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Abstract 

An improved collimator pair of novel design tailored 
for deposit independent enrichment verification of gaseous 
UF6 at tow pressures in cascade-to-header pipes of small 
diameters in centrifuge enrichment plants is presented. The 
designs are adapted for use in a dual-geometry 
arrangement for simultaneous measurements with both 
detection geometries. The average measurement time with 
the dual-geometry arrangement is approximately half anj 
hour for deposit-to-gas activity ratios as high as 20. 

1. Introduction 

The Safeguards approach to be applied to Gaseous 
Centrifuge Enrichment Plants has been determined in the 
Hexapanite Safeguards Project (HSP), which was 
established in 1983. For the cascade area, a regime of 
Limited Frequency Unannounced Access inspections was 
adopted. Pan of this regime may be enrichment 
verification of product UF6 gas by means of a Non-
Destructive Assay go/no-go technique. This spot NDA has 
to be performed on 'Jie cascade-to-header product pipes. 

y-NDA techniques for verification of the enrichment in 
235U of uranium are based on measuring the intensity of 
the strong 185.7 keV gamma line of 23iU decay. In case of 
gaseous UF6 in cascade-to-header pipes, a complication 
arises due to uranium deposit on the pipe walls. The 
deposit gives rise to an unwanted contribution to the 
185.7 keV signal, which under unfavourable circumstances 
can exceed the desired signal by over an order of 
magnitude IX,21. A suitable method to overcome this 
problem is the Two Geometry Method (TGM) proposed by 
Close et al. /3/, which consists of performing two 
measurements with distinct detection geometries, one 
predominantly sensitive to gas, and the other 
predominantly sensitive to deposit. A TGM design was 
transferred to the inspectorates some years ago. 
Application of this instrument is reported to be limited to 
plants where: 

• The deposit-to-gas ratio is below 10; 
• The gas pressure is above 1 torr (133 Pa); 
• The inner pipe diameter is well above 40 mm. 

The instrument is therefore not suitable for cascades in 
some centrifuge enrichment plants, which have cascade-to-
header pipes of smaller diameters, with lower gas 
pressures, and with higher deposit-to-gas activity ratios of 
up to 20. 

Previous work at ECN on the development of suitable 
collimators for small diameter pipes /4/ indicated the 

Product Pipe Collimators 

Fig. 1 - Cross-sectional View of Improved Collimators. 

possible feasibility of die TGM, but also identified two 
major problems. The LEU/HEU decision time obtained 
with a prototype pair of collimators under worst case 
conditions was 2 hours on average (6 hours at maximum), 
which is impractically long. In addition, extensive in situ 
measurements with 'he prototype revealed the existence of 
some systematic uncertainties. These could not be fully 
explained. 

The present paper describes an improved collimator 
design for enrichment verification on small diameter pipes 
by means of the TGM. The design was evaluated and 
optimized by means of Monte Carlo simulations. The 
subject of systematic uncenainties is briefly addressed n 
the end. 

2. Principle of the Measurement 

A cross-sectional view of the improved TGM 
arrangement is shown in Fig. I. The TGM measurement 
consists of measuring the counting rates r, and rj of 
185.7 keV gamma rays with both detection geometries. 
Each of the two TGM collimators is characterized by two 
detection efficiencies for 185.7 keV gamma rays, 
respectively emitted by 235U in gaseous UF6 and by 235U 
in deposit. Hence, the observed counting rates can be 
expressed as 
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rt = C1G^C 

and 

r 2 ~ C2G'^G 

C1D'AD' Vs) 

+ CajAo, (/S) 

(1) 

(2) 

where indices 1 and 2 refer to collimators, and A^ and AD 

respectively denote the :35U activities in the gas and 
deposit. Ac and A„ are conveniently expressed in Bo/m; 
hence detection efficiencies have dimensions m/Bq/s. 

The gas activity is obtained from (1) and (2) as 

Ac - — l. «, - -
• j - a , c 

20 

1G 

fc2D . O) 
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AG is proportional to the isotopic abundance n of a 5 U and 
the pressure p of the UF6 gas. X-Ray Fluorescence (XRF) 
is proposed for measuring p. A coUimated beam of X-rays 
from e.g. a 57Co source, irradiating a section of the pipe, 
stimulates the emission of uranium K X-rays. The 
measured counting-rate rx of U K̂  X-rays is directly 
proportional to p. Thus n is obtained from AG and rx as 

n = C - 2 , (4) 

where C is a calibration constant. The Ö5U enrichment e 
(as fraction of weight) and isotopic abundance are simply 
related by 

c -
Mjjj-n 

My, - n-fMy, - M ,̂) 
(5) 

where M a j and My, are the atomic massr* of 2iSU and 
mV, respectively. 

The XRF measurement will not be discussed further, 
but two remarks are in place. First, it must be noted that, 
depending on the calibration procedure, contributions from 
most properties of calibration testpipes to the systematic 
uncertainty in n cancel due to correlations between the 
calibration constants of the TGM- and the XRF-
measurements. Second, the presently described dual-
geometry arrangement would allow the simultaneous 
measurement of the X-ray yields with two geometries, thus 
providing a method for deposit-independent measurement 
of the pressure, in addition to deposit-independent 
measurement of the 185.7 keV signal, of the UF6 gas. This 
opens perspectives for a construction adapted to fully 
automated, integrated XRF- and TGM-measurements, 
which is presently under investigation. 

3. Optimization 

3,1, figure of Merit 

The goal of the measurements is to verify that LEU is 

produced The appropriate figure of merit of the TGM 
device is therefore its contribution to the time required for 
making a LEU/HEU decision. 

This contribution TQ^C depends on the applied 
decision method. For the straightforward method of 
measuring until the uncertainty in n has decreased to the 
level at which a decision between LEU and HEU at a 
given false alarm probability a and detection probability B 
can be made, one can write for T Q ^ . 

'TOM 
DEC 

(6) 
2 

°DEC 
2 

Here, aDEC is the decision uncertainty level. o* is the 
random uncertainty in n due to the XRF measurement, o$ 
is the total systematic uncertainty, and I^QM i s tf* random 
uncertainty due to the TGM measurements in a unit time 
of measurement. 

T0 E C therefore depends on the properties of the TGM 
device through two quantities: LJCM ^ °Y For given 
measurement conditions, ITCM 'S completely determined 
by the detection efficiencies (the four E'S of section 2). 
Note that the values of these quantities also depend on the 
measurement conditions: the values of n, p. the deposit-to
gas activity ratio 0 (s AQ/AQ) and the pipe diameters. 
These external conditions must be specified when 
specifying the performance of a TGM device. In addition, 
the values of a and B, plus the decision method must be 
specified with the value of l^pc- ^ h e vatoes of these 
factors adopted in this paper are listed in Table I. This 
case is realistic concerning the produced enrichment and 
decision parameters, and is a worst case concerning the 
other measurement conditions, 

Table 1. Adopted values of external factors. 

Quantity Value Unit 

e 

P 

D 

0,n 

®o* 

Decision 

a 

P 

Method 

3 

60 

20 

36 

42 

SPRT 

0.01 

0.10 

»>l% 

Pa 

mm 
mm 

T>TQM is a measure of th. precision, and o*s is a 
measure of the accuracy of the TGM device. An optimum 
design should have a Iq-GNi sufficiently small for attaining 
practicable measuring times and a o s sufficiently small so 
as not to affect the decision time. Optimization requires 
special techniques for fast evaluation of geometries. 

UJÓSShSXi 

The search for optimum collimator geometries has 
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Fig. 2 - Calculated (solid line) and Measured (crosses) Photopeak Efficiencies of two Gamma 
Detectors for two Source-Detector distances. Left column: first detector, right column: second 
detector. Top row: measuring distance = 100 mm: bottom row: measuring distance = 1600 mm. 

been largely based 
of mostly the two 

on experimental 
relative detection 

in the past 
determination 
efficiencies a, and a2 of various collimators. In this 
method, testsources of special geometries are required. For 
measuring detection efficiencies for gas. only a pipe filled 
with UF6 gas itself is suitable. Adequate deposit tesipipes 
could be made from foils of uranium alloys and aluminium 
pipes. Instead, evacuated pipes with deposits formed from 
reactions of UF$ gas. have been mostly employed, possibly 
because the principle was held that testpipes should 
approximate the in situ situation as close as possible. Be*'' 
such gas and deposit testsources are rather weak, and 
consequently long measuring times are needed ic obtain 
adequately precise results. Hence the experimental search 
for optimal collimators for the TGM is a time consuming 
and costly process. This disadvantage is even more 
pronounced for the case at hand of small diameters. In 
addition, experimental determination of systematic effects, 
such as due to positioning errors, requires long measuring 
times of the order of a month. 

For these reasons a specific purpose Monte Carlo code 
was written which simulates the transport and detection of 
gamma rays in a detection geometry. The program yields 

the absolute photopeak counting efficiencies in the 
modelled geometry for 185.7 keV photons emitted from 
235U in the gas and for photons emitted from the deposit. 
The program is written in C and runs on a 66 MHz PC-
486 with mathematical copressor: a precision of 1% in a 
detection efficiency typically requires a CPU-time of 2 h. 

3.3. Validation of Monte Carlo Code 

Tne program was validated on experimentally obtained 
detection efficiencies of bare geometries (no collimators, 
but including absorbers such as source holders and detector 
windows) with point-like sources, and of collimated 
geometries using testpipes. 

Fig. 2 shows the calculated and measured photopeak 
detection efficiencies of two detection systems in use at 
the ECN y-metroiogy department. The data-points were 
obtained with common y-calibration sources. The detector 
geometry contained detector windows, an additional 5 mm 
perspex slab, and the source holder (a disk plus annulus, 
both made of aluminium). The calculated efficiences are 
absolute values; no normalization or other adaptation factor 
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[is used. For each y-detection system, data for two source-
'detector distances are shown. The correspondence between 
[calculation and experiment is good 151. This shows that the 
photon-matter interaction in the tested energy region, and 
the basic source-detector geometry effects, are adequately 
modelled. 

The experimental results with collimated geometries 
were obtained with aluminium testpipes of inner diameter 
36 mm and outer diameter 42 mm, containing respectively 
^'U activity predominantly as UF6 (less than 02% as 
deposit), and only deposit activity. Eight geometries were 
compared in die evaluation: seven different collimator-
detector combinations and an uncollimated detector. The 
eight geometries were modelled and evaluated with the 
Monte Carlo code, and their photopeak counting rates were 
measured with the gas testpipe and with the deposit 
testpipc. 

Table 2 lists the calculated and measured detection 
efficiencies of the three geometries from 14/. The relative 
difference between calculation and measurement is -3%. 
Unfortunately, the gasactivity of the gaspipe changed 
during the remainder of the measurement campaign due to 
a leaky valve. Therefore, only tentative results for the 
relative detection efficiencies at of five pairs of TGM 
geometries can be presented. The results are shown in Fig. 
3 (top). The slope of the fitted straight line through the 
origin is 1.00±003. The uncertainty in the slope is larger 
than expected from the uncertainties in the individual data 
points. This is reflected in a rather poor reduced x2-value 
of 6. 

Table 2. Calculated and Measured Absolute Photopeak 
Efficiencies. The measured values are from 141, which also 
provides a description of the detection geometries. 

Geometry Measured Value Calculated Value 
(v3 r3, (10'J m/Bq/s) (1 (P m/Bq/s) 

OPEN 

P013 

NE20 

1,63+0.01 1.64±0.04 

0.879+0.006 0.855±0.006 

0.255±0.005 0.26510.002 

The results for the deposit efficiencies are shown in 
Fig. 3 (bottom). The activity A„ of the deposit testpipe 
was not known from independent measurements. 
Therefore, the calculated photopeak efficiencies are plotted 
against the measured counting rates; a straight line fit 
through the origin yields the value of A„ = 116 Bq/m. The 
correspondence between calculation and experiment is 
excellent, with a reduced x2-value of 0.36. 

In conclusion: The deviation between calculated and 
measured defection efficiencies is 5% relative on average. 
Possible causes of this deviation are incomplete knowledge 
of detector properties (e.g. thickness of the dead layer, 
crystal shape), and approximations made in the modelling 
of collimators (e.g. slits are modelled with sharp edges, 
but are machined with rounded edges). On the basis of the 
above comparisons, a value of 5% relative is adopted for 
the systematic uncertainty in calculated absolute photopeak 
efficiencies. This uncertainty level is sufficient for the 
purpose at hand. 

03 0.5 
Measured Value 

0.7 

0 0.1 0.2 
Measured Counting Rate (/s) 

Fig. 3 - Calculated Detection Efficiencies of TGM 
geometries. Top: Measured versus Calculated values of a! 
of five geometry pairs. Bottom 
measured counting rates of eight geometries 

Calculated E D versus 

4. Results 

4,1, Optimum Design 

The guiding principle followed in the search for 
optimum collimator geometries was that predominantly 
gas-sensitive collimators should be selective for the central 
region (containing predominantly gas activity), whereas 
predominantly deposit-sensitive collimators should be 
selective for the outer segments of the pipe (containing 
predominantly deposit activity). Optimization consists of 
finding the minimum T DEC. Several collimator geometries 
were investigated by means of computer simulation. The 
computer analyses confirmed that the most selective shapes 
for the gas-sensitive and deposit-sensitive collimators are 
as shown in Fig. 1. 
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For the gas-sensitive geometry, the optimum shape of 
the cross-section of the gap is a truncated wedge, with the 
narrow edge at die &fc of the pipe. For deposit-sensitive 
collimators, the optimum shape is defined by die tangents 
from two outer chords on die front face of die detector 
crystal to die inner wall of die pipe. These collimator 
designs are tiicitforc denoted as Wedge- (or W-) type and 
V-type, respectively. 

The designs are incorporated in die dual-geometry 
arrangement shown in Fig. 4. The arrangement is adapted 
to cascade-io-neader pipes of inner diameter 36 mm and 
outer diameter 42 mm. The collimator thicknesses are 
determined by the space available at die detector side for 
placing bow arms of die dual arrangement, and amount to 
55 mm. Also die collimator lengths are not free parameters 
for optimization, b. t dieir values are limited by die space 
at die cascade sid, of die pipe available for placing die 
shielding against gamma rays from die cascade area. 
Conservatively, a value of 160 mm was adopted for die 
lengths, at a minor penalty in statistical power. The 
collimator slit heights at the pipe side were optimized by 
means of die Monte Carlo code, resulting in optimum 
values of 11 mm for die W-collimator and of 7 mm (2x) 
for die V-collimator. The slit heights at die detector side 
are defined by the diameter of die detector crystal. 

The calculated detection efficiencies are listed in Table 
3. The decision time for die conditions specified in Table I 
is reduced by a factor of 2.3 with respect to die best 
previous design /4/ (ignoring systematic effects). A further 
factor of 2 is attained due to measuring simultaneously 
with bom geometries. 

Table 3. Calculated detection efficiencies of optimum 
design. The uncertainties are 0.7% (random) and 5% 
(systematic). 

Detection 
efficiency 

«IC 

E|D 

« * 

e» 
P, 

«i 

Value 

3.97x10* 

2.17xl(T 

0.83xl(T 

IWxlO4 

0.21 

0.94 

The positions of die collimators with respect to die 
pipe axis are defined by the two endplates. In this way, 
positioning of die arrangement is both precise, and flexible. 
The latter is necessary to be able to adapt to tolerances of 
the pipe dimensions. 

It is remarkable that die optimum found with Monte 
Carlo simulations, appears to satisfy simple geometrical 
principles. E.g., the two defining planes of the W-
collimator touch the front circular face of the 
detectorcrystal and intersect in the pipe axis. Note also that 
the W- and V-collimators view the same section of the 
pipe-wall for deposit. The collimators are therefore rather 
insensitive to inhomogeneities in deposits. 

Fig. 4 - Exploded View of Dual-Geometry Arrangement 
with Improved TGM Collimators. 

4.2. Systematic Uncertainties 

For a proper assessment of the figure of merit T DEC, 
not only die detection efficiencies, but also the systematic 
uncertainties must be specified (see eq. (6». Sources of 
systematic effects will be categorized into counting 
precisions (of calibration measurements, and of die 2J5U 
isotopic abundance of uranium in the gas testpipe, denoted 
by N), and into reproducibility effects. 

Table 4 summarizes the first category. The table 
reflects that the effects of counting precisions of the 
deposit efficiencies on ojn are proportional to the deposit-
to-gas activity ratio D. This is intuitively clear: for larger 
deposit-to-gas ratios, die deposit efficiencies must be 
known more precisely. For the case at hand of D = 20, die 
deposit efficiencies must be known to subpercem level 
precision in order to keep their contributions to ajn to an 
acceptable level of 0.1. This cannot be attained within 
practicable measuring times by means of testpipes with 
actual deposits. We therefore decided to use testpipes 
consisting of uranium-containing foils glued to die pipe 
inner wall instead. Care must be taken in order to avoid 
introducing systematic errors in the deposit efficiencies due 
to attenuation of gamma rays in the foils. Suitable 
enrichment, alloy composition, and thickness of uranium-
aluminium foils were therefore selected by means of 
Monte Carlo calculations. The foils enable attaining the 
required precisions in less than a day. 
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Table 4. Propagation of counting precisions of calibration 
measurements into ojn. 

Source 

S 

* I G 

**2G 

R I D 

" I D 

o > 

I.3XI0-1 

7.2X10' 

4.4xl0"3 

4.0xl0"2 

4.0x| 0"2 

The effects of positioning uncertainties, and tolerances 
of the dimensions and shapes of testpipes and cascade-to-
header pipes on the outcome of n are denoted as 
reproducibility effects. These effects can be treated through 
the corresponding modification of the detection 
efficiencies. The analysis of reproducibility effects is 
hampered because the propagation of uncertainties cannot 
easily be handled analytically, and experimental 
determination of sensitivity coefficients is time consuming. 
The influence of reproducibility effects for the present 
dual-geometry arrangement was therefore determined by 
means of Monte Carlo calculations. 

Except for shape variations, the effects of 
reproducibility effects on the detection efficiencies are 
correlated. Also for this type of uncertainties, the effects 
on the deposit efficiencies are dominant. The results for 
the main sources of uncertainty are listed in Table S. 

The overall relative systematic uncertainty due to 
reproducibility effects is estimated as (+0.25, -0.33) The 
overall relative systematic effect becomes (+0.26. -0.34). 

Tab|e 5. Sources of reproducibility effects. 

Source Magnitude Ojn 

Off-axis shift ±0.3 mm -2.2xl0'2 

Collimator to pipe distance +01 mm -7 Ox 10'2 

Inner pipe diameter ±0.1 mm ±2.5x10 ' 

Pipe wall thickness ±0.15 mm ±8.3x10° 

4,3. Achievable DEC 

The LEU/HEU decision time of the present dual-geometry 
arrangement for the conditions of Table I is 0.51 ±0.05 h. 
This is an improvement by a factor of 4.6 with 
respect to the best previous specific purpose design 
for large deposit-to-gas ratios, small diameter 
pipes and low pressures. The progress in collimator 
designs is illustrated in the following summary of 
LEU/HEU decision times (no systematic effects taken 
into account): 

General purpose design Ibl 11 h 
Jiilich design Hi 22 h 
Former ECN design 1*1 2.3 h 
Present ECN design 0.5 h 

The relative systematic uncertainty in ajn specified in 
section 4.2 would increase the LEU/HEU decision time of 
the present design by 10%. Further reduction of systematic 
effects seems therefore unnecessary. 

5. Conclusions 

A dual-geometry arrangement with a pair of collimators of 
novel design for uranium enrichment verification of UFft 

gas of low pressures, in small diameter pipes, and with 
large deposit-to-gas activity ratios has been presented. The 
design was evaluated and optimized by means of a specific 
purpose Monte Carlo code. The calculations show dut the 
LEU/HEU decision time for worst case measuring 
conditions is =0.5 h. This is within the realm of practical 
applicability. 

6. References 

/!/ J.N. Cooley, L.W. Fields. MR. Hughes, T.A. Nolan, 
D.W. Swindle, DA. Close. J.C. Pratt. R.B. 
Sirittmatter. "Results from the Study of UF6 

Consumption on Centrifuge Process Piping and its 
Influence on Gamma Ray Measurements", Proceedings 
of the 6th ESARDA Symposium. Venice, May 1984, 
393-3%. 

f2f T.W. Packer. R. Howsley. E.W. Lees. "Measurement 
of the Enrichment of Uranium in the Pipework of a 
Gas Centrifuge Plant". Proceedings of the 6th 
ESARDA Symposium. Venice. May 1984, 243-248. 

/3/ D.A- Close, J.C. Pratt, H.F. Atwater, "Development of 
an Enrichment Measurement Technique and its 
Application to Enrichment Verification of Gaseous 
UF6". Nucl. lnstr. and Meth. A234 (1985). 398-405. 

/4/ K. van der Meer. "Enrichment Verification on UF6 in 
Low Pressure Process Pipes; an Application of the 
Two-Geometry Method", Proceedings of the 11th 
ESARDA Symposium, Luxembourg, May 1989, 177-
188. 

151 Differences between photopeak efficiencies of Ge and 
Ge(Li) detectors calculated by means of Monte Carlo 
codes, and experimental values, are typically 10% (see 
e.g. C.E. Moss and JR. Streetman, "Comparison of 
Calculated and Measured Response Functions for 
Germanium Detectors". Nucl. Instr. and Meth. A299 
(1990). 98-101). 

161 D.A. Close, H.F. Aiwater. "Analytical Calibration of 
the Two-Geometry Method for Uranium Enrichment 
Verification in a Gas Centrifuge", Nucl. In«r. and 
Meth. A294( 1990). 616-621. 

PI W.-D. Lauppe. B. Richter, G. Stein. "Assessment of 
NDA Techniques for the Cascade Areas of Centrifuge 
Enrichment Plants", Proceedings of the 11th ESARDA 
Symposium, Luxembourg, May 1989, 483-487. 

6 


