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ABSTRACT 

One of the objectives of safeguarding centrifuge enrichraent plants is 

to apply non-destructive measurements inside the cascade area to con-

firn that the enrichment level is in the low enriched uranium range. 

Research in the UK and USA has developed a NDA instrument which can 

confirm the presence of low enriched uranium on a rapid go/no go 

basis in cascade header pipework of their centrifuge enrichment 

plants. The instrument is based on a gamma spectroscopic measurement 

coupled with an X-ray fluorescence analysis. Thi3 report gives the 

results of measurements carried out at Almelo by the UKAEA Harwell, 

ECN Petten and KFA Jülich to determine if these techniques could be 

employed at Almelo and Gronau. 

The energy dispersive X-ray fluorescence analysis has been applied to 

determine the total mass of uranium in the gas phase, and the deposit 

correction technique and the two geometry technique have been applied 

at Almelo to correct the measured gamma intensities for those emitted 

by the deposit. 

After an executive summary the report discusses the principles of the 

two correction methoos. A short description of the equipment precedes 

the presentation of the results of the measurements and the discus

sion. After the conclusions the report contains also two appendices 

which contain the derivation of the formulae for the deposit correc

tion technique and a discussion of the systematic errors of this 

technique. 

This report has been presented at the demonstration meeting of LFUA 

safeguards NDA techniques at the IAEA Vienna, 23-27 March 1987. 

This report has also been issued by the Nuclear Physics Division of 

the Harwell Laboratory, Oxfordshire OX 11 ORA, United Kingdom, with 

number SRDP-R137 (March 1987). 
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EXECUTIVE SUMMARY 

1. Research in the UK and USA has developed a NDA instrument which can confirm the presence 

of low enriched uranium on a rapid go no go basis in cascade header pipework of their centrifuge 

enrichment plants. The instrument is based on a gamma spectroscopic measurement coupled wrth 

an X-ray fluorescence analyst!. This report gives the results of measurements carried out at Almelo 

by the UKAEA Harwell. ECN Petten and KFA Jülich to determine if these techniques could be 

employed at Almelo and Gronau. 

2. In principle, the total mass of ^ t ' in the gas can be determined by measuring the intensity of the 

IS5.T2 keV gamma rays resulting from the decay of a l ' nuclei in the gas. The total mass of ura

nium in the gas is then determined by energy dispersive X-ray fluorescence (XRF) analysis. The 

enrichment, (after suitable calibration), can simply be given by the ratio of these Vwo measurements. 

In practice the development of such an instrument has been complicated by the occurrence of de

posits on the walls of the pipes in centrifuge enrichment plants. These are uranium deposits (mainly 

from reactions of 17", gas with water vapour) and Th deposits (directly resulting from th-r alpha-

decay of the uranium in the LFt gas. and indirectly from the alpha-decay of the uranium deposit). 

The intensity of gamma rays emitted by the deposits relative to the corresponding gamma rays 

emitted by the gas varies from plant to plant and e\?n within the same plant at equivalent locations; 

at Almelo the ratio is in the range I-IS. 

3. Two techniques have been developed for correcting the measured gamma ray intensities for those 

emitted by the deposit. The two techniques discussed and applied at Almelo are as follows: 

A) Deposit correction technique 

This technique is based on the measurement of the intensities of the 185.72 keV gamma rays 

emitted from 2i!i' and the 63.29 keV gamma rays emitted from "*Th. By making certain assump

tions, it is possible to subtract a fraction of the 63.29 keV gamma ray counting rate from the 

measured 185.72 keV gamma ray counting rate to leave that contribution which is due to the VFt 

gas alone. The key assumptions made for the deposit correction technique are that: 
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- radioactive decay equilibrium has been established 

- the average enrichment of the deposit is similar to the current enrichment of the ga.> 

- the deposit is uniform around the pipe 

- the direct thorium deposition is 100*». 

In practice, the assumption which is most likely to ave rise to significant systematic errors is that 

the average enrichment of the deposit is similar to the current enrichment of the gas. For high de

posit to gas signals ( > 10:1 ), this could prevent the detection of any HEL' that was in the pipe 

at the time of measurements. Furthermore, the particular geometry employed in the passive gamma 

ray measurements did not result in any difference in geometrical detection efuciency between 

gamma rays emitted from the gas and the deposit. 

B) Two geometry technique 

Two measurements of the 185.72 keV counting rate are made under differing geometries and 

collimations; one position close to the pipe and the second position further back from the pipe and 

also more tightly collimated. The deteaion efliciency for gamma rays from the gas and the deposit 

varies under the two geometries and enables, after suitable calibration, the counting rate due to the 

gas to be determined without resource to assumptions about the enrichment of the deposited ura

nium. The key assumption in this technique is that the deposit is uniformly deposited around the 

Pipe-

Experimental Measurements 

4. Experimental measurements at .Mmelo took place in two campaigns between June and October 

1985 and concentrated mainly on Plant SP4. Methods were successfully established to overcome 

the various sources of electromagnetic interference which had been previously experienced in the 

cascade halls of Almelo. The mechanical design of an instrument capable of making routine meas

urements needs to be discussed with the operators. 
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5. The XRF measurements confirmed that it was possible to measure the pressure of the gas in the 

product pipes to ± 30% (95% confidence limit fc.l.)) in measurement times ranging between 15 

minutes and 1 hour. These times were obtained using a single 11.3 mCi rCo source and could be 

shortened by incorporating more than one source in the apparatus. 

6. The more rapid technique but the one with a potential to produce anomalous results is based 

on the 'deposit correction technique' developed for use at Capenhurst. In its simplest form the 

enrichment of the deposited uranium is assumed to be 3% for all pipes. For the odd numbered 

cascade halls in SP4 the measured enrichment results indicate that the pipes were containing LEU 

at the time of measurement. Measurement periods between 10 minutes and 1 hour were required 

to determine the enrichment to ±3% (absolute error: 95% c.l. due to counting statistics). In the 

even numbered halls, the ratios of the deposit to gas signals always exceeded 5 for the pipes studied 

and for a few of the pipes with a larger deposit, the simple application of the deposit correction 

technique was not so successful. This was to be expected, because the surface-to-volume ratio in

creases with decreasing pipe diameter. Measurement periods between 1 and 2 hours were required 

for these smaller diameter pipes to determine the enrichment to ±3% (absolute error; 95% c.l. due 

to counting statistics). However, if use was made of a historical data base then the deposit cor

rection technique indicated that these pipes were containing low enriched uranium at the time of 

the measurement. 

7. It was concluded that all of the 30 product pipes measured were producing LEL' at the time of 

measurement. However, systematic errors both positive and negative were observed, up to +• 8% 

and -10% (absolute value) in the worst cases. In one case, if HEL' '.ad been present in one of the 

pipif,, it may have gone undetected using this simple approach due :o the high mass ratio of de

posited and gaseous uranium as well as the difference between the assumed and actual values for 

the enrichment of deposited uranium. 

S. The application of the traditional two geometry technique was found to be of very limited use 

at Almelo because of the very long measurement times required (at least 10 hours). A variant of the 

two geometry technique indicated some promise but further work is necessary to confirm its po

tential and to establish the minimum measurement time required. On the other hand the two ge

ometry technique is the only NDA technique cunently capable of determining the enrichment of 

the LFt gas independent of the enrichment of the deposited uranium. It relies on accurate geomet-
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heal replacement of the detector assembly and assumes that the uranium is evenly deposited around 

the pipe. 

9. It is necessary to develop a "back-up* technique which is independent of the deposit enrichment 

such as the variant of the two geometry technique even if the main measurement technique were 

to involve the deposit correction. This is due to the fact that the deposit correction technique can 

only indicate the presence of LEU and because of the potential that systematic errors will produce 

anomalous results for those pipes with significant deposit (> 10 times the gas signal). 
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1 INTRODUCTION 

In November 1980 the Hexapartite Safeguards Project (HSP) comprising the operators, the IAEA 

and Euratom was launched in an attempt to find an acceptable solution to the problem of safe

guarding centrifuge enrichment plants. Two requirements arose from the I ISP: 

1 The Safeguards Inspector should have the right of a limited 

frequency unannounced access to the cascade area. 

2 The Inspector should have the right to use, as neccessary, 

non-destructive assay methods (NDA) in the cascade area. 

According to the text of the HSP reports the objective of NDA inside the cascade area is to confirm 

only that the enrichment level is in the low ennched uranium (LEU) range ill. 

It soon became apparent that a NDA instrument which could detect the presence, or confirm the 

absence, of highly enriched uranium (HEU) (over 20% ennched) UFt gas on a rapid go no go basis 

in cascade header pipework would be of great benefit in attaining the inspection goals. Any NDA 

instrument would have to meet both the constraints of the operators (viz. the operating gas pressure 

is proprietary information and the measurement should not interfere with normal operation of the 

plant) and also those of the Inspectorates (viz. the measurements should not be over complicated 

or time consuming since they have a large number of pipes to sample in a relatively short time). 

The United Kingdom, the Netherlands and the Federal Republic of Germany co-operate (Treaty 

of Almelo) in the development, commercialisation and operation of gas centrifuge plants for ura

nium enrichment. Consequently, safeguards groups from UKAEA Harwell, ECN Petten and KFA 

Jiilich have co-operated in the development of enrichment safeguards. The primary objective of the 

present measurement programme was to investigate whether a gamma-spectroscopic measurement 

method could be devised which would determine whether the plant was operating in the LEU 

enrichment range. 

In principle, the total mass of 2Ui' in the gas can be determined by measuring the intensity of the 

185.72 keV gamma rays from the decay of 2J5t' nuclei in the gas. The total mass of L' in the gas is 
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then determined by energy-dispersive X-ray fluorescence <XRF) analysis. The enrichment (after 

suitable calibration) can simply be given by the ratio of these two measurements. In practice, the 

development of such an instrument has been complicated by the occurrence of deposits on the walls 

of the pipes in the centrifuge enrichment plants. These are U deposits (mainly from reactions of 

LF6 gas with water vapour) and Th deposits (directly resulting from the alpha-decay of the L' in the 

LF6 gas, and indirectly from the alpha-decay of the U deposit). The intensity of gamma rays emitted 

by the deposits relative to the corresponding gamma rays emitted by the gas, varies from plant to 

plant and even within the same plant at equivalent locations; in the UK, the ratio is typically in the 

range 2 to 12. 

Therefore any technique developed for the measurement of the enrichment of the UFf gas has to 

be capable of correcting the 1S5.72 keV gamma ray intensities for those emitted by the deposit. In 

addition the enrichment of the LFt gas can only be determined if the total amount of U in the 

L'Ff gas, which is equivalent to the UFt gas pressure, is either directly or indirectly known. To be 

widely applicable and acceptable to inspector and operator, the technique should render unambig

uous results under varying operating conditions as well as at different relative values for gas and 

deposit masses and enrichment. For the Capenhurst plant it has been shown in previous work 

,'2,4/ that a high resolution gamma ray spectrometer is suitable for measuring the number of gamma 

rays emitted by the W 4 gas and the deposited uranium and an energy-dispersive X-ray fluorescence 

analyser is capable of rapidly determining the mass of uranium gas in 120 mm outer diameter (o.d.) 

pipes to ± 25% relative (95% c.l.)/4/. 

This report gives the results of measurements carried out at Almelo by the UKAEA Harwell. ECN 

Petten and KFA Jülich to determine if these techniques can be employed at Almelo and Gronau 

where smaller diameter pipes inside the cascade halls need to be inspected. 
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2 PRINCIPLES 

All methods of determining the enrichment of the L'Ft gas in the pipe are based on the number of 

the 185.72 keV gamma rays emitted from the gas, which is proportional to the product of the 

enrichment of the gas and its pressure. 

Thus two physical properties of the LFt gas must be measured, i.e. the density (or equivalcntly 

pressure) of the L' atoms in the gas and the density of 233t' atoms. The L'Ft pressure can be meas

ured or estimated by energy-dispersive X-ray fluorescence analysis 4.5/ and since its application 

at Almelo presents no new problems, the principles will not be repeated here. However, since the 

185.72 keV gamma rays are also emitted from the deposited uranium, it is necessary to establish the 

number emitted by the LFt gas from the total value. 

Two techniques have been developed which enable the 185.72 keV gamma rays emitted from ^U 

in the l'Ft gas to be separated from those emitted from the deposited uranium viz the deposit cor

rection technique and the two geometry technique. Both have been combined with the XRF 

measurement to estimate the enrichment of the LF6 gas being produced at the time of measurement 

5,6/. 

The gamma rays of interest which are emitted from the decay chains of mU and 2M£7 are shown in 

Table 1 Since the decay of 2i'i' is not accompanied by any significant gamma ray emission, then 

the 63.29 keV gamma rays emitted by "*Th are used as an indication of either the mass of deposited 

uranium on the pipe or of the directly deposited thorium. 

2.1 DEPOSIT CORRECTION TECHNIQUE 

The measurement method is designed to confirm on a gono go basis that the enrichment level is 

in the low em'chment range. This technique is based on the measurement of the intensities of the 

185.72 keV gamma rays emitted from 2iiU and the 63.29 keV gamma raj s emitted from 2*Th. The 

measured gamma ray intensity of the 185.72 keV transition consists of two components: gamma 

rays emitted from the deposited uranium in nonvolatile compounds on the one hand and gaseous 

ii\ material on the other. The measured gamma ray intensity of the 63.29 keV transition also 
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consists of two components: gamma rays emitted from thorium which is & decay product of previ

ously deposited uranium in nonvolatile compounds and gamma rays from directly deposited 

thorium. From Table 1 it is seen that: 

1867-07- = lS6j)£f + 186Cyls (1) 

where 186ror and 63r o r refer to the total 185.72 and 63.29 keV gamma ray counting rates respec

tively and DEP, GAS and TH refer to the deposited uranium, UFf gas and directly deposited 

thorium contributions. If one assumes radioactive decay equilibrium, each decay of a uranium gas 

atom produces a thorium atom which is very likely to be locally deposited on the pipework, where 

its deposit will be matched by the decay of a directly deposited thorium atom. This process is re

ferred to as 100% direct thorium deposition 121. A detailed description of the behaviour of the 

gamma ray intensities from the deposits is given in Appendix 1. 

The key assumptions made in the derivation of this Appendix are that 

- radioactive decay equilibrium has been established 

• the deposit is uniform around the pipe 

• the direct thorium deposition is 100% 

• there is no difference in geometrical detsction efficiency 
between gamma rays emitted from the gas and the deposit for the 
particular geometry employed in the passive gamma ray measurement. 

Regarding this last assumption, it has been shown that any difference is less than 10% for pipes 

of interest to the present measurements, i.e. for external pipe diameters between 30 and 120 mm 7 . 

It can be assumed that under normal operation, 

* x £ g x 6 3 m 
m°A5—\^Ta— 

where K is a constant depending on the aluminium pipe wall thickness and the relative detection 

efficiencies for 185.72 keV and 63.29 keV gamma rays and Ec is the enrichment of the gas. It also 

follows that in secular equilibrium, 

ia/ _ Kx EDx63DEP m™—\^rD— 



where E0 is the enrichment of the deposited uranium. 

As detailed in Appendix 1 the above two equations may be combined to produce 

IS6 r o r = A' 
l-Er. 

( ED i 
\\-ED 1 -

63ror+ ( - — F ;—r~ P^DE? (3) 

Writing the equation in this fashion clearly demonstrates the dependence of the deposit correction 

technique on the similarity of the deposit and gas enrichments as well as absolute magnitude of the 

gamma ray intensity due to the deposit. Under normal operating cunditions at Capenhurst it has 

been found that ED *• EG, but clearly for large deposits relative to the gas signal then small differ

ences between the deposit and gas enrichments become important.' (See Appendix 2 for further 

discussion of the systematic errors). 

For ED~ Ec = E 156rt,r is a function of 63r o r only. Hence, a measure of normal operation 

of the plant, i.e. enrichment of LFt gas consistent with the declared value, can be investigated by 

measuring the excess '186 counting rate, Xm , where 

A]i6 - lSOror - j — j (4) 

where E is now the enrichment of the gas as declared by the operator to the inspector, and where, 

ideally, XiU shouid be zero. 

In practice even under normal operational conditions A'1M is unlikely to be zero, in fact it can be 

positive or negative, due to differences between ED and Ec and the fact that the direct thorium de

posit is not always 100%: measured values of ~ 60% to 90% have been obtained at Capenhurst 

/6/. Hence, it is unlikely that this method wiil enable the enrichment of the L'Ft gas in the pipe at 

the time of measurement to be accurately determined. In theory, if decay equilibrium is not estab

lished (say due to a recent, significant deposit of U or a change in gas pressure or enrichment) then 

Xm would not be zero, but practical experience indicates such occasions are rare. 

1 Table 6 shows that Tor (he Almelo plant SP4.2 measured gas enrichments evaluated under the assumption 
that the deposit enrichment is the same as the declared gas enrichment differ by as much as a factor of 4 
from the declared gas enrichment: declared enrichment * 2.5 "«.measured enrichment • (9.8 ± 3.1)%. 
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The LFt gas pressure can be measured by energy-dispersive X-ray fluorescence analysis by com

paring the counting rate of uranium K X-rays excited in the LFt gas, iK say, with those obtained 

from a secondary standard gas sample. The pressure of the L'Ft gas is given by CI', where C is a 

calibration constant which needs only to be made available on a need to know basis in order to 

conserve the restricted nature of the absolute gas pressure. 

Hence, the excess enrichment Ex of the L'Ft gas in the pipe at the time of measurement can be 

calculated from, 

_ Xit6 186707— Kx Ex 63roy/(l - £) 
* ~ Cx LK ~ Cx LK 

It has been suggested that the inspector may wish to have the measured enrichment of the UFt gas 

EM displayed, which is given by the equation: 

£ „ = £ , + E 

In practice the biggest statistical uncertainty in the measurement comes from the measurement of 

63ror. The overall uncertainty in the measurement can be reduced by approximately %' 2 by si

multaneously measuring the number of 92.38 and 92.80 keV gamma rays emitted by lMTh and using 

a different value of K. However, a correction for unresolved 93.35 keV Th X-rays emitted during 

the decay of mU and 92.29 keV Pa X-rays emitted during the decay of mTh is necessary. Although 

this complication was not justified when measuring the 120 mm o.d. pipes at Capenhurst it has 

been used in this report in order to reduce the measurement times required for the smaller diameter 

pipes. This is of particular importance at Almelo where the total measurement time allowed is re

stricted as the inspection has to be made inside the cascade halls. 

2.2 TWO GEOMETRY TECHNIQUE 

The relative number of gamma rays that are detected from the deposit and the UFt gas changes 

with geometry. The detection efficiencies of the gas and deposit are nearly equal when using close 

geometry (the one that gives the highest precision in the shortest time) 17/. However, if the detector 
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is moved away from the pipe and also coöimaied (e.g. the geometry used for the XRF determi

nation) the detection efficiency of the deposit falls relative to the gas. 

If the relative detection efficiency for detecting the 1S3.72 keV gamma rays emitted by 23ii' for the 

gas and the deposit under the two geometries are a, and a. respectively, it follows that:-

c, = G + D 

c, = a ,G+ OjD 

where c, and c2 are the counting rates of detected 185.72 keV gamma rays under close and distant 

geometries respectively and G and D are the counting rates obtained from the gas and the deposit 

under close geometry. 

It is therefore possible to determine the number of 1SS.72 keV gamma rays emitted from the gas: 

(<»i - <h) ' 

In this formulation, no assumptions are required either about secular equilibrium, direct thorium 

deposit or the enrichment of the deposited uranium. 

In deriving the above equation it is assumed that the deposit is uniformly deposited around the 

pipe. Gearly since the technique depends on variation of geometrical detection efficiency with dis

tance and collimation. any non-uniformity of deposit will introduce Systematic errors whose mag

nitude will depend on the extent of the non-uniformity and also on the relative contribution of the 

deposit and gas to the measured 1 S5.72 keV gamma ray intensity. Practical experience in the oper

ational plant at Capenhurst 6 has not indicated any problems arising from non-uniformity of de

posit. 

By determining the relative gas pressure using X-ray fluorescence analysis, the current enrichment 

of the L'Ft gas can be calculated: 

E = ( c 2 - g ; ^ ) ] C 1 
(<t\-<h) CxLK 
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where L't is the counting rate of uranium K X-rays and C is a calibration constant. Thus the 

enrichment of gas is determined without reference to the enrichment of the deposit. 

2.3 COMPARISON OF TECHNIQUES 

The deposit correction technique has the advantage that it enables the absence of HEL' to be es

tablished in a comparatively short measurement time. However as discussed in Appendix 2. it is 

subject to several souses of systematic error, some of which could prevent the detection of any 

IIEL' that was in the pipe at the time- of measurement. These include: 

• The difference between the actual enrichment of the deposited uranium and the value assumed; 

this effect is multiplied when there is a large deposit to gas mass ratio. 

• Radioactive decay equilibrium may not be established. 

• Direct thorium deposition may not be 100%. 

On the other hand the two geometry technique is capable of determining the enrichment of the 

UFt gas, eliminating the influence of the enrichment of the deposited U, although long (several 

hours) measurements will probably be required to confirm the presence and to accurately determine 

the enrichment of any HEL' gas that was in the pipe at the time of the measurement. It also relies 

on accurate geometrical replacement of the detector assembly and assumes that the uranium is 

evenly deposited around the pipe. 
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3 EQUIPMENT 

At Capenhurst measurements were made outside the cascade halls on horizontal pipes with 120 

mm o.d. which were close to the floor. Therefore there was no restriction on the size of detector 

cryostat and lead shielding assembly as it could be moved into position on a trolley. However, for 

safeguard purposes at Almelo, measurements need to be made in the cascade halls themselves, on 

different diameter pipes, with 42, 57 and 70 mm o.d., which may be vertical or horizontal and up 

to 2 m from the floor. In addition it is necessary to be able to carry the complete analysing system 

up and down stairs, thus limiting the thickness of lead shielding that can be used. Due to bends in 

some of the pipes and to other obstructions it is only possible to use lead shielding along a short 

distance (300 mm) of the pipes being measured. Hence care must be taken to avoid making meas

urements too close to valves where uranium and direct thorium deposits may not be uniform and. or 

may not be in radioactive decay equilibirum. 

Thus it was necessary to design a new portable shielding assembly with the 'n' type intrinsic de

tector mounted in a 24 hour portable dewar for these measurements. It was completely surrounded 

by 3 mm thick lead, covered in 1 mm thick aluminium and lined with 1.5 mm thick cadmium 

principally to shield the detector from low energy < 200 keV gamma rays emitted from e.g. adja

cent feed pipes which contain L'Ft gas at comparatively high pressure. The cadmium lining was used 

to absorb excited Pb Kj X-rays that interfere with the 84.21 keV gamma rays emitted by mTh. 

Additional cadmium lined lead was placed around and 300 mm along the pipe being inspected, the 

size of shield used depending on the outside diameter of the pipe being measured, which could be 

cither horizontal or vertical. The shielding assembly, detector, multi-channel analyser and printer 

used are shown in the photograph in Figure 1. The gamma ray spectrometry measurement was 

made with the detector close (3mm) to the pipe. The detector was moved back 60 mm, a lead 

collimator and a rCo source inserted as shown in Figure 2 when making the X-ray fluorescence 

measurements. The data was obtained on a portable Davidson 4096 multi-channel analyser which 

also contained the main amplifier and high voltage supplies for the detector. Photographs of the 

complete analysing system in use when measuring vertical and horizontal pipes are shown in Fig

ures 3 and 4 respectively by courtesy of LRENCO NEDERLAND OPERATIONS BV (I'OBV) 

Almelo. 
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Two joint measurement campaigns were undertaken: the first in June and the second in October 

1985. Unfortunately, the original n-type detector failed between the campaigns and the second series 

were performed using a similar diameter n-type detector loaned to us by EG&G-ORTEC. I lolland. 

The resolution of the second detector was slightly poorer than the original and so the channel set

tings in the Davidson MCA had to be altered (see Section 4.4). 
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4 RESULTS 

4 I EARLIER PASSIVE GAMMA RAY SPECTROMETRY EXPERIMENTS 

Prior to the present experimental programme ECN Petten and KFA Julicb had carried out ;heir 

own experimental programmes based on pa., jve high resolution gamma ray spectrometry. From 

their results it was possible to calculate the mean enrichment of the L'Ft gas plus deposited uranium 

in one of the cascade halls at Almelo ,3.8,9,10,11,'. The measurements were made with 'p' type 

germanium and planar germanium detectors which are less sensitive for detecting 63.29 keV and 

185.72 keV gamma rays respectively than the n' type germanium detectors used for this latest series 

of measurements. It is shown in Tatxe 2 that there is fairly good agreement between the three sets 

of results. It should also be noted that between the product pipes there are significant differences 

in the measured enrichments of the uranium although they are all from the same cascade haD (ix. 

pipes A and E). 

4.2 PROBLEMS ENCOUNTERED WHEN OPERATING THE DETECTOR IN THE 

CASCADE HALLS 

The first objective of this programme was to establish if it was possible to operate the semi

conductor detector in the cascade halls where electromagnetic interference had already been expe

rienced '8,. In addition it was necessary to demonstrate that reproducible passive gamma ray 

spectrometry and X-ray fluorescence analysis measurements could be made on the three smaller 

diameter pipes which were at different locations within the cascade halls. 

Although it was confirmed that it was possible to locale the detector assembly reproducibly, the 

resolution of the detector was significantly poorer in some of the cascade halls. It was established 

that the cause of this was interference by electromagnetic radiation which was emitted primarily 

from the pipework in one hall and from the inverter power supplies in others. The former inter

ference was suppressed by fitting a I mm thick aluminium sheet between the product pipe being 

measured and the detector. The latter was overcome firstly by twisting the interconnecting cables 

into 'twisted pairs', and secondly by wrapping all of the cables in aluminium foil which was only 
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carefully earthed at the MCA. After making these modifications it was possible to measure 30 

product pipes in seven different halls satisfactorily. 

A new method of lifting and positioning the detector assembly needs to be developed especially 

when making measurements in plant SP3. before routine measurements could be contemplated. 

4.3 MEASUREMENT OF THE LFt GAS PRESSURE USING AN ENERGY-

DISPERSIVE X-RAY FLUORESCENCE ANALYSER 

Characteristic uranium K X-ra\s (94.6, 98.4, 110.4. 111.3. and 114.6 keV) can be efficiently excited 

by 122 and 136 kcV gamma rays emitted by a rCo radioisotope source. However, due to the low 

L'Ft gas pressure in the product pipes the number of excited uranium K X-rays is smaD compared 

with the number of scattered gamma rays. It »therefore necessary to use a high resolution semi

conductor detector for isolating them. 

However, for this application it is also necessary to limit the counting rate due to uranium K X-rayr 

excited in the deposited uranium and the counting rate of gamma rays scattered from the aluminium 

walls of the pipe. 

Three different source shielding assemblies were used for exciting uranium K X-rays in the L'Ft gas 

in pipes with 42, 57 and 70 mm o.d., although the same lead collimator, with an aperture 90 mm 

long x 10 mm wide, was inserted between the pipe and detector, as is shown in Figure 2. for all of 

the measurements. 

As the feed pipes on some of the cascades had the same diameter, 42 and 57 mm o.d„ as two of 

the product pipes that needed to be measured, and as they also contained IT, gas at comparatively 

high pressure, they were used to calibrate the X-ray fluorescence analyser. Due to the comparatively 

short half life of the rCo source, 270.9 d, the measured counting rate of uranium K X-rays was 

corrected to account for the decay of the initial 11.3 mCi rCo source between measurements. 

Five feed pipes (42 nun o.d.) were measured during the period between 27 June and 10 October 

19S5, the results obtained being given in Table 3. It is seen that there is very good correlation be
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tween the counting rate of U K,t and the pressure obtained even though the October measurements 

were made with a detector slightly larger in diameter (44.3 mm instead of 42.0 mm). It was also 

concluded that the positioning of the detector assembly was not critical provided that it was 

touching the pipe being measured. 

Table 4 gives the corresponding U A., X-ray counts obtained from a 57 mm o.d. feed pipe con-

taming L'Ft gas at a relatively high pressure. The calibration figure obtained for 70 mm o.d. pipes, 

based on the measurements made on low pressure product pipes, together with the average value 

obtained for the 42 mm o.d. pipes are also given in Table 4. 

A comparison between the number of detected U K,t X-rays and the declared pressure on 30 

product pipes was made. It was established that for the two larger diameter pipes measured, 57 and 

70 mm o.d-, the U K., counts agreed with the values expected from the catibration measurements 

without bias and were therefore independent of the mass of uranium deposited on the pipe. The 

spectra obtained in 50 000 seconds from two 70 mm o.d. product pipes, one operating normally the 

other without UFt gas, -re shown in Figures 5a and 5b respectively, the peak due to the detected 

U Km, X-ray being dearly seen in Figure 5a. Although a sroaD net count was obtained in the U 

KM, channel when measuring the pipe without VFt gas, it is more likely to be due to errors in the 

method of background subtraction than to excitation of the uranium deposit. The higher back

ground counts obtained could be due to gamma rays being scattered from bght gases that could 

have been present in the pipe. On the other hand the number of U K,x X-rays detected from the 

42 mm o.d. pipes was significantly higher than the value expected from the calibration measure

ments and as can be seen from Figure 6a they increase with the mass of deposited uranium. It is 

seen in Figure 6b that this excess can be adequately corrected for by subtracting a fraction o( the 

63.29, 92.38 and 92.80 keV gamma ray counting rates obtained during the passive gamma ray 

spectrometry measurements. 

It was estimated that it should be possible to determine the L'Ft gas pressure to approximately ± 

30% relative (95% confidence limit) in measurement times of under an hour (15 minutes for some 

pipes) when using a single 11.3 mCi ^Co source. 

All of these times could be reduced by incorporating more than one source in the analyser. 
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It is therefore concluded that the measurement time required for the X-ray fluorescence pressure 

determination wiD not be prohibitive provided the UFt gas pressures measured are typical of those 

normally used at Almelo. 

4.4 MEASUREMENT OF THE ENRICHMENT OF L'Ft GAS IN PRODUCT PIPES 

The measurement programme was divided into two stages, the first in June 1985 and the second in 

October 1985. The detector used for the OctoHfr measurements was thicker, with a slightly larger 

diameter and slightly poorer resolution, than the original one used in June. Some of the latter 

measurements were made with a 1 mm thick aluminium sheet between the pipe and the detector. 

The original detector, 42 mm diameter x 43.8 mm thick, was calibrated at Harwell uring artificial 

deposit standards of different enrichment that had been used previously for the Capenhurst 

programme. The performance of both detectors was compared by ECN Petten and H was shown 

that the larger detector, which was 44 mm in diameter and 49.6 m a thick, was S% more efficient 

for detecting 63.29 and 9138 keV gamma rays and 13% more efficient for detecting 185.72 keV 

gamma rays (ix. relative total energy peak efficiencies). The October readings were corrected ac

cordingly and additional corrections for absorption of the 1 mm thick aluminium sheet were made 

where appropriate. 

4.4. | USING THE DEPOSIT CORRECTION TECHNIQUE 

It was described in section 2.1 bow tbe number of 185.72 keV gamma rays emitted by any uranium 

deposited on the pipe beinr measured, which is proportional to its enrichment, can be estimated 

using the deposit correction technique. However it is necessary to use some means of estimating its 

enrichment and the method used at Capenhurst assumed that tbe enrichment of deposited uranium 

was the same as the operator's declared enrichment of the VFt gas being produced at tbe time of 

measurement. The method works very well at Capenhurst ;4,6/ but at Ahnelo problems were en

countered. This is due to the relatively larger deposit to gas ratios at Almelo (up to 20 to 1) and the 

fact that the enrichment of the LFt product at Almelo varied by over a factor of two. Thus there 

is a distinct possibility of there being a significant difference between the average enrichment of the 



deposit and the current enrichment of the gas; the effec* this difference has on the measured 

enrichment increases with increasing deposit to gas ratios. 

Consequently, alternative methods of estimating the correction for the deposited uranium using the 

63 keV gamma ray have been considered: 

- The first assumes a value of 3% for the enrichment of the deposit for all pipes, which is the ap

proximate average value found at Capcnhursi and also at Almelo. 

- Other methods considered were based on the possible use of information obtained during previous 

visits i.e. the use of a 'database'. Attempts to use information obtained from previous measurements 

made on other pipes in the same cascade hall were rejected due to the variations in the enrichments 

of uranium deposited on the pipes in the same hall (see Table 2). The use of previous information 

obtained from the same pipe, which had been confirmed to contain only LEU at the time of the 

previous measurement was found to be a promising technique provided it is acceptable to the op

erators. 

The measured gas enrichments calculated for 30 product pipes in seven cascade halls using the de

posit correction technique are shown in Figure 7. The values given in Figure 7a were calculated 

assuming that the enrichment of the deposited uranium was 3%, and the values in Figure 7b that 

it was the same as the declared enrichment of the UFt gas being produced at the time of measure

ment. The 3% estimation is slightly better for Almelo measurements as it produces fewer large 

negative values resulting from the declared enrichment being significantly higher than the 

enrichment of the deposited uranium. These negative values could prevent the detection of any 

HEL' that may be in the pipe at the time of measurement. The measured L'Ft gas enrichment values 

are also given in Table 5 together with the errors due to counting statistics (95% c.l.) on the 

measurements when using measurement times of between 3 000 and 3 600 seconds for the majority 

of the passive gamma ray spectrometry and X-ray fluorescence determinations. It is concluded that 

aO of • he pipes contained only LEU at the time of measurement. 

However, the enrichment value expected if pipe SP4.2.E had contained HEU at the time of meas

urement, (10 ± 3)%, would have been indistinguishable from the values obtained from some of the 

pipes that only contained LEU. 
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The ratios of the measured gas pressure declared gas pressure are also given «n Table 5 together with 

the approximate mass ratios of deposited uranium; (."ƒ*» gas. It is seen that, except for the two 

product pipes in hall SP3.2, all of the measured values are within ± 30% of the declared pressures. 

It is considered that this accuracy is adequate for routine safeguard measurements although a higher 

accuracy may be required when investigating anomalies. It should be noted that there are large 

variations (2 - IS) in the masses of deposited uranium in the pipes relative to the L" mass in the gas 

phase. Thus some pipes are obviously more difficult to measure than others and hence the meas

urement times required will vary considerably (0.5 to 2 h to obtain ± 3% absolute enrichment at 

95% c.l. due to counting statistics). It can be seen in Table 5 that the measured enrichment of the 

UFt gas was considerably higher, or lower, than the declared values for some of the pipes measured 

when the enrichment of the deposited uranium was significantly different from 3%. For example, 

pipe SP4.2.E gives an approximate 10% underestimated value due to its relatively large uranium 

deposit only having an enrichment of approximately 2.4%. On the other hand all of the product 

pipes measured in halls SP3.1 and SP4.4 give high values as the enrichment of the deposited ura

nium is over 3%. The magnitude of these systematic errors is of more importance when measuring 

pipes with high deposited uranium/ UFt gas mass ratios. 

4.4.1.1 THE CONSTRUCTION AND USE OF A DATABASE 

In Section 4.4.1, the possibility was discu d of confirming the presence of LEU in all of the 30 

product pipes measured by assuming that the enrichment of deposited uranium was 3%. However, 

as the enrichment of the deposited uranium on some of the pipes was significantly higher than or 

lower than 3%, the measurements were subject to systematic errors. These systematic errors can 

be reduced and hence the passive gamma ray spectrometry measurement times can be significantly 

lowered, by up to a factor of four, if one makes use of previous results that have been obtained from 

earlier measurements on the same pipe. The advantage of this approach is demonstrated in the re

sults given in Table 6, where three of the pipes that had been confirmed as only containing LEU 

on the previous measurement using the 3% uranium deposit enrichment approach, but that gave 

the biggest systematic errors, were remeasured. From the results obtained during the first measure

ment it is possible to calculate, and store in a database inside the MCA, the enrichment of the de

posited uranium in the pipes. This enrichment value is then used in the deposit correction formula 
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when making repeat measurements on the same pipe. These new values of UFt gas enrichment are 

plotted in Figure 8b, the original values obtained assuming a uranium deposit enrichment of 3% 

being shown in Figure 8a, for comparison. Also shown in Figure 8 are the UFt gas enrichment 

values expected if the pipes had contained HEL' during the measurements. The advantage of the 

'database' app.oach is clearly seen and it could result in a significant, up to a factor of four, re

duction in the passive gamma ray spectrometry measurement times required when making further 

measurements on these pipes. 

4.4.2 USING THE TWO GEOMETRY TECHNIQUE 

The alternative method of determining the enrichment of UFt gas in the product pipes is to make 

a second passive ganma ray spectrometry measurement using a collimated detector ( see Section 

2.2). This approach has the big advantage that the measurement result is independent of the 

enrichment of the deposited uranium. The disadvantage is that the total measurement time required 

is approximately an order of magnitude longer than that required for the deposit correction method. 

The original suggestion ,'5/ was to make the second passive gamma ray spectrometry measurement 

under the X-ray fluorescence geometry (see Figure 2). However it is recommended that the rCo 

source is removed as its presence increases the background counting rate tenfold. In an attempt to 

shorten the measurement periods, an alternative geometry was used at Almelo with a shorter de

tector collimator (6 mm thick) and with the detector only 10 mm from the pipe being measured. 

Due'io the long measurement times required for the collimated geometry measurement (overnight). 

only two pipes were measured, one under each geometry. 

As the feed pipes at Almelo operate at relatively high pressures they are convenient for determining 

the relative detection efficiencies of the UF6 gas and deposited uranium under the three geometries. 

Due to the high UFt gas/deposited uranium ratio it has beer, assumed that the 185.72 keV gamma 

rays are only emitted from the gas. It has also been assumed that the 63.29 keV gamma rays will 

only be emitted from the directly deposited 1MTh. Hence the ratios of detected 185. "2 keV gamma 

rays obtained under the three geometries were taken as a measure of the relative detection efficien

cies for the gas and the ratios of detected 63.29 keV gamma rays as a measure of the relative de-

17 



tection efficiencies of the deposit. Results with the alternative geometries are discussed in the next 

section;. 

4 4.2 1 USING THE X-RAY FLUORESCENCE GEOMETRY 

The relative efficiency for detecting gamma rays emitted from the VFt gas and the deposited ura

nium was determined for a 42 mm o.d. pipe as described above. Even when making a 40 000 second 

measurement under the X-ray fluorescence geometry, it was only possible to estimate the detection 

efficiencies of the LFt gas and of the deposited uranium, relative to the normal passive gamma ray 

spectrometry geometry, as (9.2 ± 1.7)% and (5.7 ± O.S)% respectively. The difference between the 

two efficiencies is (3.5 ± l.S)% compared with the value (6 ± 1)% obtained at Capenhurst for the 

120 mm diameter pipes. 

The only measurement made under this geometry was on a 42 mm o.d. product pipe while the 

X-ray fluorescence gas pressure determination was being undertaken i.e. the background was 10 

times the value normally expected. Nonetheless it was possible to estimate the enrichment of the 

L'Ft gas in the pipe by substituting the number of 185.72 keV gamma rays obtained under the two 

geometries in the equation 

50(c2-0.057c,) 
G A0.035) 

where the calibration constant 50 for this size of pipe was obtained using standards, and p was the 

pressure of the gas in the pipe in torr as determined by the X-ray fluorescence measurement. Al

though the UFt gas enrichment value obtained (4 ± 29)% is in itself meaningless it does give an 

indication of the sensitivity of the measurement i.e. the LFt gas enrichment could be determined 

to ± 10% absolute (95% c.l.) in a measurement time of approximately 10 hours in the absence of 

the l'Co source. 

It is thus concluded that the present design will be of limited use to an inspector. A modified version 

of the two geometry technique is described in section 4.4.2.2. 
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4 4 2 2 USING THE THIRD GEOMETRY 

The relative efficiencies for detecting gamma rays emitted from the IT» gas and from the deposited 

uranium were determined for a 57 mm diameter feed pipe as described above. They were estimated 

as (20.5 ± 1-2)*/» and (13.1 ± 0.7)*/» relative to the normal passive gamma ray spectrometry ge

ometry, the difference between them being (7.4 ± 1.4)%. 

One measurement was made on a 57 mm o.d. product pipe without the s'Co source. The 

enrichment of the VFt gas was calculated from the equation:-

= 30(c3-0.131c,) 
c p(0.07A) 

where the calibration coustant for this size of pipe is 30 and p is the pressure of the gas in the pipe 

in torr as determined by the X-ray fluorescence measurement. An enrichment value of (2.6 ± 4)% 

(V5% c.l.) was obtained in a total measurement time of approximately S.5 h. 

More measurements on pipes of different diameters, gas pressures and deposit to gas ratios will be 

required before the usefulness of this technique can be properly assessed. 
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5 CALIBRATION OF THE ANALYSERS 

5.1 PASSIVE GAMMA RAY SPECTROMETER 

The gamma ray spectrometer can be initially calibrated using artificial deposit samples of known 

enrichment as were used for the Capenhurst work /2, 4/. Day to day calibration can probably be 

adequately carried out by checking the gain and resolution of the gamma ray spectrometer using 

the 692 keV gamma rays emitted by the rCo source. This approach was found to be particularly 

useful when the resolution of the detector varied due to electromagnetic radiation interference dur

ing the present work. 

5.2 X-RAY FLUORESCENCE SPECTROMETER 

The X-ray fluorescence spectrometer can only be initially calibrated by measuring VFt gas in pipes 

at known pressures using a rCo source of known activity. This is probably best undertaken by the 

IAEA themselves. It has been shown that for Capenhurst pipework a secondary standard ««m be 

produced using uranium foil, which is adequate for rapid day to day calibration 14;. Thus it is not 

necessar}- for the inspector to know the absolute pressures that he is measuring provided that a 

suitable calibration constant, which can be related to the secondary standard, is installed inside the 

MCA calibration programme. 

During the course of the present work, it was established that a ch.vk on the satisfactory operation 

ot "the spectrometer could be performed by measunng the intensity of the 692 ksV gamma rays 

emitted by the yCo source during the X-ray fluorescence measurements. 
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6 DISCUSSION OF RESULTS 

In this section, we look at the broad pattern of the results for SP4, which is the plant studied in 

most detail, and discuss the potential for an approach to safeguard measurements. 

For the cascade halls 1, 3 and 5, the measured enrichments obtained with the deposit correction 

technique (see Table 5) indicate that aQ pipes measured were containing LEU at the time of 

measurement. This is primarily because the relative deposit to gas signal is < 5 and so differences 

between the assumed and actual deposit enrichment do not cause significant systematic errors. 

In halls 4 and especially 2, the ratios of the deposit to gas signals always exceeded 5 for the pipes 

studied and the simple application of the deposit correction technique is not so successful. How

ever, if use is made of a historical data base as is shown in Table 6, then the deposit correction 

technique indicates that these pipes were containing LEU at the time of the measurement. 

The application of the deposit correction technique with a historical data base to a plant with 

considerable deposits is not so straightforward and may involve either an acceptance of the stated 

average enrichment of the deposit or long measurements of the deposit enrichment using a variant 

of the two geometry technique such as that discussed in section 4.4.2.2. 

Large negative values of measured gas enrichment (see Table S, line SP3.2) have been obtained. 

The value of the enrichment of the deposited uranium was lower than the value cf the declared gas 

enrichment, which was used to calculate the deposit correction. Such wrong assumptions could 

prevent the detection of any highly enriched uranium that may be in the pipe at the time of meas

urement. However, out of the 37 measurements made during the two campaigns on 30 pipes, only 

one such situation was identified. 

The application of the traditional two geometry technique (using XRF geometry for the second 

passive gamma ray measurements) is unlikely to be of general use at Almelo because of the very 

long measurements times required. 

The two geometry technique has the big advantage that the measurement result is theoretically in

dependent of the enrichment of the deposited uranium. Any non-uniformity of deposit will intro-
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duce systematic errors whose magnitude will depend on the extent of non-uniformity and also on 

the relative contribution of the deposit and gas to the measured 185.72 keV gamma ray intensity. 

A variant of the two geometry technique has indicated some promise and further work is necessary 

to confirm its potential and to establish the minimum measurement time required. However, it is 

likely that even an optimised system will still require several hours per measurement for high deposit 

pipes. 

It is important to develop the variant of the two geometry technique since this would be required 

even if the main measurement technique were to involve the deposit correction. This is due to the 

fact that the deposit correction technique can only indicate the presence of LEU and because of the 

possibility that systematic enots may produce anomalous results, especially for those pipes with 

significant deposit. Thus, a "back-up* technique which can determine the gaseous enrichment in

dependently of assumptions about the deposit enrichment is necessary. 

An important philosophical point is being made here • the deposit correction technique can be used 

to indicate the presence of LEU but if one obtains a higher than expected enrichment value (for the 

purposes of illustration, say, > 12%) then an independent measurement such as a variant of the 

two geometry technique must be used to complete the go/no go method. 

Our much more limited measurements in SP3 would appear to conform to the general observations 

made above for SP4. 

The X-ray fluorescence spectrometer can only be initially calibrated by measuring UFt gas in pipes 

at known pressures using a "Co source of known activity. This is probably best undertaken by the 

IAEA themselves. It has been shown that for the Capenhurst pipework a secondary standard can 

be produced using uranium foil, which is adequate for rapid day to day calibration /4/. Thus it is 

not necessary for the inspector to know the absolute pressures that he is measuring provided that 

a suitable calibration constant, which can be related to the secondary standard, is installed inside 

the MCA calibration programme. 
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During the course of the present work, it was established that a check on the satisfactory operation 

of the spectrometer could be performed by measuring the intensity of the 692 keV gamma rays 

emitted by the rCp source during the X-ray fluorescence measurements. 
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7 CONCLUSIONS 

Although the presence of electromagnetic radiation interference of variable intensity and from dif

ferent sources was observed in the cascade haDs being investigated, it is confidently predicted that 

a satisfactory NDA measurement system, based on a high resolution semi-conductor detector, can 

be developed to be insensitive to these interferences. 

The problem of making passive gamma ray and X-ray fluorescence measurements on 42. 57 and 

70 mm o.d. pipes, which are both vertical and horizontal, was adequately resolved from a me

chanical point of view. However, further development of a rigidly mounted system, suitable for 

making measurements in all the cascade halls, especially SP3, is required before routine safeguards 

measurements could be made with this technique. Such a system must be engineered to minimize 

the risk of damage to the plant. 

Both the methods of measuring the enrichment of the LF, gas considered in this report necessitate 

that the pressure of the UFt gas in the product pipe be measured. Methods of limiting the release 

of this information, by using secondary standard samples and by safeguarding the MCA programme 

calibration data, have yet to be resolved by the operators and the Inspectorates. 

The energy-dispersive X-ray fluorescence method of measuring the pressure of the L'Ft gas has been 

demonstrated. Although relatively small excitation of deposited uranium in 42 mm o.d. pipes has 

been observed, a simple correction, based on information obtained during the passive gamma ray 

spectrometry measurement, has been shown to be adequate. From the results obtained from 30 

product pipes it was concluded that the LFt gas pressures could all be determined to ± 30% relative 

(93% c.l.) in a measurement time of one hour or less using a single 11.3 mCi rCo source. 

These times could be reduced to less than 30 minutes by using a multi-source system provided that 

the pressures of the L'Ft gas in the pipes measured were typical of those normally encountered. 

All methods of measuring the enrichment of VF% gas necessitate separating the number of 1S5.72 

keV gamma rays emitted from the gas from those emitted from the deposited uranium. The more 

rapid technique but the one with a potential to produce anomalous results is based on the 'deposit 

correction technique' developed for use at Capenburst. In its simplest form the enrichment of the 
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deposited uranium is assnmfd to be 3% for afl pipes. Using this value it «as concluded that aS of 

the 30 product pipes measured were producing LEU at the time of measurement. However, sys

tematic errors both positive and negative were observed espedaBy when measuring pipes with rel

atively large uranium deposits with enrichments significantly different from 3%. In one case if HEU 

had been present in one of the pipes, it may have gone undetected using this simple approach. This 

is due to the dependence of the measured gamma ray intensity upon the mass ratio of gaseous and 

deposited uranium as weD as upon the enrichment similarity of gaseous and deposited uranium. 

It was established from the results obtained from 30 product pipes that, ignoring systematic errors, 

the enrichment of the UFt gas could be determined by the deposit correction technique to ± 3% 

absolute (95% c.I.) when using measurement times between 0.2 and 2 h Cor the passive gamma ray 

spectrometry determaiatirm. However, variations in the enrichment of the deposited uranium, both 

above and bdow 3%, resulted in additional systematic errors of between approximately + 8% and 

-10% (absolute value). Thus it wiD probably be necessary to measure the enrichment of the UFt 

gas to ± 3% absolute (95% c J. due to counting statistics) when the pipe is measured for the first 

time. However, provided the operator is prepared for the measured enrichment of the deposited 

uranium to be stored within the MCA memory, thus reducing the systematic errors, larger statistical 

errors of ± 6% will be more than adequate for subsequent measurements and would result in a 

four-fold reduction in the passive gamma ray spectrometry measurement time. 

The alternative method of determining the enrichment of the UFt gas is by making an additional 

passive gamma ray spectrometry measurement under a second collimated geometry. This method 

gives L'Ft gas enrichment values that are independent of the enrichment of the deposited uranium. 

However, the method requires long measurement times (several hours» and any non-uniformity of 

deposited uranium will introduce systematic errors. It appears to be of Utile use for routine meas

urements. The modification of this technique (referred to in the present report as the Third Ge

ometry) has indicated some possibility as a means for investigating any anomalies experienced using 

the deposit correction method, or when the presence of HEU is suspected. More measurements on 

pipes of different diameters, gas pressures and deposit to gas ratios are required to fully assess the 

usefulness of this technique. 
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APPENDIX 1 Derivation of 7-Ray btttaaries and Sources 

As was described in section 2.1 the 1S6 and 63 keV y-ray intensities arise from two distinct sources. 

Reproducing equations 1 and 2 below we have: 

l ióror « 1 8 6 ^ , + 1 8 6 ^ (Al) 

*W - *W + or» (A2) 

where 186791- v d &JVT refer to the total 18S.72 and 63.29 keV y-ray counting rates respectively and 

DEP. GAS and TH refer to the deposited uranium. UFt gas and directly deposited thorium con

tributions. 

To begin with, consider only a uranium deposit whkh was laid down uniformly on the pipe-work 

as a result of intrusion of water vapour. Since the uranium deposition is a chemical process, then 

the ratio of the uranium isotopes deposited win be the same as that in the gas at the time of depo

sition. Let <Vj and N, represent the number of mU and mU atoms in the deposit viewed by the 

detector and A, and X, be the decay constants of mU and mU respectively. The 186 keV y-ray ac

tivity is given by: 

As JVS #186) 

where B(186) is the fraction of mL decays resulting in the production of a 186 keV y-ray. 

The 63 keV y-ray activity arises from the daughter mTh, but since the decay constant A2J4 for 

mTh is very much greater than A* then the 63 keV activity is given by: 

h <V| [ l - w p f - A j * 0 ] *63) 

where B(63) is the fraction of mTh decays resulting in the production of a 63 keV y-ray. Thus the 

ratio of counting rates in the detector will be: 
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W*DE? Aj V5 «186)t(lS6) 
k W ; » v» (1 —cxpi -A234 0) 1*63) d63) 

where e( 1S6) and c(63) are the overall detection efficiencies for the y-ray detector and collimation. 

For a given detector and fixed geometrical set up, then K. defined by: 

_ ;.s a i 8 6 ) d l 8 6 ) 
;.8 2*63) t<63) 

will be a constant and one which can be casih obtained from suitable calibration. Thus 

mDEr, m Aj_ K 
63D£f A| ( l~cxp(-A 2 3 4 i)>" 

Now in secular equilibrium, t is » 1 '?.m and so the expression in brackets tends to unity and 

Ag A'g = /-2j4 A234 ere. 

Since the enrichment of the deposit (ED) is given by 

A's 
A, + -Vi 

1 — tn 

Gearly for successive deposits, the above formalism is still valid for each one provided that the time 

of the measurement estimated from the formation of the relevant deposit is much longer than the 

**Th daughter half-live (24.1 days). Thus, in secular equilibrium, equation A3 is valid and ED re

presents the average enrichment of the deposit. 
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Turning now to the activities of the gas and direct thorium deposits, it is clear that one can write 

for the gas activity 

186^ 5 = A5 A*5 3(186) £'(186) 

where c'( 186) is the overall detection efficiency for the detector and collimation arrangement and 

JVJ is the number of ^U atoms in the gas viewed by the detector. Now fortunately, it has been 

experimentally established that for the detector and collimation geometry used in the present work 

then 

4186) = £'(186) 

for pipe diameters in the range 30 - 120 mm; this equivalence between deposit and gas has been 

experimentally established to a precision of better than 10 %. 

If the UFt gas remains both constant in pressure and enrichment then there is a constant production 

of directly deposited thorium from the decay of uranium. The assumption is made that the resulting 

thorium fluoride compound, being non-volatile, is deposited locally; this process is referred to as 

100 % direct thorium deposition. In particular, if 5, is the number of mU atoms decaying in the 

gas per second, then the activity of directly deposited 2MTh is given by 

5$ [I-exp<-; .234 01 

Under stable conditions (ie for past 100 days or so) then 

63 r H = S8 5(63) e(63) - A8 iV', #63) e(63) 

where ,\", is the number of atoms of mV h the gas viewed by the detector. 
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Proceeding in an analogous fashion to the uranium deposit derivation we can show that 

ÏSf>CA5 A5 'V5 AT1S6) £(186) 
b37W Jt 'V'« # 6 3 > £<63> 

ie 186 c t 5 = A't _ 63 r w 

where £ c refers to the enrichment of the gas. 

Substituting in equation AI we have: 

C £ 
186 r o r = AT-j———£-63/)£j> + AT j _ 6 3 ^ 

and substituting for 637H from equation (A2) we have 

186ror = K tlror-Jk^- + K 63^, \j4^ - T ^ \ 
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APPENDIX 2 Systematic Errors with the Deposit Correction Technique 

As we described in section 2.1, this technique estimates the excess number of 183.72 keV y-rays 

emitted by the UFt gas from the equation 

Y io* K*ExttTOT 
A\M> - WVTDT ~ j^7£ • 

Under the assumptions that secular equilibrium has been established, IOC % direct thorium depo

sition and that the declared enrichment is the same as the enrichment of the gas, then from Ap

pendix 1 equation (AS) it follows that the excess 186 counting rate can be expressed as 

*»86 = K 630£, \j-JL- " T ^ J 

where ED and Ec are the enrichments of the deposit and gas respectively. 

One source of systematic error occurs if ED is different from EG, for example if 

ED = EG + 0.5 % 

and if the deposit counting rates for the 63 keV y-rays are 10 times more intense than the direct 

Th (derived from the gas), then 

6iDEP " 10x63 r w 

and the enrichment of the UFt gas will be over estimated by about S % (absolute value). 

Another source of systematic error can occur when the direct thorium deposition is no» 100 %. 

This will give rise to significant systematic errors (which may be positive or negative) when meas-
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uring LEI'; these will be insignificant compared with other errors when measuring under normal 

LEU operation (e.g. + 1.5 % if direct thorium deposition is only 50 •'•). 

A third source of systematic error occurs if secular equilibrium has not been established in the decay 

chain, either due to a recent significant mass of uranium being deposited or if there has been a recent 

change in gas pressure or enrichment. For example, it would require a recent increase of 20 % 

relative in deposited LEL' in a pipe which originally had a deposit to LFt gas mass ratio of 5:1 to 

produce a systematic error of approximately + 3 % enrichment. 

Practical experience has shown that such large changes of deposits are a rare event both at Almelo 

and Capenhurst. but cannot be excluded. 

It should also be noted that the errors due to the counting statistics on the 186 keV and especially 

the 63 and 93 keV y-ray counting rates typically result in errors of ± 3 % (95 % c.l.) in the 

measured enrichment. Thus even in the absence of systematic errors one expects -a spread in 

measured excess enrichment. 

However, it is the large difference between the normal range of enrichments to be expected in plants 

currently operating (less than or equal to 5 %) and the threshold for HEU (20 %) which enables 

the deposit correction technique to be useful. Although this technique is subject to several system

atic errors, a measurement should show that only LEU is in the pipe at the time of measurement 

in the great majority of the pipes at Almelo. However, if anomalous results are obtained then an

other method of estimating the enrichment of the l'Ft gas in the pipe, such as a variant of the two 

geometry technique, must bz used. The threshold at which a measured enrichment value is deemed 

to be anomalous requires further assessment and discussion between the plant operators, the 

inspectorates and the y-ray experts. 
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Isotope 

m y 

**Th 

»'Th 

«co 

U X-rays 
Ka2 

Kai 

Th X-rays 
Ko2 
Kai 

Pa X-rays 
Ko2 
KRI 

Pb X-rays 
Ka2 

Kai 
Kp3 

Kpi 
K62 

Half-Nfe 

703.8 (5)E+6 a 

24.10(3) d 

25.52(1) h 

270.9 (6) «J 

Energy 
(tnkeV) 

185.715 (5) 

63.290 (20) 
92.380 (10) 
92.800 (20) 

81.228 (3) 
82.087 (3) 
84.214 (3) 
89.950 (20) 
99.278 (4) 

122.063 (3) 
136.476 (3) 
692.00 (3) 

94.665 (2) 
98.439 (2) 

89.953 (2) 
93.350 (2) 

92.287 (2) 
95.868 (2) 

72.8042 (9) 
74.9694 (9) 
84.450 
84 936 
87.3 

Emission 
probability 

(in%) 

57.5 (11) 

4.5 (9) 
2.6 (6) 
2.6 (6) 

0.89 (7) 
0.40 (4) 
6.6 (5) 
0.94 (8) 
0.120 (10) 

85.59 (19) 
10.61 (18) 
0.160 (5) 

relative 

61.9 

100 

61.3 
100 

61.6 
100 

59.3 
100 
11.6 
22.2 
10.2 

Emitted from 

Gas 

yes 

no 

no 

Deposited 
uranium 

yes 

yes 

yes 

Directly 
deposited 
thorium 

no 

yes 

yes 

The uncertainties are given in parenthesis, e.g. 185.715(5) means: 

value 185.715 
uncertainty 0.005 

Table 1: Nuclear data of the principal gamma* and X-rays uaed 

Nuclear data taken from output of the computer program MEDUST from the latest input 
(end 1985) to the Evaluated Nuclear Structure Qata File (ENSDF) 
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Product 
Pipe No. 

A 

B 

C 

D 

E 

F 

G 

H 

1 

J 

K 

L 

M 

N 

ECNI1) 
By 186/92 

February 1985 

2.5 ± 0.7 

4.9 ± 1.2 

4.1 ± 0.8 

3.7 ± 0.8 

2.3 ± 0.4 

2.9 ± 0.8 

4.3 ± 1.3 

3.1 ± 0.7 

2.6 ± 0.7 

3.3 ± 0.8 

3.0 ± 1.0 

2.9 ± 0.7 

2.3 ± 0.6 

2.6 ± 0.6 

Estimated Mean Enrichment (%) 

Jülich (2) 
By 186/63 

September 1984 

3.3 ± 0.7 

3.7 ± 0.5 

2.8 ± 0.4 

3.3 ± 0.4 

2.2 ± 0.22 

3.4 ± 0.5 

3.1 ± 0.12 

3.0 ± 0.5 

2.8 ± 0.4 

2.7 ± 0.4 

2.7 ± 0.4 

Combined (3) 
By 186/ (63 -»- 92) 

June 1985 

3.4 ± 0.4 

3.0 ± 0.3 

3.1 ± 0.07 

2.8 ± 0.23 

2.3 ± 0.12 

October 1985 

3.7 ± 0.5 

2.5 ± 0.15 

(1) P-type intrinsic germanium detector. 
(2) Planar germanium detector. 
(3) n-type intrinsic germanium detector. 

All errors quoted are 95% c.l. due to counting statistics only. 

Table 2: Measured mean enrichment of UF, gas and deposited uranium in 
pipes in cascade hall SP4.2. 



Pipe 
No. 

SP4 2BF 

SP4.1.AF 

SP42AF 

SP3.1.AF 

SP3.2.AF 

Date 
Measured 

27. 6.85 

1.10.85 

8.10.85 

9.10.85 

10.10.85 

Measurement 
Time(s) 

600 

400 

1000 

600 

600 

Counting rate 
Is mO Unit 
Pressure)'1 

0.0993 ± 0.0016 

0.0978 ± 0.0025 

0.1029 ± 0.0016 

0.0981 ± 0.0033 

0.1000 ± 0.0034 

Errors quoted are at the 95% confidence 

TaMe 3: Canbretton of the X-ray 

Outside Diameter 
(mm) 

42 

57 

70 

Counting rate 
(s mCi Unit Pressure)'1 

0.10 

0.16 

0.15* 

* Using the declared gas pressure in operational 
product pipes. 

The same 10 mm wide aperture was fitted between the pipe and 
detector for all diameter pipes although different optimised shield 
assemblies were used for each pipe diameter. 

TaMe 4: Counting rates obtained from X-ray 
serfor 
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Product 
Pipe No. 

SP3.1 A 
B 

SP3-2 A 
B* 

SP4.1 A 
B 
B 
C 
0 
E 

SP 4J2 A 
A 
A 
A 
B 
C' 
0 
E 
E 
E 
E 

SP4.3 A 
B-
C 
0 

SP4.4 A 
B 
C 
0 
E 
F 

SP4.5 A 
B 
C 
0 
E 
F 

MassOeposit 

Mass Gas 

5.9 
92 

13.1 
17.6 
3.3 
4.0 
3.6 
2.3 
2.4 
4.0 

10.1 
7.5 
9.0 
5.1 

11.3 
11.6 
11.8 
17.5 
17.9 
18.4 
16.3 
5.1 
2.7 
1.7 
2.8 
9.6 
7.2 
8.7 
9.3 
8.9 
7.3 
2.5 
0.9 
2.5 
4.0 
2.6 
4.5 

Measured Pressure 

Declared Pressure 

091 
1.01 
0.73 
0.54 
1.03 
0.94 
099 
121 
1.17 
0.69 
0.75 
0.97 
0.79 
1.13 
0.93 
1.04 
1.16 
1.05 
1.20 
1.09 
1.17 
1.00 
1.04 
1.09 
1.09 
0.83 
1.10 
1.20 
0.93 
1.23 
T.T2 
0 90 
1.18 
0.96 
1.00 
0.93 
0.84 

Declared 
UF6Gas 

Enrichment 
1%) 

2.80 
2.80 
3.80 
3.80 
4.82 
4.82 
1.82 
1.82 
1.82 
1.82 
2.78 
2.78 
2.78 
2.50 
2.78 
£78 
2.78 
2.78 
2.78 
2.78 
2.50 
220 
2.20 
220 
2.20 
3.20 
3.20 
3.20 
3.20 
3.20 
320 
3.60 
3.60 
3.50 
3.60 
3.60 
3.60 

Measured U?s Gas 
Enrichment (%) 

• 1 * 
6.7 ± 3.0 
8.3 £ 2.8 
2.8 ± 3.8 
0.1 ± 2.1 
0.0 ± 2.1 
0.5 ± 1.6 

-22 ± 1.6 
-22 ± 1.4 

12 ± 1.0 
-3.4 ± 3.1 

3.0 ± 52 
5.9 ± 3.1 
9.3 ± 3.6 
7.3 ± 2.9 
62 ± 3.7 
5.0 ± 0.9 
3.0 ± 2.9 

- 6.4 ± 2.8 
- 8.4 ± 4.2 
- 6.4 ± 4.2 
- 4.7 ± 2.9 
- 0.8 ± 2.0 

0.9 ± 0.4 
1.8 ± 1.1 
1.2 ± 1.3 
8.4 ± 4.3 
8.4 ± 3.4 
8.6 ± 3.2 
6.3 ± 4.0 

12.0 ± 3.5 
6.9 ± 3.5 
22 ± 2.6 
4.8 ± 2.0 
3.4 ± 3.4 
0.5 ± 2.2 
4.9 ± 2.2 
5.8 ± 2.8 

7.9 ± 3 2 
10.2 ± 2.7 

- 7.7 ± 5.9 
-44.0 ± 9.3 
- 6.2 - 3.4 
- 7.0 ± 2.3 

2.0 ± 1.0 
3.5 ± 1.0 
4.0 ± 0.9 
4.2 ± 22 
5.2 ± 5.0 
7.5 £ 3.0 

11.2 ± 3.8 
9.8 ± 3.1 
8.7 ± 3.7 
7.5 ± 1.2 
5.5 ± 2.8 

- 2.6 ± 2.7 
- 4.5 ± 3.6 
- 2.4 ± 3.7 

3.4 ± 2.5 
3.2 ± 1.6 
3.1 ± 0.3 
3.1 ± 1.0 
3.4 ± 1.1 
6.5 ± 4.2 
7.0 ± 3.5 
6.8 ± 3.2 
4.5 ± 4.1 

10.2 ± 3.4 
5.5 ± 3.5 
1.0 ± 2.9 
4.2 ± 2.3 
2.1 ± 3.6 

- 1.9 ± 3.1 
3.2 ± 2.6 
3.0 ± 3.0 

All errors quoted are 95% c.l. due to counting statistics only. Measurement times for the y-ray spec
trometry determination varied from 1 800 to 50 000 seconds, the majority being for either 3 000 or 
3 600 seconds. Those marked with an * were for 50 000 seconds. The enrichment of the uranium de
posit is assumed to be: (1) 3% 

(2) the same as the declared UFe gas enrichment. 

Table S: Measured enrichment of the iif$ gas in product pipes using the deposit correction tech
nique with two different assumed VÊIUM lor the enrichment of the deposited uranium. 
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Product 
Pipe No. 

SP4.1.B 

SP42A 

SP42.A 

SP4 2A 

SP42.E 

SP42.E 

SP4.2.E 

Date 
Measured 

1.10.85 

19. 6 85 

26. 6.85 

7.10.85 

20. 6.85 

27. 6 85 

8.10.85 

Measurement 
Tine(s) 

YSpecj XRF 

3500 | 2 751 

1800 | 4250 

3000 '50000 

3600 i 3600 

5400 56 500 
i 

3000 j 3600 

4800 50000 

Measured UF6 Gas 
Enrichment (%) 

1 

-22 ±1.6 

3.0 ± 5.2 

5.9 ± 3.1 

7.3 ± 2.9 

-6.4 ± 2.8 

-6.4 ± 4.2 

-4.7 ± 2.9 

I 
2 3 

2.0 ±1.0 

5.2 ± 5.0 

7.5 ±3.0 

9.8 ± 3.1 

-2.6 ±2.7 

-2.4 ± 3.7 

3.4 ± 2.5 

1.6 ± 1.0 

-32 ± 6.1 

12 ±3.6 

4.1 ± 3.1 

4.0 ± 2.4 

4.4 ±3.3 

5.0 ± 2.5 

Declared 
UF6Gas 

Enrichment 

1.82 

2.78 

2.78 

2.50 

2.78 

2.78 

2.50 

Deposited* 
Uranium 

Enrichment 
(%) 

1.90 

3.65 

365 

3.65 

2.38 

2.38 

2.38 

* Values taken from database formed from previous 3 600 second measurements on the same pipe. 
Errors quoted are 95% c.l. due to counting statistics only. 
Value of enrichment of deposited uranium assumed to be: 

(1) 3% 

(2) the same as the declared UFe gas enrichment 

(3) value taken from database formed from results of previous measurements on the same pipe. 

Table 6: Competison of result» obtained using different velu— fortheenrlclwwentottliedepoiHed 
uranium including results from previous maesuiemenU on the urea pip». 
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FIG.1. THE DETECTOR IN ITS SHIELD WITH THE ANALYSER AND PRINTER 



B 

Key. 
A s Source 
B = Detector 
C = Lead collimator 
D =• Lead shielding 
E = Pipe 

Scale 1:2 

FIG.2. X-RAY FLUORESCENCE GEOMETRY USED FOR 42mm OUTSIDE 
DIAMETER PIPES 



FIG.3. MEASUREMENT ON A VERTICAL PIPE 
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FIG.4. MEASUREMENT ON A HORIZONTAL PIPE 
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FIG. 6. RELATIVE UFe GAS PRESSURES IN 42mm O.D. PRODUCT 
PIPES AS MEASURED WITH THE XRF ANALYSER 
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3-807» (seeTable 5) except cascade hal l SPA-1 whichwas 
1-82% except for points marked A when it was 4-827» 

Errors shown are those due to counting stat is t ics (957. c.l.) 

FIG.7.MEASURED ENRICHMENT OF UFe GAS IN PRODUCT PIPES 
USING THE DEPOSIT CORRECTION TECHNIQUE 
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(b) Uranium deposit enrichment taken from 
the data base 

— Declared UF6 enrichment 
x As measured 
o Estimated values assuming pipes contained 20*/oHEU 

at the time of inspection (see text for details) 
Errors shown are those due to counting statistic (95%c.l.) 
assuming a 3600 second passive Y-ray spectrometry 
measurement. 

COMPARISON OF RESULTS OBTAINED USING TWO DIFFERENT 
VALUES FOR THE ENRICHMENT OF THE DEPOSITED URANIUM 


