. m X e \ 13T, ,33I?H. ,4C... 
- liquid and particulate discharges: ^Co, ^Mn... 

noble gas emissions: mainly "Kr, 133Xe". 

- gaseous and volatile nuclides: 
«Kr, 133Xe\ 13Y, 3H, ,4C, ,{aRu,,06Ru,.. 

- some fuel solution derived aerosols: xZr, "Nb, 134Cs, 
,37Cs, ,44Ce/144Pr, "nc, »Co, "Mn... 

Pyrochemical purification methods produce fuel solution 
derived aerosols: 
»Zr, »Nb, 134Cs, 137Cs/,44Ce, 144Pr, ^Tc^Co, ^Mn... 

Solvent extraction produces many molecular 
signatures: 
- secondary and tertiary long chain amines (C8-C12) 
- organophosphorus compounds (C chains C4-C6) 

(e.g. TBP) and their radiolytic degradation products 
- Hexone, Butex, Trig!/ 
- diluents, such as C12 alkanes, aromatic hydro

carbons, brominated/ chlorinated hydrocarbons 
- reducing agents such as sulphonate and 

hydroxylamine 

- HF, H202, (CjO^2, Pu (isotopic composition), 
241 Am, ^ c 

* Short-lived isotope (half-life less than 10 days). Moderate cooling time (100 d) removes activity 
efficiently. 

Table II. Environmental signaturesfrom HEU-production. Enrichment of natural or recycled uranium 
(McMahon etai. 1993). 

Stage 

Conversion and enrichment of 
natural or recycled uranium using 
UFfigas 

Signatures 

U02F2, HF, F, 235U and 238U and their isotope 
ratios 
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2 INTEGRATION OF DOSE-RATE 
MEASUREMENTS AND COORDINATES 

detector and a large Geiger counter, suit well for 
environmental monitoring and they support other, 
more complicated, measurements Because reliable 
results from these detectors are obtained quickly. 
the best spots to take samples can be located and 
more advanced measurements can be initiated. 

The sensitivity of the PIC is good enough to detect 
a small increase of dose rate (0.01 iio» It'1) in ten 
seconds. A large Geiger counter needs necessarily 
a long integration period (> 10 min) before the 
precision of 0.01 uSv h' is achieved. However, the 
natural background varies more than 0 03 - 0.05 
uSv h' even in relatively small areas (base rock, 
sediments, shape of the landscape, buildings etc.). 
In practice, without doing detailed long-term 
environmental measurements in several locations, 
an increase of only 0.1 uSv h' in dose rate is a 
potential indicator of contamination (Table III) In 
short-term measurements this change is easily 
detected. 

Table HI. Different nuclide-specific contaminations that increase dose rate by 0.1 fiSv h' (calculated 
for each nuclide separately). 

Nuclide 

"Zr 
103Ru 
106Ru/106Rh 

134Cs 

137 C s / 137m B a 

140Ba/140La 

141Ce 

,44Ce/144Pr 

Half-life 

64.0 d 

39.3 d 

368 d 

2.06 y 

30.0 y 

12 8 d 

32.5 d 

284 d 

Activity of a 
point source at 
a distance of 
1 m, [MBq] 

1.1 

1.7 

4.0 

0.46 

1.3 

0.28 

11 

15 

Fresh 
deposition3' 
[kBq m2 ] 

31 

45 

110 

15 

39 

8.6 

270 

430 

Old 
deposition6' I 
[kBq m 2 ] 

160 

250 

530 

77 

210 

44 

2 100 

2 600 
a) plane source on ground surface 
b) source distributed exponentially with depth (relaxation mass per unit area 20 g cm7) 

2.1 Dose rate and environmental 
contamination 

Dose-rate measurement is a fast ssri simple 
method to detect radioactive contamination of the 
environment. The instruments are small and light 
which makes it easy to take them into the areas or 
facilities of interest. 

Conventional portable Geiger counters (GM) 
display- the instantaneous external dose rate. 
Sensitivity of these meters is not usually good 
enough for environmental monitoring and most of 
them do not have the ability for recording the 
measurement data, either. This means that the 
small local changes in the dose rate may not be 
detected. 

Sensitive dose-rate meters, such as a pressurized 
ionization chamber (PIC), a special scintillation 

9 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-YTO-TR 76 

Figure l gives an example of the detection power 
of die mobile environmental monitoring in an area 
of an old uranium mine. A large number cf 
accurate measurements can be produced in a short 
time. Some hot spots are detected in simple dose-
rate measurements years after the closing of the 
mine. The reason for this local contamination is 
Haste containing radium and its daughter nuclides. 

Durmg a safeguards inspection of a nuckar facility 
all the measured data have to be ear-marked with a 
location label This is of particular importance 
when combining the results of different measuring 
techniques. Thus, a detector, a GPS-navigator 
(coordinates) and a portable computer are needed 
together for accurate record keeping of the data 
flow. Using suitable software, tne dose-rate data 
can be displayed on digital maps and die local 
variability can be spotted. The portable detection 
unit could also operate with remote control. This is 
possible by employing radio transmitters to pass 
the information from die measuring unit to die 
control board. This option is valuable for 
emergency preparedness but may have less 
importance for screening of contamination. 

The advantages and disadvantages of selecting a 
PIC (Reuter Stokes), a plastic scintillator 
(Miinchener Apparatebau) or a large Geiger 
counter (Rados Technology) are compared in 
Table IV The technical perfonnance of UK PIC. 
i.e. the precision and time response of die 
measurements, is superior. Almost equal quality 
can be achieved with die plastic scintillation 
detector. This device suits very well for 
measurements inside a building. However, for field 
use die Geiger counter seems to have advantages 
that cannot be overlooked (nigged, integrated unit 
commercially available). For details of a 
commercial solution, see Appendix I. 

2.2 Conclusions 

(I) Dose-rate measurement alone is a robust 
technique for safeguaids purposes. How
ever, it is most useful for screening 
contamination together with other more 

sensitive medwds. such as gamma-ray 
spectrometry m-titu Large amount of 
reliable data can be produced continuously 
at different locations eitfier in die field or 
inside a building. External dose rate 
should always be recorded at short 
intervals during a special mission to die 
area or facility of interest. 

(2) A plastic sdntulator suits well for accurate 
dose-rate measurement inside die build
ings. A commercial instrument is available 
that has an extremely good energy 
response (> 30 keV). This feature is very 
useful for searching low energy gamma 
emitters. e.g. :4IAm. 

(3) Integration of dose-rate measurements and 
coordinates is particularly useful in fast 
screening of large areas and m locating 
contaminated spots widiin a declared or 
undeclared nuclear facility. An integrated 
measuring system built around a large 
Geiger counter seems to suit well for fiela 
use. The accuracy of the GPS-coordinates 
(<- 100 m) is good enough to prevent any 
spoofing A more accurate positioning 
(<10 m) is possible by using differential 
correction techniques. 

(4) The best solution for routine applications 
is hardware integration. This approach has 
the advantage that an auxiliary Notebook 
PC is not necessarily needed in data 
acquisition. However, die use of a PC in 
die field, either on-line or off-line, is 
highly recommended: displaying die 
results on digital maps gives an immediate 
overall understanding of die spread of the 
contamination. This knowledge is useful in 
taking samples for laboratory analysis 

(5) The total costs of an integrated measuring 
system based on Geiger counters is about 
USD 15.000 (Table V) The costs might 
be 20 % lower oi higher depending on the 
hardware option chosen (sec Appendix 1) 

10 
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Table H'. Comparison between a pressuraed ionization chamber (Reuter Stokes), plastic scintillator 
(MunchenerApparatebau) and a large Getger counter (Rados Technology). Here the concept integra
tion refers to a system that has full control on the measured results: dose rate, time and coordinates 

Precision 

Time response to 
achieve the precision 

Energy response 

Weight 

GPS-cormection 

Field use 

Integrated unit 

PIC(RS-112) 

0.01 uSvh1 

very fast f 5 s) 

>60keV 

10 kg 

good 

not available 

Plastic sanbTbtor 
(MABS00) 

0.02 uSv h' 

fast (20 s) 

>30keV 

5kg 

external/PCMCIA' 

very good 

not available 

Large Geiger 
(RLV02L) 

C.03 uSv h-1 

stow (minutes) 

>60keV 

11kg6 

very good 

commercially 
available 

a) external receiver via a serial port or a PCMCIA card in PC; hardware integration available for the 
Geiger counter 

b) integrated unit 

Table V. Costs (USD) of dose-rate measuring systems based on a pressurized ionization chamber 
(Reuter Stokes), plastic scintillator (Munchener Apparatebau) or a larre Geiger counter (Rados 
Technology). The integrated unit contains probe. GPS-navigator. PC. batteries, case and auxiliary 

Probe 

GPS 

PC 

Integrated unit 

PIC(RS-112) 

25,000 

1,500 

5,000 

-

Plastic scintillator 
(MAB500) 

10,000 

1,500 

5.000 

-

Large Geiger 
(RD-02L) 

3,000 

1,500 

5.000 

15.000 
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Figure 1. Dose-rate measurements in the environment of an old uranium mine in Finland: an example 
of integration of dose-rate measurements and coordinates given by the satellites (GPS). The measure
ments were performed with a pressurized ionization chamber using a sampling time of 10 s. The 
device is installed permanently in the emergency vehicle ofSTUK. 

Remote controlled Geiger counter with a GPS-receiver (option B in Fig 2). 
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Board 

GPS Notebook PC 

1 

, j 

i 
l_ 

Battery 

Large Geiger 

External power supply 

\ External Geiger connector 
GPS Antenna 

J U L 

External power supply 

Connection 
Board 

GPS Radio 
Modem 

Battery 

Large Geiger 

Probe Unit 

Radio 
Modem 

! 
n n 

/ 

j 

Connection 
Board 

V 

! ' 

Battery 

i 

Telephone 
-' ' 'connector 

Notebook PC 

Acquisition Unit 

Connector for external PC 

O-

GPS Antenna 

Notebook PC 
(Optional) 

Battery 

GPS 

Large Geiger 

Figure 2. Block diagram of devices built by Rados Technology. (A) and (B) applications in STUK, 
(C) device to be developed (for technical details, see Appendix I). 
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3 LOW-RESOLUTION GAMMA-RAY 
SPECTROMETRY 

3.1 Scintillation detectors 

When an inspector arrives at the place of interest 
to perform radioactivity measurements he faces 
three kinds of problems: (1) is there any abnormal 
radioactivity (detection), (2) where it exactly is 
(location) and (3) what nuclides it consists of 
(identification). Low-resulution scintillation 
counting may give some information about all of 
these questions. 

It is possible to construct very large and efficient 
scintillation detectors. Sampling time using such 
detectors can be short, typically 1-10 s. 
Scintillation detectors are cheaper than semicon
ductor detectors and liquid nitrogen cooling is not 
needed. 

The energy resolution of Nal scintillation detectors 
is poor (7% full width at half maximum measured 
from 662 keV peak of I37Cs). Thus, nuclide 
identification is not possible in presence of several 
radionuclides. However, scintillation detectors are 
very useful in finding signatures of artificial 
activity, particularly of old deposition or fallout 
that consist of a few long-lived isotopes, such as 
,34Csand ,37Cs. 

3.2 Detection efficiency and 
comparison with other 
systems 

Scintillation detectors are generally not an 
alternative to an HPGe detector because of 
problems in nuclide identification. However, a 
portable scintillation detector is more sensitive in 
dose-rate measurement than a Geiger tube (c.f. 
Table TV) and a large scintillation detector is more 

sensitive than a pressurized ionization chamber. In 
addition, the measuring result is a spectrum that 
contains more information than a single dose-rate 
value. 

The scintillation detector can be used with a 
simple single channel analyser. Test measurements 
show, that a 137Cs source of 90 kBq can be 
detected (3 a confidence level) at a distance of 1 m 
in 5 s with a 360 cm3 (3" x 3") Nal scintillation 
detector (Table VI). If the spectrum is acquired 
with a multichannel analyser (256 channels) and 
then analysed, the detection limit is lower at least 
by a factor of 4. In uncontrolled measuring 
conditions, where background is not known, the 
detection limits are much higher. In single channel 
mode the problems are quite similar to the dose-
rate measurements (see chapter 2). In multichannel 
mode the detection limits are hard to estimate, 
because they depend greatly on the quality of the 
analysis program and background level. 

A test measurement was carried out with a very 
large Nal-detector (volume 161) and multichannel 
analyser (Fig. 3). This kind of detector is effective 
in mobile units that are used to search signs of 
contamination in the environment (Danish 
Emergency Management Agency). An integrated 
measuring unit, installed in a helicopter, can 
identify a ,37Cs contamination as low as 
500 Bq n r (1 s sampling time). 

Scintillation detectors are sensitive to temperature 
changes. Large detectors are usually thermally 
insulated because they may be destroyed by large 
temperature gradients. The modern detectors, 
however, tolerate field conditions quite well (see 
Appendix 2). 

14 
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Table VI. Detection limits (3 a confidence) for a caesium ('3 Cs) point source at a distance of 1 m. 
Measuring time 5 seconds. If the background dose rate is not known, the detection limit is much 
higher for a pressurized ionization chamber and for a scintillator detector in a single channel mode 
(see Table III). The unknown background level increases also the detection limits of low-resolution 
gamma-ray spectrometric measurements. HPGe is the only sensitive measuring system in an unknown 
complex environment. 

Detector 

0.36 1 Nal scintillator detector 

16 I Nal scintillator detector 

40 % HPGe 

Pressurized ionization chamber 

Detection limit, kBq 

90a 

20b 

4b 

40 

100C 

a) single channel counting, background count-rate known 
b) multi channel counting, background spectrum known 
c) background dose rate known precisely, i.e. an increase of 0.01 uSv h'1 can be detected 

c 
3 
O 
O 

100000 

10000 

1000 

100 

Background 

15 kBq 

10 -

100 200 300 

Channel 

400 500 

Figure 3. Spectra from a test measurement carried out with a very large Nal-detector (16 I). The 
measuring times were 10 minutes for the background and for the n"Cs point source of 15 kBq. The 
distance between the source and the centre of the detector was 1 m. The measurement was performed 
by the Danish Emergency Management Agency. 
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3.3 Conclusions 
(1) Nuclide identification is one of the main 

purposes of the radiation measurements 
during safeguards inspections by the 
IAEA. In this respect a scintillation 
detector cannot replace an HPGe detector. 
However, a modem, large Nal-system 
would be very useful in detecting the 
presence of artificial activity in the 
environment. This could be the triggering 
signal for more specific spectroscopic 
measurements using an HPGe detector. 

(2) In dose-rate measurements a portable Nal 
detector (volume 0.361) is as sensitive and 
fast in total count mode as a large pres
surized ionization chamber. A laige Geiger 
tube is much more insensitive. On the 
other hand, a Nal-detector and a spectro
meter form a more complex system than a 
Geiger tube alone. Thus, the costs are 
higher, 'Jie operation is more difficult and 
the reliability is lower. However, the 
advantages, the sensitivity and the energy 
specificity (albeit low), make the Nal-
systems very attractive for inspection 

applications. The modern ii.struments suit 
well for field use. Large detector systems 
should be installed in a car or a helicopter. 

(3) Portable integrated systems, containing a 
Nal-detector and a GPS-navigator, are 
commercially available (see Appendix 2). 
Such a system would cost below USD 
20,000 (including a 0.35 I detector). An 
external PC would increase the memory 
capacity'. This would be very useful in 
measurements with short sampling time 
(airborne measurements). 

(4) Another option for integration is tailored 
software for Acquiring/Storing/Analysing 
and Reporting, including GPS-integration 
with data visualization (some items 
discussed in chapter 4.5 would be useful 
here, too). The costs of prograi-iming 
would be USD 10,000 - 50,000 and they 
depend greatly on hardware support and 
tailoring option chosen. Commercial 
emulation and analysis software packages 
give good opportunities for system 
development (see Appendix 2). 
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4 HIGH-RESOLUTION GAMMA-RAY 
SPECTROMETRY 

4.1 Measurements 

Different requirements are set for in-field gamma-
ray specirometric techniques than for laboratory 
measurements. In the laboratory, the mam target is 
to cany out an accurate measurement and analysis. 
In the field, the measurements must be easy to per
form and give sufficiently accurate answers for the 
decisions to bs taken for subsequent actions. The 
following high-resolution spectrometric techniques 
can be applied: 

(1) In-situ measurements of deposition 
(fallout) o- air contamination 

(2) Investigation of suspicious objects or hot 
spots 

(3) Sample analysis. 

4.1.1 In-situ measurements 

The contamination of the soil or surrounding 
surfaces is simply measured by an unshielded 
detector. The major problem of in-situ 
measurements is the calibration, i.e. it is very 
difficult to get quantitative estimates for the 
contamination. However, for environmental 
monitoring purposes the radiation detection, 
nuclide identification, and isotopic ratios are of 
primary importance. This knowledge is sufficient 
to focus sampling on the areas of interest. 
Quantitative deposition or concentration estimates 
are not needed. Thus the complicated efficiency 
calibration is completely avoided or simplified 
approximations can be used. 

An often-used measuring procedure is to hold the 
detector about one meter above die ground level 
(on a table or a tripod). This geometry is good for 
detecting the gamma flux from the floor or ground. 

The m-s.tu measurement can also be carried out in 
a more complex geometry (e.g. in a car). 

The radionuclide deposition in the environment 
may be large up to a few kilometres away from the 
plant. The optimum distance for the measurement 
can be estimated from the release height, wind 
speed and atmospheric stability. The statistical 
behaviour of du wind pattern should be studied 
before enviroi. iental measurements are 
performed. 

As a result of some processes, such as dismantling 
and dissolution of spent fuel, die gaseous 
emissions can be rather high. A good place for 
detecting airborne radioactivity directly without 
sampling is a lew hundred meters downwind of the 
plant. 

Minimum detectable activity (MDA) for a nuclide 
is calculated from the calibration factors and the 
background count rate. A theory has been 
developed for the calibration factors (Beck et al., 
1972). Background count rates are estimated from 
measurements, and they represent the normal, 
natural radiation field. 

MDA for deposition is given in Table VII. The 
source is assumed to be a plane. In practice, 
roughness of the surface and migration of nuclides 
would decrease the detection efficiency. MDA for 
airborne activity is given in Table VIII.The activity 
distribution is assumed to be homogenous and 
semi-infinite. The calculations are valid, if the 
radiation field is close to the normal, natural back
ground field. The background level is increased by 
strong contamination and thus, the single detection 
limits are higher than the calculated values. If 
transition energies of two nuclides are very close 
(<2 keV) to each other, there will be some overlap 
in the spectrum. This makes the detection uncer
tain and the detection limits are increased. 
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Table VII. Detection limit (Bq m2) for in-situ measurement of the ground assuming homogenous 
infinite plane surfaa contamination (40% HPGe). The background was estimated from an outdoor 
measurement. No lead shielding. 

Nuclide 

131, 

,37Cs 

,34Cs 

103Ru 

*Zr 

*Nb 

,06Ru 

,40Ba 

,40La 

141Ce 

,44Ce 

Transition 
energy (keV) 

364.5 

661.6 

604.7 

497.1 

756.7 

765.8 

621.8 

537.4 

1 596.2 

145.5 

133.5 

Yield 

0.812 

0850 

0.976 

0.864 

0.548 

1 

0.098 

0.244 

0.955 

0.484 

0.108 

Detection limit, Bq m'5 

Measuring time 

5 min 

90 

90 

70 

90 

100 

70 

700 

400 

70 

200 

900 

1 hour 

30 

30 

20 

30 

40 

20 

200 

100 

20 

60 

400 

1 day 

6 

6 

4 

6 

8 

4 

40 

20 

4 

10 

70 

In-situ gamma-ray spectrometry' is easy to perform 
in the field. The technique can be used in in
spection of buildings or in screening of large areas. 
The computer can be programmed to save the 
measurements automatically and to start an 
acquisition in certain intervals. When a GPS-
navigator is integrated in the system the 
positioning of the measurements can also be done 
automatically (see chapters 2 and 10). 

The releases of a well-functioning reprocessing 
plant are most likely so small that they do not 
produce deposition that could be detected far away 
from the plant. The estimated release factors of 
non-volatile radionuclides are quite low (108 -
10"4), except in an accident or plant malfunction 
(McMahonetal, 1993). 

In a clandestine nuclear programme, including 
undeclared nuclear facilities, it is unlikely that the 

prevention of releases is as good as in nuclear 
plants that have large resources and long expe
rience in handling fission products. Thus, the 
release fractions can be substantially higher but 
the total amounts may be lower, depending on 
throughput. A portable gamma-ray spectrometer is 
a good measuring system to reveal the 
contamination of the environment or a building of 
interest. 

The release factors of semivolatile and volatile 
nuclides are large (10'M) (McMahon, 1993). 
During dismantling and dissolution of spent fuel it 
can be expected that noble gases and iodine 
isotopes escape. However, if the cooling time is 
long enough (> 100 d) the isotopes of iodine (131-
135) and noble gases, except *5Kr (half-life 10 y), 
have decaved off. 
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Table VIII. Detection limit (Bq m3) for in-situ measurement ofhjizogenous semi-infinite airborne 
activity (40% HPGe). The background was estimated from an outdoor measurement. No lead 
shielding. 
! 

Nuclide 

131, 

137Cs 

134Cs 

103Ru 

9 5 Z r 

«Nb 

106Ru 

140Ba 

140La 

14,Ce 

144Ce 

133Xe 

hKr 

Transition 
energy (keV) 

364.5 

661.6 

604.7 

497.1 

756.7 

765.8 

621.8 

537.4 

1 596.2 

145.5 

133.5 

81.0 

514.0 

Yield 

0.812 

0.850 

0.976 

0.864 

0.548 

1 

0.098 

0.244 

0.955 

0.484 

0.108 

0.371 

0.0043 

Detection limit, Bq 

5 min 

5 

4 

3 

4 

5 

3 

30 

20 

2 

20 

70 

40 

800 

Measuring time 

1 hour 

10 

5 

0.5 

5 

20 

10 

200 

m 3 

1 day 

0.3 

0.2 

0.2 

0.2 

0.3 

0.2 

2 

1 

0.1 

1 

4 

3 

50 

ssKr is difficult to detect in gamma-ray 
spectrometnc measurements, because it is almost 
a pure beta-emitter. There is one photon transition 
of low yield (0 4%) at energy of 514 keV. This is 
so close to the energy of the annihilation peak 
(511 keV) that there may be some overlap in the 
gamma spectrum. MDA for 85Kr in in-situ 
counting is quite high: 200 Bq m3 in one hour 
measurement (Table VTA). A typical "puff' release 
during fuel dissolution (6 x 10" Bq' in three 
hours) can be detected only in stable and almost 
calm (wind speed <2 ms') weather conditions near 
the plant (<2 km, dilution factor higher than 510 s 

s m'3). The present global 85Kr contamination is 
about 1 Bq m \ A small concentration far away 

1 estimated 85Kr inventory of 50 kg 
1000 MWd/t fuel 

from the plant is not manifested in the 
measurements. 

4.1.2 Investigation of suspicious objects or 
hot spots 

A portable gamma-ray spectrometer can be used 
like a common handhold dose-rate meter or beta 
detector in screening of special objects or surfaces 
(see chapter 6). The detection efficiency depends 
greatly on the geometry. An unshielded point 
source can be used as a reference case. Test 
measurements show that a' 37Cs point source of 40 
kBq can be detected from 1 m distance in 5 
seconds (40% HPGe), if no other strong sources 
are present. In this case the gamma-ray 
spectrometer is about 20 times more sensitive than 
a large Geiger tube (c.f. Tables III and VI). For a 
plane surface, size 3x3 nr at a distance of 30 cm, 

19 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-YTO-TR 76 

Table DC Detection limit (Bq m'2) for surface contamination (40% HPGe). An even activity is assumed 
on area of 3x3 nf. The detector is assumed to be 30 cm above the ground or floor. The background 
was estimated from an indoor measurement. Nc lead shielding. 

Nuclide 

131, 

137Cs 

134Cs 

103Ru 

<*Zr 

^Nb 

106Ru 

140Ba 

140La 

141Ce 

,44Ce 

239p u 

235U 

234Th-

Transition 
energy (ke\fi 

364.5 

661.6 

604.7 

497.1 

756.7 

765.8 

621.8 

537.3 

1 596.2 

145.4 

133.5 

375.0 

143.4 

92.4 

Yield 

0.812 

0.850 

0.976 

0.864 

0.548 

1 

0.098 

0.244 

0.954 

0.484 

0.108 

1.6E-5 

0.105 

0.055 

Detection limit, Bq 

5 min 

300 

300 

300 

300 

500 

300 

3000 

1000 

200 

600 

3000 

2E+7 

3000 

5000 

Measuring time 

1 hour 

80 

90 

80 

80 

100 

80 

800 

400 

60 

200 

8C0 

4E+6 

800 

2000 

m2 

1 day 

20 

20 

20 

20 

30 

20 

200 

80 

10 

40 

200 

9E+5 

200 

300 
Short-lived (half-life 24 days) daughter of U-238 

the theoretical detection limits are given in Table 
IX. No other strong sources are assumed. 

Because of its selectivity, a gamma-ray 
spectrometer is much more sensitive than a dose-
rate meter. In detecting contamination from 
surfaces, both a beta counter and gamma-ray 
spectrometer should be used. To locate the hot 
particles with a gamma-ray spectrometer is 
difficult, because it is sensitive to radiation that 
may come from a larger area. A good measuring 
strategy could be as follows. 
(1) Detect and identify the contamination 

using gamma-ray spectrometer 
(2) Locate the hot spots using beta 

contamination monitor, gamma-ray spec
trometer or dose-rate meter 

(3) Take wipe samples for further analysis. 

4.1.3 Sample analysis 

The analysis of samples is a routine application of 
gamma-ray spectrometry in the laboratory. 
Reliable results can also be achieved in the field 
but the sensitivity is poorer. Sample preparation 
for gamma-ray spectrometry is relatively easy. 
Activity of most materials can be measured 
without preprocessing. However, the detection 
efficiency is improved if the water samples, e.g., 
are preconcentrated through filtering before 
measuring. This is easily done under field 
conditions. Table X gives the detection limits for a 
small sample that is placed on the top of the 
detector. If a lead shielding (100 kg) is available, 
the detection limits are reduced by a factor of 2 to 
8 
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Table X. Detection limit (Bq) for a thin sample, diameter 42 mm. placed on the top of the detector 
(40% HPGe). The background was estimated from an indoor measurement. No lead shielding. 

Nuclide 

131, 

137Cs 

134Cs 

103Ru 

^Zr 

^Nb 

106Ru 

140Ba 

140La 

141Ce 

144Ce 

239pu 

235U 

234TrT 

Transition 
energy (keV) 

364.5 

661.6 

604.7 

497.1 

756.7 

765.8 

621.8 

537.4 

1 596.2 

145.5 

133.5 

375.0 

143.4 

92.4 

Yield 

0.812 

0.850 

0.976 

0.864 

0.548 

1 

0.098 

0.244 

0.955 

0.484 

0.108 

1.6E-5 

0.105 

0.055 

Detection limit, Bq 

5 min 

2 

2 

2 

2 

3 

2 

20 

8 

2 

4 

20 

9E+4 

20 

50 

Measuring time 

1 hour 

0.5 

0.6 

0.5 

0.5 

1 

0.5 

5 

2 

0.4 

1 

5 

3E+4 

5 

10 

1 day 

0.1 

0.1 

0.1 

0.1 

0.2 

0.1 

1 

0.5 

0.1 

0.2 

1 

5E-.-3 

1 

3 

Short-lived (half-life 24 days) daughter of U-238 

The nuclide-specific analysis on me spot reduces 
greatly the number of samples that would 
otherwise be needed for laboratory analysis. Lots 
of work in sample transport and record keeping is 
completely avoided. 

4.2 Hardware requirements 

High resolution gamma-ray spectrometry requires 
high purity germanium (HPGe) detectors which 
have to be cooled near liquid nitrogen (LN2) 
temperatures. Electrical cooling is ruled out in 
portable systems since its power consumption is 
high and the equipment is heavy (60 kg). Portable 
HPGe detectors wim LN2 dew ars of sizes 0.4, 
0.85, 1.2, 3.0 and 5.0 litres are readily available 
widi nominal holding times of 8,12,24,48 and 72 
hours, respectively. For rough conditions and 
elevated working temperatures the times can be up 

to 50% shorter. For longer operating times 
separate storage dewars must be taken along. 

For monitoring of releases from nuclear facilities a 
normal high-efficiency HPGe detector is ideal. 
However, a planar detector, designed for low-
energy photons, may be needed to identify 
enriched uranium and plutonium that are used for 
nuclear power generation or for a weapons pro
gramme. A fully integrated instrument is 
commercially available. It can determine the 
isotopic compositions of uranium and plutonium 
(costs USD 45,000, see Appendix 3). 

In addition to the detector itself, a standard 
spectroscopy system requires a high voltage power 
supply, preamplifier, linear amplifier, digital 
spectrum stabilizer, multichannel analyser, and a 
computer for measurement control and analysis. 
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There are commercial portable systems which 
include all the required components. If a 0.85 litres 
dewar is considered adequate, the whole system 
fits in a compact suitcase (53 cm x 33 cm x 18 cm. 
15 kg). For larger dewars a separate suitcase for 
the detector is required. Since the internal batteries 
last typically only about 5 hours, extra batteries or 
external charging from a car or from the AC mains 
must be available for longer trips. A comparison 
of two commercially available systems is given in 
Appendix 3. 

The gammaspectrometric system should be used in 
the laboratory when not needed for a mission. This 
procedure guarantees that the maintenance of the 
system is on a reliable basis. 

4.3 Software requirements 

Gamma-ray spectrometry in the field requires 
often simultaneous measurement and analysis. 
This can be accomplished with modern hardware. 
In practice this means that the analysis software 
can also control die measurement sequences. It 
would thus be advantageous if the MCA-emulator 
and analysis software could be integrated under a 
common user interface. 

The software must be able to perform the 
following basic tasks: (1) control of the 
measurement, (2) spectrum storage and retrieval. 
(3) spectrum analysis and (4) report generation. 
Control of the measurement must be possible both 
from die MCA-emulator and from the analysis 
software. Spectrum storage and retrieval are 
normally performed by the MCA-emulator but die 
analysis program must also be able to store the 
results widi die spectra. Spectrum analysis con
sists of peak search, peak energy and intensity 
determination, nuclide identification and 
quantitative analysis. Report generation is 
normally performed by die analysis program. 

It should be possible to perform peak search based 
both on no a priori information and on nuclides 
suspected. The former method uses digital filters 
to find peaks exceeding some predetermined 
search threshold The latter assumes that there are 
peaks at the known peak positions and just 
determines Uieir areas. The mixture of Uiese 
methods could also be used. 

To get accurate peak areas even for highly 
overlapping multiplets it is desirable to use 
precalibrated peak shapes and nonlinear functional 
fitting. 

In die laboratory, much attention is paid to the 
efficiency calibration leading to the quantitative 
analysis. In die field Uiis is much more difficult 
and usually of minor importance It is sufficient to 
have reasonable calibrations for die infinite plane 
geometry (deposition), uniform semi-infinite space 
(air contamination) and point geometry (suspicious 
objects and hot spots). For more accurate sample 
analysis a simple sample support system can be 
built. Coincidence corrections are not needed 

Nuclide identification, i.e. association of peaks 
with specific radionuclides, is a demanding task if 
die spectrum is complex. Identification is based on 
nuclide libraries containing gamma transition 
energies, their yields, half-life and possible other 
information for each nuclide In die simplest single 
peak method each peak of die spectrum is 
associated widi a nuclide in die libran. if the peak 
energy and die library energy agree widiin a given 
tolerance, typically 1-2 keV. This may be 
sufficiei.'. if only the upper limits for nuclide 
activities are needed. If, however, any nuclide 
activity obtained in dus way is too high to be 
acceptable as a background, more accurate 
identification methods have to be used 

In a mediod of associated lines die interfering 
nuclides are solved in a least squares sense In 
addition to gamma line energies, die mediod also 
takes advantage of die known gamma yields. The 
mediod can also help solving die unresolved 
multiplets from die peak area determination. 

Bodi methods - die single peak and die associated 
lines - require tailored gamma libraries. Still they 
often generate many false positives, i.e. nuclides 
are reported which do not exist in the sample. On 
the other hand, die nuclides missing from die 
tailored libraries cannot be identified. Using "die 
full library", 80 000 lines and 2 500 nuclides, 
would paralyse diese mediods. Big gamma 
libraries can. however, be used widi identification 
schemes based on a sophisticated expert system. 
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Report generation must be completely 
programmable. Otherwise the changes in the out
put would rr quire recoding the analysis program 
itself A programmable report generator, 
complemented with scripting ability, allows to 
tailor the measurement and analysis sequences for 
any specific task. 

Mam software packages fulfill majority of the 
above mentioned features. Only the SAMPO 
family of gamma spectrum analysis codes for PCs 
seems to contain all of them (Routti et ai., 1969. 
Koskelo 198 K Aarnio 1992). This software is 
described in more detail in Appendix 4. 

An expert system, known as SHAMAN, for 
nuclide identification using the full gamma library 
has been developed at Helsinki University of 
Technology (Hakulinen et ai.. 1993, Aarnio et ai.. 
1994). The evaluation of the prototype has shown 
that the system is very promising and thus, its 
further development is warranted. For details, see 
Appendix 4. 

Uranium and plutonium isotopes are often 
analysed using special software (MGA, MGAU 
e.g.) that take advantage of die X-ray lines 
(Gunnink 1990. Gunnink et al.. 1994). The device 
described in Appendix 3 utilizes these codes. 

4.4 Operational procedures 

Assuming that die nuclide identification is 
completely automated, i.e. special tailored 
software has been developed, the operational pro
cedure could be as follows: 

(1) The user sets up the alarm levels. They can 
be based on different criteria like total 
count rate, count rate at certain energies, 
activity of specified nuclides etc. 

(2) The user turns on the measurement and 
analysis system. At this stage the system 
can be stationary or moved around die area 
to be examined. To get a time profile of 
the measurement the system automatically 
starts a new acquisition in short intervals 
(10 s or 1 min). When starting a new 
measurement the previous spectrum is 

stored as such and. in addition, added to a 
cumulative spectrum file 

(3) Parallel to the measuremenL the 
application program analyses each 
spectrum, including the cumulative one. 
and stores the results with the spectra. If 
any of the alarm levels is reached die user 
is informed. When moving around in more 
or less evenly contaminated areas die 
alarm will be triggered from the 
cumulative spectrum since die MDA 
decreases widi increasing statistics. On the 
other hand, local activity maxima are seen 
already in a single measurement and can 
thus be localized precisely. 

(4) After the alarm, the user is offered 
different views on die results The views 
are based on die assumed geometry 
(deposition, air contamination, point 
source), different nuclide filters, time 
development of activities etc. If die 
measuring and analysis procedure is con
nected widi GPS die time stamps m the 
spectra can be directly converted to map 
coordinates. 

The analysis performed parallel to die 
measurement should be reliable enough mat no 
off-line analysis would be needed. In difficult 
cases, however, an interactive gamma spectrum 
analysis will be necessary. This can be performed 
afterwards for die spectra giving alarms since the 
full record of die measurements and analyses are 
stored. Interactive analysis is also essential when 
calibrating die system and when verifying its 
performance. Blac'. box' analysis widiout a 
possibility for its interactive verification cannot be 
relied on. System verification can be done before 
the mission by experts. In die field die procedures 
should be as simple as possible - but not simpler. 

4.5 System tailoring - suggestions 
for software development 

The commercially available systems have die 
necessary software for doing die basic data 
collection and analysis tasks The programs must, 
however, be tailored for in-field gamma-ray 
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spectrometry In minimum. Jnc tailoring means 
writing measurement and analysis scripts for all 
the specific tasks needed This includes the shape, 
efficiency and energy calibrations and 
identification library tailoring. The amount of 
work needed for doing even the mir jnum tailoring 
depends strongly on the quality of the software 
development toolkits provided by the 
manufacturer. In practice they are very often 
insufficient and thus some user specific software 
has to be written. 

If the software provided bythe manufacturer is not 
suitable for minimum tailoring or if integration of 
the control, measuring and analysis systems is 
required, then it is advantageous to integrate full 
control of the hardware to the analysis program 
itself 

Depending on the requirements, as operation tunc, 
weight and size of the equipment, some hardware 
construction may be necessary It would consist of 
integrating the full system from commercially 
available components into a single unit. For 
details, see Appendix 3. 

The quality of the hardware and tailored software 
must be tested in a realistic but controlled 
environment Many items, discussed briefly below, 
should be considered in tailoring gamma-ray 
spectrometry software for in-field applications. 

Sptctrum acquisition should be either directly or 
indirectly accessible from the analysis program. 
Direct access means that the analysis program 
handles the acquisition as well. Indirect access 
means that the data are obtained from files 
generated by the acquisition program scripts. The 
direct control of acquisition by the analysis 
program .s preferred since it allows simultaneous 
acquisition and analysis without a multitasking 
operating system. 

The user must have an option to control 
acquisition and analysis tasks in advance to obtain 
more precise information in some selected 
locations However, the user access to the control 
of (he acquisition should be very simple. It might 
be useful to have dedicated push buttons or a 
button panel containing the basic operations, such 

as start acquisition, stop acquisition and re-start 
acquisition A quick shut-down option »s needed lo 
prevent hardware malfunction caused by. for 
example, power failure, crash during movement, 
etc In addition to the basic options, there must be 
programmable options so that the user can easily 
execute analysis or system management tasks. The 
user should also be able to include additional 
information to the spectra. 

A system to generate alarm signals must be 
automatic during the data acquisition. These 
alarms should work simultaneously: 
• Maximum (and minimum) total counts per 

second 
• Maximum count rate of given peaks 
• Maximum activity- of selected nuclides 
• Deactivating alarm: this alarm should be 

given if the sample does not contain any 
material of interest 

• Dead time alarm 
• Malfunction alarm. 

The user must have a possibility to define the 
alarm levels. Some on-line monitoring option (like 
a separate LCD) could provide more information 
on critical variables. The alarms should be visible 
or audible. 

It should be possible to re-trace the time 
development of the acquisition In the environ
mental measurements the equipment should con
tain a GPS-navigator. There are several possibili
ties to record the time development 
• Spectra arc collected in short intervals A 

sum spectrum is formed for better 
statistics 

• Counts per second (cps) are recorded 
constantly. This helps to locate the "hot 
spot" more accurately 

• In addition to cps. position of some 
predefined ROIs producing highest count 
rates arc saved during the acquisition. 

• In the ultimate solution, every count con
tains position and time labels This sets 
very high requirements for the real-time 
hardware 

Sophisticated tine and position tagging sets high 
demands on the system software and hardware. 
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As the tune available for the analysis of the 
samples may be limited, the system should ensure 
that maximum time can be used to acquire the 
data. This requires that the acquisition runs all 
the time on the background and. analysts and 
system management are separate tasks running 
on the foreground. S\—hroruzing these tasks can 
cause some problems, r or example, in some cases 
an analysis can last longer than the collection of a 
new spectrum. This will set the minimum 
requsements for the computational capabilities of 
the computer integrated to the system. 

Dtgital spectrum stabilizer is needed to maintain 
the energy calibration. Despite the stabilizer, 
calibrations should be verified often. There should 
be an internal radioactive source for redefinition of 
the energy and shape calibrations. This calibration 

source should be carefully selected so that it does 
not interfere with the actual measurement 

Output must be clear and flexible enough for 
tjany tasks. The user must be able to tailor the 
reports even m the field. Furthermore, mam 
different default reports are needed for various 
tasks Reports must be available either on display 
or on paper. The system should also be able to 
send the analysts reports in digital form to data 
network via modem or LAN 

Although simpler tasks can be executed without 
user intervention, secured error handling and 
difficult analysis task management still require 
that the system allows interactive usage Using an 
expert system to identify the spectra makes it 
possible to analyse very difficult samples also m 
the field 

Table XI. Costs (USD) of high-resolution gamma-ray spectrometry systems that can be used m 
environmental monitoring. 

HPGe-
system 

Integrated planar 
detector system 

Hardware: Portable 40 % HPGe detector. 
Auxiliary electronics •*• battery. PC. 30 i storage 
and fin dewar. GPS-navigator 

Analysis software 

Software tailoring 

TOTAL 

Instrument for measuring uranium and plu
tonium isotopic abundances "UPu-detector" 
Hardware + software 

50.000-
60.000 

4.000 

70.000-
140.000 

120,000 -
200.000 

45.000 
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4.6 Conclusions 
(1) The HPGe-detector gives unequivocal 

nuclide-specific information from the 
contamination. The detection limits are 
typically two orders of magnitude lower 
than in a simple dose-rate measurement. 
The supply of liquid nitrogen should be 
well organized for the missions. 

(2) The obvious problems in uranium 
detection are natural background (about 
(ig/g) and relatively high detection limits. 
239Pu and 238U are weak gamma emitters. 
Only large and hazardous plutonium 
contamination can be detected in-situ with 
gamma-ray spectrometry. 238U can be 
identified with a HPGe from its short-lived 
daughter 234Th. 

(3) The detection limits of some fission 
products, such as 95Zr, 106Ru and 
140Ba/MOLa, are quite low. However, some 
short-lived nuclides, e.g. ,31 I and 133Xe 
cannot be detected, if the cooling time of 
the spent fuel is long (>100 d). 

(4) The total costs of a HPGe system without 
software are about USD 50,000 - 60,000 
(Appendix 3). 

(5) The measured environmental data can be 
geolocated with a GPS-navigator. This 
option is very useful in screening large 
areas. A GPS-navigator, installed in a PC 

(PCMCIA card), is cheap (USD 1,000). 
Minor software development is needed. In 
addition, mapping software is required, if 
the results are displayed during the 
mission (see chapters 2 and 10). 

(6) Many software packages are available for 
data collection and analysis. However, 
these programs must be tailored to 
improve the efficiency and sensitivity of 
the measurements. Very useful items for 
in-field tailoring were identified. The 
amount of work depends strongly on the 
software development toolkits provided by 
the analysis and data collection programs. 
SAMPO is a software package that gives 
good support for in-field applications (see 
Appendix 4). A professional programmer 
is needed for software tailoring for 6 - 12 
months and in addition, a consulting 
specialist for 3-6 months. The costs are 
about USD 70,000 -140,000. 

(7) Important issues in choosing the hardware 
are weight and size of the system and 
operating time without electricity or liquid 
nitrogen supply. Also good support for 
software tailoring would reduce software 
development costs. A comparison of two 
commercial systems is given in Appendix 
3. Technical reliability and performance of 
both these systems are adequate. 
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5 AIR SAMPLING 

5.1 Method and equipment 

A good method to detect minor activity 
concentration in air is to collect a particulate 
sample on a filter and then measure its activity 
with a gamma-ray spectrometer. Glassfiber filters 
can be used to collect particulates only, but 
charcoal filters or cartridges can catch gaseous 
iodine, too. 

Two different kind of samplers can be used: (1) 
portable samplers and (2) more efficient and 
heavier high-volume samplers (see Appendix 5). 

A portable sampler can easily be taken to the 
place of interest. It is especially useful inside the 
buildings, where 230 V electricity is supplied. The 
electricity consumption of such a device is typi
cally 1000 W, so it can also be used in the field 
with a petrol generator. The small samplers are 
designed for operation of a few hours without a 
filter change. The filter can be analysed on the spot 
or later in the laboratory. 

A high-volume sampler is primarily designed for 
continuous long-term sampling. It is often 
operated several days, or even a week, without a 
filter change. If the mission lasts several days, the 
inspectors could start the sampling when they 
arrive, and stop it when they depart. The filter and 
the charcoal cartridge are examined later in the 
laboratory, where also other assay methods than 
gamma-ray spectrometry can be used. If the 
sampling is remote controlled or time programmed 
(e.g. one hour sampling, 3 hours still, one hour 
sampling..), the total sampling period can be 
prolonged to one month. If the inspectors do not 
stay for a long time on the site of interest they can 
seal the sampler and leave it running, and fetch the 
filter and sampler later. 

5.2 Detection limits 

The volumetric an flow through a portable aerosol 
sampler is typically 5 - 15 1 s"1. The detection 
limits are calculated (see Table XII) assuming that 
the short-lived radon daughters do not interfere 
significantly with the measurement. The detection 
limit»; are very low, below 1 uBqm'3, if high-
volume samplers (flow rate 601 s1), long sampling 
times (one week) and laboratory grade gamma-ray 
spectrometric analysis are used. 

5.3 Air sampling compared with 
taking wipe samples 

During an inspection samples are normally taken 
from various surfaces (wipe samples). The 
contamination may have been caused by leakages 
from the chemical processes involved. Such a 
contamination may be manifested near the areas 
where radioactive materials are handled. However, 
part of the discharges are bound in small particles 
that may move via ventilation to different areas 
inside the building. Sooner or later some of these 
particles are deposited on various surfaces. The 
surface activity is thus directly proportional to the 
integrated concentration and to the deposition 
velocity. 

The wiped area is typically 100 cm'2 and 
approximately one tenth of the surface activity is 
attached to the sample. The deposition velocities 
of particulates on the surfaces are typically 
between 0.03-3 cm s"1. Let us assume that there 
has been a steady contamination in air for 28 hours 
(=100 000 s) and the average settling velocity on 
the surfaces is 1 cm s~'. In this case the wipe 
sample contains the same amount of activity than 
1 m3 of air. Sucking 1 m3 of air through a portable 
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Table XII Detection limits (Bq m*) for airborne activity measured with an air sampler and a gamma-
ray spectrometer (40 %HPGe). An air volume of 5.4 m3 was assumed in the calculation (sampling for 
10 min). The detection limits are inversely proportional w the volume of sampled air. 

Nuclide 

13, l 

137Cs 

134Cs 

103Ru 

95Z|. 

^Nb 

106Ru 

140Ba 

140La 

141Ce 

144Ce 

239pu 

235y 

234Th' 

Transition 
energy (keV) 

364.5 

661.6 

604.7 

497.1 

756.7 

765.8 

621.8 

537.4 

1596.2 

145.5 

133.5 

375.0 

143.4 

92.4 

Yield 

0.812 

0.850 

0.976 

0.864 

0.548 

1 

0.098 

0.244 

0.955 

0.484 

0.108 

1.6E-5 

0.105 

0.055 

Detection limit, Bq m"3 

Measuring time 

5 min 

0.4 

0.4 

0.4 

0.4 

0.6 

0.4 

4 

1 

0.3 

1 

4 

2E+4 

4 

10 

1 
1 hour ! 1 day 

0.1 

0.1 

0.1 

0.1 

0.2 

0.1 

1 

0.4 

0.1 

0.2 

1 

6E+3 

1 

2 

0.02 

0.03 

0.02 

0.02 

0.04 

0.02 

0.2 

0.1 

0.02 

0.05 

0.2 

1E+3 

0.2 

0.6 

examined using a gamma-ray spectro
meter The sample can be analysed on the 
spot or later in a laboratory 

During an inspection of a nuclear plant 
both air samples and wipe samples should 
be taken. This procedure would reveal the 
present contamination in air and the 
contamination caused by the long-term 
operation of the plant. 

A high-volume sampler can be left on the 
site of inspection for a longer time There 
should be an opportunity to lock and seal 
the sampler to prevent any manipulation 

Advanced, easy-to-use samplers are 
commercially available (see Appendix 5). 

Short-lived (half-life 24 days) daughter of U-238 

sampler takes approximately one minute. Clearly, 
air sampling is a method that should be applied in 
special inspections. However, it is unlikely that 
handling of nuclear materials would go on dunng 
an inspection. Thus, the activity concentrations 

(2) 
could be essentially lower during the measurement 
compared to the situation prevailing during fuel 
reprocessing. Wipe samples are needed to reveal 
the surface contamination caused by deposition in 
the past. 

5.4 Conclusions 

(1) Air sampling is a good method to reveal 
small contamination in the environment 
and inside the buildings. Low detection (4) 
limits can be achieved when the sample is 
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MONITORING OF SURFACES USING BETA 
COUNTERS 

6.1 Introduction 

Once the contamination has been detected, e.g. 
with a gamma-ray spectrometer, localization of the 
source becomes of vital importance. Beta 
monitoring is an easy method for finding out 
whether the activity is evenly distributed on the 
surface or incorporated into hot particles. A 
monitor for this purpose may be a special surface 
contamination meter or just a simple universal 
radiation meter equipped with an auxiliary thin 
window Geiger tube. Increased count rate is an 
indication of local surface contamination. 

Alpha monitors could be used for the 
contamination measurements in the same way as 
beta monitors. However, the activity concentration 
of transuranic elements in the reactor fuel is 
typically several orders of magnitude below the 
level of beta active fission products. Thus, it is 
very unlikely that alpha activity could be detected 
in the measurements during an inspection of a 
nuclear facility. 

6.2 Test measurements with beta 
counters 

Two simple beta counters (Rados RDS-120, Fag 
FH 40F2) and one special surface contamination 
meter (Herfurth MICROCONT) were tested. The 
beta counters are based on universal radiation 
meters which have auxiliary external thin window 
Geiger tubes with window areas of 6.07 cm2 

(RDS-120) and 15.9 cm2 (FH 402F). 
MICROCONT surface contamination meter has a 
large-area gas flow detector (185 cm2) and 
advanced counting electronics. Some nuclear fuel 
particles and a filter, impregnated with M4Ce 
solution, were studied using a gamma-ray 
spectrometer and then beta counters. The activities 
of the samples are shown in Table XIII a). 

When a beta counter is used for area monitoring, it 
is important to move the detector at a steady 
speed Also, the distance to the surface should not 
vary much. The detection limit depends on both of 
these factors. In test measurements it was found 
out that a particle with activity of 200 Bq is 
detected if the detector is not moved faster than 5 
cm s' (RDS-120 and FH 402F) or 20 cm s"1 

(MICROCONT); the particles were lying on a 
low-background surface. Less active particles are 
found by using lower screening speed. It is 
convenient to switch on the audio signal of the 
meter to make it easier to detect the increasing 
count rate. 

6.3 Conclusions 

(1) Simple beta counters are useful in 
monitoring of small areas to localize the 
source of radiation. Since these meters are 
light and small, the portability is good and 
also they can be used for monitoring walls 
or very tight places where larger 
equipments do not fit. These meters are 
rather cheap, approximately USD 2,000. 

(2) For larger area screening, a special surface 
contamination meter is more applicable. It 
can be equipped with movable stand that 
keeps the distance constant to the surface. 
However, a surface contamination meter is 
too heavy to be used for monitoring walls 
in a large scale. With required accessories 
the price of such meter should not exceed 
USD 6,000. 

(3) For successful screening, both small beta 
counters and large-area surface contami
nation meters should be employed. 
Particles with total beta activity of 100 Bq 
can be localized in small areas. 
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Table XIII. (a) Activity (Bq) of hot particles (A.B.C. size<100 fim) isolated from a nuclear power 
plant (LVV.) during fuel reloading. A filter (0=100 mm) containing '"Ce was prepared in the 
laboratory, (b) Gross count rate (cps) measured with commercial beta counters. The detector window 
was held at a distance of 14 mm from the particle. Background count rate is given in parenthesis. 
Note, that the beta-counters can indicate the presence of the hot particles with beta-activity above 
10 Bq. 

(a) 

Nuclide 

144Ce 

144Pr 

106Rh 
137Cs 

134Cs 

Total beta activity 

(b) 

Detector 

RDS-120 (0.5) 

FH4CF2 (0.7) 

MICROCONT (4) 

Particle A 

6 8 

6.7 

6.7 

8.4 

3.1 

31.7 

Activity (Bq) 

Particle B 

17.6 

17.3 

9.5 

18.1 

6.3 

68.8 

Count rate (cps) 

Particle A 

2.9 

6.0 

11 

Particle B 

5.6 

13 

18 

Particle C 

99.6 

98.1 

3.3 

2.2 

204 

Particle C 

13 

24 

41 

FILTER 

715 

705 

1420 

FILTER 

19 

65 
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7 AUTORADIOGRAPHY 

7.1 Introduction 

Autoradiography is a sensitive method for 
identifying single particles in a sample. This was 
shown in the analysis of the air samples taken 
during the Sosnovyy Bor incident in 1992 
(Toivonen et ai., 1992). The studies, using 
autoradiography and gamma-ray spectrometry 
together, showed that the release contained not 
only noble ga^es and iodine, but other radioactive 
substances that were dispersed as an aerosol 
containing small fuel particles. Four particles were 
found in autoradiography (exposure time 3 d) of a 
filter through which 895 m3 of air had passed. One 
of the particles was isolated and studied with a 
gamma-ray spectrometer. The particle contained 
isotopes of cerium and zirconium (0.1 Bq). The 
measured activities of 14lCe and 95Zr suggested 
that the size of the isolated fuel particle was 
approximately 1 um. The data from the Chernobyl 
fallout showed that these nuclides were always 
attached to a uranium matrix (Toivonen et ai., 
1987). 

7.2 Conventional 
autoradiography 

In conventional autoradiography, radioactivity is 
detected using photographic emulsions, which 
consist of silver halide crystals and gelatine. The 
beta particles release some of their energy in 
collisions with the crystals and reduction of silver 
ions into metallic silver occurs. These crystals 
darken after die emulsion is chemically processed. 
The darkening, caused by a large number of beta 
disintegrations in a hot particle, can be seen on die 
thin emulsion layer as a circular spot with diameter 
much larger than the particle. An autoradiography 
film has a thin coating of emulsion either on one or 
on both sides of the film. 

The sample, from which the autoradiogram is 
being produced, must be spread out as a thin layer 
The particles should not be detached from their 
base during the exposure. Thus, the sample must 

be fixed on its base either with thin adhesive film 
or with spray-on lacquer. In exposure, die sample 
is simply placed on die film and pressed firmly 
This assembly is closed in the light proof cassette 
for a certain period of time according to the 
desired detection limit. 

Chemical processing, either performed with a 
machine or manually, is similar to the standard X-
ray film development procedure. For hot particle 
separation (Fig. 4), it is important diat die proces
sed film can be placed back on the sample exactly 
as it was during die exposure. A simple way is to 
punch small holes in the film representing 
markings on the sample base. 

Ov-* 

B . 

C • 

Figured. Autoradwgrams (1:1) of the hot parti
cles specified in Table XIII a). Exposure time is 
8 h 25 mm. 
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7.3 Special requirements for 
conventional autoradiography 
in the field 

Autoradiography films are sensitive to light, which 
means that they must be protected against light at 
all times. In laboratory it is easy to create dark 
room conditions, but in the field some special 
equipment must be employed. Preliminary tests, 
with equipment produced for STUK, have shown 
that problems arise in all stages of 
autoradiography. A routine in-field application of 
conventional autoradiography stilt needs a lot of 
research and development. At th»- stage the 
problems in sample preparation and exposure are 
solved but the chemical processing still has to be 
performed in the laboratory or at least in a dark 
room with running water. 

7.4 Instant autoradiography 

There are some instruments available for instant, 
film-free autoradiography. Radioactivity is 
detected with a large array detector. Sample 
preparation is much easier since there is no light 
sensitive film and also the results are available 
much faster than in conventional autoradiography. 

However, the instruments are expensive ( > USD 
70,000) and they are not portable. 

7.5 Conclusions 

(1) Autoradiography is a simple and sensitive 
method to find out whether a sample con
tains beta active nuclides. The presence of 
fuel particles with beta activity of 0.1 - 1 
Bq can be shown in an exposure of a few 
days. Autoradiography is useful for 
isolating the particles from the bulk 
material of the sample. 

(2) Research and development are still needed 
for getting conventional autoradiography 
into a level of a routine in-field applicati
on. The main problems are related to the 
simplification of the chemical processing. 
However, the films can be processed 
locally in a laboratory or in a dark room 
with running water. Alternatively, the 
films can be developed at home 
immediately after the mission. 

(3) Film-free instant autoradiography is 
suitable for in-field applications only in 
advanced mobile laboratories that ars 
specially designed for these purposes. 
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8 X-RAY FLUORESCENCE SPECTROMETRY 

8.1 Operating performance 

X-ray fluorescence spectrometry (XRF) is a 
measuring method based on the detection of 
characteristic X-rays emitted from the target that is 
exposed to a beam of low energy X-rays or gamma 
rays. An element-specific X-ray spectrum looks 
like a gamma spectrum and the same kind of 
techniques are used to identify die target elements 
and their concentration in the material studied. 
Commercial XRF devices perform automatically 
the interpretation of the X-ray spectra. The 
concentrations are calculated and directly shown 
on the computer screen. 

The choice of the excitation source depends on the 
application (element) considered Radioisotopic 
sources, such as 55Fe, 244Cm, ,09Cd, and241 Am, suit 
well for in-field applications. Commercially avai
lable XRF devices can detect elements from Al to 
U. In principle, the detection of the transuraruc ele
ments is possible but the device should be tested 
for this purpose beforehand. 

All nuclides of a specified element, including bom 
radioactive and non-radioactive nuclides, are 
utilized when the composition of the target is 
evaluated. This is a useful feature in searching for 
traces of radioactive material with low specific 
activity. The sensitivities of XRF and radiation 
monitoring methods differ. The advantages of 
gamma-ray spectrometry are the nuclide identifica
tion and low detection limit (for nuclides that have 
high energy photons with high yield). On the other 
hand, XRF identifies stable isotopes or those 
radioactive isotopes which are difficult to detect 
because of the quality or yield of radiation. 

XRF is a non-destructive method that can be 
applied to searching for elemental signatures, such 
as uranium, in a declared or undeclared nuclear 
facility. Portable XRF devices are useful in quick 
screening of samples or various surfaces The 

composition of unknown metal pieces can be 
analysed on the spot. For example Zr, Ag, In, Cd 
are elements often used in the structures of nuclear 
reactors. Measurement of surface contamination 
and immediate analysis of unknown objects is 
useful in finding the best locations for further 
sampling or measurements. 

Precision of element measurements depends 
strongly on the amount of the element present, the 
measurement time and the matrix (other elements 
in die sample) in which it resides. The 
manufacturers have published tables of 
performance for different applications. However, 
in safeguards inspections quantitative information 
is not necessarily needed. Identification of an 
element is of primary importance in field measure
ments. 

The overall detection limit of a portable XRF 
equipment is on the ppm level, provided that X-
rays from the neighbouring elements do not 
interfere wim the measurement. X-rays from 
uranium or transuranic elements have different 
energies compared to elements that are normally 
present in the sample (Fe, Cu, Zn, etc.). However, 
the presence of natural uranium (ppm level) in soil 
samples may pose a problem in distinguishing the 
background uranium from the processed material. 

8.2 Use of a portable XRF device 

XRF has been used for years to estimate the 
elemental composition of sample materials in a 
wide variety of applications: elemental 
concentration of ore samples, heavy metal conta
mination of the environment, lead in gasoline, 
quality of metal tubes and weldings etc. The samp
le can be solid material as well as liquid, powder, 
or film 

XRF is a well-known standard technique in 
laboratory conditions but different commercial 
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portable XRF devices exist, too. A portable XRF 
device (Appendix 6) includes a weatherproofed 
probe with a sealed isotopic source and an X-ray 
detector (proportional chamber or lithium drifted 
silicon detector). X-ray spectra are analysed using 
either a separate electronic unit or a 
microcomputer with an analysis card. The battery-
driven electronic unit (or a microcomputer) 
performs data processing operations. The 
electronic unit contains a user interface and I/O 
port for peripherals such as a printer or a compu
ter. The whole measuring system is packed in a 
small case. 

The use of a portable XRF equipment in field 
conditions is simple. When the simplest 
configuration is used, the user selects an ap
propriate sampling time from the electronic unit 
and then pushes the trigger of the source aperture 

for the time selected. The results can be read from 
the screen and saved in a datalogger for further 
analyses A more advanced microcomputer system 
is designed for 'professional' use. but it is still not 
too complicated m field conditions. 

8.3 Test measurements 

Test measurements were performed using a 
commercial XRF device that has a 109Cd excitation 
source (Appendix 6). Thus, elements from Ca to 
Ru (K-lines of the X-ray spectra) and from Ba to 
U (L-lines) can be identified. Certified samples 
submitted by the IAEA were used as a reference. A 
sediment sample (Table XIV) and a uranium ore 
sample were analysed (Fig. 5). The sediment 
sample was used to test the performance of 
element identification in a complex matrix 

35C 

300 

250 

Fe 

Cu' z„ i | | Fe "" w \A_ 

10 GO 1203 

Energy. KeV 

IE CO 1800 

Figure 5. X-ray spectrum from a certified IAEA sample (phosphate uranium ore. code name IAEAJ'S-

19) measured by a portable device presented m Appendix 6. Activity of'09Cd source was 40 MBq, 
counting time 1 min. and distance between the probe and the sample surface I mm. The sample was 
prepared in such a way that uranium contamination was 15 fig cm2. Identified elements are marked 
above the peaks. Uncertain element identification, e.g. due to the background, is notaled as a question 
mark beside the nuclide name. Y and Zr were not mentioned in the certificate. 
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TableXIV. Analysis of a certified IAEA sediment sample (code name SD-N-1/2) using a commercial 
portable XRF device. Distance between the sample and the probe was 7 mm, counting time I min and 
a 40 MBq '"Cd source was used. Reference concentrations (IAEA certified and non-certified) are 
expressed as PPM's or as percentages. The elements that were clearly identified are printed in bold; 
the identification was uncertain for underlined elements. Others were not detected. 

Element (Certified elements) 

Antimony 

Arsenic 

Barium 

Bromine 

Cadmium 

Cerium 

Caesium 

Chromium 

Cobalt 

Copper 

Europium 

Lanthanum 

Lead 

Lutetium 

Manganese 

Neodymium 

Nickel 

Rubidium 

Samarium 

Scandium 

Silver 

Strontium 

Terbium 

Thorium 

Uranium 

Vanadium 

Zinc 

Cone. (PPM) 

3.62 

50.0 

289 

52.0 

11.0 

60.3 

4.9 

149 

12.1 

72.2 

1.16 

31.9 

120 

0.35 

777 

31.8 

31.0 

74.2 

5.58 

7.10 

2.3 

291 

0.86 

7.04 

2.41 

77.7 

439 
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Table XIV, (cont'd) 

Element (non-certified elements) 

Beryllium 

Chlorine 

Dysprosium 

Gold 

Hafnium 

Iodine 

Lithium 

Mercury 

Molybdenum 

Phosphorus 

Selenium 

Tantalum 

Tungsten 

Yttrium 

Ytterbium 

Zirconium 

Aluminium 

Calcium 

Iron 

Magnesium 

Potassium 

Silicon 

Sodium 

Titanium 

Cone. (hPM or %) 

1.5 

9040 

4 1 

0.04 

8.40 

20.5 

33.4 

1.46 

1.49 

3478 

2.90 

1.10 

2.5 

23.2 

2.25 

327 

3.75 % 

5.32 % 

3.64 % 

0.76 % 

1.54% 

28.05 % 

1.04% 

0.27 % 
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Table XV. Comparison between XRF spectrometry and gamma-ray spectrometry. Detection limits 
(ug cm'2 or Bq cm'2) are calculated for :"U. 23SU or 2}9Pu deposition using a portable gamma-ray 
spectrometer (40 % HPGe without background shielding). The spectrometer is located 30 cm away 
from the surface of'3 x3mr. The sensitivity of XRF may be I -10 ug cm'2 m short term measurements 

J Counting 
| time 

I 5 min 

24 h 

235y 

ugcm2 

4 

0.2 

Bqcm2 

0.3 

0.02 

ugcm2 

40 

3 

236U 

Bqcm2 

0.5 

0.03 

239Pu I 

ugcm2 

1 

0.05 

Bqcm"2 8 

2000 I 

100 | 

TableXVI. Detection limits (ug m'3)for 23}U concentration in air using a portable air sampler (flow 
rate Wis', diameter of the filter 10 cm). The filter is analysed either using a portable gamma-ray 
spectrometer (40 %HPGe without background shielding) or a portable XRF device. The detection 
limit for XRF in counting a small part of the filter is assumed to be I ug cm2. The activity of I pg 23iU 
is 0.08 Bq 

I Sampling time, h 

1 

1 

24 

24 

Counting time of 
the filter 

5 min 

24 h 

5 min 

24 h 

Concentration, 
ug m3 (HPGe) 

5 

0.3 

0.3 

0.01 

Concentration, 
ug m 3 (XRF) 

2 

. 

0.08 

-

(the sample contains several elements). The 
uranium ore sample was used for testing the 
sensitivity of the device to detect the presence of 
uranium contamination. The activity of the 
excitation source was about 40 MBq (80 MBq 
sources are available, too) and the counting time 
was 1 min. Several test measurements showed that 
elements in a complex sample may be identified, 
provided that the concentrations are above tens of 
ppm's. Heavy elements, e.g. U and Th. as well as 
rare elements can be easily identified at least on 
the level of 100 ppm even in non-cptimized 
counting conditions: large background, large 
distance (7 nun) and short counting time (1 min). 

A uranium contamination of 15 fig cm : was easily 
detected when the probe was nearly in contact with 
the sample for 1 min (Fig. 5). A detection limit of 
1 ug cm : might be achieved provided that the 
background is smaller (sample matrix not too 

complex), the counting time is longer (5 min -
1 h), and the source is twice as strong (80 MBq) as 
used. 

8.4 XRF compared with gamma-
ray spectrometry 

In terms of mass, an XRF spectrometer detects 
239Pu and 35U contamination at the same level as a 
gamma-ray spectrometer (Table XV). The 
advantages of XRF are manifested in the analysis 
of :3*U contamination. In terms of activity, the 
detection limit of "Pu. i.c a contamination of 
1 ug cm': (2 000 Bq cm':). would be a severe 
radiological hazard. 

A contamination of air containing small uranium 
particles can be measured by sampling and later 
analysis of the filter. An XRF device can detect 
:35U concentration on the same level (ug m') as a 
gamma-ray spectrometer (Table XVI). 
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8.5 Conclusions 

(1) As an element-specific method XRF can 
be used for safeguards purposes in search
ing for elements from Al to U. The 
identification of uranium or some rare 
metals used in the nuclear fuel cycle might 
suggest further sampling and laboratory 
analysis In principle, transurank elements 
can also be detected with XRF but 
commercially available devices should be 
tested before field use. 

(2) XRF is useful for quick screening of 
samples. The best locations on a surface 
can be identified for subsequent sampling. 

(3) Signatures of uranium may be found more 
easily in measurements based on XRF 
than on radioactivity The detection limit 
of XRF is of the order of 1-10 ugem :for 
uranium in short-term measurements. The 
lower limit requires that other elements 
and background material do not interfere 
with the X-ray spectrum. 

(4) In terms of mass, plutonium may be 
detected equally well as uranium. 
However, from a radiological point of 
view, the plutonium contamination would 
be extremeh severe if it is manifested in 
XRF 

(5) A uranium contamination of ) ug n.' m 
air within a declared or undeclared nuclear 
facility can be revealed by a portable air 
sampler and XRF measurement in a few 
hours. This technique has two advantages: 
(a) sensitivity, i.e the mass per unit area 
(fig cm :) collected onto the filter in one 
day is equal to the contamination on 
surrounding surfaces (fig cm"-) that have 
been exposed for hundred days (assuming 
constant air concentration), (b) a 
representative sample is collected from the 
area or facility of interest for later 
laboratory analysis (or for gamma-ray 
spectrometry on the spot). 

(6) Commercial portable XRF devices are 
available (USD 50.000). No essential 
hardware or software developments are 
needed. 
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9 DETECTION OF CHEMICAL SIGNATURES 

9.1 Reprocessing nethods of 
irradiated fuel 

Potential separation methods of Pu and U from 
irradiated fuel are: 

(1) Ion-exchange 
(2) P>Tochemical methods 
(3) Precipitation methods 
(4) Solvent extraction. 

Solvent extraction is the most amnion process for 
die recovery of U and Pu from ina£*ed fuel. The 
speiftfud is fkstdisniantk^ and dissolved TO mtnc 
acid. U and Pu is then extracted from the dis
solution using a suitable extractant, which Is 
diluted in an organic diluent. Environmenta 
signatures may arise from handling anc 
preparation or from discharges of the extractant or 
the diluent. These compounds are inactive and 
their releases are usually not strictly controlled. 
The detection of such compounds in the 
environment may suggest further sampling and 
analysis using assay- methods based on 
radioactivity-. 

The most known U and Pu extraction process is 
called PUREX. where tributyl phosphate (TBP) is 
used as extractant and odourless kerosene as 
diluent. A detailed list of possible diluents and 
extractants is given by McMahon et al.. (1993). 
Some of them are mentioned in Table I. 

9.2 Analytical techniques to 
detect organic signatures 

9.2.1 Equipment 

Highly sensitive and selective instruments for the 
detection of organic compounds have been 

developed The non-polar semivolatiie compounds 
can be analysed by a gas chromatograph (GC). 
The polar and non-volatile substances can be 
analysed by liquid chromatography or by 
derivatization followed by GC. The GC must be 
equipped with a suitable detector. Flame 
Photometric Detector (FPD; P and S selective) or 
Nitrogen Phosphorus Detector (NPD: N and P 
selective) identify- molecules which contain these 
hetero-atoms. Unambiguous identification is 
obtained, if GC is combined with a mass 
spectrometer (so called GC/MS-systems). 

The weight of GC/MS systems, designed for field 
use. is about 60 kg; thus, they are not readily-
portable. Such devices and "Benchtop" GC/MS-
systems. that 3ie primarily attended for laboratory 
use. have approximately- same detection limits. 
However. "Benchtop" GC/MS-systems are 
generally- cheaper, and most of them can also be 
used in the chenvcai ionization mode. Chemical 
ionization is needed for molecular weight 
determination to confirm the identification made 
by-electron mass spectra. A product review about 
"Benchtop" instruments is given by Wach et al.. 
1994. For details of a commercial equipment, see 
Appendix 7. 

9.2.2 Sample preparation 

Air samples for GC systems can be taken in Tenax 
tubes or in charcoal. A Tenax tube contains a 
small amount (normally 100-200 mg) of resin 
which adsorbs organic compounds from air which 
passes through the resin The breakthrough 
volume of a Tenax tube is defined as the volume 
of air passed through the sorbent bed before the 
investigated compounds begin to elute from the 
sample tube. The breakthrough volume sets an 
upper limit to the air volume that can be sampled. 
Beyond the breakthrough volume sample 
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Table XVII. Detection limits ofTBP, DBP and MB? in GC/MS or GC/NPD analysis of different 
samples (Rautio et ai. 1994). 

Air sample of 1001 in Tenax TBP 50 ng m3 (methanol desorption) 

DBP 50 ng m'3 (methanol desorption) 

MBP 50 ng m3 (methanol desorption) 

TBP 0.5 ng m3 (thermal desorption) 

Air sample of 1001 in charcoal TBP 190 ng m'3 (methanol desorption) 

DBP 110 ng m3 (methanol desorption) 

MBP 360 ng m3 (methanol desorption) 

Water sample TBP 4 yg \1 

DBP 4 gg 11 

I l MBP 2 up I"1 I 

collection is no longer representative. Test 
measurements performed by the Verification 
Institute for the Chemical Weapons Convention, 
Helsinki, proved that the breakthrough volume for 
TBP and its radiolytical degradation products 
dibutyl phosphate (DBP) and monobutyl 
phosphate (MBP) is at least 132 1 at the tempe
rature of 23 "C (Rautio et ai., 1994). 

Tenax tubes suit well for field conditions because 
the sample can be fed directly to the inlet of GC by 
thermal desorption and cold trapping. This method 
is very sensitive, because the sample is not diluted. 
On the other hand, the sample is totally lost in the 
analysis. Thus at least two parallel samples must 
be collected for confirmation analyses. Polar 
compounds like DBP and MBP cannot be 
detected. Tenax tubes can also be extracted with a 
suitable solvent. In this method the polar 
compounds can be deiivatized and they can be 
detected with GC systems. 

Preparation of water, soil and sediment samples is 
more laborious. There are field sampling systems, 
which can recover volatile and semivolatile organic 
compounds from water and soil without solvent 
extraction. Static and dynamic headspace methods 
can be used for the extraction of some non-polar 
organic chemicals from water and soil. A water 
sample can be prepared by pushing water dirough 

in adsorbent cartridge. The cartridge is then eluted 
with a suitable solvent. A quantitative and 
sensitive standard method for preparing soil 
samples requires the use of many laboratory 
equipment and chemicals in several stages. If the 
number of monitored chemicals is limited, a tailor-
made procedure could be developed that would not 
require many steps and, accordingly, would allow 
the preparation of 6 or 7 samples per day. During 
sample preparation, die examined chemicals are 
usually concentrated in a solvent and this improves 
their detection limits. 

9.3 Detection limits 

The test measurements of die Verification Institute 
for die Chemical Weapons Convention have 
shown diat the detection limits of both GC/MS 
and GC/NPD-systems are about 20 pg ul'1 of 
TBP, DBP and MBP in injected samples (Rautio 
et ai., 1994). In Table XVII the detection limits are 
presented for TBP, DBP, and MBP in air and 
water samples. The measurements were carried out 
in a laboratory, but die detection limits are not 
necessarily altered in the field. A small amount of 
TBP was detected in the background samples. The 
presence of trace levels of TBP is possible, 
because it is a widely used chemical in many 
industrial processes and products. TBP may also 
be plasticizer (plastic caps or septa of vials) 
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The recoveries of TBP, DBP and MBP from soil 
and sediment were not investigated. However, the 
investigations have shown that, after extensive 
methods development, the recoveries of similar 
types of compounds in soil (methylphosphonic 
acids) are ^ 50 % (Rautio, Verification Institute 
for the Chemical Weapons Convention). There
fore, considering the sensitivity of the instrumental 
method, the detection limits of the compounds can 
be estimated to be 40 ug kg"1 assuming 100 % 
recovery without sample concentration. 

9.4 Conclusions 

(1) Chemical releases from fuel reprocessing 
can be used to search signs of a covert 
nuclear programme. However, in most 
cases the signatures are ambiguous, 
because the appropriate chemicals are 
widely used in several industrial processes. 

(2) Commercial GC-systems are available that 
can be operated in the field. The advantage 
of GC/MS is unequivocal identification. A 
GC/MS-system designed for field use 
costs about USD 150,000. 

(3) The sample preparation and analysis of air 
samples is easy in the field. Preparation of 
water and soil samples is much more 
laborious. In addition, many laboratory 
devices and chemicals are needed for the 
analysis. In practice, a small on-site 
laboratory must be established, if samples 
have to be analysed on the spot. 

(4) Detailed analysis of unknown compounds 
requires staff which has experience about 
GC/MS-systems for many years and 
support from other spectrometric 
techniques. If only monitoring of some 
predefined compounds are performed the 
requirements for the skills of the personnel 
are less strict. 
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10 PRESENTATION OF RESULTS OF 
ENVIRONMENTAL MONITORING ON 
DIGITAL MAPS 

10.1 Desktop mapping 
Desktop mapping is a powerful tool for presenting 
and analysing environmental monitoring data. 
Data points are labelled with exact geographical 
location after which they can be displayed on a 
digitized map. A single data point can be displayed 
with a symbol where the colour or the size 
represents the measured result. Also the area of 
interest can be divided into several sub-areas 
which are filled with representative colour. This 
approach allows the detection of patterns and 
trends in the data. 

Several mapping software applications are 
available. They offer excellent visualisation 
features as well as powerful data analysis. 
Maplnfo® for Windows is a software package 
designed for PC (Maplnfo Ltd). STUK uses 
Maplnfo in several applications. Maplnfo handles 
data as database tables where each record can also 
have a geographical object which in this case is the 
location of the measured data point. These 
geographical objects can be displayed on the map 
and shaded by any variable in the record. Data can 
also be viewed as a trend graph or a table. The 
users can build their own applications above 
Maplnfo with MapBasic language. This feature 
makes it easy to create user-friendly applications. 
The import of data can be made automatic, if 
desired. 

10.2 Digital maps 

The maps are either vector maps or raster images 
The vector maps consist of objects like lines, 
regions and symbols referring to the objects in the 
real nature. With vector map objects the user can 
perform geographic analysis, edit them and attach 

data in them. The accuracy of vector maps alter 
according to the material that has been used to 
produce them. There are some commercially 
available maps of the whole world that have an 
accuracy of about 1 km. For better accuracy, more 
detailed local maps are commercially available in 
different countries. If there is no vector map 
available in suitable format, a conversion is 
possible using commercial services. Raster maps 
are simply digital images of printed maps or sa
tellite pictures. Raster maps can only form a 
background image under the other information. 

10.3 User's own material 

If there are no digital maps available of the area of 
interest, the user can produce them from paper 
maps of that area. Before any maps can be 
produced, the coordinate system of the paper map 
must be known. Maplnfo offers over 300 
commonly used coordinate systems and if the 
desired system is not found the user can define 
one. Producing vector maps is easy with a special 
digitizing table. The accuracy of a self-digitized 
map depends on the accuracy of the base map as 
well as on the skills of the person producing the 
map. 

Creating raster maps requires a scanner which 
produces the digital image of the printed map (see 
Fig 6, page 49). The best results are obtained if the 
coordinate system is known, although it is not 
necessary. If the user knows the exact location of 
at least three control points, they can be given to 
Maplnfo to fix the raster map into the right 
position. This option might be very useful in the 
inspection of industrial areas that contain several 
potentially interesting buildings. 
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10.4 GPS adaption 

Since Maplnfo is programmable, it is possible to 
create an application which reads coordinates from 
a GPS-navigator and shows the position on the 
map. This becomes especially useful if there is 
only a self-scanned raster map of the area of 
interest but no idea of the coordinate system. 
Certain spots which can be found both on the map 
and in the real nature can be used as control points 
because the position is obtained from the GPS-
navigator. 

10.5 Conclusions 

(1) Integration of coordinates (GPS) and 
radiation measurements is a powerful 
method in searching for signs of artificial 
activity in the environment. 

(2) Desktop mapping software is necessary 
for analysing large amount of 
environmental monitoring data. Trends 
and patterns in the data can easily be 

detected and located when the data are 
displayed on a digitized map. 

(3) Maplnfo for Windows costs about USD 
2.000. The prices of digital maps vary 
considerably, depending on details of 
information that they contain. Tailored 
applications, such as thematic maps on 
radiation monitoring data, can be built 
using commercial mapping programs. 
Producing tailored applications for 
environmental monitoring is a straight
forward programming task that could cost 
about USD 10,000. 

(4) The effective use of mapping software 
requires considerable training. An 
alternative, straightforward solution for 
field use is to develop a simple specific 
real-time, or near real-time, Windows-
application that can display all gathered 
information in colour codes on simplified 
maps or in a grid of given size. The costs 
to develop such a program are USD 5,000-
10,000. 
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SUMMARY 

Environmental monitoring is a possible method to 
strengthen safeguards implementation of the 
IAEA. The presence of undeclared nuclear 
activities could be shown in direct in-situ 
measurements or in screening of samples on the 
spot. Modem measuring techniques provide 
effective means to seek elemental, isotopic or 
molecular signatures of nuclear activities. 

A measurement in the field is inevitably more 
difficult than a similar analysis in the laboratory. 
The detection limits of various signatures are 
higher in the field than in the laboratory. However, 
the direct measurements give immediate feedback 
and help to localize the contaminated areas or 
spots. The sampling could then be focused on 
these sites. This would greatly reduce the amount 
of samples and later work in the laboratory. Thus, 
the overall efficiency of the inspections could be 
improved. The present report is an overview of 
some measuring methods that could be applied in 
the inspections. Detection limits are estimated for 
each application. 

Integration of dose-rate measurements and 
coordinates is an effective but simple method to 
search signatures of environmental contamination. 
A large amount of reliable data can be produced at 
different locations either in the field or inside a 
building. The external dose rate should always 
be recorded at short intervals (5 s - 1 min) 
during a special mission to the area or facility of 
interest. Easy-to-use instruments are commercially 
available (pressurized ionization chamber, plastic 
scintillator or Geiger counter). The coordinates 
must be recorded in the environmental 
measurements. A commercial instrument, based on 
GM tubes, contains an internal GPS-navigator. 
GPS-integration into the other instruments is a 
straightforward task via PCMCIA card in PC. 
However, these kind of measurements are more 
difficult and cumbersome in the field. Mapping 
software should be used in the data analysis. 

Low-resolution gamma-ray spectrometry, based 
on Nal-detectors, is very useful in detecting the 
presence of artificial activity in the environment. 
This could be the triggering signal for more 
specific spectroscopic measurements using an 
HPGe detector. A small detector (0.35 1 or 3" x 3") 
is easy to cam anywhere. Large detector systems 
(16 1) are heavy (> 100 kg). However, they are 
very sensitive in environmental measurements 
carried out in a mobile unit (car or helicopter). 
This kind of application is useful in screening 
large areas. GPS-integration is available in a 
commercial solution. 

High-resolution gamma-ray spectrometry gives 
unequivoc.il nuclide-specific information. In an 
unknown complex environment a gamma-ray 
spectrometer is the only reliable and sensitive in-
situ measuring system for identifying gamma 
emitting fission products. A small contamination, 
typically below 100 Bq m"2, can be detected in 
short-term measurements. Gamma-ray spectro
meters of high quality are commercially available. 
These instruments are mainly designed for labora
tory measurements. Portable equipment has been 
developed for in-field applications. However, their 
effective use requires good skills in gamma 
spectrometry and still they are far from being ideal 
for detecting signs of environmental 
contamination. For the in-field measuring and 
analysis systems, a completely new software 
package should be developed, including control of 
hardware. 

Air sampling and gammaspectrometric analysis of 
the filters is a simple but sensitive method to 
analyse airborne contamination. Air sampling may-
give an indication of a covert nuclear programme 
far away from the place where the materials are 
produced or handled. Part of the discharges are 
bound in small particles that move via air streams 
to different parts of the buildings or to the 
environment. 
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Monitoring of surfaces using beta counters is a 
simple method to find or localize beta active 
fission products, such as ^Sr, 106Ru or I44Ce. 
Particles with total beta activity above 100 Bq can 
be found by systematic monitoring of surfaces. 
Small beta monitors should always be carried 
along and used during inspections of nuclear 
facilities. Large-area monitors can be used to find 
not spots on floors of the buildings of interest. 

Autoradiography is a good method for identifying 
radioactive particles in a sample. Air filters or 
wipe samples are typical objects to be studied. 
Particles with total beta activity above 0.1 Bq can 
be found in an exposure of a few days. Although 
autoradiography is an old and simple method, 
some technical development in chemical pro
cessing is still needed before routine in-field 
applications are possible. However, the exposure 
procedure is extremely simple and the films can be 
processed in a local laboratory or alternatively at 
home after the mission. 

X-ray fluorescence spectrometry is particularly 
useful for identifying the presence of uranium on 
surfaces. A contamination of 1 - 10 ug cm": is 
possible to detect with a portable XRF device 
based on 109Cd excitation source and Si(Li) 
detector. Other elements often used in the 
structures of nuclear reactors, such as Zr, can also 
be identified on the spot. Commercial portable 
equipment is available. Training of a few days is 
enough to learn to use the instrument. 

Detection of chemical signatures is an auxiliary-
approach, that should be used together with 
radiation measurement techniques, to reveal the 
presence of a covert nuclear programme. Organic 
chemicals may be released from extraction 
processes of plutonium and uranium. 
Unfortunately, the appropriate chemicals, such as 
TBP, are not specific to fuel reprocessing. Thus, 
the interpretation of chemical signatures may be 
ambiguous. GC/MS systems can be used to 
identify volatile and semivolatile organic 
compounds. Instruments that are designed for field 
use are commercially available. Air samples for 
GC/MS systems can be taken and analysed in 20 
minutes with thermodesorption for sample 
introduction. Analysing water and soil samples 
and pola. and non-volatile compounds is more 

difficult and, in practice, a small on-site laboratory 
should be established for these purposes. Detailed 
analysis of unknown compounds requires expert 
personnel and support from other spectrometric 
techniques 

Presentation of results of environmental 
monitoring on digital maps is necessary in 
analysing a large amount of environmental monito
ring data. Some instruments, a large Nal detector 
for example, use very short sampling time, 
typically 1 r, and thus they produce thousands of 
measuring results during a mission. If the 
coordinates are registered continuously (GPS), the 
colour coded results can be displayed on digital 
maps. This approach allows the trends and the 
pattern of the contamination to be seen clearly. 
High-quality commercial mapping software is 
available. However, the effective use of such a 
program requires considerable training. For the 
environmental monitoring, tailored software has to 
be developed using these commercial packages. 
Otherwise, the system is far too complicated for 
in-field applications. 

The instruments that are used in the field have to 
be portable, rugged and easy-to-use. A variety of 
commercial applications is available but their 
performance level is not necessarily good enough 
for inspection purposes. GPS-integration is a 
crucial requirement for mobile monitoring 
techniques in the environment. Only a few 
integrated equipment have already- been developed 
for radiation monitoring purposes. 

Tailored hardware and software applications are 
needed before the environmental measurements 
can be made effectively. One way to approach the 
problem is to develop a mobile laboratory where 
the equipment are permanently installed. STUK 
has developed such a vehicle for emergency 
preparedness. The experience has shown that the 
infrastructure, such as well-functioning power 
supply, fixed places for the equipment, well-
designed working conditions for the crew etc. are 
very important for successful environmental 
expeditions. Another approach is to develop each 
measuring system on an independent basis: the 
instruments could be installed in cases, for 
example. 
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APPENDIX 1 

INTEGRATION OF GEIGER COUNTER AND GPS-NAVIGATOR (RADOS TECHNOLOGY) 

RADOS Technology Ltd, Turku, Finland, has developed for dose-rate measurements a GM probe which is suitable 
for use in advanced portable units. The probe, RD-02L, has an extremely large measurement range (0.03 uSv h'' -
10 Sv h'1) employing two GM detectors of different size The microprocessor based electronics, built in the probe, 
controls the detectors and runs a measuring program There is memory in the probe which can hold 864 results. 
When the power is switched on, the probe automatically measures and stores the gamma dose rate averaged over 
a certain time interval given by the operator These averages can be read into the computer by using a serial port 
(RS-232) 

The probes are very reliable since they can operate even with only one of the GM tubes working properly. The self 
diagnostics program can detect possible faults in the detectors by constantly comparing the results. In the case of 
contamination, the probes can be washed with running water, since their aluminium cover is completely waterproof 

Windows Software, known as AAM-95, has been developed to collect data and to control operation of the probes. 
With this software, the operator can define the parameters of the measurement and display the measured data as 
graphs 

The smaller model of this probe, RD-02, can also be applied for portable units, although the sensitivity is not good 
at low dose rates. RADOS Technology has already produced two portable units, based on their advanced probes, 
for the Finnish Centre for Radiation and Nuclear Safety (STJK) to be used for emergency preparedness 
applications. 

A straightforward integration of dose-rate measurements and coordinates 

The device has twu GM probes (small and large) mounted in an aluminium case with a GPS-navigator (Trimble 
SV6) and a Notebook PC-computer (Figure 2a). A battery set enables the probes to operate for several hours in the 
field. The weight of the case is 11 kg. AAM-95 software runs in the computer and collects data from the GPS-
navigator and from the probes and stores them into an ASCII file (data format compatible with the Finnish Real 
Time Radiation Monitoring Network) 

The computer must be switched on during the whole measurement session. This is because there is not any memory 
in the GPS-navigator. Two probes can be used for measuring at the same time, although only one RD-02L has 
steady connection inside the case. The other probe can be attached into a connector outside the case with an exten
sion cable. Plugs for external power and modem are on the front panel of the case. The device is in operational use 
in STUK (Rovaniemi). 

Remote control as an auxiliary support 

The device is built in two aluminium cases. In one case there is a probe of type RD-02, GPS-navigator (Trimble 
S V6), local display for instantaneous dose rate (RDS-120) and a radio modem (S ATEL SATELLINE 1 -AS). In the 
other case there is a Notebook PC and a radio modem (Figure 2b) The cases weigh 9 and 10 kg. Due to the radio 
modems it is possible to separate these two cases and still the data can be collected from the probe and the GPS-
navigator into the computer mounted in the other case The range of the radio modems is over 1 km in normal city 
environment (10 km in open areas). Both cases have internal battery sets for use of several hours The cases have 
also connectors for external power supplies (12 VDC and 220 VAC). One of the probes has an extension cable. For 
data communications there is a modem in the computer and a connector for a telephone cord on the front panel of 
the case The device is in operational use in STUK (Helsinki). 

Advanced approach: hardware integration 

RADOS Technology has plans to develop a probe which "knows itself where it is going". This means that also the 
location data from the GPS-navigator will be stored in the memory of the probe (Figure 2c} Afterwards all the 
results can be downloaded into a PC and viewed on a digital map. This development will produce smaller and more 
user-friendly units for measuring the external gamma dose rate. A computer is not necessarily needed in the field 
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APPENDIX 2 

LOW RESOLUTION GAMMA-RAY SPECTROMETRY: DETAILS OF COMMERCIAL 
SOLUTIONS (EXPLORANIUM AND ORTEC) 

EXPLORANIUM 

Exploranium G. S. Ltd (Mississauga, Ontario, Canada) has developed Nal-detectors and multichannel 
analysers for field use. A possible system for safeguards purposes would be as follows: spectrometer 
(GR-320- ENVISPEC), portable detector of volume 0.35 1 (GPS-21) and a GPS-navigator. 

The physical dimensions of the spectrometer are small, about 10 cm x 25 cm x 20 cm. It can be operated 
in 256 or in 512 channel mode. Its internal memory storage can contain up to 1000 full spectra. The 
spectrometer is supplied with a rechargeable battery pack but also alkaline or external batteries can be 
used. GR-320- ENVISPEC has an automatic spectrum stabilizer, which uses an intern:' caesium source 
or a selected natural isotope. 

The spectrometer has an input connector for a GPS-navigator and for a Nal detector from 0.35 1 to 8.4 
1. T\x location data are stored together with the measured spectra in the internal memory. GR-320-
ENVISPEC can be connected to a computer via serial or parallel ports. The computer, however, is not 
necessarily needed for data acquisition, monitoring or analysing, because the spectrometer has its own 
graphic display and analysis software. The diameter of the GPS-21 detector is 11 cm and die length is 40 
cm. The total weight is 4.3 kg. 

Exploranium provides software for location and data visualization. The coordinates can be shown in a 
grid of given size. 

ORTEC "MicroNomad" 

"MicroNomad" multichannel analyser unit suits well for field use, because its low weight (0.7 kg) small 
size (7 x 7 x 20 cm3) and low power consumption (1.5 W). When "MicroNomad" is connected to the 
Ortec Model 296 photomuitiplier tube base and bias supply, the total battery life exceeds 8 hours with 
8 alkaline AA batteries. "MicroNomad" can store 15 (2048 channel) or 127 (256 channel) spectra. 

Emulation and analysis software "MicroMCB" is written in Visual Basic programming language for easy 
adaptation and it provides good tailoring possibilities. 

MicroMCB NAI MCA Emulation and Analysis Software features: 

• Written in Visual Basic for easy adaptation 
• Control, live display and first line analysis 
• 2048 channels in full display 
• Spectral calculations: 

• Peak centroid, and FWHM 
• Net and gross areas and their statistical uncertainties 
• Spectrum sum 

• Fast peak search and nuclide identification using Gaussian cross-correlation filter 
• Automatic operation through command file feature 
• Tailored analysis using library edit function 
• On-line activity calculation even during the acquisition 
• Multipoint energy and efficiency calibration 
• Reports, including peak activity and nuclide summary 
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Figure 6. An example of a raster map that has been produced with a scanner (see also Figure I). The 
coordinates of the data points were received from a GPS-navigator. The colours represent variability 
of'37Cs fallout measured with a high-resolution gamma-ray spectrometer installed permanently in the 
emergency vehicle ofSTUK(100 cpm is about 10kBq m2). 

Emergency vehicle ofSTUK. 
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COMPARISON BETWEEN ORTEC AND CANBERRA: DETAILS OF GAMMA-RAY 
SPECTROMETERS 

The technical specifications of both the Ortec and Canberra systems are very similar. Canberra 
electronics unit "Inspector" is smaller and weighs iess than ORTEC NOMAD unit. Also settings are 
computer adjustable in InSpector. Its ADC is, however, slower compared to ORTEC. The power 
consumption of Canberra electronics is lower even though the battery- lasts longer in the Ortec system. 
Canberra uses two batteries which can be easily changed while the unit is in operation. The procedure for 
changing the battery in the Ortec system is cumbersome and requires turning off the unit. 

Ortec has also another option, where the full system, including the PC notebook and HPGe detector with 
its dewar, is integrated in a single case. This system is known as "Detective". Acquisitions can be started, 
stopped and saved by pressing a single button without opening the case. Detective can utilize HPGe 
detectors up to 40 % efficiency with 0.851 dewar or Nal detector. The main difference between Detective 
and NOMAD systems is the placement of components. Maestro emulation software is tailored for 
Detective. 

The smallest dewar Canberra offers is 2.5 litres (Ortec 0.85 1). Thus if the full system is made using 
Canberra components only, one would get a larger (but lighter) case with significantly longer holding 
time. To minimize the size and weight Canberra electronics and a detector from Ortec could be 
integrated. 

Canberra's "U-Pu InSpector" 

Canberra has integrated the InSpector electronics unit with a LEGe-detector that has an internal 
collimator. With this instrument, known as "U-Pu InSpector", isotopic compositions of uranium and 
plutonium can be determined from a sample. The accuracy of the measurement is typically 1-2 %. The 
weight of the LEOs-detector is below 8 kg with the collimator and full dewar. The analysis is made with 
GeniePC software with new developments for the codes taking advantage of X-ray lines of plutonium and 
uranium around 100 keV. The analysis is very fast, typically a few minutes and no prior calibration is 
needed. 

U-Pu InSpector has some limitations: it cannot be used for the analysis of irradiated fuel, because other 
radioactive materials would cover the weak X-ray lines of uranium and plutonium. Also the attenuating 
material between the source and the detector should be thin 
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I 1. Detector 

I HPGe 

Nal 

dewar 

2. High Voltage 

Nal 

HPGe 

time stability 

temp stability 

bias control; adjustng 

bias control; 
on/off 

remote shutdown 

ripple&noise 

regulation 

overload protection 

current limiter 

3. AMPLIFIER 

gain 

gain step 

shaping time 

shaping 

Pole Zero 

integral nonlinearity 

noise 

gain temp, coefficient 

offset temp coeff. 

1000 x overload recovery 

broadening 10 % eff. 50 kc 

broadening 90 % eff 50 kc 

shift at 50 kc 
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mma-ray spectrometry systems. 

ORTEC 

Pop-Top-detector with a bent 
cryostat Rel. eff max 40 % 

external 

internal 0.85112 h 

±0-2 kV. 250 uA 

±0-5 kV. 100 uA 

not known 

100 ppm / C 

manual,continuous 

computer 

yes 

not known 

not known 

not known 

not known 

4-1000 

1/4000 

1 or 6 ps 

triangular 

auto 

0025% 

s 7pV 

<±0.01%/C 

<±10uV/C 

< 2 % 

12% 

2 0 % 

003% 
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Canberra 

external 

external 

external 

±0-1 3 kV. 500 uA 

±0-5 kV. 100 uA 

0 02% /8h 

50 ppm /C 

computer 1/4096 | 

computer J 

ves 

20mVat100uA 

0.02% 

protected 

250uA@5kV. 
850uA@1 3kV 

2-1500 

1/16000 

1 or 4 ps 

near gaussian 

auto 

0.05% 

3,5 uV 

0.0075% / C 

7 5 u V / C 

2 % 

10% 

not known 

0 025% 
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prfeup rejector trehshoM 

pieup rejector resolution 

«put 

inftbitmput 

BLR 

ORTEC 
auto 

not known 

• -

yes 

auto 

Canberra 
auto 

500 ns 

• • -

yes 

auto, active, gated 

4. ADC 

type, g » 

conversion time 

integral nonfcneanty 

dtff. nontnearity 

gan drift 

zero drift 

long term drift 

peak shift 0-1 OOkc 

ive time correction 

LTC accuracy 

LLD control 

ULD control 

Zero 

Gate input 

suec appr 16 K 

5 us. fixed 

0025%@99% 

1%@99% 

55ppm/C 

not known 

not known 

not known 

extended 

3 % 

manual 0-10 % 

none 

manual 100 mV 

yes 

100MHz. W * 8K 

1.5 us*N* 0.01 us 

0025%@99 5% 

0 9%@99 5% 

SOppm/C 

25ppm/C 

50ppm/24h 

0 025% 

not known 

not known 

computer 0-110% 

computer 0-110% 

computer 0-5 % 

not known 

5. MCA 

memory 

battery backup 

RS232C 

Real/kve time 

max counts/ch 

max preset time 

16.000 channels 

yes 

max 38 4 kbaud 

n*20ms 

2"-i 

2"-1 s 

8.000 channels 

Li-battery 

max 115 kbaud 

n*10 ms 

2"-1 

234-1 s 

6. Digital spectrum stabilizer 

Window width 

gain corr resolution 

zero corr resolution 

gain corr range 

I zero corr ranae 

1-256 ch 

0 04ch 

0 32ch 

not known 

not known 

1-63ch 

1/4096 

1/4096 

±f%/±10% fun scale 

±1% full scale 
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setup on/off 

7. Software 

standard 

tajkmng 

8. Packaging 

hokfng time 

detector • dewar see 

detector • dewar we^x (ful) 

electronics size 

decfirorecs weKjht 

case weight 

computer size (typcal) 

computer weight (typcaQ 

M system size 

ful system weight 

9. Power 

preamp power 

power consumption 

battery operation 

battery see 

other power sources 

10. Price (USD) 

HPGe detector (40%) • dewar 

eiectrorKs umt 

storage and M dewar 

software 

ORTEC 
computer 

Maestro 

not known 

12 h (0 85 i dewar) 

11x11x50 cm 

5kg 

46x33x10 cm 

11 kg. case nduded 

_ 

30x21x4 cm 

2kg 

53x33x18 cm 

18 kg 

0C24V. 0C12V 

15W 

1 b a t 4 h 

12V.8Mi.3kg 

ext bat AC. Car 

30.000 

15.000 

2.500 

rnduded (Maestro emulation 
software) 

Canberra 
computer 

Gene PC 

PROcount 

48 h (2.51 dewar) 

15x15x58 cm 

7 1 k g 

27x27x5 cm 

3 2 kg 

4 kg 

30x21x4 cm 

2kg 

60x40x18 cm 

16 3 kg 

0C24V. DC12V 

not known 

2 bat 3h tot 

6 V. 2.7 Ah 

AC. Car 

25.000 

12.000 

1.500 

4.000 (GeraePC) 
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DETAILS OF SAMPO 90 SOFTWARE FOR GAMMA-RAY SPECTROMETRY (VERSION 
3.40) 

1 Spectrum transfer and display 
Up to 16k channel spectra can be read from various sources: 

ASCII files 
• Binary SAMPO files; in addition, the binary spectrum files from the following MCA-systems are 

recognized: 
AccuSpec 
Canberra S100 
Nucleus PCA 
Ortec 

Direct read and control for the following MCA-systems: 
Stand alone MCAs using Canberra Serial and parallel interface 
Canberra/ND AccuSpec acquisition boards 
ABB LP7000 series GPIB bus MCAs 

A flexible spectrum window supports live display, cursor, dual spectra, peak add and drop, peak fitting, 
shape calibration fitting, display of analysis results and various options to view the spectrum. 

2 Automated calibrations 
Calibrations for peak shape, efficiency and energy 
Energy and efficiency calibrations can be generated using calibration source line library 
Peak shape fitting 
Annihilation line treated as a special case in the shape calibration 
Ir ,.'.' ion to interpolation/extrapolation, various functions can be fitted to calibration data: 
• polynomials from 0 to 9 degree 

logarithmic polynomials from 0 to 9 degree 
square root polynomials from 0 to 9 degree 

Peak search 
Method of smoothed second differences 
Peak found if the minimum of the second differences is strong enough (search threshold) 
Location is weighted average over the second differences 
Shape checks discriminate against Compton edges 
Strong enough peaks are accepted for fitting 
Search in user defined part of the spectrum 
Search and fitting thresholds are adjustable 
User can insert peaks by hand directly to the spectrum 
User can insert peaks by entering peak channel or energy 

Peak shape fitting 
Gaussian with exponential tails 
Width and starting points of the tails are smoothly varying 
Calibrated by non-linearly fitting a 7-parameter function to well-defined peaks 
Fitting is done to peaks found in the peak table, fitting threshold is adjustable 
Interactive visual check of the fit 
Fitting interval can be modified by the user 
Residuals and goodness-of-fit parameters serve as indicators of the fit quality 
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5 Peak fitting 
• Precalibrated peak shape fitted to data 
• Minimization is done with respect to background parameters (2 in linear and 3 in parabolic 

mode) and peak heights 
• Up to 32 peaks are fitted together in the intervals up to 200 channels (in special versions even 

more) 
• Non-linear and linear fitting 
• Peak positions and areas can be freezed and/or freed in any combinations in a multiplet fit 
• Interactive control over fit 
• Fitting interval can be modified, peaks can be added and dropped 
• Residuals and goodness of fit indicators are available 
• Fitting residuals analysis: peaks are automatically added in or dropped from die positions where 

the residual analysis finds missing or extra peaks 

6 Nuclide identification and activities 
• Identification using gamma line libraries that can be edited by the user 
• 'Close enough' peaks from the library define the nuclide as a candidate 
• Confidence limit that can be modified by die user 
• Half-lives taken into account 
• Interfering nuclides calculated by weighted least squares method using die library line and 

spectrum line intensities 
• Activities calculated and corrected for decay during counting, cooling, irradiation and sample 

collection 
• Minimum detectable activities calculated 
• Maximum permissible concentrations calculated 
• (Iodine) dose equivalents calculated 
• Average decay energies calculated 
• Background peaks subtracted 

7 Report generation 
Versatile report generation available using special Report Generator Language (RGL). 
RGL is a full featured programming language mat uses Reverse Polish Notation (RPN). Wide 
variety of mathematical functions is available, IF -conditions, FOR loops, output formatting, 
string operations, keyboard input, a selection of SAMPO functions and full access to SAMPO in
ternal variables 
Also the end user can write RGL programs of his own to tailor die report output 
Many sample report examples written in RGL available varying from a standard report of gamma 
spectrum analysis to a browser of gamma line library 

Macros 
Macros are a way to automate spectrum collection and analysis as well as some routine tasks 
Macros can be automatically generated using a Macro Recorder 
Sample data can be automatically added to macro collected spectra using predefined sample files 
Macros can also handle keyboard input 

• 
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9 The expert system SHAMAN 

An expert system for nuclide identification using the full gamma library has been developed to replace 
the identification procedure of SAMPO, especially when analysing complex spectra Currently, the expert 
system SHAMAN works as stand-alone software, which uses the peak analysis results of SAMPO as its 
input, but it may be integrated to SAMPO in the future. SHAMAN has the following features: 

• The knowledge is presented in the form of high level rules, which accept and discard candidate 
nuclides based on various criteria (gamma energies, half-lives, genesis modes, etc.). 

• Processing of rules is performed by an inference engine. 
• Activity calculation is performed using a robust least squares fitting algorithm. 
• The identification procedure continues until an acceptable solution has been achieved. 
• The reference library is based on ENSDF and NUDAT data bases and it includes 2 600 different 

radionuclides (1 800 gamma emitters) and 80 000 gamma transitions (including annihilation 
gammas and characteristic X-rays). 

• The spectrum data are extracted from peak analysis reports and calibration files of SAMPO. 
• The performance of a prototype version has been evaluated using an extensive set of spectra with 

varying contents and complexity. 
• On the average, over 90% of the nuclides present in the test spectra are identified by SHAMAN 

with minimum user intervention. With some help from the user the performance can naturally be 
improved. 

• SHAMAN is over-conservati when discarding nuclides, which is indicated by relatively many 
spurious identifications. 

• Typical running time in a PC (80486,66 MHz) with the full library is 2-30 minutes depending 
on the complexity of the spectrum. 

• The usage of a full gamma library requires a careful spectrum analysis and therefore, it is best 
suited for laboratory conditions. However, a smaller sub-library can be used in the field. 

• The current rule base can be enhanced to specific applications. 
• The current user interface of SHAMAN is command line based, but a graphical interface is under 

development. 
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AIR SAMPLERS (SENYA) 

Senya Ltd, Helsinki, Finland, has developed air samplers for field use. These devices have electronic flow 
measurement. 

Name of the sampler 

Power consumption 

Volumetric air flow (max) 

- giassfiber filter 

- charcoal filter 

- charcoal cartridge 
Size of the filter 

Special features 

Displays 

Cover 

Weight 

Size 

Price (USD) 

DWARF 

max. 1 000 W 

131s'1 (43m3h1) 

4.5 I s1 (16 nrvrf1) 

Spherical, diameter 100 mm 

HUNTER 

1 100 W 

42 1s"1 (150 m V ) 

not available 

3.3 I s"1 (12 nrrr1) 

Rectangular, 285 mm x 
230 mm 

- possibility to lock the 
cover of the sampler 

- remote control 
- timer 
- on-line monitoring of 
filter activity 

- pressure difference over calibrated flange 
- sampling time 
- amount of sampled air 
- flow rate 

Stainless steel, thickness 1.5 mm 

10.5 kg 

37 x 20 x 20 cm3 

5,000 

65 kg 

46 x 46 x 83 cm3 

13,000 
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A PORTABLE XRF DEVICE (METOREX) 

Metorex International Ltd, Espoo, Finland, has developed XRF devices for field use. The properties of 
the device, known as X-MET 920, are as follows: 

Detection limit 
Elemental range 
Excitation sources 
Detector 
Resolution 

Total weight 
Power supply 
Dewar (Si(Li)) 
Portability 
Analysis time 
Aperture 

Warranty 
Documentation 

PPM level 
Al to U (depends on the excitation source) 
55Fe,:44Cm,,09Cd,and:4IAm 
Proportional chamber or Si(Li)- detector 
Proportional chamber: 700 - 825 eV 
Si(Li): 170eV 
Si(Li) probe 4.1 kg + weight of Notebook PC 
Batten (about 8 h in full operation) 
0 5 1, holding time 8 - 12 h for continuous use 
Case 
A few seconds up to hours (depends on the accuracy wanted) 
Proportional chamber: 1.3 cm2 

Si(Li): 0.3 cm: 

iy 
At least in Finnish, English, German, Russian, Chinese, 
Spanish 

o ? 

Zn Excitation source Cd-109 

Counting time 1 min 

llt^A^]|Mikj^l^^U.aLLi »L^JM/UMfuMäi^ 
2 0C 400 6 00 3.C0 10 OC 12 CO 

Energy. keV 
um 1600 ie co 

Background X-ray spectra of floor and air in the offices ofSTUK. Si (Li) probe was m contact with 
the floor (Floor spectrum) and directed upside down in air measurements (air spectrum). 

59 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-YTO-TR 76 

APPENDIX 7 

A GC/MS-SYSTEM FOR FIELD USE (BRUKER) 

Bruker-Franzen AnaKtik GmbH has de\ loped an GC/MS instrument for field use. The properties of the 
device, known as BRUKER EM 640, are as follows: 

Mass analyser 

Mass range 

Ionization mode 

Scan rate 

Weight 

Size 

Electricity consumption 

hyberbolic quadrupole 

1-640 amu 

electron ionization 

max. 2000 amu/s 

62 kg 

75 x 45 x 35 cm3 

max. 500 W at 24 VDC 
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