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GASEOUS ISOTOPE CORRELATION TECHNIQUE 
FOR SAFEGUARDS AT REPROCESSING FACILITIES 

Abstract 

The Isotope correlation technique based on gaseous stable fission 
products can be used as a means of verifying the Input measurement to fuel 
reprocessing plants. This paper reviews the theoretical background of the 
gaseous fission product Isotope correlation technique. The correlations 
considered are those between burnup and various isotoplc ratios of Kr and Xe 
nuclides. The feasibility of gaseous ICT application to Pu Input accountancy 
of reprocessing facilities 1s also discussed. The technique offers the 
possibility of 1n situ measurement verification by the Inspector. 
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GASEOUS ISOTOPE CORRELATION TECHNIQUE FOR 
SAFEGUARDS AT REPROCESSING FACILITIES 

1 . Introduction 

The concept of using isotope correlations, based mainly on heavy element 
isotope correlations as a means of verifying the input measurement to fuel 
reprocessing plant was first suggested in 1969 [1]. Various studies or 
cooperative projects on isotope correlation techniques have been published; 
mention should be made of the 1978 ESARDA (European Safeguards R & D 
Association) Symposium [2], of the 1981 Isotope Correlation Experiment (ICE) 
of ESARDA [3], and TASTEX task K, in which France, Japan, the U.S. and the 
IAEA jointly examined three sets of isotope correlations for fuel reprocessed 
at the PNC-Tokai reprocessing plant [4, 5]. 

In the case of heavy isotope correlation technique, the plant operator 
already produces the information needed to apply ICT, through conventional 
input analyses (mass spectrometry analysis, Pu/U ratio method). In 
conventional nuclear material safeguards these analyses are duplicated by the 
safeguards laboratory and it seems logical to apply the same ICT. The 
difficulties in making such analyses in central laboratories cannot be 
overlooked. Sampling errors, sample instability and above all delays in 
sample transport bring into question not only the concept of ICT but also the 
possibility of sample re-analysis in general [6]. 

A direct measurement at the plant would overcome many of these problems. 
The final report of ICE of ESARDA [3] said in conclusion: 

"Encouraging results have been obtained on correlations based on the 
isotope ratio of 1 3 2 X e / 1 3 1 X e and 1 3 4 C s / 1 3 7 C s and of the 2 4 4 C m 
concentration. Considering the potential of measuring these nuclides in situ 
by the inspector when compared to the time consuming transport of samples to 
central laboratories in order to measure heavy isotope ratios, this new type 
of correlation opens up the possibility of timely detecting diversion". 
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This report will focus on stable fission product correlations, especially 
on those isotopes which are gaseous and have the advantage of easy sampling 
and high accuracy of mass spectrometry measurement. The Transuranium 
Institute of Karlsruhe has contributed many ideas and carried out much 
experimentation on this technique [7, 8, 9 ] . 

This report also provides background information on the gaseous fission 
product isotope correlation technique (Chapter 2), the feasibility of gaseous 
ICT application to Pu input accountancy in a reprocessing facility 
(Chapter 3), and future investigations (Chapter 4 ) . 
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2. Isotope Correlations Based on Gaseous Fission Products - Theoretical Review 

2.1 General 

The Irradiation of nuclear fuel causes important and complex changes in 
its isotopic composition, namely: 

Depletion of the isotopes of uranium initially present (and, where 
applicable, of plutonium); 
build-up of artificial isotopes of heavy elements (e.g. U, 
239_ 240 n 241 n 242 D . Pu, Pu, Pu, Pu ) ; 
build-up of fission products (isotopes of light elements, resulting 
from fission of heavy elements). 

These changes are often correlated in a very simple manner; in many 
instances, the relationship representing the correlation is a simple 
proportionality between depletion and build-up of selected groups of 
isotopes. Several correlations have been discovered which are scarcely 
influenced by the particular fuel design or by the reactor operation, and 
which can therefore be considered as representative for the Isotopic 
evaluation of all the fuel elements (or assemblies) Irradiated in a given 
reactor. 

The effort required for the determination of the Isotopic concentrations, 
and the relevant experimental techniques, differ widely depending upon the 
isotopes which are considered in the correlation; therefore the development 
of the art also differs greatly for the various isotopes. In view of this 
fact we can divide the correlations Into three main categories. 

a) Correlations based on Isotopes of heavy elements: Necessary Isotopic 
data are obtained from routine measurements at the reprocessing plant Input; a 
quantity of historical data has already been collected and evaluated; a number 
of applications have been performed and the state of the art can be considered 
well understood. 
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b) Correlations based on isotopes of stable gaseous fission products: at 
present, necessary isotopic data can only be obtained by means of specific 
additional measurements at the reprocessing plant input; the situation could 
change if severe restrictions to fission gas release were to be enforced for 
environmental reasons, in which case measurement before storage would become a 
necessity. Historic data are scarce and not systematic; further development 
is necessary [10, 11]. 

c) Correlations based on isotopes of radioactive fission products: 
Necessary isotopic data are obtained by means of gamma - spectrometric 
analyses performed on fuel assemblies or on samples taken at the reprocessing 
plant input; these measurements are not performed on a routine basis. 
Historic data are scarce and not systematic and further development is 
necessary for reliable application [12, 13]. 

Our main interest is in an analysis of correlations of category b ) . The 
investigation is carried out by performing accurate fuel burn-up calculations, 
from which correlations are derived. Applications of correlations of category 
b) are mainly directed to the consistency check of analytical data obtained at 
the reprocessing plant input, to complement burn-up measurement and Pu input 
accountancy, and to compare results of different reprocessing compaigns 
concerning similar fuels. 

2.2 Choice of Fission Products 

Stable fission products which can be considered for correlations are 
numerous. Experiments have, up to now, confined their attention to the 
isotopes of Kr, Xe and Nd only. The reasons for this choice are: 

a) Kr, and Xe are gaseous and so may be easily separated from the bulk of the 
irradiated fuel and analysed in a mass spectrometer. 

148 
b) Nd is routinely separated from the bulk of the fuel, since Nd is 
commonly used a a burn-up indicator; the Nd is therefore easily available for 
analysis in a mass spectrometer. 
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Since our interest is in gaseous isotopic correlations, we confine our 
attention to the isotopes of Kr and Xe only. The amount and the Isotopic 
composition of Kr and Xe produced by the fission process is variable, 
depending upon the reactor and fuel type considered and the fuel burn-up 
attained. 

For the LWR fuel examined in this study, the isotopes which can be 
retained for correlations are, 

8 3 K r , 8 4 K r , 8 6 K r 

1 3 1 X e , 1 3 2 X e , 1 3 4 X e , 1 3 6 X e 

The natural occurrence of Kr and Xe has to be considered. But fortunately 
both gases have shielded isotopes which allow an easy substraction of the 
natural occurring noble gas. 

2.3 Choice of the Terms of the Correlations 

A correlation shows the relationship between two quantities. In our 
analysis the first of these two quantities 1s the fuel burnup (expressed as 
the fraction of heavy atoms Initially present which have been fissioned). The 
second quantity to be used in the correlation is based on the concentration 
ratio of two fission-product nuclides. 

To produce correlations which represent useful relationships, this second 
quantity (i.e., the isotope ratio) must be a monotonous and strongly 
increasing function of the fuel burnup: this requirement imposes a limitation 
on the number of quantities that can be taken into consideration. After 
analysis of all possible ratios, the following ones have been retained: 

84., ,86„ 86,. .83.. 84„ ,83,. Kr/ Kr, Kr/ Kr, Kr/ Kr 

1 3 2 X e / 1 3 1 X e , 1 3 4 X e / 1 3 1 X e , 1 3 2 X e / 1 3 4 X e . 
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It must be pointed out that the value of the ratio R between two fission 
product concentrations equals the ratio of the respective fission yields at 
fuel burn-up equal zero. 

The value of R Increases with burn-up, but unfortunately, this Increase 1s 
always smaller than the Initial value R. This means that the difference 
between the values R and R„ relevant to two fuel samples having different 
burn-up B and B 1s, 1n general, lower than the values of R.. and R : 

As a consequence, R.. and R„ must be measured with a high precision 1n 
order to produce valuable data for correlations. 

2.4 The Decay Chains 

The decay chains 1n which the considered Isotopes are Included, are very 
complex. However, simplified decay models which still allow a high accurate 
calculation of the concentrations of the various Isotopes can be obtained. 
They are represented 1n the following F1g 1. 

2.5 Nuclear Data Requirements for Calculations 

The actual calculation of the fission product concentrations requires a 
knowledge of the value of a number of nuclear data concerning the various 
Isotopes represented 1n the chain, namely: 

fission yields 
decay constants 
average neutron cross-sections 
branching ratios 

The accuracy with which these data are known Influences the accuracy of 
the calculation. Some of the nuclear data found 1n the literature are not 
accurate enough for a meaningful calculation to be made. The main sources of 
error 1n the calculation are the average cross-sections. This 1s so for two 
reasons - the values of the cross-section as a function of energy may not be 
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known to sufficient accuracy, or the neutron spectrum used in the averaging 
procedure may not have been evaluated accurately enough. Fortunately, not all 
the cross-sections which appear in the decay chains play an important role in 
the calculation. A careful analysis shows that only the following 
cross-sections are important [14, 15]. 

isotope concentration: cross-section of 

isotope concentrations: cross-sections of 

2.6 Parametric Survey of Correlations 
The calculations for a parametric survey of correlations between burnup 

and fission-product build up have been carried out in reference [16] with the 
point burn-up code ISOTEX-1 and the procedures described in the preceding 
sections. The principal lattice parameters influencing the correlations in 
PWR fuel are: 

the initial fuel enrichment 
the moderator/fuel volume ratio 

The nine correlations reported in each Figures 2 - 7 refer to fuel of 
three different initial enrichments (2w/o, 3w/o, 4w/o) and to three different 
moderator-to-fuel volume ratios (1.2, 1.64, 2.2). The parameter F 
represents the fraction of initial heavy atoms which have been burnt (and is 
roughly proportional to burn up). The label on each curve shows the fuel 
enrichment (wt.%) and the moderator-to-fuel volume ratio to which the curve 
refers. Figs 2-4 report correlations based on Kr isotopes; Figs 5-7 report 
correlations based on Xe isotopes. 

As can be seen, there is a marked dependence of the correlations on fuel 
enrichment and moderator-to-fuel volume ratio. And also, all correlations 
tend to become linear at high burn-up, whereas they are not at low or medium 
burn-up. 

For calculation of Kr 
8 3 K r . 
For calculation of Xe 
129 T 1 3 1 v 135 v I , Xe, Xe. 
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2.7 Pu Mass Determination by GICT 

As described in the previous section, the ratios of Xe and Kr isotopes 
are highly useful indicators of burn up. Once burnup has been determined, 
residual Pu content can be calculated either from empirical data or from a 
neutron physics code which calculates isotope concentrations a a function of 
exposure. 
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3. Application of Gaseous ICT to Pu Input Accountancy of Reprocessing 
Facility 

A typical use or most promising application of stable fission product 
correlations (gaseous ICT) is the verification of reprocessing input 
analysis. The gaseous ICT has many potential advantages such as easy 
handling, good timeliness, etc., compared to the conservative heavy element 
Isotope correlations technique, but has.a question about practicality of 
inspection samples. The procedures for gaseous ICT sound straightforward and 
unlikely to cause problems, but there has been no demonstration of gaseous ICT 
test application to reprocessing plant safeguards. Considerable more 
investigation will be required for gaseous ICT before the IAEA can be in a 
position to propose gaseous ICT as part of a routine safeguards approach. 

3.1 Sample Collection 

There are two possible stages for fission product gas sampling of spent 
fuel, chopping and dissolution. The main release of fission product gas is 
during the early stage of spent fuel dissolution. The quantities of released 
fission product gas during chopping are small and are mainly from the gas 
plenum where irradiation is so low that fission product gas does not represent 
the whole fuel; therefore the dissolution stage is the best for fission 
product gas sampling. 

We can easily trap and sample the fission product gas in the dissolver 
off-gas system or in a by-pass from which a representative sample of the 
exhaust gas can be withdrawn. There is some question about sample 
representativeness because of the rather long distance between inlet and 
outlet of the sampling line. One resolution for this is to flush out the 
solution with helium, which is done at laboratory level. 

We have to mention two possibilities concerning sample collection, which 
will make gaseous ICT more effective and efficient; 

With a continuous dissolver, chopped fuel is added one assembly at a 
time, and it should be possible to sample in a way that avoids all 
batch mixing problems. 
To even out the gas release, chopped fuel will be added gradually to 
a dissolver which already contains acid. 
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3.2 Sample Analysis 

The sample is analysed easily by gas mass spectrometer, which has a high 
accuracy of measurement. On-site analysis during fuel dissolution and 
directly after sampling is possible, and in that case there would be no need 
to transport samples except for an occasional check. On-site analysis needs 
an installation for which the cost is high. The transport of fission gas 
samples would require compliance with national regulations but this would not 
be difficult. 

3.3 Advantages of Gaseous ICT Compared to Conventional Heavy Isotope 
Correlation 

a) Sampling is performed from the off-gas system of the dissolver or can be 
made in the stack of the plant; the degree of intrusion into plant 
operation is therefore low; 

b) When a chop-and-leach process is applied, the representativeness of a 
liquid sample may be impaired by the incomplete dissolution of the fuel 
or by incomplete mixing of the feed solution; on the contrary, fission 
gas sampling 1s not affected by these occurrences; 

c) In case of safeguards application, gaseous ICT requires less surveillance 
than the heavy isotope correlation technique, because samples are taken 
during dissolution; 

d) For gaseous ICT, samples are taken at the dissolver, where batch mixing 
1s essentially zero and where only a small number of fuel assemblies have 
been combined; 

e) It is relatively easy to handle and to transport stable fission product 
gases; 

f) It is possible to sample and analyse the fission gas, and get the result 
of measurement on site immediately by the IAEA inspector, which is very 
attractive from the point of timeliness goal. 

3.4 Other Advantages Or Disadvantages 

In near future, large scale reprocessing plants will be in operation, 
which will use continuous dissolution. Even in continuous dissolver design, 
however, it may be possible to sample the fission product gas 1n a manner 



which represents individual assemblies. This may depend on the design of each 
continuous dissolver, we must investigate in detail on this point. 

Gaseous ICT is still unable to handle MOX assemblies. From the viewpoint 
of theoretical background of Gaseous ICT, it is possible to include MOX 
assemblies in the coverage of gaseous ICT, once the necessary fission ratios 
and other input data have been determined. 
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4. Future Investigation 

Further investigation 1s required before the IAEA could propose gaseous 
ICT as part of a routine safeguards approach. 

4.1 Experimental Verification and Demonstration 

Fission product correlations are not yet as well established as the heavy 
isotope corrélations due to a relative lack of experimental data. So at 
first, it is necessary to make up a fission product gas correlation data set 
and verify the correlation experimentally. After that Gaseous ICT may be 
applied to reprocessing plant as a test case for a cross check for heavy ICT. 
This demonstration is necessary for the IAEA to decide whether the candidate 
technique is useful. 

4.2 Consideration of Operator's Benefits 

The application of Gaseous ICT to reprocessing plant would give redundant 
information for the plant operator to verify the fissile content in the fuel 
(U-235 or Pu 1n case of MOX-fuel) and to check the burn-up. Considering that 
the operator may need to install necessary instruments for Gaseous ICT, 
(e.g., a separate mass spectrometer) the incentive for that must be made 
stronger and operator's benefits must be made clearer. 

4.3 Future Research and Development 

Continuous dissolvers will be installed in commercial-type, large scale 
reprocessing plants in near future. There is also a need for reprocessing the 
Pu rich fuel (MOX fuel and Pu thermal fuel). Gaseous ICT must be developed to 
cover these new circumstances. 
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5. Conclusion 

As discussed in Chapter 3, the application of gaseous ICT to reprocessing 
has many potential advantages. However, there is not yet enough experimental 
correlation data or experimental verification to make a clear decision. One 
question may be the practicality of obtaining inspection samples. A trial 
application of gaseous ICT to a reprocessing facility should be made for the 
purpose of cross-checking the heavy isotope correlation technique or isotope 
dilution technique. The results of these investigations may enable the IAEA 
to propose Gaseous ICT as part of a routine safeguards approach. 
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