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ABSTRACT
The International Atomic Energy Agency (IAEA) safeguards objectives for gaseous centrifuge enrichment plants (GCEP) include the detection of highly enriched uranium production and excess low enriched uranium production.  This feasibility study demonstrates the use of the cascade attribute monitoring system (CAMS) to detect the aforementioned GCEP misuse scenarios.  The CAMS is an unattended nondestructive assay system which utilizes a system of gamma spectrometers located on the feed, product, and tails pipework of a cascade.  The CAMS can detect changes in gamma attributes emitted from the GCEP pipework and can attribute those changes to possible changes in cascade operation and/or configuration.  A simulated experiment is used to demonstrate the feasibility of the CAMS with respect to a reference facility.
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CHAPTER I
OVERVIEW
1.1 Objective and Scope
The objective of this dissertation is to demonstrate the feasibility of a practical technique for safeguarding gas centrifuge enrichment plants (GCEPs) using existing International Atomic Energy Agency (IAEA) hardware and legal precedents.

The scope of this study is limited to the demonstration of the feasibility of the method; therefore this dissertation is limited to data obtained by high resolution spectroscopic gamma detectors (i.e. germanium) positioned on the feed, tails, and product pipes of a single gas centrifuge enrichment plant cascade which uses natural uranium feed.  The need to extend this study to include intermediate resolution detectors (e.g. CdZnTe, CdTe, and LaBr3) and non-natural uranium feed compositions (e.g. recycled, depleted, re-enriched, etc.) is recognized.
1.2 Problem Statement

Insufficient means, technical or otherwise, exist to meet IAEA safeguards objectives at GCEP’s. These are explicitly stated by the IAEA to be [1]:

· “Objective 1:  The timely detection of the diversion of significant quantities of natural, depleted or low enriched UF6 from the declared flow through the plant, and the deterrence of such division by the risk of early detection.”

· “Objective 2:  The timely detection of the misuse of the facility in order to produce undeclared product (at the normal product enrichment levels) from undeclared feed and the deterrence of such misuse by the risk of early detection.”

· “Objective 3:  The timely detection of the misuse of the facility to produce UF6 at enrichments higher than the declared maximum, in particular highly enriched uranium, and the deterrence of such misuse by the risk of early detection.”

The technical needs of the IAEA with respect to objectives 1-3 are explicitly stated in the IAEA Department of Safeguards Long-Term R&D Plan, 2012-2023 [2] to be:

· “Develop tools and techniques to enable timely, potentially real time, detection of highly enriched uranium production in low enriched uranium enrichment facilities. (High Urgency)”

· “Develop improved tools and techniques to enable real time flow measurements of nuclear material, including UF6 at enrichment facilities… (Medium Urgency)”

At the current time, no measurements, automated or manual, of the in-process UF6 are performed by the IAEA at any GCEP with the one exception being the use of the manual Cascade Header Enrichment Monitor (CHEM) at the Rokkasho Enrichment Plant in Japan [3, 4, 5, 6].
1.3 Proposed Solution

This work pursues a technical solution to the aforementioned objectives 2 and 3.  The proposed technique is to use spectroscopic gamma detectors to continuously monitor the feed, product, and tails pipework of a cascade.  An uncalibrated (with respect to geometric efficiency) high resolution gamma detector has been demonstrated in the literature to be adequate for monitoring count rate changes in key gamma lines from 235U, 234U, 231Th, and 234Th.  The foundation of this dissertation is the assumption that changes to the cascade will result in detectable changes in these gamma count rates.  Notably, this technique does not measure or reveal proprietary/sensitive information such as product enrichment or gas pressure.  In addition to flagging a change in plant operation, the observed changes can be attributed to potential misuse cases, thus providing inspectors real-time information about where to look for physical evidence to confirm or dismiss facility misuse.
1.4 Novel Contributions

The past efforts over the last 40 years have had limited success; new and novel ideas are urgently needed to close safeguards gaps at GCEPs.  The novel elements presented in this study are discussed here in contrast to the short comings of previous and current efforts.
This dissertation uses gamma spectrometry to detect and identify GCEP misuse.  The approach is novel in that it is the:

· first instance of a ‘cascade monitor’ which approaches the cascade as a system, previous attempts were all ‘enrichment monitors’ which only measure enrichment at fixed points along a cascade.
· first instance of using gamma spectroscopy to measure the 234U concentration and the 235U/234U ratio of flowing UF6 in GCEP pipework.
· first ‘online’ application of the Minor Isotopes Safeguards Techniques (MIST) to gaseous UF6 measurements, (MIST is the use of minor uranium isotopes as tracers in an enrichment cascade) [7].
· first instance of a monitor which does not indirectly or directly measure the sensitive properties of gas pressure and enrichment.

· first instance of a system to detect undeclared feed and withdrawal.
The use of the minor isotopes (namely the 235U/234U ratio) to monitor cascade behavior was demonstrated by Blumpkin et al. 1972-1982 [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18].  However, no meaningful pathway to safeguards implementation of MIST existed because this was prior to the commercial availability of suitable detectors (e.g. electrically cooled germanium, cadmium telluride, cadmium-zinc-telluride, lanthanum bromide), and modern computers.  This exploitable attribute of GCEP’s has lain dormant until now.  This study is the first modeling of the online application of MIST utilizing gamma spectroscopy on gaseous UF6.
The 234U gamma lines appear in high resolution gamma spectroscopy measurements of GCEP pipework, however, no mention of any analysis of the 234U lines or 235U/234U ratio appears in the literature.  This is the first study (as far as is known) to utilize of the 234U gamma lines present in UF6 gas spectra for GCEP safeguards.
CHAPTER II
 LITERATURE REVIEW AND DISCUSSION
1.5 Introduction

This chapter provides both a conceptual and historical background with respect to the measurement of uranium isotopics in the pipework of uranium enrichment plants.  Due to the multidisciplinary nature of this study, this section is organized to provide the reader with the background necessary to understand the general concepts underlying the dissertation while covering the literature review.  Topics covered include uranium feed materials, uranium properties, uranium behavior in centrifuges, cascades, and GCEP pipework, spectroscopic attributes of GCEP pipework, measurement techniques and systems, GCEP misuse scenarios, and process monitoring algorithms.
1.6 Feed Material
There are several classifications of UF6 which can be used as feed for an enrichment plant which include natural, depleted, recycled, re-enriched, enriched uranium, blended, and down-blended uranium.   
Natural uranium only includes the isotopes 234U, 235U, and 238U, while recycled uranium from reactor tails additionally includes 232U and 236U.  Natural uranium has a 235U concentration of nominally 0.72 at% while depleted and enriched uranium have a 235U concentration less than and greater than natural, respectively.  Re-enriched uranium is depleted uranium which has been re-enriched back to the natual 235U concentration; it may contain only natural uranium isotopes or it may additionally contain 232U and 236U if the cascade has been exposed to recycled uranium previously.   Blended uranium is the result of combining two uranium samples, and down-blended uranium refers to the blending of a higher and lower 235U concentration sample to achieve a desired 235U concentration.
Natural uranium is the only feed material analyzed in this study, however, brief mention of the other feed materials will appear in passing.  The published isotopic data for natural uranium, primarily derived from the measurement of uranium ore samples from various uranium mines and mills, is presented and analyzed in Section 2.2.1.  The data is compared with the accepted values and commercial standards for feed material used in commercial enrichment processes.  Section 2.2.2 breifly presents example data for recycled uranium.
1.6.1 Natural Uranium

The isotopic composition of natural uranium varies.  The International Union of Pure and Applied Chemistry (IUPAC) defines the isotopic compositions and ranges in Table 1 [22] and the atomic weight values in Table 2 [23].  These values do not consider the depleted samples from the Oklo (Gabon) natural reactor [24, 25].

Table 1.  IUPAC accepted isotopic composition and range for natural uranium.  Isotopic concentrations and ranges in mass percent are calculated using the molar masses from Table 2.
	Isotope
	Atom Fraction [22] 
	Atom
Range [22]
	Mass Fraction* 
	Mass
Range*
	Relative
Range**

	 
	[at%]
	[at%]
	[wt%]
	[wt%]
	[%]

	234U
	0.0054
	0.0050
	-
	0.0059
	0.0053
	0.0049
	-
	0.0058
	-8.0000
	-
	9.2593

	235U
	0.7204
	0.7198
	-
	0.7207
	0.7114
	0.7108
	-
	0.7117
	-0.0834
	-
	0.0416

	238U
	99.2742
	99.2739
	-
	99.2752
	99.2829
	99.2826
	-
	99.2839
	-0.0003
	-
	0.0010


*Mass fraction calculation:

fi(w) = Mi / MU · fi(a) 
**Relative range calculation:

fi(r) = (fi(a) –  fi,nom(a)) / fi,nom(a) x 100 = (fi(w) –  fi,nom(w)) / fi,nom(w) x 100
From Table 1, the 234U, 235U, and 238U isotopic composition ranges are observed to differ from the nominal value by roughly ±10%, ±0.1%, ±0.001%, respectively.  The variation of 234U is two and four orders of magnitude higher than that of 235U and 238U, respectively.  The sensitivity of the gamma spectroscopy techniques employed in this study are anticipated to be between 0.1-0.5%.  The 234U variation is within the sensitivity of the measurement technique but the 235U and 238U variation is not expected to be observable.
Table 2.  IUPAC accepted atomic weights of uranium isotopes and natural uranium. [23]

	Compound
	Atomic Weight

	234U
	234.0409447

	235U
	235.0439222

	238U
	238.0507835

	Natural U
	238.02891


The American Society for Testing and Materials (ASTM) issued a standard specification for feed material used in the commercial enrichment process, ASTM C787 - Standard Specification for Uranium Hexafluoride for Enrichment [26].  This standard sets an upper limit for the 234U concentration of feed material at 0.0062 wt% (0.0063 at%).  This limit is driven by health physics concerns related to the 234U concentration (i.e., strong alpha emitter) of the product material from commercial enrichment processes.  It is pointed out that this value exceeds the upper bound of the IUPAC range of the 234U concertation in natural uranium of 0.0059 at%, shown in Table 1.
Natural uranium isotopic data from Smith et al. 1961 [27], Smith and Jackson 1969 [28], Cowan and Adler 1976 [29], Ovaskainen 1999 [30], Solov’ev et al. 2002 [31], and Brennecka et al. 2010 [32] are presented in Figure 1, Figure 2, Figure 3, and Figure 4.  While six references are mentioned here, only three complete datasets are presented.  The Smith et al. 1961 [27], Smith and Jackson 1969 [28], and Cowan and Adler 1976 [29] are combined to form a complete dataset.  The Solov’ev et al. 2002 [31] dataset is incomplete and only contain 234U data; this is why it does not appear in Figure 1 and Figure 3.  The aforementioned data comes from samples from different mineral deposits, mining processes, chemical forms, geographic locations, process steps along the uranium fuel cycle, and different researchers.  Each of these factors appears to potentially have some effect on the reported uranium isotopic concentrations.
DISCLAIMER:  The combined data set produced from the aggregate data from Smith et al. 1961 [27], Smith and Jackson 1969 [28], and Cowan and Adler 1976 [29] required some assumptions to reconstitute the data; some inaccuracies may exist in the reconstruction of this data.  The current author is not an expert in mass spectrometry or isotope geology; some nuances of these fields may have been overlooked or misinterpreted.  Researchers are encouraged to derive their own conclusions from the original data.
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Figure 1.  Variance of the uranium isotopic fractionation with respect to deposit type, related redox reaction, and researcher.  Nominal values for 238U/234U, and 238U/235U are 18384, and 137.80 at%/at%, respectively, from Table 1.  Measured values are also in at%/at%.
From Figure 1, the variation of the 238U/235U and 238U/234U concentration ratios is plotted with respect to the deposit type, corresponding redox reaction (e.g. low temperature redox, high temperature redox, or non-redox, and the researcher.  Several bounding samples are highlighted in red, yellow, blue, and green.  These samples are labled and indexed and will be revisited later in this section and in this study.  The Oklo/Amethyste and Straz Pod Ralskem samples can be seen as separate clusters.  The IUPAC range and ASTM limits are included for comparison.
The Oklo (Gabon) samples from the Ovaskainen data set (#21 and #22) exhibit a depleted 235U concentration as a consequence of a naturally occurring chain reaction (i.e. natural nuclear reactor) at that location long ago) [24, 25].  Another Gabon sample from the Brennecka data (#38) does not exhibit the depleted 235U concentration and thus this sample is assumed to not have originated within the Oklo phenomenon.  The Amethyste (France) sample from the Ovaskainen data set (#27) also exhibits a depleted 235U concentration consistent with the Oklo samples.  No conclusive explanation of this anomaly was found in the literature; however, an exhaustive search is outside the scope this study.  It is not clear if Ovaskainen’s Amethyste (France) sample (#27) is related to or has cross contamination with Oklo material.

The Straz pod Ralskem (Czech Republic) samples from the Ovaskainen 2002 (#23) and Brennecka 2010 data sets (#37) have a very high 234U concentration and are reported by both researchers to additionally contain 236U.  236U generation is the result of neutron capture on 235U, i.e. irradiation, and is the result of human activity.  Consiquently, 236U is not present in natural uranium (within detectable limits) as is evidenced by the absence of 236U in all other samples including the Oklo samples (#21 and #22).  It is assumed that the high 234U concentration is related to the presence of 236U and is thus attributed to human activity.  No satisfying explanation of this anomaly appears in the literature; however, an exhaustive search is outside the scope this study.   

The non-redox and low temperature redox samples (shown in Figure 1 as triangles and squares, respectively) have a lower 238U/234U concentration ratio variation of ~5% while the high temperature reduction samples (shown as circles) have a 238U/234U concentration ratio variation of ~25%.  The variation in the 234U concentration and the 238U/234U concentration ratio is attributed to preferential leaching either as a result of geologic processes [32] or the in-situ leaching mining process [33].
The non-redox and low temperature redox samples also have a lower 238U/235U concentration ratio than the high temperature redox samples by ~0.1% (i.e. a higher natural 235U enrichment).  The ~0.1% difference in the 235U concentration among different uranium ore samples was observed in the nuclear fuel supply by Smith 1961 [27].  The attribution of the ‘fractionation of the 238U/235U concentration ratio’ to different deposit types was initially discovered by Cowan and Alden 1976 [29].  Continued research has attributed the fractionation to geo-physical processes which link the different deposit types to the high-temperature redox, low-temperature reodx, and non-redox reactions which occur during the deposit formation [32].  
In Figure 1 the Smith/Smith/Cowan data (shown as hashed markers) and Ovaskainen data (shown as unfilled markers) have a 238U/234U concentration ratio variation of less than ~10%, while the Brennecka data (shown as solid filled markers) has a 238U/234U concentration ratio variation of less than ~25%.  The Smith/Smith/Cowan and Ovaskainen data is consistent with the IUPAC range for 234U; however, the Brennecka data is not.  This begs the question as to why the Brennecka data is drastically different from the IUPAC 234U concentration range.  The Smith/Smith/Cowan 1961-1976 [27, 28, 29] data is primarily from the U.S. Department of Energy’s Paducah gaseous diffusion plant research into the differences in “unaltered uranium ore concentrates produced in various parts of the world”.  The Ovaskainen 1999 [29] data was from different mining and milling facilities, collected by the IAEA from its member states, covered most of the largest facilities, and  represented different geographic origins and different chemical forms.  The Brennecka et al. 2010 [32] data is from “uranium ore concentrate sold on the commercial market”.  It is not clear if the uranium ore concentrate samples obtained by Brennecka are different because of their mining processes (in-situ vs. pit/underground mining), sampling location on the nuclear fuel cycle (uranium ore concentrate vs. uranium ore), or the differences in experimental sample preparation.  While it is certain that the Smith/Smith/Cowan and Ovaskainen data are representative of “natural uranium feed” for use in uranium enrichment plants, it is unclear if the Brennecka data also represents natural uranium feed in use at uranium enrichment plants. Consequently, two categories of natural feed will be considered in the current study. The bounding samples from Smith/Smith/Cowan and Ovaskainen which are within the IUPAC range, and separately the bounding samples from Brennecka which are outside the IUPAC range will be used.
Analysis of the 238U/235U variation in Figure 1 is neglected because these varations are outside the sensitivity of gamma spectroscopy techniques employed later in this study. 
Figure 2, Figure 3, and Figure 4 present a more detailed look at the individual samples.  Extreme samples are highlighted in red, yellow, blue, and green in these figures which will be discussed further and utilized later in this study and correspond with the highlighted samples in Figure 1.


[image: image2]
Figure 2.  Variance of uranium isotopic concentrations with respect to geographic origin.  Nominal values for 234U, 235U, and 238U concentrations are 0.0054, 0.7204, and 99.2742 at%, respectively, from Table 1.  All values are in at%.


[image: image3]
Figure 3.  Variance of uranium isotopic concentration ratios with respect to geographic origin.  Nominal values for the 235U/234U, 238U/234U, and 238U/235U concentration ratios are 133.40, 18384, and 137.80, respectively, from Table 1.  The 238U/234U secular equilibrium value is 18200.  All values are in at%/at%.

[image: image4]
Figure 4.  Variation of the 234U concentration with respect to geographic origin.  Error bars are icluded at 2 sigma, but are too small to be clearly visible.

From Figure 2, the 234U concentrations vary by ~20% with outlier samples (Straz pod Ralskem - #23 and #37) as high as ~60%. This exceeds the IUPAC range of ~10%.  The Smith/Smith/Cowan and Ovaskainen data are observed to vary by ~10% and are consistent with the IUPAC range while the samples reported by Brennecka and Solov’ev vary by ~20% and exceed the IUPAC range.  The 235U concentrations vary by ~0.1% with outlier samples (Oklo and Amethyste – #21, #22, and #27) varying as much as ~0.3%.  The 238U concentrations vary by ~0.003%.  
From Figure 3, the variation in the 235U/234U, 238U/234U, and 238U/235U concentration ratios correspond to the variation of the dominantly varying isotope (i.e. [image: image5.wmf]d
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238U), hence why both the 235U/234U and 238U/234U concertation ratios both track the 234U concentration variation and the 238U/235U concertation ratio tracks the 235U concentration variation.  The observations of Figure 2 are repeated, again, highlighting the extreme samples.  Additionally, the 238U/234U concentration is compared to the secular equilibrium value of 18200 (i.e. 238U half-life/234U half-life).  It is observed that the 238U/234U concentration ratio varies both above and below the secular equilibrium value.
From Figure 4, the variation in 234U concentration is compared to the IUPAC values and ASTM C787 limit [26] for the 234U concentration of commercial feeds.  The Straz pod Ralskem samples (#23 and #37) are well outside the ASTM C787 limit.  With the exception of the outlier samples (Straz pod Ralskem - samples #23 and #37), the 234U concentrations reported by Smith/Smith/Cowan and Ovaskainen do not exceed the IUPAC range from Table 1 while the samples reported by Brennecka and Solov’ev do exceed this established values.
Three major questions arise from the data:

· Why do some of the samples greatly exceed the IUPAC 234U concentration range?
· Why are these samples exclusive to the Brennecka and Solov’ev data sets?
· Are these samples representative of the commercial fuel supply used as enrichment plant feed?
1.6.2 Recycled Uranium
As the scope of this study is limited to natural uranium feed, an exhaustive mapping of the recycled uranium isotopic compositions is not performed.  Instead, two examples of recycled uranium are presented to give the reader an idea of the characteristics of recycled uranium.  The recycled uranium samples shown in Table 3 are from the Yankee (low burn-up) and Fort Calhoun (high burn-up) commercial power reactors and are excerpted from Blumpkin and Von Halle 1972 [8]. The natural uranium samples are the IUPAC accepted isotopic composition from Table 1.  From Table 3, recycled uranium is observed to have both 232U and 236U which is not present in natural uranium.  The 236U is the product of the n+235U(236U reaction and the 232U is the product of multiple multi-interaction production paths [34].  The 235U/234U concentration ratios of the recycled uranium are shown to be both above and below that for natural uranium.  The 236U concentration is roughly between the 234U and 235U concentrations.  232U has a very low concentration on the order of 1.0E-10 at% or 1 ppt [34].  While 236U is relatively stable with a half-life of 2.0E7 years, 232U is active with a half-life of 69 days and has a rapid decay chain.

Table 3.  Comparison of natural and recycled uranium.  Recycled uranium values excerpted from Blumpkin and Von Halle 1972 [8].  All units in at%.
	
	Natural
	Low Burn Up
	High Burn Up

	232U 
	-
	trace
	trace

	234U
	0.0054
	0.0182
	0.0170

	235U
	0.7204
	2.5061
	0.8900

	236U
	-
	.3630
	0.3930

	238U
	99.2742
	97.1127
	98.70000

	235U/234U
	133.4
	136.9
	52.4

	235U/236U
	-
	6.9
	2.3


1.6.3 Summary

This section summarizes the information which is used in the study.  A few simplifying assumptions are made based on the analysis performed in this section:

· The 234U variation in natural uranium is significant with respect to the sensitivities of gamma spectroscopy; the 234U concentrations cannot be assumed to be constant for all natural uranium feed.
· The 235U and 238U variation in natural uranium is negligible with respect to the sensitivities of gamma spectroscopy; the 235U and 238U concentrations can be assumed to be constant for all natural uranium feed.
· However, the 235U variation may have a small, second-order effect and should be revisited.
· Natural uranium only consists of the 234U, 235U, and 238U isotopes, while recycled uranium additionally includes 232U and 236U.
· The samples with extreme 234U concentration values both inside and outside the IUPAC range are representative of available natural uranium feed.

· The 234U and 235U concentration outliers (e.g. Oklo (Gabon), Amethyste (France) and Straz pod Ralskem (Czech Republic)) are exceptional cases not representative of available natural uranium feed.
The extreme samples which are highlighted in Figure 1, Figure 2, Figure 3, and Figure 4, are tabulated in Table 4 and Table 5 and will be utilized later in this study as a representative range of natural uranium isotopics.  While the Oklo, Amethyste, and Straz pot Ralskem samples will not be utilized later in this study because they are not considered natural uranium, they are also included in Table 4 and Table 5 out of passing interest.  Because the 235U and 238U content were not provided by Solov’ev for the Kyzylkum (Uzbekistan) sample (#91), the 235U concentration is assumed to be the nominal IUPAC value and the 238U concentration is assumed to be the remainder.  These assumed values appear in parentheses in Table 5.
Table 4.  Description of extreme natural uranium samples.

	Index
(Color)
	Mine
(Country)
	Attribute
	Remarks
	Source
(Chemical Form)

	21,22
(red)
	Oklo
(Gabon)
	very low 235U conc.
	attributed to naturally occurring chain reaction (i.e. natural nuclear reactor)
	21,22 – collected by IAEA from member state

(MgU2O7)

	27
(red)
	Amethyste
(France)
	very low 235U conc.
	cause unknown but is consistent with Oklo (Gabon)
	collected by IAEA from member state

(Mg uranate)

	23,37
(yellow)
	Straz pod Ralskem
(Czech Republic)
	very high 234U conc.
	sample includes detectable 236U attributed to human activities (i.e. not natural)
	23 – collected by IAEA from member state

((NH4)3U2O7)

37 – commercially acquired
(U ore concentrate)

	31
(blue)
	CETAMA-Emerande
(France)
	low 234U conc.
	lowest 234U conc., inside IUPAC range
	collected by IAEA from member state

(Mg uranate)

	33
(blue)
	CETAMA-Grenat
(France)
	high 234U conc.
	highest 234U conc. inside IUPAC range
	collected by IAEA from member state

(Na uranate)

	43
(green)
	Ranstadt
(Sweden)
	very low 234U conc.
	lowest 234U conc. outside IUPAC
	commercially acquired
(U ore concentrate)

	91
(green)
	Kyzylkum
(Uzbekistan)
	very high 234U conc.
	highest 234U conc. outside IUPAC range, attributed to in-situ leaching mining process
	mineralogical museum at the Russian Scientific-Research Institute of Chemical Technology
(U ore)


Table 5.  Isotopic concentrations and concentration ratios of extreme natural uranium samples.  Values in parentheses were not available and consequently the imposed 235U concentration is the nominal IUPAC value, the imposed 238U concentration is the remainder, and the concentration ratios are computed based on these imposed values.
	Index
	Source
	234U
	235U
	236U
	238U
	235U/234U
	238U/235U
	238U/234U
	Ref.

	
	
	[at%]
	[at%]
	[at%]
	[at%]
	[at%/at%]
	[at%/at%]
	[at%/at%]
	

	21
	Oklo-Comuf Mounana (Gabon)
	0.005388
	0.71833
	<2E-6
	99.27628
	133.30
	138.21
	18423
	[30]

	22
	Oklo-Comuf Mounana (Gabon)
	0.005383
	0.71822
	<2E-6
	99.27639
	133.42
	138.22
	18443
	[30]

	27
	CETAMA Amethyste (France)
	0.005356
	0.71828
	<2E-6
	99.27636
	134.10
	138.21
	18536
	[30]

	23
	DIAMO, Straz pod Ralskem (Czech Rep.)
	0.008276
	0.72031
	3.75E-06
	99.27141
	87.03
	137.82
	11995
	[30]

	37
	Straz Pod Ralskem (Czech Rep.)
	0.008611
	0.72015
	-
	99.27124
	83.63
	137.85
	11528
	[32]

	33
	CETAMA Grenat (France)
	0.005849
	0.72030
	<2E-6
	99.27385
	123.15
	137.82
	16972
	[30]

	31
	Emerande (France)
	0.005043
	0.72039
	<2E-6
	99.27456
	143.45
	137.81
	19685
	[30]

	43
	Ranstadt (Sweden)
	0.004386
	0.720092
	-
	99.27552
	164.17
	137.87
	22633
	[32]

	91
	Uch-Kuduk, Kyzylkum (Uzbeckistan)
	0.00621
	(0.7204)
	-
	(99.2734)
	(116.01)
	(137.80)
	(15986)
	[31]


1.7 Uranium Isotope Behavior in Centrifuges and Cascades
The purpose of this section is not to go into exhaustive detail but to identify the significant properties of centrifuges and cascades relevant to the current study.
1.7.1 Centrifuges
A centrifuge, for the purposes of this study, is a black box with certain properties.  A centrifuge has an inlet for UF6 gas feed and two outlets for the enriched UF6 product and depleted UF6 tails, as shown in Figure 5.


[image: image8]
Figure 5.  Centrifuge diagram:  feed=blue, product=green, tails=red
A centrifuge has a uranium feed rate, 
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, (all in units of kg U/yr), as well as a feed isotopic concentration, ifF, product isotopic concentration, ifP, and tails isotopic concentration, ifT, where i indicates the specific uranium isotope and the subscripts F, P, and T indicated the feed product and tails steam.
For the purpose of this study, there are two key properties of a centrifuge (gross over simplification), the separating power and the separation fractor.  An oversimplified way of thinking of the two terms is presented here in order to avoid overwhelming most readers.

The separating power is related to the amount of throughput a centrifuge can process and also has units of kgUF6/yr or mgUF6/s however, it is customary to assign the dimensionless unit of SWU (or separative work unit) to the square of the term in brackets and thus the units become kgUF6-SWU/yr or mgUF6-SWU/s.  The dimensionless unit of SWU is a convention to help prevent confusion in later calculations.  The theoretical maxium separating power of a centrifuge is [37]
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where δUmax is the maximum centrifuge separative power, ρ is the gas density, D is the self-diffusion coefficient of the gas, z is the separative length of the centrifuge, ΔM is the mass difference between the binary gas mixture, a is the radius of the centrifuge, Ω is the rotational speed of the centrifuge, R is the universal gas constant, and T is the average gas temperature.  The theoretical maximum is never achieved in practice, thus the actual separative power for a centrifuge is
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where δU is the actual centrifuge separative power, and E is the centrifuge efficiency.  
The separation factor is the ratio of the abundance of an isotope in the product and the tails to another isotope in the product and tails.  For example, the separation factor for 235U is calculated by


[image: image14.wmf](

)

(

)

(

)

(

)

235238

235

235238

aa

PP

aa

TT

ff

ff

a

=

 
 MACROBUTTON MTPlaceRef \* MERGEFORMAT (3)

where α235 is the separation factor for 235U and the superscript (a) indicates atom fraction.  The separating power and separation factor are inter-related as shown for the Iguacu centrifuge in Figure 6.  The Iguacu centrifuge is a fictional or ‘paper’ centrifuge utilized to facilitate discussion among the centrifuge community.

[image: image15.emf]
Figure 6.  A performance map of the Iguacu centrifuge.  Excerpted from Migliorini and Wood 2012 [35].
From Figure 6, the separative power increases with feed rate nearly linearly at low feed rates but quickly begins to taper before reaching a maximum and then decreasing.  The separation factor decreases with increasing feed rate.  A centrifuge is optimized when the separative power is maximized, shown here to occur at ~32 mgUF6/s.  A change in feed rate will decrease the separative power but depending on if the feed rate increases or decreases, the product enrichment will decrease or increase, respectively.  One of the consequences of this property is a higher than designed enrichment is produced during plant start up (i.e. when increasing the feed rate from 0 to optimal).
The separation factor is different for the different isotopes of uranium such that α232 > α234 > α235 > α236, where αi is the separation factor for uranium isotope i.  According to Wood 2008 [36] the separation factor for the different isotopes can be calculated using the formulation
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where Mi is the molecular weight of uranium isotope i.  For example, if α235 = 1.6 then α232 = 2.2, α234 = 1.8, α236 = 1.4.  Consequently, for natural uranium, 234U enriches faster than 235U and for recycled uranium, 232U enriches faster than 235U while 236U enriches slower than 235U.
1.7.2 Cascades
Centrifuges are grouped together to form cascades.  Cascade configurations vary depending on the desired product and tails enrichment.
Centrifuges are connected in parallel to increase throughput but not enrichment, as shown in Figure 7.  Centrifuges connected in parallel are called a stage.

[image: image17]
Figure 7.  Centrifuges connected in parallel.

Centrifuges are connected in series to increase enrichment but not throughput, as shown in Figure 8.


[image: image18]
Figure 8.  Centrifuges connected in series.

Centrifuges are connected in parallel and series to form cascades to increase enrichment and throughput, as shown in Figure 9.  Shown right is a more convenient diagram representing all the centrifuges in parallel as stages.

[image: image19]
Figure 9.  Centrifuges connected in a cascade.

Enriching stages, shown in Figure 9 as stages 1 through 4, are those which produce a product with enrichments higher than the feed stage, shown as stage 0.  Stripping stages, shown as stages -1 through -3, are those which produce a product enrichment less than or equal to the feed stage enrichment.  The number of enriching and stripping stages are those required to produce the desired product and tails enrichment.  The product enrichment is that desired by customer while the tails enrichment is driven by the cost of uranium feed.
Figure 10 relates these diagrams in Figure 9 back to the more familiar layout of that of a cascade hall.

[image: image20]
Figure 10.  Centrifuges in a cascade hall configuration.

Cascades take the diamond shape, shown in Figure 9, and not a square array shape because the 235U concentration needs to be matched at each mixing point.  A poorly designed cascade is characterized by unmatched concentrations at each mixing point resulting in a loss of separative work.  Figure 11 shows an example of a matched 235U concentration at a mixing point but also shows that the 234U concentration (and 232U and 236U concentrations for recycled uranium) are not matched at mixing points.  One of the consequences of this feature is that any changes in cascade configuration and operation will change the 235U/234U concentration ratios throughout the cascade.

[image: image21]
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Figure 11.  Example of matched and unmatched concentrations.

An ideal cascade is a fictional cascade where up and down flow 235U concentrations are exactly matched and no 235U mixing occurs.  However, this mathematical solution results in a non-integer numbers of stages and centrifuges.   A real cascade must round the numbers of stages and centrifuges to integer values, which consequently results in some mixing losses.  Since mixing losses are inefficient (i.e. effectively down blending the product that was just enriched), a well-designed cascade is characterized by having minimal mixing losses.  In practice, commercial cascades are nearly ideal cascades with minimal mixing losses [11].
The mass flow rates of an ideal, two-isotope cascade are governed by three equations: a uranium mass balance, isotope balance, and separative power balance.  The three equations are [37]
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where ΔU is the cascade separative power, the superscripts (a) and (w) indicate atom and  mass fraction, and 
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where the subscript s indicates the feed, product, or tails stream.  Separative power is a distractingly complicated concept, so let it suffice for the reader to think of Eq. 
(8)

 as an entropy balance.  The units of V(ifs(a)) is the dimensionless SWU, GOTOBUTTON ZEqnNum215696  \* MERGEFORMAT is kg/s, and ΔU are kgU-SWU/yr, again, reminding the reader that SWU has no real dimension but is a convention for preventing confusion and minimizing calculation errors since ΔU and
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have the same units.  The separative power of a cascade is related to the separative power of a centrifuge by
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where n is the number of centrifuges in the cascade and δU is the centrifuge separative power which is defined in Eq. (7)

.  However, operation of individual centrifuges at less than the optimal feed rate with decrease the separative power of the individual centrifuges and consequently the cascade.(2)

, assuming that all centrifuges in a cascade are the same.  The value ΔU is an upper limit to the separative power of an ideal cascade is a constant, regardless of feed, product, and tails concentrations, which constrains Eq. 
For the purposes of this study, the reader needs to appreciate the strong interdependence of the feed, product, and tails mass flow rates, 235U concentrations, separation factor, and separative power.  By symulatneously solving Eqs. Figure 12(6)

, the relative feed, product, and tails mass flow rates can be calculated with respect to the feed, product, and tails 235U concentrations.  For example, (5)

 and  GOTOBUTTON ZEqnNum139227  \* MERGEFORMAT  shows the relative mass flow rates for the cascade designs using feed and tails 235U concentrations of 0.72 and 0.35 at%, respectively.  As the product 235U concentration varies from 1 to 98 at%, the product and tails mass flow rates are observed to be strongly dependent on the product 235U concentration.  Above the LEU range (i.e. >20 at%), the product rate rapidly approaches 0 and the tails rate approaches the feed rate.  The product rates for 4%, 20%, and 90% are 11, 2, and 0.5% of the feed rate, respectively.

[image: image30]
Figure 12.  Relative mass flow rates with respect to product 235U concentration for cascades with a feed and tails 235U concentration of 0.72 and 0.35 at%, respectively.

By adding the addional constraint of requiring a fixed ΔU for the cascade and simulataneously solving Eqs. Figure 13(8)

, an additional limitation appears on the feed rate, as shown in (5)

 through  GOTOBUTTON ZEqnNum139227  \* MERGEFORMAT .  This demonstrates that one of the primary indicators that an LEU cascade has been reconfigured for HEU production is a large change in the feed, product, and tails mass flow rates about the cascade.

[image: image31]
Figure 13.  Mass flow rates with respect to product 235U concentration for cascades with ΔU=9940, and feed and tails 235U concentrations of 0.72 and 0.35 at%, respectively.

1.7.3 Production Units
Cascades are grouped together to form productions units.  As shown in Figure 14, a production unit consists of serveral cascades which all utilize the same feed autoclaves, product withdrawal stations, and tails withdrawal stations.  Consiquently, all cascades in a production unit have the same feed, product, and tails concentrations.

In Figure 14, the pressure between the ‘pressure reduction value’ and the desublimation / compression liquefaction pumps is the characteristic low [gas] pressure side of the piping which is shown as the blue, green, and red streams.  On either side of the pumps/compressors is the high [gas] pressure side of the piping which includes a gas section and a liquid section of the piping which is shown as black streams.  
There are common valves specific to a cascade.  With respect to Figure 14, there are three block valves are normally open but can be closed to isolated a cascade from the production unit.  The two recycle valves are normally closed but can be opened to permit flow from the product and tails streams be recycled into the feed stream.  By closing the block valves and opening the recycle values, the cascade can be put in a state called reflux or recycle.  Upon starting a new cascade, the cascade is put into the reflux state until it reaches steady-state and the product and tails consentrations reach that of the production unit.  The block and recycle valves are variable (i.e not ON/OFF valves) and can be used to control the gas flow rates.  Additonal connections and associated valves are present about a cascade to permit gas priming, sampling, and evacuation.  
[image: image32.emf]
Figure 14.  Production unit layout.  Excerpted from Migliorini 2013 [38].

1.7.4 Minor Isotope Safeguards Techniques (MIST) Studies
“The Behavior of the Uranium Isotopes in Separation Cascades” series of research reports by Blumpkin et al. 1972-1982 [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18], also known as the “MIST studies”, report the behavior of 234U and 236U (as well as 235U and 238U) in a cascade.  The MIST studies demonstrate that one can attribute changes in minor uranium isotope concentrations and concentration ratios to changes in cascade operation and/or configuration.  The MIST studies were performed at a time when there was no immediate use for these results, but an awareness than the behavior of the isotopes in a cascade could be of useful to the safeguards community.
The MIST studies are closely linked to the MSTAR equations developed by de la Garza and von Halle 1963-1987 [19, 20, 21].  The MSTAR equations predict the 234U concentrations of the product and tails streams of ideal cascades (and the 232U and 236U concentration in the case of recycled feed).  The 234U concentration is related to the 235U concentration and as will be shown next, can be observed to drastically change in the event of cascade misuse.  The MSTAR equations facilitate the utliziation of the 234U concentration and the 235U/234U concentration ratio as an indicator of cascade misuse.
Migliorini et al. 2012-2013 [38, 39, 40], perform a similar analysis to the MIST studies.  The Migliorini study is different than the MIST studies in that the MIST studies model the isotopic ratios for steady-state, ideal cascades, Migliorini models them for transient, real cascades.  

The remainder of this section provides some examples of the different 235U/234U concentration ratios which are observed for different cascade configurations and operating conditions.  The nominal reference cascade discussed here has natural feed, 4 at% product, and 0.25 at% tails.

· Example 1 - tails 235U concentration change via configuration changes
· Example 2 - product  235U concentration change via configuration changes
· Example 3 - tails and product  235U concentration change via operational changes (i.e. changes in product and tails withdrawal rates)
1.7.4.1 Example 1:  Changes in Tails 235U Concentration of an Ideal Cascade

From Figure 15 and Figure 16, the 235U/234U concentration ratio in the product and tails streams changes from 112 to 89 and 280 to 132, respectively, as the tail 235U concentration changes from 0.20 to 0.72 at% while the product 235U concentration is held constant at 4 at%.  This represents what would be observed if a cascade were reconfigured to produce a different tails 235U concentration.

1.7.4.2 Example 2:  Changes in Product 235U Concentration of an Ideal Cascade

From Figure 17 and Figure 18, the 235U/234U concentration ratio in the product and tails streams changes from 130 to 103 and 198 to 268, respectively, as the tail 235U concentration changes from 0.72 to 95 at% while the tails 235U concentration is held constant at 0.25 at%.  This represents what would be observed if a cascade were reconfigured to produce a different product 235U concentration, particularly enrichments greater than 20 at%.

1.7.4.3 Example 3:  Changes in Product and Tails 235U Concentration of a Fixed Cascade

Enrichments greater than 20 at% are achievable without reconfiguring the cascade but by simply changing the product and tails withdrawal rates of a fixed cascade.

From Figure 19 and Figure 20, the 235U/234U concentration ratio in the product and tails streams changes from 103 to 22 and 244 to 130, respectively, as the product and tails 235U concentration changes from 4 to 63 at% and 0.25 to 0.72 at%, respectively, while holding the feed rate constant.  This represents what would be observed if a fixed cascade were not reconfigured but simply operated differently in order to produce a different product 235U concentration, and particularly enrichments greater than 20 at%.

In depth analysis of a wide variety of cases and cascade configurations is reported in the MIST studies which include multiple feed and withdrawal cascades as well as the effects of feeding reactor tails (which include 236U).  The reader is referred to the MIST studies for an exhaustive report of cascade misuse cases.  For now, the reader should understand that any changes in the cascade operation and/or configuration will change the 234U concentrations and the 235U/234U ratio in the product and tails.

[image: image33.emf]
Figure 15.  The 235U/234U concentration ratio of product and tails streams of ideal cascades with respect to the design tails 235U concentration.  Excerpted from Blumpkin and van Halle 1972 [8].
[image: image34.emf]
Figure 16.  The 235U/234U concentration ratio of product and tails streams of ideal cascades with respect to the design tails 235U concentration.  Excerpted from Blumpkin and van Halle 1972 [8].
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Figure 17.  The 235U/234U concentration ratio of product and tails streams of ideal cascades with respect to the design product 235U concentration.  Excerpted from Blumpkin and van Halle 1972 [8].
[image: image36.emf]
Figure 18.  The 235U/234U concentration ratio of product and tails streams of ideal cascades with respect to the design product 235U concentration.  Excerpted from Blumpkin and van Halle 1972 [8].
[image: image37.emf]
Figure 19.  The 235U/234U concentration ratio of product and tails streams of a fixed cascade with respect to the product 235U concentration.  Excerpted from Blumpkin and van Halle 1973 [11].
[image: image38.emf]
Figure 20.  The 235U/234U concentration ratio of product and tails streams of a fixed cascade with respect to the product 235U concentration.  Excerpted from Blumpkin and van Halle 1973 [11].
1.7.5 Summary

This section summarizes the information which will be utilized later in this study.  A few simplifying assumptions are made based on the analysis performed in this section:

For centrifuges
· lighter isotopes enrich faster than heavier isotopes (i.e. 234U enriches faster than 235U)

· decreasing the feed rate to a centrifuge increases product 235U concentration and more so the product 234U concentration
· changes in feed rate will change the isotopic concentration ratios (i.e. 235U/234U) in both the product and tails

For cascades

· 235U concentrations are matched at mixing points, but other isotopes are not

· changes in cascade operation and configuration will change the 234U concentrations and the 235U/234U concentration ratios as a result of mixing.
· cascades are highly constrained systems
1.8 Spectroscopic Attributes of GCEP Pipework
The purpose of this section is to present the characteristics of GCEP pipework relevant to gamma spectroscopy.  This is followed by a review of relevant gamma attributes and presentation of spectra collected from GCEP pipework during both steady-state and transient cascade operation.
1.8.1 Pipes and Deposits

The most common pipe encountered in GCEP's is aluminum.  Stainless steel pipes are reported to be in use at Russian and Chinese GCEPs [41].  Pipe inner diameters are reported to range from 36 mm to 110 mm diameters and thicknesses from 3 mm to 6.35 mm, however, it is unclear where specific pipe diameters are used in each plant.  Deposits on aluminum pipes are reported to range between 60-690 μg U/cm2 while no data has been reported for stainless steel pipes.  

The UF2O2 wall deposit significantly interferes with passive and active gamma spectroscopy measurement techniques and is one of the primary reasons that no simple solution to UF6 gas enrichment measurement exists.  More specifically, the UF6 emits the same gamma lines as the UF2O2 wall deposit and, thus, the isolation of the UF6 gas signal in the presence of the UF2O2 background is non-trivial.  Separately, both the UF6 gas and the UF2O2 wall deposit both produce Th daughters which linger in the pipework but never reach secular equilibrium.  Only a fraction of the Th daughters from the UF6 gas are directly deposited on the pipe wall while the remainder is transported downstream.  Also, the occurrence of gradual and abrupt wall deposit formation disrupts the secular equilibrium of the Th daughters from the UF2O2 deposit, hence the wall deposit contribution can never be known with certainty.
The mechanism for wall deposit formation and growth is complex and is dependent on multiple chemical reactions, facility design, and facility operational history.  For the purposes of gamma spectroscopy, there are two chemical components to the deposit: (1) uranium in the molecule UO2F2 and (2) ThX in at least one molecule not specified in the literature.
Prior to the introduction of UF6 to the Al pipe, the Al pipe may be introduced to the air resulting in the formation of a thin layer of aluminum oxide and aluminum hydroxide on the surface of the pipe.


4 Al + 3 O2 (  2 Al2O3


2 Al + 6 H2O (  2 Al(OH)3 + 3 H2
Upon the introduction of UF6 to the pipe, an initial UO2F2 deposit quickly forms in a matter of hours [42, 43, 44] by reacting with the oxide, hydroxides, and water present on the pipe surface.


2 Al2O3 + 3 UF6 (  4 AlF3 + 3 UO2F2


2 Al(OH)3 + 3 UF6 ( 2 AlF3 + 3 UO2F2 + 6 HF



2 H2O + UF6 (  UO2F2 + 4 HF

All these reactions result in UO2F2 which makes up the wall deposit.  It is additionally mentioned that a direct reaction between the UF6 gas and the Al pipe is possible.


Al + 3 UF6 (  AlF3 + 3 UF5
However, this reaction does not occur at GCEP temperatures (i.e. < 40 oC) and is thus assumed to have a negligible contribution to deposit formation [42, 43, 44]. 

The amount of initial deposit formation is on the order of 1-10 μg U/cm2 and occurs between 0-30 days after UF6 is introduced to the aluminum pipe [42, 43, 44, 45], as shown in Figure 21.
[image: image39.emf]
Figure 21.  Results of aluminum 3003 coupon exposures to UF6.  Excerpted from Cooley et al. 1985 [45] with further description appearing in Hughes and Nolan 1984 [44].

The majority of UO2F2 wall deposit is the result of air in-leakage and the reaction between the UF6 gas and water vapor in the air.  


2 H2O + UF6 ( UO2F2 + 4 HF

Air in-leakage, and the resulting wall deposit growth, can either happen gradually or abruptly.  Gradual wall deposit growth occurs due to gradual air in-leakage and is a plant specific characteristic.  Abrupt wall deposit growth occurs following an air ingress event.   No consensus was reached in the 1980's for the annual deposit growth rate as the amounts of deposits with respect to operating time varied widely both from cascades in the same plant and between facilities.  Capenhurst estimated between 45-167 µg U/cm2/y [46, 47], however, the maximum deposit growth rates in Almelo and the U.S. Centrifuge Plant Demonstration Facility were significantly less 2-11 µg U/cm2/y [48, 49] and 60-88 µg U/cm2/y [42, 43], respectively.  However, the deposit grown rate has been shown to decrease exponentially over time [47], hence, the largest reported deposit amounts for Capenhurst, Almelo, and the U.S. Centrifuge Plant Demonstration Facility of 690 µg U/cm2 [50], 220 µg U/cm2 [48], and 175 µg U/cm2 [42, 43], respectively, are thought to more accurately represent the actual facility conditions than the aforementioned reported deposit growth rates.  Packer et al. 1984 [46, 51] and Hori et al. 1986 [52] report data which shows both gradual and abrupt deposit formations which are shown in Figure 22 and Figure 23.  The air in-leakage rate is plant dependent and variations by a factor of 4 have been reported for the same locations on similar cascades [46].  The amount of wall deposit is reported to increase with plant operating time [46, 47, 53].  However, Packer 1991 [54] reported "relatively little deposit on the header pipes in the latest design of centrifuge", however, no confirmatory or quantitative data has be reported to substantiate this claim or extend it to other facilities.  Due to the dated and sparse nature of the published information on deposits, it is unclear if newer plants can be assumed to have significantly smaller deposits than their older predecessors.

[image: image40.emf]
Figure 22.  Observation of deposit growth on a product pipe of a cascade that was monitored from commissioning at Capenhurst.  Excerpted from Packer et al. 1984 [47].
[image: image41.emf]
Figure 23.  Observation of deposit growth during long term steady state operation of a product pipe at Ningyo Toge.  Excerpted from Hori et al. 1986 [52].

Deposit formation can also occur after the pipework is opened to the atmosphere.  If the pipework is opened to the atmosphere without the presence of UF6 gas, the existing UO2F2 deposit becomes hydrated 



UO2F2 + 1.5 H2O  ( UO2F2 · 1.5 H2O

so that when gas flow is restored the gas interacts with the hydrated UO2F2 and a new deposit layer rapidly forms [44].  The thicknesses of deposits are on the order of ~10-100 nm [44].

To summarize, there are four identified causes for the UF2O2 deposit formation: (1) initial deposit, (2) continuous air in-leakage, (3) abrupt air in-leakage, and (4) interim exposure to the atmosphere in the absence of UF6 gas [42, 43, 44, 45].

Th deposits also exist in the pipework.  The Th daughters are produced by the alpha decay of uranium in the UF6 gas and the UO2F2 wall deposit.  The UO2F2 wall deposit and the Th produced by the UO2F2 in the wall deposit are summarily referred to as the wall deposit.  The Th daughters produced by the alpha decay of the UF6 gas are referred to as the direct deposit.  The uranium in the UO2F2 molecule alpha decays to produce the unspecified Th molecule(s), ThX, and byproduct(s), Y.



UO2F2 ( α + Th + ? ( ThX + Y

UO2F2 and the unspecified Th molecule(s) are non-volatile (i.e. remain a solid) at GCEP temperatures and pressures.  This is clarified in Table 6.
Table 6.  Characterization of the UF6 gas, Th direct deposit, and UO2F2 + ThX wall deposit.

	
	UF6
gas
	Th
direct deposit
	UO2F2 + ThX
wall deposit

	234U
	X
	
	X

	235U
	X
	
	X

	231Th
	
	X
	X

	238U
	X
	
	X

	234Th
	
	X
	X


For all practical purposes, the Th wall deposit reaches secular equilibrium with the UO2F2 wall deposit 7 half-lives after formation.  However, the Th direct deposit does not reach secular equilibrium with the UF6 gas.  The Th direct deposit may either deposit locally on the pipe wall or remain suspended in the gas.  The proportion of Th which is locally deposited on the pipe walls is facility specific.  The proportion of Th directly deposited on the pipe wall is between 60-70% and 80-90% at two plants at Capenhurst [55].  Overall, the proportions of U to Th are not in secular equilibrium and cannot be assumed proportionally constant [49, 56], which further complicates analysis.  No examples of non-uniform UF2O2 deposit distribution along the pipe wall (and  presumably the Th wall deposit) appear in the literature for GCEP's, however, non-uniform Th deposits (presumably from the Th direct deposit) are reported near pipe bends [55, 57], shown in Figure 24, and valves [49, 58].
[image: image42.emf]
Figure 24.  185.7 keV (235U) and 63.3 keV (234Th) count rates relative to a pipe bend at the U.S. Centrifuge Plant Demonstration Facility.  Excerpted from Packer et al. 1985 [57, 58].
It is noted that there are other mechanisms of manipulating the deposit.  Introduction of cleaning agents, such as ClF3, can be used to remove UO2F2 deposits, though it is noted that ClF3 will leave behind the Th deposit [45].  It is reported that there is no molecular, atomic, or isotopic exchange between the U atoms in the gas and the deposit [45, 47].  Hence, an HEU deposit cannot be removed or modified by passing depleted uranium gas through the pipe following misuse [45].

At current, there are no suitable models for predicting the amount of wall deposit or direct deposit on GCEP pipework and few appropriate assumptions or guidelines can be offered.
Under uncommon circumstances, the UF6 gas may be evacuated from the pipe for sufficient time to obtain a measurement of the deposit in the absence of the gas, which thus permits the subtraction of the deposit signal form the total signal to obtain the gas signal.  However, Baker et al. 1994 [59] reports that URENCO "outages are typically very short, mostly lasting minutes rather than hours and are infrequent."  Thus, there is no expectation of obtaining a long enough gamma spectroscopy measurement to characterize a deposit during an outage.
While uranium deposit removal was investigated by Cooley et al. 1985 [45], where ClF3 was passed over the deposit resulting in the removal of the UF2O2 deposits without affecting the Th deposits, no reports of operators removing deposits to facilitate safeguards appear in the literature.

It is stated in the literature that the deposit amounts at Almelo [53] and the U.S. Centrifuge Plant Demonstration Facility are higher in the product lines and significantly lower in the feed lines [42, 43], however, insufficient data appears to characterize the tails lines.
A summary of the range of values reported in the literature are tabulated in Table 7.  The gas pressure is considered a sensitive parameter, hence, while ranges for the gas pressure values are stated by the technology holders, their proprietary nature makes them purposefully vague.
Table 7.  Reported range of values for pipes and deposits at enrichment plants.
	Gas Pressure
[torr]
	Gas Temp

[C]
	Pipe Material
	Diameter [mm]
	Thickness

[mm]
	Gas/
(Gas+Dep)
x100

[%]
	Deposit
[ug U/cm2]
	Direct Deposit
[%]
	References

	0.75-8.2
	35-40
	Al/SS
	 ID 36-110
OD 42-120
	3-6.35
	   F 45-100

   P   5-86

   T 29-58
	P 60-690
	P 60-90
	[42,43,44,45,46, 47,48,49,50,51,
53,54,55,57,59,
60,61,62,63,64,
65,66,67,68,69,
70,71,72,73]


F = feed, P=product, T=tails, D=dump
1.8.2 Physical Properties of Uranium and Thorium
As discussed previously, natural uranium consists of the isotopes of 234U, 235U, and 238U and recycled uranium additional includes 232U and 236U.  The scope of this report is limited to natural uranium feed, hence, recycled feed is only discussed peripherally.  Figure 25 shows the decays chains for the natural uranium isotopes.

[image: image43]
Figure 25.  234U, 235U, and 238U decay chains.
In Figure 25, the parent uranium atoms, short half-life daughters, and long half-life daughters are outlined in green, blue, and red, respectively.  The energies of the prominent gamma are listed to the right of their corresponding decay pathways, noting that prominent gammas do not appear with every decay pathway.  Prominent gammas are gammas that are readily observed in a high resolution gamma spectrum of UF6.  The prominent gammas primarily appear in the 50-210 keV range, and thus gammas outside this range are omitted here.  Additionally listed are the branching ratios following 234mPa decay.  The relevant information is that:

(1) 234U and 235U produce ‘useful’ gammas while 238U does not.

(2) 235U and 238U produce 231Th and 234Th daughters which produce useful gammas while 234U does not produce daughters with useful gammas.
(3) 231Th and 234Th have short half-lives and will achieve equilibrium with their 235U and 238U parents in a useful timeframe.

(4) Each decay chain ends, for all practical purposes, with a long lived daughter outlined in red (i.e. no useful gammas are produced from or following these daughters).
The fact that 238U does not produce gammas is the primary reason that uranium enrichment measurement is not a trivial exercise.  The reason the 238U daughter gammas from 234Th cannot be used to indirectly measurement of 238U concentration is because secular equilibrium is not achieved in GCEP pipework, as was explained in the previous section.  The amount of 234U produced from 238U decay is negligible when compared to the amount of 234U in the UF6 and UO2F2 deposit, hence why the 234U terminates the 238U decay chain and initiates the 234U decay chain.
Table 8 tabulates the radioactive properties of 234U, 235U, 231Th, 238U, and 234Th in the 50-210 keV range.
Table 8.  234U, 235U, 238U, 231Th, and 234Th gamma properties in the 50-210 keV range.
	Isotope
	Half life
	Gamma
energy

[keV]
	Intensity

[γ/dis]
	Specific
activity

[γ/g-s]

	234U
	2.4E5 y
	53.2
120.9
	0.0013

0.00039
	2.9E5
8.9E4

	235U
	7.0E8 y
	109.2

143.8

163.4

185.7

205.3
	0.017
0.11

0.051

0.57

0.050
	1.3E3

8.7E3

4.1E3

4.6E4

4.0E3

	231Th
	25 h
	84.2
	0.067
	5.5E3*

	238U
	4.4E8 y
	-
	-
	-

	234Th
	24 d
	63.3

92.4

92.8
	0.038

0.022

0.022
	4.7E2*

2.8E2*

2.7E2*


* in secular equilibrium
From Table 8, the prominent gammas are listed for 234U, 235U, 238U and the daughters 231Th and 234Th.  It is again pointed out that 238U has no useful gammas.  Unique to this study is the acknowledgement of the 234U gammas.  While the 234U gammas have a relatively low intensity, they have a relatively high specific activity.  While the concentrations of 234U are 0-3 orders of magnitude less than those of 235U and 238U, the specific activity of 234U is on the order of 0-3 times higher than 235U and 238U.  In summary, 234U has useful gammas which can be measured in the presence of the other prominent uranium and Th gammas.
As discussed in the previous section, there are three source terms which are present in GCEP pipework: the 234U and 235U in the gas, 231Th and 234Th in the direct deposit, and 234U, 235U, 231Th, and 234Th in the wall deposit.  Consequently, it is impossible to separate the U/Th signal from the gas and direct deposit from the U/Th signal from the wall deposit.  It is pointed out that the U/Th in the wall deposit reaches secular equilibrium after 7 half lifes (assuming the deposit mass is constant) while the Th direct deposit does not reach secular equilibrium with the U in the gas.  It has been observed that between 60-90% of the Th direct deposit appears on the pipe wall [58].  Consequently, the Th direct deposit will reach equilibrium with the U in the gas under sustained steady state operation after sufficient time, but will not reach secular equilibrium.  To summarize, it is inaccurate to use Th gammas to estimate the U in the gas or deposit for the following reasons: (1) secular equilibrium is not achieved; and (2) the equilibrium proportions of U/Th are not known and are not assumed to be constant.
1.8.3 Steady-State Attributes
High resolution spectra collected from the Capenhurst, Ningyo Toge, and Almelo facilities are presented in Figure 26, Figure 27, Figure 28, and Figure 29, respectfully.  The peaks which can be identified from the published spectra are those listed in Table 8 and additionally the U/Th x-rays at 89.96 (ThKα2), 93.35 keV (ThKα1), 94.65 (UKα2), and 98.43 (UKα1).  It is confirmed to the reader that the 234U peaks are observed regardless of plant or pipe wall thicknesses between 3-5 mm, and the 212Pb peak at 238 keV is observed in the case when recycled uranium is being or has been used as feed material.


[image: image44]
Figure 26.  HPGe spectra collected from a 120 OD, 5 mm thickness product pipe, enrichment between ~2-3% at Capenhurst.  Excerpted from Packer 1984 [46, 53].

[image: image45]
Figure 27.  HPGe spectra collected from a product pipe, unknown thickness and diameter, enrichment ~3% at the Ningyo Toge Pilot Plant.  Exerpted and adapted from Yokota et al. 1985 [62].

[image: image46]
Figure 28.  HPGe spectra collected from aluminum 42 mm OD, 3 mm thick product pipe, enrichment between 2.8-3.2% at Almelo SP4.  Excerpted and adapted from Lauppe et al. 1986 [63].


[image: image47]
Figure 29.  HPGE spectra collected from a product pipe, ex-oxide reprocessed re-enriched product, at Almelo.  Excerpted and adapted from Baker et al. 1994 [59].  Note the 238 keV line from 212Pb, a daughter of 232U and indicator of recycled uranium, is clearly detected.

1.8.4 Transient Attributes
The transient behavior of the U and Th isotopes and their ratios provide temporal information.  Figure 30 shows the instantaneous change in the 186 keV count rate from 235U which occurs when the gas is introduced.  Figure 31 and Figure 32 show the exponential change in the 84 keV count rate from 231Th which follows the changes in 235U.  The 84 keV count rate is shown to reach steady state after 7 231Th half lifes or ~7 days.  Figure 33 shows the exponential change in the 83 keV count rate from 234Th which follows the changes in 238U.  The 63 keV count rate is shown to reach steady state after 7 234Th half lifes or ~170 days.  Figure 34 shows the 84 keV/63 keV count rate ratio to have a fast and slow response to changes in 235U and 238U.  It is shown that the 186, 84, and 63 keV count rates are all characteristic of changes in the 235U and 238U density in the pipe.  The reader is reminded that changes in these count rates have more than one interpretation, i.e. enrichment, gas pressure, and wall deposit changes.
[image: image48.emf]
Figure 30.  Observation of 235U concentration increase in a product pipe at Ningyo Toge.  Excerpted from Yakota et al. 1985 [62].
[image: image49.emf]
Figure 31.  Observation of 231Th concentration increase in a product pipe at Ningyo Toge.  Excerpted from Yakota et al. 1985 [62].
[image: image50.emf]
Figure 32.  Observation of a 231Th concentration decrease in a product pipe at Ningyo Toge.  Excerpted from Yakota et al. 1985 [62].

[image: image51.emf]
Figure 33.  Observation of a 234Th concentration increase in a product pipe at Ningyo Toge.  Excerpted from Yakota et al. 1985 [62].
[image: image52.emf]
Figure 34.  Observation of a 231Th and 234Th concentration increase in a product pipe at Ningyo Toge.  Excerpted from Yakota et al. 1985 [62].
1.8.5 Summary

This section summarizes the information and concepts which are used in the proceeding study.

GCEP pipework has the following attributes:

· has UF2O2 deposits along the pipe wall;

· three source terms:  UF6 gas, Th direct deposit, and UO2F2 +Th wall deposit;

· observable gammas from 234U, 235U, 231Th, and 234Th;
· has no observable gammas from 238U;

· changes in 234U and 235U gamma count rates instantaneously follow changes in 234U and 235U concentrations; and

· changes in 231Th and 234Th gamma count rates lag changes in 235U and 238U concentrations as defined by their half-life.

The deposit 

· has the same gamma lines as the gas+direct deposit, making the gas, direct deposit, and wall deposit signals non-trivial to separate;
· growth mechanisms include: initial deposit, continuous air in-leakage, abrupt air in-leakage, and interim exposure to the atmosphere in the absence of UF6 gas; and

· is not in secular equilibrium with the UF6 gas due to the Th direct deposit being less than 100% and due to gradual and abrupt deposit formations.

The steady state measurable attributes are gamma lines from 234U, 235U, 231Th, and 234Th.  There are no useful gamma lines from 238U.  Instantaneous measurable attributes are the 234U and 235U gammas.  Transient measurable attributes are decay constants and equilibrium of 231Th and 234Th and their parents 235U and 238U.

1.9 Techniques and Equipment for Measuring Spectroscopic Attributes of GCEP Pipework
The purpose of this section is to familiarize the reader with the equipment and techniques and past work with respect to the measurement of the spectroscopic attributes, primarily enrichment, of UF6 in GCEP pipework.

1.9.1 Overview

There are several types of NDA techniques which have been developed to measure the 235U content of UF6 in GCEP pipework.  The primary reasons that enrichment measurements of UF6 gas is a problem is: (1) there are no useful gammas from 238U, (2) secular equilibrium is not present between the U and Th daughters, (3) gaseous UF6 is not infinitely thick to the 186 keV gamma from 235U, (4) UF6 gas density/pressure is challenging to measure and is highly proprietary, and (5) wall deposits masks all gamma signals.
For liquid UF6, the enrichment meter technique has been applied because, unlike UF6 gas, UF6 liquid in a pipe can be infinitely thick to the 186 keV gamma from 235U.  Liquid UF6 also has a sufficiently high 19F(α,n)22Na reaction rate which can be used to measure the 234U concentration via neutron counting.  However, both these techniques are inapplicable to UF6 gas.
For gaseous UF6, passive, transmission, and x-ray florescence techniques have been used to measure enrichment.  However, there are several complications: pipe wall attenuation, wall deposits, proprietary/unknown gas density/pressure, and the matching of transmission sources with gas pressures and pipe properties.  As will be discussed, there is no good measurement solution as each technique has significant shortcomings and a limited range of applicability.  No single technique is applicable to all measurement cases encountered at all enrichment plants.

For gaseous UF6, active neutron time-of-flight techniques have been used to perform mass flow rate measurements.  While these systems have been successfully used in HEU blend-down monitoring programs, these systems are impractical for use in GCEP safeguards and won’t be discussed further.

These systems will be introduced below and their limitations summarized at the conclusion of the section.
1.9.2 Gamma and Neutron Techniques for Liquid UF6

Reilly, Stieff, Hammond, Walton, et al. 1974-1982 [74, 75, 76, 77, 78] report a system which measures 235U enrichment by two independent means as well as the 234U concentration for liquid UF6 in pipework.  The system was tested at the Portsmouth Gaseous Diffusion Plant and later the Oak Ridge Gaseous Diffusion Plant.   This system is 'in-line', i.e. integrated into the pipework, and highly invasive.

The first subsystem is composed of a 241Am stabilized NaI gamma detector.  The gamma detector uses the 186 keV gamma from 235U and the enrichment meter technique to measure the liquid UF6 enrichment and is calibrated using the two region-of-interest method and corresponding calibration data from either laboratory samples or an online mass spectrometer.  It is stated that "once calibrated, the gamma system has operated very stably with little need for re-calibration".  The reported accuracy is 0.5% at 2 sigma.
The second subsystem is a neutron detector composed of 16 3He tubes.  The neutron detector uses the 234U alpha decay rate and the 19F(α,n)22Na reaction to measure the 234U concentration of the liquid UF6.  It is noted that background neutron sources exist in UF6 and originate from spontaneous fission of 238U and α,n reactions following 238U alpha decay.  At the time, there was no direct 234U calibration data available, however, an indirect calibration using the aforementioned 235U calibration data was made under the assumption that the 235U/234U ratio was constant.  The research points out that this "assumption is not strictly correct as the ratio of 235U/234U will vary several percent as the operating parameters of the cascade change" [74].  Weekly recalibration of the 235U/234U ratio was recommended.  The reported accuracy is 1.5% and 2.5% at 2 sigma for the 234U and 235U concentrations, respectively.

The purpose of this system was criticality safety; making sure higher enrichments were not accidentally loaded into large UF6 cylinder.  However, the safeguards application was recognized as well as their connection with MIST (see Section 2.3.4).
Waddoups and Fields 1982 [79] report the testing of a second unit, only comprised of the gamma subsystem, at the Oak Ridge Gaseous Diffusion Plant with 235U enrichment measurement sensitivity of 1%.  The purpose of this system was exclusively international safeguards research.

Tape et al. 1983 [80] reports that the liquid UF6 enrichment monitor was to be passed over in favor of a gaseous UF6 enrichment monitor.  This was because (1) liquid measurements are only possible at the product and tails withdrawal stations, (2) a gaseous UF6 enrichment monitor would be necessary at the feed station, (3) bubbles were an issue with the liquid monitor which would otherwise require “major modifications” to resolve, (4) Portsmouth Gaseous Diffusion Plant operators could not accommodate the liquid UF6 monitor.

1.9.3 Passive Techniques

Harry, Packer, Lauppe, Cooley, Close, et al. 1981-1987 [43, 46, 48, 50, 53, 55, 60, 61, 63] reported on passive gamma spectroscopy techniques to measure the UF6 gas enrichment as well as distinguish between LEU and HEU (i.e. >20%).  It was readily shown that NaI(Tl) was inadequate for passive measurements due to the high Compton background in the 186 keV region; HPGe detectors with heavy shielding and collimation were found necessary for passive gamma measurements.  It was shown that the 186 keV count rate measured along a single cascade had a linear relationship with both the gas and deposit enrichment.  However, the presence of deposits made measurements of the gas enrichment inaccurate and techniques to distinguish between LEU and HEU were not robust.
Garner et al. 2005 [81] performed a proof-of-principle test using two CdZnTe detectors on a 20.32 cm diameter Al-6061 schedule 40 pipe for enrichments from 5.35 to 91.75% and pressures 4.2 to 60 torr.  The system is shown to be capable of change detection.  Unfortunately, no spectra are included in the publication.
1.9.4 Deposit Correction and Two-Geometry Techniques

Several deposit correction techniques are proposed in the literature, however, none have been shown to be robust.  One deposit correction technique worth mentioning are those similar to
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, where E is enrichment, C1 and C2 are empirical constants, and 186 and 63 are the net peak area count rates of that gamma energy.  However, this technique is not robust (i.e. give false-positives of HEU), but does appear in later discussion as an initial screening technique.   Consequently, a two-geometry technique has been employed where two measurements are performed at the same location with two different geometric efficiencies to separate the signal from the gas and the deposit.  Typically two collators are used as the means to change the geometric efficiency without changing the location of the detector.
One variation of the aforementioned 63 keV deposit correction technique was proposed by Packer et al. 1985-1987 [48, 55, 58, 61, 68, 82].  It is not a robust technique because (1) wall deposit enrichment does not always match the gas enrichment, (2) direct deposits are not evenly distributed along pipe lengths, (3) wall deposits may not be in equilibrium, and (4) direct deposits are not 100% and have been observed to range between 60-90%.  While this technique was adequate to distinguish between 5% and 20% enrichment at Capenhurst, it was shown inadequate at Almelo.
Packer, Close, and Stripe, et al. 1985-1990 [58, 65, 66, 68, 70, 83, 84, 85] use HPGe detectors to perform two measurements with two different geometric efficiencies to distinguish between the 186 keV signal from the gas and deposit.  Typically the two geometric efficiencies were introduced using two different collimators.  This technique alone does not measure enrichment.  Unlike other passive gamma techniques, this technique is independent of the deposit.  The only assumption employed is that the deposit has a uniform radial distribution in the pipework.  This technique is typically coupled with the x-ray florescence technique discussed in the next section to determine enrichment.  Currently the two-geometry technique is limited to attended measurements due to the need to change the geometry between measurements.  A two-detector, two-geometry technique has investigated by Packer, Ianakiev, et al. 1990-2010 [54, 71, 86, 87, 88] for use with online monitoring and NaI detectors, however, no results have been reported.
1.9.5 X-Ray Florescence (XRF) Technique

The x-ray florescence (XRF) technique is used to measure the UF6 gas pressure.  By using proper collimation, the XRF technique can measure the UF6 gas pressure nearly independent of the wall deposit.  The XRF technique is used in conjunction with a passive 235U density measurement and the two-geometry technique to measure enrichment nearly independent of the deposit.  57Co is typically used as the florescence source.

Close et al. 1985-1990 [65, 66, 70, 83, 84, 89] report on the proof-of-principle series of laboratory measurements for the XRF technique.   The system was a ϕ5.05x1.0 cm planar HPGe and 2.5 mCi 57Co florescence source.  The system was heavily shielded with Cu filtered tungsten/lead on all sides, including around the back side of the pipe.  The laboratory tests included pressures from 0.05-28 torr and enrichments from 0.7-20.8%.  While this technique can be used to measure pressure and enrichment, the counting times at low pressures become very long and consequently the technique is envisioned for verification of enrichments < 20% instead of accurate enrichment measurement.
Packer et al. 1984-1987 [50, 51, 58, 61, 68] report excellent results using the XRF technique at Capenhurst, which has relatively large inner pipe diameters of 11 cm.  The system was a ϕ4.5x3.75 cm HPGe and 7 mCi 57Co florescence source.  Excessively long count times, over 1 h, are reported for enrichment measurements using the two geometry technique while enrichment measurements using the deposit correction technique only required 20-45 minutes for sensitivities of 3-7% (rel 2s).  
Lauppe, Packer, van der Meer, Aaldijk et al. 1986-1989 [48, 49, 56, 67, 69, 90, 91] report poor results using the XRF technique at the Almelo and Granou facilities, which have relatively small inner pipe diameters of 3.6 cm, lower pressures, and larger deposit-to-gas ratios than other facilities.  A variation of the [image: image54.wmf]12
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 and two-geometry deposit correction techniques with employed in conjunction with the XRF technique.  The UF6 pressure in the product pipes could be measured to +/-30% (2s rel) in 15-60 minute count times using a 11.3 mCi 57Co source.  The XRF enrichment measurement using the variation of the [image: image55.wmf]12

18663

ECC

=×-×

 technique was not deemed successful.  One case was identified where the deposit was sufficiently large that HEU would have gone undetected.  The XRF enrichment measurement using the two-geometry technique was also unsuccessful because measurement times require at least 10 hours.  It was concluded that the XRF enrichment technique would be inadequate for routine use at Almelo.  It was reported that the longest two-geometry method performed at Gronau was 33 hr on the highest deposit pipe.  Separately, a false-positive result occurred and was thought to be related to a violation of the assumption of radially uniform deposits during either the calibration measurement, the field measurement, or both.
Hori et al. 1986 [52] report the successful use of the XRF technique to measure UF6 pressure in the laboratory at Ningyo Toge.  For a 4 torr pressure and a 25 mCi 57Co source, a measurement time of 10 minutes resulted in a pressure accuracy of 3% relative uncertainty.

This instrument goes on to be adopted by the IAEA under the name Cascade Header Enrichment Monitor (CHEM).  The CHEM employs a two-step decision making process: first, a single measurement employing a variation of the [image: image56.wmf]12
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deposit correction method is performed, and if inconclusive, a second measurement employing the two-geometry deposit correction method is performed.  CHEM further employs the sequential probability ratio test (SPRT) to minimize counting time.

Close, Gordon, Kerr et al. 1998-1999 [92, 93, 94, 95] report results for an HEU down blending activity at the Portsmouth Gaseous Diffusion Plant.  Detector modifications were necessary to adapt the CHEM system to the unique environmental features of the gaseous diffusion enrichment plant, specifically 85oC temperatures and strong vibrations.  The CHEM technique was successful in differentiating LEU from HEU except in the instances where the detector resolution became uncharacteristically poor and when the gas pressure became very low.  Calibration issues were encountered because the UF6 assays and flow rates (and presumable pressures) were transient and could vary significantly over the course of a measurement.  The relatively high pressures and transient flow rates encountered at the GDEP are not representative of GCEPs.
1.9.6 Transmission Techniques
The transmission (a.k.a. densitometry) technique is used to measure the uranium density of UF6 gas (i.e. the gas pressure).  The transmission technique is combined with a 235U density measurement technique (i.e. 186 keV gamma measurement) to determine the UF6 enrichment.  57Co, 241Am, 109Cd sources as well as x-ray generators with metal foils have been used as the transmission sources.  The transmission source energy has to be matched to the pipe characteristics and gas pressures, and thus the transmission technique is limited to the cases where a compatible source exists.
Bailey 1973 [96] provides a proof-of principle for transmission technique.  The proof-of-principle is performed using 93% enriched uranium metal, however, 57Co is recommended for future work.
Tape, Strittmatter et al. 1979-1984 [80, 97, 98, 99, 100, 101, 102, 103] report the use of a ϕ12.7x2.0 cm NaI(Tl) and a 100-200 mCi 241Am source used to measure UF6 gas enrichment at the Oak Ridge Gaseous Diffusion Plant (ORGDP).  The system was designed as an in-line monitor (i.e. integrated into the pipework and highly invasive) for the measurement of 235U enrichment of UF6 gas.  The laboratory proof of principle tests included pressures from 100-800 torr and enrichments from 0.2-5.5%.  However, the desired sensitivity was unable to be achieved during field tests.  Field test reports the formation of a deposit, which was not encountered in the laboratory, resulted in a background which reduced the sensitivity to unacceptable levels.  However, it was found that when a germanium detector was substituted for the NaI(Tl) that the sensitivity goal of 1% was achieved.  Further experimentation was performed utilizing HPGe instead of NaI(Tl) and a test loop instead of a test chamber (i.e., flowing gas in place of static gas).  It is acknowledged in these reports and stated elsewhere [89] that the sensitivity of the system utilizing the 60 keV 241Am transmission source is adequate for the pressures and pipe diameters present at gaseous diffusion plants (roughly 400-800 torr and 10 cm) but is inadequate for those at gaseous centrifuge plants (roughly 0.5-5 torr and 3-11 cm).
Packer, Baker, et al. 1990-1997 [54, 59, 71, 72, 73, 104] report the use of a ϕ50x20 mm NaI(Tl) and 0.6 mCi 109Cd transmission source to measure enrichment on the low pressure piping at Capenhurst.  109Cd undergoes electron capture to 109Ag and emits an 88 keV gamma and 22 and 25 keV Au Kx-rays.  The 88 keV line is used for state-of-health monitoring, and the 22/25 keV line is used to determine the UF6 gas density.  This instrument goes on to be adopted by the IAEA under the name Continuous Enrichment Monitor (CEMO).  CEMO is designed for the low pressure (i.e. <10 torr) piping with minimal deposits and can be installed about an individual cascade as well as about a unit consisting of multiple cascades.  The critical advancement here was that CEMO can be installed without invasive integration into the pipework.
Close, March-Leuba, Moss, Marks, Ianakiev, et al. 1999-2008 [105, 106, 107, 108, 109, 110, 111, 112, 113, 114] report on the use of ϕ76.2x12.7 mm NaI(Tl) detector with 241Am (aluminum pipes) and 57Co (monel/steel pipes) transmission sources to measure enrichment in the HEU-to-LEU downblending campaign in the U.S. and Russia.  This system is referred to as the Enrichment Monitor (EM) and is a subcomponent of the Blend Down Monitoring System (BDMS).  EM is designed for high pressure (i.e. >30 torr) piping.  A field demonstration at the Portsmouth Gaseous Diffusion Plant (PGDP) included pressures from 80-210 torr, enrichments from 1.1-1.5%, and used of 57Co transmission source with the monel pipes.  Production systems were installed at the Urals Electrochemical Integrated Enterprise in Noveouralsk in 1999 and at the Electrochemical Plant in Zelenogorsk in 2003 to monitor downblending.  The HEU-to-LEU downblends 90% with 1.5% to make 4.5%, for pressures greater than 30 torr, steel pipes with 10 cm ID/10.8 cm OD steel pipes, and uses a 100 μCi 57Co source.  It was learned that there is interference with the 122 and 136 keV 57Co peaks from 143 keV 235U peak.  Additionally for HEU (90%), the 121 keV 234U peak is an additional interference.  Also, the 272 day half-life of the 57Co source requires annual replacement.  Consequently, a modified system was installed at Siberian Chemical Enterprise in Seversk in 2005 to monitor downblending. The steal piping was replaced with aluminum piping in order to facilitate the replacement of the 57Co with a 241Am source.  The LEU piping was 21.9 OD and the HEU piping was 10.8 cm OD, and the system employs a 100 μCi 241Am source.  The advancement here was the adaptation of the pipework to match the instrument instead of vice versa.
Packer and Smith 1984 [51] demonstrated the use of an x-ray generator for transmission technique at Capenhurst.  Ianakiev, Goda, Paffett, Lombardi, Moss, et al. 2008-2014 [51, 86, 87, 88, 115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131] report the use of a NaI(Tl) detector + x-ray generator + select foils and a field test at Capenhurst.  The x-ray generator is stabilized though the use of a Si photodiode to track and correct for changes in x-ray generator flux output resulting from fluctuations in the high voltage.  This system is referred to as the Advanced Enrichment Monitor (AEM).  AEM is designed for high pressure (i.e. >30 torr) piping and can only be installed about a unit consisting of multiple cascades.  The critical advancements here are that the short lived radioisotopes can be replaced by an x-ray generator and foils and the use of foils + an x-ray generator permits the selection of transmission x-ray energies and consequently the transmission system can be adapted to a wider range of pipes and pressures.  
1.9.7 Pressure Sensor + Detector Technique
Smith, Younkin, et al. 2011-2013 [132, 133, 134, 135] report on the development of a ϕ76x12.7 mm NaI(Tl) + pressure sensor.  The pressure sensor is directly installed into the piping.  This instrument was commissioned by the IAEA and is referred to as the On-Line Enrichment Monitor (OLEM).  The advancement here is the abandonment of NDA techniques to measure the gas pressure, however, this approach is highly invasive.
1.9.8 IAEA Inspection Systems

The IAEA has authorized the use of CEMO and CHEM during inspections for the measurement of UF6 gas enrichment in GCEP pipework; no other techniques are available to inspectors [4].  The reader is reminded that CEMO is an unattended NDA system (i.e.  automated and online) and CHEM is an attended NDA system (i.e. manually operated by the inspector).  CEMO has only been deployed at Capenhurst and Almelo while CHEM has only been deployed at Ningyo Toge, Rokkasho, and Capenhurst [3, 4, 5], noting that Ningyo Toge is no longer in operation.  At current, CHEM and CEMO have been withdrawn from all URENCO facilities [5, 6].  From the available information, Rokkasho is the only known instance of any NDA system in use by inspectors to measure UF6 gas enrichment in GCEP pipework at any GCEP plant.
Lebrun et al. 2009 [136] report on IAEA upgrades to the CHEM system.  The CHEM system was upgraded with an electromechanically cooled HPGe.  It is unknown if the CHEM upgrade has been deployed.
Smith and Lebrun 2011 [132] report the IAEA commissioning of an OLEM prototype and resulting field testing.  At the time of publication, OLEM is not known to be approved for inspection use.
1.9.9 Qualified Appraisal of IAEA Inspection Systems

Steinebach and Dekker 1986 [137] report on the official URENCO prospective on current GCEP NDA efforts:  “NDA measurements on cascade terminal pipework have not yet been performed during Low Frequency Unannounced Access (LFUA) inspections at Almelo and Gronau because of the non-availability of suitable equipment.  The Hexapartite Safeguards Project (HSP) outcome includes the possibility to apply NDA measurements.  Detailed R&D-work on NDA measurement techniques to be applied on cascade pipework started after HSP was finished.  Since that time much work was spent to solve the problem and elsewhere success has been achieved.  However the boundary conditions in Almelo and Gronau are extremely difficult: the pressure of the UF6-gas to be measured is relatively low and the pipe diameters are small, resulting in bad gas-deposit-ratios and last but not least, the measurements have to be carried out inside the cascade halls resulting in limited measurement times as access-frequency and –time are limited.”  “Two years of experience in successful application of LFUA-inspections at Almelo might raise the question whether NDA measurements would increase the level of confidence in LEU confirmation at all.  R&D-work to solve the problems encountered with NDA measurements in the Almelo and Gronau cascade halls continues.  The operators would welcome any NDA method predicted the measurement results are obtained quickly and show a reliable LEU confirmation on a go/no-go basis.  Expert options however still differ whether this is achievable.”

Baker et al. 1995 [72] report the planned/completed installation of CEMO’s at Almelo-SP4 (9 CEMO’s), Capenhurst-E22 (8 CEMOs), and Gronau-UTA1 (12 CEMOs).  It is mentioned that CHEM is used at Capenhurst E22 but not at either Almelo or Gronau.  It is implied that CEMO cannot be installed at older facilities.  It is mentioned that “although utilizing similar technology, the detailed design and engineering in each plant is different”.  It is mentioned that CEMO’s were installed on individual cascades at all three plants.  It was noted that 8 CEMO’s were installed on virgin pipes and that recalibration was necessary following coming online, consistent with an initial deposit layer, and no recalibration has been necessary since.

Packer et al. 1997 [104] report that CEMO at Capenhurst generated a false alarm in June 1995 as a result of temperature sensitivity.

Curtis and Durst 2007 [3] evaluate the updated Model Safeguards Approach [1,4] from the former IAEA inspector’s perspective.  It is stated that CHEM has been used successfully at Capenhurst, Ningyo-Toge, Rokkasho, and Almelo GCEPs, however, this is contradictory to other statements that CHEM was never successfully used at Almelo [3, 4, 5, 137].  It is noted that both CHEM and CEMO do not reveal an enrichment value to the inspector, just a Go/No-Go result.  Both the pressure and the product enrichment (but not the feed enrichment) are proprietary and that “actual process-area measurements are out of the question unless demarcated to a readout “HEU vs. LEU” ”.  It is further noted that CEMO worked reasonably well at Capenhurst and was one of the first IAEA remote measurement systems.  The former inspectors’ evaluation of CEMO is:
“Advantages:

· Timely detection of HEU production

· Reliable (NaI) Detector

· Fast data acquisition

· Continuous unattended monitoring

· Simple data analysis

· Possibility of remote monitoring and remote state of health

Disadvantages

· It is permanently installed; measurements are not applied at random points

· Dependent on pipe geometry and materials

· Aluminum piping restricted

· Does not distinguish between uranium in the solid (plated on the pipework) and gas phases

· Uses a source that has to be replaced every 2 years

· Temperature sensitive and requires an optimal gas pressure (~50 Torr)

· Difficult calibration”
“The disadvantage of the continuous enrichment monitor (CEMO) is that x-ray absorption varies with pipe diameter and wall material so it cannot be used at some plants or on certain headers.   The 109Cd source used for normalization has a relatively short, 464 day half-life.  The system does not work at low, cascade level pressures.  It is also expensive.  CEMO provides the IAEA with the minimum information necessary to facilitate adequate safeguards while using software to shield sensitive information from inspectors, but a demarcated information barrier should not measure an operator’s sensitivity parameter at all.  From an operator’s perspective there should be no conceivable way for inspectors or Agency technicians to access sensitive information through a non-procedural backdoor.  This may be why some facilities might depreciated its use, since it actually measured gas pressure and enrichment levels while only displaying an HEU vs. LEU reading.  The search is for a new unattended uranium enrichment monitor that will only differentiate between HEU and LEU, will not interfere with plant operations, and is not too expensive.”
The former inspectors’ evaluation of CHEM is:

“Drawbacks for the CHEM system manifest in the early 1990’s at Capenhurst.  The operator has the responsibility to keep the inspector’s germanium detector cool by maintaining its holding flask full of liquid nitrogen from a large Dewar.  Dewar level was faithfully maintained, but the connection to the CHEM detector holding flask that was rigged up by the Agency did not.  Ice accumulated in the base clocking the passage of nitrogen from the Dewar to the reservoir.  Inspectors were unable to perform CHEM measurements during an unannounced-unannounced LFUA [LFAU outside a routine inspection] since the detector would have required hours to cool.  Even when proper detector cooling was maintained, the CHEM system required too lengthy a setup time to perform more than about two measurements.  In addition, the unit uses a 20 mCi source for excitation that has to be changed periodically.  The collimator and its supporting frame must be carefully positioned, and a complicated two-geometry technique must be used to compensate for wall deposits.  From the Agency’s standpoint, the greatest shortcoming of CHEM is that it is not a continuous, unattended system.” 

Friend 2008 [138] states that CEMO is installed on two URENCO plants (presumably Capehurst and Almelo) and that there have been two false alarms of HEU production.  Discussion appears about the lack of guidance of safeguards researchers developing equipment for GCEPs.  Recommendations are focused toward grounding researchers to costs, operator, IAEA, and other practical constraints.  A comment, which is presumably directed at the CHEM system was “the difficulty found with equipment which is a one-off is that inspectors don’t get enough opportunity to learn about it – standard equipment which is in world-wide use is much better”.

Veldhof et al. 2014 [6] reports the end of use of CEMO by the IAEA and Euratom at Capenhurst in 2011 and at Almelo in 1996.  “The accuracy was low, but sufficient to confirm LEU.  There were also some constraints, especially on the maintenance of the CEMO.  Besides that, the CEMO uses radioactive sources which needed additional safety precautions.  In 2011, hardware and software was outdated, and not easy to use by inspectors.  Therefore it was decided to stop the use of CEMO further on.  In the Netherlands, the field trial only lasted a year due to problems with the equipment.”
1.9.10 Summary
The past efforts (CEMO and CHEM) and current efforts (OLEM and AEM) have significant limitations.
Equipment Limitations

· include installed detectors at fixed points on the cascade which can be bypassed (CEMO, OLEM, AEM);

· unable to detect if the UF6 gas in the pipe is both present and flowing (CEMO, CHEM, OLEM, AEM);

· limited range of applicability (CEMO, CHEM)

· require short lived sources which must be frequently replaced (CEMO, CHEM)
· radiation safety concerns for plant operators (CEMO, CHEM, AEM)
· are intrusive and require operator support (CHEM, OLEM)

· obtains sensitive data (CEMO, CHEM)

· include information barriers in the hardware/software

· the inspector is only permitted to see a go/no-go result

· the inspector is not permitted to see the measurement data

· equipment state-of-health and calibration has some uncertainty

· non-independent verification

· difficult to calibrate (CEMO, CHEM, OLEM, AEM);

· difficult to maintain (CEMO, CHEM, OLEM, AEM); and

· difficult to use (CHEM).
· limited to high pressure piping (AEM, OLEM)
Lessons Learned

· The in-line neutron 234U liquid monitor was invasive and too large

· The in-line neutron 235U liquid monitor was invasive, too large, and dependent on the variable 235U/234U ratio

· The in-line NaI(Tl) gamma 235U liquid monitor was invasive, and sensitive to bubbles

· The in-line 241Am transmission source + NaI(Tl) 235U gas monitor was invasive, inadequate for GCEP pressures, and too sensitive to the deposit

· The in-line 241Am transmission source + Ge 235U gamma monitor was invasive and inadequate for GCEP pressures

· CHEM and CEMO fell into disuse because of practical issues including operational difficulties and maintenance issues
Measurement Assumptions
· deposit is not negligible
· deposit is not uniformly distributed

· direct deposit is not 100%
· gas enrichment ≠ deposit enrichment

· deposit is not in secular equilibrium 
· gas is homogeneous
· gas detection efficiency = deposit detection efficiency
· Adequate for pipe diameters between 30-168 mm

· gas pressure is stable
Facility Constraints

· Equipment must be usable in locations with rather limited space availability

· Equipment should be sufficiently portable that its application would not be limited to a single location
· Gas pressure and process enrichments are not available to inspectors
· Pipe dimensions and composition are available to inspectors
Facility Characteristics

· “Centrifuge enrichment plants are designed for continuous operation and operated under stable conditions during a production campaign to provide product and tails to given assays…” [59]

· “A change in assay within the cascade flexibility will require new cascade settings and the cascade will come to a new equilibrium over a period of hours.” [59]

· “No routine planned maintenance cascade “downtime” is expected.” [59]

· “Interruptions to production can occur…  These outages are typically very short, mostly lasting minutes rather than hours and are infrequent.  Cascade availability is around 99% (time).” [59]

·  “…the time taken to produce one significant quantity (SQ) of HEU depends on the capacity of that plant and the enrichment of the feed.  For example: (a) Assuming a 50 t SWU/y plant with natural feed and 0.3% tails, one SQ of HEU at 90% 235U would be produced in about six weeks.  (b) Assuming 5% LEU feed with 0.3% tails, one SQ of HEU at 90% 235U would be produced in about one week.” [1]

Facility Precedents

· “The main strategic decision taken by the Inspectorates has been to install one source/detector unit monitoring each cascade rather than per assay unit at Almelo and Gronau, i.e. similar to the development at Capenhurst where CEMO was originally evaluated.” [72]

· “At Capenhurst this is on the product header connected to each cascade after it leaves the cascade hall and before the output from several cascades is combined and collected in an assay unit.  At Almelo this is on the product header, after the output of several cascades has been combined within the cascade hall in an assay unit header, also after it leaves the cascade hall.” [59]

· IMPLICATION:  CEMO’s are/can be installed inside the cascade halls.
· “By studying the [CEMO] displays…the Inspector can readily detect any times when there has been a change in plant operating conditions, …e.g. due to gas outage, change in enrichment or pressure or an instrumental fault.” [ref]
· IMPLICATION:  [low resolution spectroscopy] process attribute monitoring is permitted

1.10 GCEP Misuse Cases
The IAEA safeguards objectives at GCEP’s were previously listed in Chapter 1 and correspond to the misuse cases of:
1. DIVERSION – “diversion of significant quantities of natural, depleted or low enriched UF6 from the declared flow through the plant” [1],
2. EXCESS LEU PRODUCTION – “misuse of the facility in order to produce undeclared product (at the normal product enrichment levels) from undeclared feed” [1], and
3. HEU PRODUCTION – “misuse of the facility to produce UF6 at enrichments higher than the declared maximum, in particular HEU” [1].
This section briefly discuss the conventional cascade misuse scenarios corresponding to the three safeguards objectives.

1.10.1 Diversion

Diversion, as it relates to cascade operations, is the withdrawal of declared material off the cascade, as shown in Figure 35.  Diversion is consealed by statistical uncertainties in material measurements.  Diversion downstream of the cascade is not considered here.
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Figure 35. Diversion of declared material from the cascade.  Graphic excerpted and modified from Migliorini 2013 [38].
1.10.2 Excess LEU Production
Excess LEU production is considered in two scenario, as shown in Figure 36.  The first scenario (a) is the introduction of undeclared feed into the cascade.  However, this produces undeclared product and tails.  The second scenario (b) attempts to mask the misuse by withdrawing the excess product and tails off the cascade such that the declared feed and withdrawal rates external to the cascade are not affected.  Migliorini et al. 2013 [38, 40] demonstrates that as a result of increasing the mass flow rate through the cascade, both scenarios will alter the 235U concentration and the 235U/234U concentration ratio of the product and tails.
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    (a)                           


     (b)
Figure 36.  Excess LEU production where (a) is undeclared feed and (b) is undeclared feed and withdrawal.  Graphic excerpted and modified from Migliorini 2013 [38].
1.10.3 HEU Production
HEU Production is considered in four scenarios, as shown in Figure 37.  The first scenario (a) is the reconfiguration of the centrifuges from a short cascade to a long cascade.  The second scenario (b) recycles the product into the feed stream and modifies the flow rates.  The third scenario (c) rebatches the product into the feed over multiple production runs. The fourth scenario (d) reorients parallel cascades so that they are in series.  In the cascade reconfiguration case, a typical LEU cascade would be reconfigured to increase the number of stages (i.e. short cascade to long cascade).  Scenarios (a) and (d) require piping reconfiguration while scenarios (b) and (c) do not.  However, scenarios (a) and (d) are more efficient than scenario (b) and (c) and would require much less time to produce the same amount of material.
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Figure 37.  HEU production scenarios: (a) cascade reconfiguration, (b) continuous recycle and flow rate changes, (c) batch recycle, and (d) operating parallel cascades in series.  Graphic excerpted and modified from Migliorini 2013 [38].
1.10.4 Summary

Most of the scenarios presented in this section will be analyzed later in this study.  Those not analyzed are outside the capability of the available simulation tools.  While the featured scenarios represent the primary cases of concern, this listing is not assumed to be exhaustive.
1.11 Process Monitoring Algorithms
1.11.1 Sequential Probability Ratio Test

The Sequential Probability Ratio Test (SPRT) was introduced by Wald 1947 [139].  This technique is used to test a hypothesis using sequential data in the shortest amount of time.  
Picard 1985 [140] and Pratt and Close 1987 [141] used this technique with CHEM to test if the measured enrichment was nominally 5% or 20% in order to arrive at a yes/no decision in the shortest amount of time.  The drawback of CHEM was that measurement times ranged between minutes to days depending on the deposit and gas pressure.  In order to draw a conclusion in the shortest time possible, sequential 30 minute measurements were made until a decision was reached.  However, this approach becomes significantly less efficient if the actual enrichment was between 5% and 20%.

1.11.2 Principal Component Analysis

Principle Component Analysis (PCA) was introduced by Pearson 1901 [142] and Hotelling 1933 [143].  PCA is used to perform pattern classification with multivariate data.  A derivative of PCA called Partial Least Squares (PLS) Regression is used to predict values based on multivariate training data.
Orton, Schwantes, Coble, Dayman et al. 2009-2014 [144, 145, 146, 147, 148, 149, 150, 151, 152, 153, 154] employ PCA and PLS to identify and quantify reprocessed spent fuel characteristics (i.e. assembly type, burn-up, cooling time, and dissolution acid concentration) using simulated and real gamma spectra from NaI, CZT, LaBr, and Ge detectors.  The technique is being tested to determine its applicability to process monitoring of reprocessing plants for safeguards applications.

1.11.3 Summary

Processes monitoring approaches to facility safeguards are being investigated by the safeguards community.  The distinction is made that the process monitoring approaches presented here are not used for material accountancy but instead are used to detect facility misuse and undeclared activity.  The SPRT and PCA analysis techniques have been shown to be useful for both fault detection and attribution with respect to gammas spectroscopy measurements, respectively.
CHAPTER III
METHOD
1.12 Introduction
40 years of R&D efforts the world over have not succeeded to produce a sustainable NDA system to monitor uranium enrichment plants for safeguards purposes; a fundamentally different approach to GCEP safeguards is necessary.

It has been shown in the literature review in Chapter 2 that changes in the 234U, 235U, 231Th, 234Th, and gross gamma count rates and their ratios are all attributes of a cascade which can be readily monitored by high resolution gamma spectroscopy. It was also shown that the isotopic concentrations and mass flow rates of the feed, product, and tails streams are all interrelated.  The remainder of this dissertation evaluates how these attributes can be used to monitor casade operations and detect cascade misuse.  This system is hereon referred to as the Cascade Attribute Monitoring System (CAMS).
This chapter introduces the CAMS measurement objectives, hardware, technique, and concludes with a discussion of the pros and cons of the CAMS.  The next chapter quantitatively evaluates the CAMS via simulation with respect to a reference facility.
1.13 Measurement Objective

The purpose of the CAMS is to provide the IAEA with the technical means to achieve two of the three GCEP safeguards objectives discussed in Sections 1.2 and 2.6, specifically, the timely detection of excess LEU production and HEU production.  In other words, the purpose of the CAMS is to detect cascade misuse.
The measurement objectives of the CAMS are: (1) the timely detection of changes in process attributes and (2) the timely attribution of those changes to the cascade condition.

1.14 Equipment
The CAMS hardware consists of three electrical-mechanically cooled germanium detectors (ECGD’s) placed about the feed, product, and tails pipes of a cascade, as shown in Figure 38.  The ECGD’s are positioned in no specific geometry other than perpendicularly about the three pipes and shielded from the background.

[image: image64]
Figure 38.  GCEP monitoring hardware and concept.  ORTEC ICSTM photo excerpted from [155].
1.15 Assertions and Assumptions
Incomplete information is available in the literature regarding the design and operation of GCEP’s.  To facilitate development in the absence of complete information, several assertions and assumptions are imposed which cannot be assumed accurate.  These assertions and assumptions are:

· GCEP’s are steady-state systems

· changes to a cascade are infrequent 
· shutdowns, flow stoppages, and gas evacuations are rare and short 
· significant disruptions to the 238U/234Th and 235U/231Th equilibrium (other than product and tails enrichment changes) are rare and do not occur during normal operation
· the isotopic concentrations and pressures in the feed, product, and tails pipework are constant and any fluctuations in isotopic concentration and pressure are short relative to long gamma measurement times and average out during gamma measurements
· cascade operators can instantaneously change cascade configurations
· gamma detectors can be completely shielded from the radiation background

· changes in gamma detector absolute efficiency in the 50-210 keV region over  time are negligible.

These assertions and assumptions are rationalized based on several key observations:

· “Centrifuge enrichment plants are designed for continuous operation and operate under stable conditions during a production campaign to provide product and tails to given assays defined by the customer.” [59]

· “Typically the URENCO centrifuge technology is designed to operate for greater than 10 years without maintenance so no routine planned maintenance cascade “downtime” is expected.” [59]

· “Interruptions to production can occur however, e.g. due to power cuts, support system failures, etc.  These outages are typically very short, mostly lasting minutes rather than hours and are infrequent.  Cascade availability is around 99% (time).” [59]
Specifically, it is unknown how often changes to the cascade occur during normal operations (e.g. how long do “production campaigns” last, how often cascade transients occur, etc.).  Better information about normal operations would improve the assertions and assumptions.
1.16 Technique
The decision making element of the CAMS is a two-step process.  The first step is change detection and the second step is change attribution.  First, a change to the cascade is detected via a measured count rate change of one or more of the monitored attributes (i.e. count rate mean shift).  Second, the direction and magnitude of the detected changes are then attributed to one or more possible cascade conditions.
The gamma detectors measure the gamma count rates from 234U, 235U, 231Th, and 234Th.  The readily detectable gamma energies from these isotopes are listed in Table 8 and example spectra are shown in Figure 26, Figure 27, and Figure 28 in Chapter 2.  To increase sensitivity of the CAMS, the count rates for the gamma lines from the same isotopes are summed together to obtain a total count rate for each isotope.  More specifically, the isotopic count rates are:
· 234U count rate = 53 + 121 keV count rates,
· 235U count rate = 143 + 186 keV count rates,
· 231Th count rate = 84 keV count rate,
· 234Th count rate = 63 + 93 keV count rates, and
· gross count rate = sum over all channels.
The count rates have no interpretation because the origin of the gammas (e.g. gas, direct deposit, or wall deposit) are unknown.  However, the changes in the count rates, as well as the count rate ratios, are meaningful; changes in count rates correspond to changes in centrifuge and cascade operation and/or configuration.  The count rate changes are independent of the wall deposit while at the same time not measuring the proprietary process pressures or enrichments.  The count rate changes are calculated by:
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where t is time, and t0 refers to baseline data taken at an earlier time, and
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is the count rate of isotope i of stream s at time t.  For example:  
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Thus, the attributes which are monitored are the difference between monitoring data and baseline data.  With reference to Figure 39, the baseline data can either be fixed, as shown in blue, or trailing the monitoring data, perhaps by 1 month, as illustrated in green and red, respectively.  The trailing method has the benefit of neglecting slow deposit growths or gradual detection efficiency changes while the fixed method has the benefit of detecting slow deposit growths and other gradual changes.

[image: image70]
Figure 39.  Example of fixed and trailing baselines with respect to the monitoring data.  Monitoring data is shown in red, fixed and trailing baseline data are shown in blue and green, respectively.
The wall deposit does not change between the baseline and monitoring data, thus, the measured count rates are wall deposit independent.  For example
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where tot, gas, and dep refer to the total, gas, and wall deposit contribution to the count rate.  It is shown in Eq. 
(12)

 that the wall deposit cancels out and that the changes in count rate are independent of the wall deposit.  This is also true for the change in count rate ratios. It is noted that  GOTOBUTTON ZEqnNum837069  \* MERGEFORMAT is used and not
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, because the latter is not independent of the wall deposit.  Under this assumption, a gradual change in the wall deposit would eventually be detected by the CAMS.  Should gradual deposit growth detection become a nuisance alarm, the trailing baseline lag time can be reduced to prevent the alarm without loosing detection sensitivity.
Eq. (12)

 demonstrates that a change in count rate is specific to the gas and is independent of the deposit.  The uranium and thorium count rates are directly proportional to the atom density of the uranium isotopes in the gas.  
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where n is the gas atom density (not the mass density ρ) of uranium isotope i, and j may be either the same uranium isotope or the corresponding thorium daughter.  Obviously, pressure and temperature affect the atom density but less obvious is how the interrelated cascade systematics affect the gas density.  It was discussed in Chapter 2 that the feed, product, and tails isotopic fractions and the mass flow rates are all interrelated.  Also discussed was that an optimal mass flow rate to needs to be each centrifuge, thus requiring that a specific pressure drop be maintained over the cascade.  This is controlled by temperature regulation and a series of vaccum pumps and compressors.  The the model becomes
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where Ts and Ps are the temperature and pressure of stream s, ΔU is the separative power of the cascade, and k is the direct deposit proportion.  In other words, a cascade is a very complex and constrained system.  By bounding the upper and lower limits of the variables which affect to the count rate, the limits of 
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are also bound.  This creates an operating envelope for normal operations which can be used to identify misuse.  In other words, specific variations in attribute count rates are indicators of facility misuse.  A map can then be produced which shows the misuse scenarios relative to the operating envelope.  An example of such a map is presented in Figure 40.

[image: image77]
Figure 40.  Example map.

In Figure 40, several colored regions illistrate the count rate changes indicative of several cascade conditions.  The region labled ‘now’ indicates the current monitoring window within measurement uncertainties.  The black data points are historical data which provide information/confirmation of the normal operating region.  The red data point is a reference data point where the isotopics or enrichment of the feed, product, or tails is known, perhaps by process sampling.  The reference data point can be used to determine precisely where the normal region is.  The left and bottom axis are absolute count rate and the right and top axis are differential count rate.  If significant deposit growth does not occur in this facility, then, with respect to Figure 40, the absolute count rate axes provide a useful frame of reference.  If significant deposit growth does occur, the absolute count rate axes would not be useful, however, the count rate change axis provides limits on reasonable count rate changes.  The alarm threshold is different depending on if a reference point is available and if the absolute count rate axis can be used.  When a reference point is known and the absolute count rate axes are used, the alarm threshold for misuse is the boundary of the nomal region.  Otherwise, the alarm threshold for misuse is the boundary of the change limit, shown as a dashed line.  The width of the change limit is exactly twice the width of the normal region.  This is because without a point of refence on the absolute count rate axis, it must be assumed that location prior to change is on the farthest edge of the normal region and that the change much be larger than the width of the normal region to be certain to be outside the normal region.  Hence the change limit is 0± the width of the normal region.  Fortunately, the difference between 5±5 at% = 10 at% < 20 at%, so the conservative alarm limits are more than adequate for HEU detection.  The key limitations with this approach are the low count rates, long count times, and transient thorium concentrations.
1.16.1 Change Detection

The detection algorithm employed is the Sequential Probability Ratio Test (SPRT), previously discussed in Section 2.7.1.  This statistical hypothesis test continuously checks for a mean shift within a specified threshold and a false-positive and false-negative tolerance.  
For example, an arbitrary cascade is being monitored and the product enrichment jumps from ~3.8% to 20%.  The SPRT algorithm is specified by the user with a threshold of 0.5 standard deviations, a false-positive tolerance of 0.1%, and a false-negative tolerance of 0.1%.  In other words, the SPRT will alarm in the case of a mean shift of 0.5 σ with a false-positive and false-negative probability of less than or equal to 0.1%.  Shown in Figure 41 are the analysis results reported by the SPRT algorithm for each monitored attribute where a gamma measurement result is reported every 30 min.  The results shown are 1, 0, or -1 corresponding to an increase, no change, or decrease in the mean count rate of each attribute.  In Figure 41, changes are detected in the 235UP, 231ThP, 234ThP, grossP, 235UT and grossT count rates, where F, P, and T refer to the feed, product and tails streams, respectively.  The 235UP, 231ThP, 234ThP, grossP, 235UT and grossT count rate changes were detected at 5.5, 137.0, 77.5, 5.0, 9.0 and 42.5 h after the cascade change, respectively, and no changes were detected in the remaining attributes.  The reader may have expected the 235UP count rate to increase following the increase in enrichment, however, the cascade systematics (as modelled here) result in a pressure decrease in the product stream and a pressure increase in the tails stream.  In this instance, the pressure changes had a greater affect on the count rate than the isotopic changes.

[image: image78]
Figure 41.  Change detection hypothesis test results as product enrichment jumps from ~3.8% to 20% at time 0 hr.

A closer inspection of the 235UP and 234ThP SPRT analysis, where the subscript P, again, refers to product, is shown in Figure 42 and Figure 43.  In Figure 42, the top subplot shows the 235UP count rate with respect to time, where t = 0 hr corresponds to the initial cascade change.  Also shown is the baseline (mean) value for the 235UP count rate, the 0.5 σ SPRT analysis threshold, and the 3 σ threshold for comparison purposes (noting that the 3 σ threshold does not play a role in the SPRT).  The mean 235UP count rate can clearly be seen to decrease after t = 0 hr.  The middle subplot shows the calculated likelihood ratio with respect to time.  The likelihood ratio is the continuously updating probability that the mean has changed or stayed the same.  Once the likelihood ratio exceeds the specified false-positive and false-negative tolerances of 0.1% and 0.1%, respectively, a hypothesis is reported and the likelihood ratio is reset to equal chance of either outcome.  However, as long as the likelihood ratio does not exceed the specified false-positive or false-negative tolerances, the likelihood ratio is continuously updated with each incoming data point and the hypothesis is not updated.  In the middle plot, the red and blue lines correspond to the likelihood ratios of a mean increase and decrease, respectively.  Prior to t = 0 hr, the red and blue lines can be seen to periodically surpass the ‘no change’ threshold and consequently the hypothesis is updated to ‘no change’.  After t = 5.5 hr, the red and blue lines frequently surpass the ‘no change’ and ‘change’ thresholds, respectively.  Since the 235UP count rate is observed to decrease and not increase, the red line (i.e. increase test) passes the ‘no change’ threshold while the blue line (i.e. decrease test) passes the ‘change’ threshold.  It is observed that the frequency of the hypothesis reporting is relative to the degree of the mean shift.  Hypotheses are shown to update about once per day for no-change and small changes and about once every few hours for large changes.  The bottom plot is the reported hypothesis with respect to time.  It shows either 1, 0, or -1 corresponding to an increase, no change, or decrease in the mean 235UP count rate.  The hypothesis is updated following each report, corresponding to when the false-positive and false-negative tolerances are surpassed in the middle subplot.

[image: image79]
Figure 42.  SPRT analysis of the 235U product count rate as product enrichment and pressure jump from ~3.8% to 20% and 1.01 to 0.18 torr at t = 0 hr.

Figure 43 shows the 234ThP SPRT analysis which detected a change in the mean 234ThP count rate at 77.5 hr.  From the top subplot, the 234ThP count rate can be seen to change exponentially following the 24 day half-life of 234Th, hence the delayed detection.  

[image: image80]
Figure 43.  SPRT analysis of the 234Th product count rate as product enrichment and pressure jump from ~3.8% to 20% and 1.01 to 0.18 torr at t = 0 hr.

The SPRT false-positive and false-negative tolerances of 0.1% were selected to minimize false alarms.  The SPRT threshold of 0.5 σ and gamma measurement count times of 30 minutes were selected to facilitate the SPRT algorithm making a decision at least once per day.  In the rare event of a false-positive, the hypothesis will be updated within ~1 day to ‘no change’ and it should be apparent to the analyst that no response is needed.  The 7 day monitoring window shown here was arbitrarily selected, however, it is desired that misuse scenarios be detected with 7 days of their initial occurance.  It is noted that a 50 t SWU/y plant can produce 1 SQ at 90%
· in 7 days using 5% feed and 0.3% tails and

· in 1 month using natural feed and 0.3% tails [1].
Coincidentally, the 231Th concentration re-equilibrates after 7 half-lifes which is approximately 7 days.
1.16.2 Change Attribution

Once one or more attribute changes are detected, three different techniques are presented to attribute the change profile to a possible plant condition.
All three techniques include the comparison of count rate changes to a map to see which cascade conditions correspond to the attribute changes.  The map is populated by simulated, experimental, and/or field data.  The three attribution techniques presented here are referred to as (1) direction attribution technique, (2) magnitude attribution technique, and (3) principal component attribution technique.
1.16.2.1 Direction Attribution Technique

The direction attribution technique is the simplest but the least conclusive of the three presented attribution techniques.
Table 9 shows the attribute change directions for the aforementioned example of the ~3.8% jump to 20%.  Table 9 corresponds to the change directions (i.e. positive or negative) for the attributes in Figure 41; 235UP, 231ThP, 234ThP, and grossP increase, 235UT, and grossP decrease, while no change was detected for the other attributes.  Table 10 shows a table derived from the aforementioned map and shows the attribute change directions corresponding to different cascade changes.  By comparing Table 9 to Table 10, the change profile is seen to be consistent with several possible cascade conditions, some pedestrian and some elicit.  When comparing the change profile in Table 9 to the database in Table 10, just because an attribute change is not detected does not mean an attribute change has not occurred, thus, a ‘0’ should be interpreted as ‘-1, 0, or +1’. Obviously, there is a big difference in the response to the detection of HEU production and pedestrian changes consistent with normal operation.  Clearly, more information is desirable when determining a follow up course of action.
Table 9.  Detected attribute change directions for an enrichment jump from ~3.8 to 20 at%.
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Table 10.  Map of attribute change directions corresponding to various cascade conditions.
[image: image82.emf]Misuse Discription 234U 235U 231Th 234Th gross 234U 235U 231Th 234Th gross 234U 235U 231Th 234Th gross

HEU 90 at% prod 0 0 0 0 0 1 1 1 -1 1 0 0 0 0 0

HEU 90 at% prod, 235/234 prod match, 235 tail change 0 0 0 0 0 1 1 1 0 1 0 0 0 0 0

HEU 90 at% prod, 235/234 prod match, 234 feed change -1 0 0 0 0 1 1 1 -1 1 0 0 0 0 0

HEU 90 at% prod, 235 prod/tail density match 0 0 0 0 0 0 0 0 -1 -1 0 0 0 0 0

HEU 90 at% prod, 235 prod & tail density match, 235/234 prod match, 235 tail change 0 0 0 0 0 0 0 0 -1 -1 -1 0 0 1 1

HEU 90 at% prod, 235 prod & tail density match, 235/234 prod match, 234 feed change -1 0 0 0 0 0 0 0 -1 -1 0 0 0 0 0

HEU recirc, 35.40 at% feed, 84.98 at% prod 1 1 1 -1 1 1 1 1 -1 1 1 1 1 -1 1

LEU 1.0% undeclared feed 0 0 0 0 0 0 -1 0 0 -1 0 0 0 0 0

LEU 1.0% undeclared feed & withdrawal 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0

LEU 25% upflow rates increase 0 0 0 0 0 -1 -1 -1 0 -1 0 -1 0 0 -1

LEU 25% upflow rates decrease 0 0 0 0 0 1 1 1 0 1 0 1 0 0 1

none -5% feed pressure -1 -1 -1 -1 -1 0 0 0 0 0 0 0 0 0 0

none 5% feed pressure 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0

none/LEU -5% prod pres./prod withdrawal 0 0 0 0 0 0 -1 0 0 -1 0 0 0 0 0

none 5% prod pressure 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0

none -5% tail pressure 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 -1

none 5% tail pressure 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1

none very low 5/4 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0

none very high 5/4 -1 0 0 0 -1 -1 0 0 0 0 0 0 0 0 0

none -5% 235 prod 0 0 0 0 0 0 -1 0 0 -1 0 0 0 0 0

none 5% 235 prod 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0

none -5% 235 tail 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 -1

none 5% 235 tail 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1

none -5% feed deposit -1 -1 -1 -1 -1 0 0 0 0 0 0 0 0 0 0

none 5% feed deposit 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0

none -5% prod deposit 0 0 0 0 0 -1 -1 -1 -1 -1 0 0 0 0 0

none 5% prod deposit 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0

none -5% tail deposit 0 0 0 0 0 0 0 0 0 0 -1 -1 -1 -1 -1

none 5% tail deposit 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1

none 20% feed stage machines fail 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0

none shut down, 0 pressure feed -1 -1 -1 -1 -1 0 0 0 0 0 0 0 0 0 0

none shut down, 0 presure prod 0 0 0 0 0 -1 -1 -1 -1 -1 0 0 0 0 0

none shut down, 0 pressure tail 0 0 0 0 0 0 0 0 0 0 -1 -1 -1 -1 -1

none shut down, 0 pressure feed, prod, & tail -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

none flow stop at pressure feed 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0

none flow stop at pressure prod 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0

none flow stop at pressure tail 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1

none flow stop at pressure feed, prod, & tail 0 0 1 1 1 0 0 1 1 1 0 0 1 1 1

none -5% temperature feed 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0

none 5% temperature feed -1 -1 -1 -1 -1 0 0 0 0 0 0 0 0 0 0

none -5% temperature prod 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

none 5% temperature prod 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0

none -5% temperature tail 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

none 5% temperature tail 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

none -5% temperature feed, prod, & tail 1 1 1 1 1 0 0 0 0 1 0 0 0 0 0

none 5% temperature feed, prod, & tail -1 -1 -1 -1 -1 0 0 0 0 -1 0 0 0 0 0

Feed Product Tails


This is a very straight forward analysis and quickly narrows the possibile cascade conditions, however, it does not utilize all the information available, namely the magnitude of the changes.  Table 10 is a convenient table as it is universally true for all typical commercial cascades, however, even with a comprehensive listing, Table 10 will always be incomplete as there will always be other possibilities not listed.
1.16.2.2 Magnitude Attribution Technique
The second attribution technique is the magnitude attribution technique.  This technique is the most conclusive of the three presented attribution techniques.
The magnitude attribution technique performs a visual and quantitative comparison of the magnitudes of the detected changes against several maps which are populated by simulated, experimental, and/or field data.  Figure 44, Figure 45, and Figure 46 are such maps with simulated data points showing various regions.  The enrichments from 1 to 5 at% are shown in green with various tails enrichments, enrichments of 20 and 90 at% are shown in red, flow stoppage is shown in black, and evacuation is shown in SOME COLOR.  Following the example from earlier, a jump from ~3.8 to 20 at% has occurred for an arbitrary cascade.  The blue disc which represents the current count rates within 3 sigma counting uncertatintes relative to the before the jump (i.e. position 0,0).  It is very clear that the new cascade condition is consistant with 20 at% production.  The time to detection was shown to be 0.5 hr and the time to attribution is …
The 231Th comes to 95%, 99%, and 99.9%  of its equilibrium value in approximately 3, 5, and 7 days while in the same time the 234Th comes to 8%, 13%, and 18% of its equilibrium value, respectively.  Hence, 231Th will come to equilibrium within the time frame necessary to be useful while the 234Th will not.  Consequently, the database is determined using the expected 231Th and 234Th values at 7 days following the change and not the full equilibrium values established after ~168 days.
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Figure 44.  Example product count rate change ratio plots.
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Figure 45.  Example tails count rate change ratio plots.
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Figure 46.  Example feed count rate change ratio plots.
The magnitude attribution technique gives a good sense of what cascade changes are consistent with the data, however, this is a complex visualization; all the information cannot be shown in one plot.  This is a very straight forward analysis and quickly narrows the possibile cascade conditions, however, it does not utilize all the information available; the feed, product, and tails data interpretation is viewed independent of one another and not in agregate.
1.16.2.3 Principal Component Attribution Technique
The third attribution technique is the principal component attribution technique.  This technique is the moderately conclusive of the three presented attribution techniques.
The principal component attribution technique uses principal component analysis to construct dimensionless plots.  Like the magnitude attribution technique, it is also a visual and quantitative comparison of the magnitudes of the detected changes against a database where, again, the database is populated by simulated, experimental, and/or field data.  However, unlike the magnitude attribution technique, all the information is presented in a single 2D or 3D plot where all the feed, product, and tails data is collapsed into just 2 or 3 dimensions.  

Figure 47 and Figure 48 show a visual representation of such a database.  Figure 47  shows a 2D plot, which unlike the magnitude attribution technique, isolates the HEU misuse cases from the other cases. (!!!)  The raw count rate data is transformed to produce the dimensionless variables t1 and t2 by the formulas


[image: image95.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

234235231234

11234

234235231234

5678

234235231234

9101112

  

ssss

FFFF

ssss

PPPP

ssss

TTTT

tUpUpThpThp

UpUpThpThp

UpUpThpThp

=D×+D×+D×+D×+

D×+D×+D×+D×+

D×+D×+D×+D×

 
 MACROBUTTON MTPlaceRef \* MERGEFORMAT (15)



[image: image96.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

234235231234

21234

234235231234

5678

234235231234

9101112

  

ssss

FFFF

ssss

PPPP

ssss

TTTT

tUqUqThqThq

UqUqThqThq

UqUqThqThq

=D×+D×+D×+D×+

D×+D×+D×+D×+

D×+D×+D×+D×

 
 MACROBUTTON MTPlaceRef \* MERGEFORMAT (16)

where t is the dimensionless variable, ΔiXj is the absolute count rate change in isotope i of element X in the j pipe, pk and qk are constants where k is an index, and (s) indicates that the value is standardized (i.e. 
[image: image97.wmf]()/

x

zxxs

=-

).  The constants pk and qk are determined in a formal manner during the PCA analysis and are not arbitrarily determined.
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Figure 47.  Principle component analysis of absolute data.
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Figure 48.  Principal component analysis of count rate ratio data.

Similarly, Figure 48 shows a 2D plot, which does not isolate the HEU misuse cases but instead isolates the LEU misuse cases (e.g. undeclared feed and withdrawal).  The raw count rate data is transformed to produce the dimensionless variables t1 and t2 by the formulas
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where t is the dimensionless variable, ΔiXj / ΔmYj is isotope i of element X and isotope m of element Y in the j pipe, pk and qk are constants where k is an index, and (s) indicates that the value in parenthesis is standardized.  The principal component attribution technique has the benefits of being easy to visualize, but with the tradeoff of not having a physical interpretation.  Also, the principal component plots (and the corresponding reference databases) are facility specific.
1.17 Discussion

The CAMS is universal in that it can be used at any GCEP.  The CAMS is not limited to a specific range of pipe dimensions, pipe materials, deposit amounts, or gas pressures. The CAMS is deposit independent and, while not demonstrated here, the CAMS can be used at GCEP’s with stainless steel/monel pipes and recycled feed.  The CAMS can be integrated with other online measurement systems, such as CEMO, provided a detector resolution upgrade.

The CAMS accommodates operator concerns in that it does not measure the sensitive parameters of operating pressures or enrichments.

The CAMS accommodates IAEA practical necessities in that it uses existing IAEA equipment and techniques, does not use sources or x-ray generators, does not require an absolute efficiency calibration, does not include information barriers, and is a very simple and robust system which is readily understood by inspectors and technicians alike.  Importantly, the CAMS has no maintenance requirements, and should a system fail, it can simply be replaced with no special arrangements (i.e. no absolute efficiency calibration) using commercial off-the-shelf hardware.
The CAMS is different from existing approaches in two fundamental ways.  First, the CAMS monitors the entire cascade system and does not monitor a single point on a product pipe, which can be bypassed.  Any change anywhere in the cascade is likely detectable by the CAMS, where the word ‘likely’ implies that misuse scenarios which have not even been considered or imagined are expected to be detectable (but not attributable).  Second, the CAMS is able to detect undeclared feed and withdrawal; no other alternative system is available for achieving the GCEP safeguards objective of detecting excess LEU production.
There are three drawbacks of the CAMS.  The first drawback to the CAMS is the cost of electrically cooled germanium detectors, which is in the range of $50-250k for a single unit.  However, the resolution of CdZnTe, CdTe, and LaBr3 detectors may be adequate to perform this measurement.  No CdZnTe/CdTe/LaBr3 spectra of flowing UF6 in a pipe appear in the literature, however, Figure 49 shows a spectra of 4% enriched uranium in a nitric acid solution.  

[image: image102]
Figure 49.  Gamma spectrum of nitric acid solution of uranium of 4% enrichment obtained with a CdZnTe detector.  Excerpted from Abbas et al. 1998 [156].
This spectra is similar to gaseous UF6 in the sense that the low uranium density of the nitric acid solution minimizes U/Th florescence x-rays to reveal the Th gammas.  Similar to the gaseous UF6 spectra shown in Figure 26, Figure 27, Figure 28, and Figure 29, minimal interference of the U/Th x-rays at 89.96 (ThKα2), 93.35 keV (ThKα1), 94.65 (UKα2), and 98.43 (UKα1) with the Th peaks is observed in Figure 49.  This spectra clearly shows the adequate separation of relevant peaks, thus, CdZnTe/CdTe and with similar resolution LaBr3, may be adequate for use with CAMS.  However, the commercially available CdZnTe/CdTe detector volumes are likely too small.  It is thought that multiple CdZnTe/CdTe or a single LaBr3 detector can be used in place of an ECGD to reduce the overall system cost.  
The second drawback to CAMS is that the magnitude and principal component attribution techniques require simulation modeling, experimental data, and/or field data to populate the database which is facility and detector specific.  This may not be achievable in practice.  However, the direction attribution technique is detector and facility independent and straightforeward to use.
The third drawback to CAMS is that there is a limit where smaller/thicker pipes, higher deposits, and lower gas pressures will ultimately lead to untimely results and limits on detectability.  While these cases are extreme, the appropriateness of CAMS with respect to plant conditions should nevertheless be evaluated on a case-by-case basis.  With that being said, for the extreme cases where CAMS may not be able to detect misuse, the existence of CAMS may force proliferators to operate the cascade in such a way that it effectively prevents the timely accumulation of material.  For example, if undeclared feed and withdrawal is not detectable below 0.5% of the total throughput, it does prevent undeclared feed and withdrawal above 0.5% of the total throughput.
It is suggested that the IAEA or other international safeguards organizations could use the CAMS to trigger inspections.  During a CAMS triggered inspection, an inspector could investigate the possible misuse cases identified by the CAMS by collecting evidence which either confirms or dismisses the possible misuse cases.  The CAMS could be used to compliment random inspections, possibly reducing the number, frequency, and duration of inspections.

DISCLAIMER:  The information available in the literature about IAEA inspections and GCEP operations is thin; a review of the CAMS by IAEA inspectors, NDA experts, and GCEP operators is necessary to flush out the feasibility.  With that being said, the literature review is thorough and all available information is incorporated into the initial design of the CAMS presented in this study.
1.18 Summary

The CAMS is designed to detect changes in monitored attributes of GCEP pipework and attribute those changes to possible changes in the cascade operation/configuration.  The CAMS hardware is simple to install, use, maintain, and replace.  The high sensitivity of the CAMS with respect to change detection provides a mechanism to trigger unannounced inspections.  Uniquely, the CAMS is designed to detect both HEU and excess LEU production.
CHAPTER IV
SIMULATION
1.19 Introduction

Access to gaseous centrifuge enrichment cascades is very limited, hence, simulation is the practical first step to evaluating the feasibility of the CAMS.  This chapter presents the computational tools utilized in the simulation, the reference facility being simulated, the CAMS changes detection algorithm settings, the assertions and assumptions employed, and the results.

1.20 Simulation Tools

To evaluate the CAMS, simulated EMGD’s are placed about a simulated reference cascade.  Two cascade simulators are used in this study.  The first is TransCasc and the second is MSTAR.  TransCasc is the preferred simulator for this study, but only a limited amount of TransCasc generated data is currently available.  Consequently, the TransCasc data is supplemented with MSTAR data to expand the total dataset.  The EMGD’s are simulated using MCNP5.  The change detection and attribution algorithms as well as linking codes are scripted in MatLab.  The code module and data flow is illustrated in Figure 50.


[image: image103]
Figure 50.  Simulation modular structure and data flows.

A reference facility is defined for the purposes of facilitating the simulation modelling.  The reference facility consists of a reference centrifuge design and a reference cascade design.  A centrifuge, for the purposes of this study, is characterized by its separation factor, cut, and optimal feed rate, as shown Figure 6 and discussed in Section 2.3.1.  The reader is reminded that the separation factor and cut are feed rate dependent properties of a centrifuge.  A cascade, for the purposes of this study, is characterized by its feed, product, and tails 235U concentrations.  The reference facility also has defined pipe characteristics.

1.20.1 TransCasc and MSTAR Cascade Simulators

TransCasc is a cascade modeling code developed at the University of Virginia (UVA) by Migliorini 2013 [38, 40] which has not been productized.  MSTAR is a cascade modeling code developed at the Oak Ridge Gaseous Diffusion Plant by de la Garza 1963 [19, 20] and Von Halle 1987 [21] which has since been productized into software.  Two variants of the productized MSTAR software exist: MSTAR’96 produced by Star 1996 [157] at Oak Ridge Gaseous Diffusion Plant and MSTAR’12 produced by Weber 2012 [158, 159] at Oak Ridge National Laboratory.  Both MSTAR’96 and MSTAR’12 have different capabilities and thus one does not replace the other.  

The major differences between TransCasc and MSTAR are (1) MSTAR simulates steady-state, ideal cascades while TransCasc simulates dynamic, squared-off cascades (i.e. real cascades), and (2) MSTAR is a centrifuge independent model while TransCasc is centrifuge dependent.  Consequently, the dynamic effects of changing centrifuge feed rate, separation factor, and cut can only be accurately modelled by TransCasc while MSTAR is limited to steady-state modeling with a fixed feed rate, separation factor, and cut.  Both TransCasc and MSTAR output the UF6 gas isotopic concentrations and mass flow rates, however, only TransCasc outputs the feed, product, and tails gas pressures (among other information).  It is mentioned that TransCasc and MSTAR are expected, and will later be demonstrated, to give approximately the same results when modeling a steady-state cascade since squared-off cascades closely approximate ideal cascades.
1.20.2 MCNP Detector Simulator

MCNP5 is a radiation transport code developed by Los Alamos National Laboratory [160] which has been productize and is widely distributed.

The TransCasc/MSTAR cascade simulator output includes the isotopic concentrations of the UF6 gas in the feed, product, and tails streams.  If TransCasc is used then the output additionally includes the gas pressure.  The gas isotopic concentrations and pressure are then used as inputs to the MCNP5 detector models.  The detector model is simply the EMGDs located along the feed, product, and tails pipework.  Regardless of the cascade model used, the reference facility characteristics of pipe diameter, pipe thickness, pipe material, direct deposit proportion, wall deposit isotopic concentration, and wall deposit amounts must also be input by the user.  The output of the MCNP5 model is the gamma spectra collected by each EMGD.  The count rates for the relevant gamma energies are extracted from the simulated gamma spectra using the 3 region-of-interest peak extraction technique [161] and analyzed using the change detection and attribution techniques discussed in Chapter III.  
1.21 Simulation Parameters

1.21.1 Reference Facility

This study adopts the reference facility defined and used by Migliorini 2013 [38, 40] so that the results of that study can be incorporated into this study.  The reference facility includes a specified centrifuge and cascade design.  The reference facility uses the Iguacu ‘paper’ centrifuge.  The Iguacu centrifuge does not exist and was specified at the Fifth Workshop on Separation Phenomena in Liquids and Gases in Foz do Iguacu, Brazil [162] to facilitate discussions, since real centrifuge designs and data are proprietary.  Using the Iguacu centrifuge, Migliorini designed a 10,000 kg-SWU/yr cascade with nominal feed, product, and tails concentrations of 0.72, 3.5, and 0.35 at%, respectively.  It is noted that the actual values are 9939.5 kg-SWU/yr, 0.720027, 3.795013, 0.00350704 at%.  The characteristics of the Iguacu centrifuge and corresponding 10,000 SWU/yr cascade are provided in Table 11 and in Table 12, both which are excerpted from Migliorini et al. 2013 [40].  In summary, the reference facility used in this study is the 10,000 SWU/yr cascade using the Iguacu centrifuge.
Table 11.  Iguacu centrifuge characteristics.  Excerpted from Migliorini et al. 2013 [40].

	Parameter
	Value
	Unit

	Radius
	6
	cm

	Height
	48
	cm

	Wall speed
	600
	m/s

	Average gas temperature
	300
	K

	Wall pressure
	60
	torr

	Stratification parameter
	25.4
	-

	Maximum separative power
	16.98
	SWU/yr

	Actual optimal separative power
	4.41
	SWU/yr

	Efficiency
	25.97
	%

	Optimal feed rate
	28.81
	mgUF6/s

	Optimal overall separation factor
	1.2743
	-


Table 12.  10,000 SWU/yr Iguacu cascade characteristics.  Excerpted and adapted from Migliorini et al. 2013 [40].
	Parameter
	Value
	Unit

	Cascade Feed Rate
	21005.7
	kgU/yr

	Cascade Feed Concentration
	0.720
	at%

	Product Concentration
	3.795
	at%

	Tails Concentration
	0.350
	at%

	Number of Enriching Stages
	14
	-

	Number of Stripping Stages
	5
	-

	Total Number of Stages
	19
	-

	Nominal Separative Power
	10,000
	kg-SWU/yr

	Actual Separative Power
	9939.5
	kg-SWU/yr

	Centrifuges (Ideal)
	2,265.90
	-

	Centrifuges (Rounded)
	2,268
	-

	Pipe Diameter
	0.1143
	m

	Pipe Length Factor
	1.0
	-

	Pipe Aggregate Length Factor
	4,500
	-

	Reynolds Number Range
	70-2,300
	-

	Pressure Drop
	16
	torr


1.21.2 Pipework and Deposit Specification

The MCNP ECGD detector simulator requires a complete specification of the pipes and deposits.  Based on the summary for published pipe and deposit properties, shown inTable 13, and the pipe diameters specified for the 10,000 SWU/yr Iguacu cascade in Table 12, and some generic estimates for the pipe thickness and deposit properties, the pipework and deposit characteristics for the reference facility are generically and arbitrarily defined to be those in Table 13.

Table 13.  Values for the pipes, pressures, and deposits of the reference facility.
	Facility
	Gas Pressure
[torr]
	Gas Temp

[C]
	Pipe Material
	OD

[mm]
	ID

[mm]
	Thickness

[mm]
	Gas/
(Gas+Dep)
x100

[%]
	Deposit
[ug U/cm2]
	Direct Deposit
[%]

	10,000 kg-SWU/yr
Iguacu

	F 17

P 1.0
T 1.6
	26.85
	Al
	124.3
	114.3
	5.0
	F 75

P 15
T 22
	F 200
P 200
T 200
	75


1.21.3 Gamma Spectroscopy Detector Specification
As an initial starting point, the commercially available ORTEC S8530 electromechanically cooled high purity germanium (HPGe) detector is selected for use in the simulation.  The ORTEC S8530 is ϕ85x30 mm with a FWHM of 650@122 keV [163].  This choice of detector size and detector material is not cost or count rate optimized, but is simply selected because it is the largest available ECGD with more than adequate resolution.
The optimization of the detector selection for this application is a problem saved for another day.  For the purposes of this study, the largest diameter detector with a thickness which approaches 100% attenuation for photon energies at and below 121 keV is selected.  Using values from NIST [164] the attenuation factors for the 121, 143, and 186 keV gammas in germanium are shown in Table 14.  Since the 121 keV gamma from 234U is far less intense than the 143 and 186 keV gammas from 235U, the detector thickness of 30 mm is selected, accepting some efficiency losses for the 235U gamma rays.  Economic arguments could be made for using a thinner detector or even multiple thinner detectors as an alternative to one thicker detector.  Also, investigation of CdZnTe/CdTe and LaBr3 detectors in place of the ECGD are warranted.
Table 14.  Attenuation factor for the 121, 143, and 186 keV gamma rays with respect to germanium detector thickness.  Mass attenuation factors excerpted from NIST XCOM [164] with Ge density of 5.323 g/cm3.
	Thickness
	Attenuation [%]

	[mm]
	120.9 keV
	143.8 keV
	185.7 keV

	10
	83
	72
	59

	15
	93
	85
	73

	20
	97
	92
	83

	25
	99
	96
	89

	30
	100
	98
	93

	35
	100
	99
	95

	40
	100
	99
	97

	45
	100
	100
	98

	50
	100
	100
	99

	μ/ρ [cm2/g]
	0.3335
	0.2414
	0.1660


1.21.4 Sequential Probability Ratio Test (SPRT) Settings

There are a few steps in selecting the change detection thresholds.

PARAMETER 1:  Select fixed or trailing baseline.
The baseline data can either be from a fixed or trailing window, as shown in Figure 39.   For the purposes of the experiment, there is no difference in the fixed and trailing baseline data.
PARAMETER 2:  Select the duration of baseline window.

The duration of the baseline window should be sufficient to obtain sufficient counting statistics to a precision much greater than the detection thresholds.  For the purposes of the experiment, an arbitrary and long 14 day baseline window is used.
PARAMETER 3:  Select the change detection thresholds.

The SPRT time-to-decision must be sufficiently short such to detect changes in a meaningful time frame.  For the purposes of the experiment, a 0.5 σ change in count rate is used.

PARAMETER 4:  Select the individual measurement duration.
The higher the frequency of measurements, the higher the frequency of decisions in the SPRT algorithm.  However, the more data collected, the more computational resources required.  For the purposes of the experiment, a 30 minute measurement time was used.  (i.e. a data point is produced every 30 minutes).  The combination of this measurement duration and the 0.5 σ change detection threshold, the SPRT algorithm yielded a decision at least once per day.
PARAMETER 5:  Select the false-positive and false-negative tolerances.
The higher these tolerances are set, the more conservative the decision making algorithm becomes, however, the longer the time-to-decision.  It is expected that a highly conservative setting is best for safeguards applications, as false alarms are highly undesirable (but by the nature of the algorithm are quickly self-correcting).  For the purposes of the experiment, the false-positive and false-negative tolerances are 0.1% and 0.1%, respectively.
1.22 Test Scenarios
1.22.1 Overview

The database of misuse and normal scenarios and cases is summarized in Table 15.  The specifics regarding each case is described in the remainder of this Chapter and the specific inputs are tabulated in ANNEX X.

Table 15.  Cases considered.

	Misuse
	Scenario
	Case
	Description
	Model

	None
	Normal operation
	A1
	baseline cascade, steady state
	MSTAR/
TransCasc

	HEU
	Cascade reconfiguration 
	B1
	20 at% prod.
	MSTAR

	
	
	B2
	90 at% prod.
	MSTAR

	
	Cascade reconfiguration, tails concentration change 
	C1
	20 at% prod., tails XXX
	MSTAR

	
	
	C2
	90 at% prod., tails XXX
	MSTAR

	
	Cascade reconfiguration, feed concentration change
	D1
	20 at% prod., feed XXX
	MSTAR

	
	
	D2
	90 at% prod., feed XXX
	MSTAR

	
	Cascade reconfiguration, prod. 235U density const. 
	E1
	20 at% prod.
	MSTAR

	
	
	
	reduced gas pressure to match 186 keV count rate with nominal product
	

	
	
	E2
	90 at% prod.
	MSTAR

	
	
	
	reduced gas pressure to match 186 keV count rate with nominal product
	

	
	Cascade reconfiguration, tails concentration change, prod. 235U density const.
	F1
	20 at% prod., tails XXX, match prod 5/4
	MSTAR

	
	
	
	reduced gas pressure to match 186 keV count rate with nominal product
	

	
	
	F2
	90 at% prod., tails XXX, match prod 5/4
	MSTAR

	
	
	
	reduced gas pressure to match 186 keV count rate with nominal product
	

	
	Cascade reconfiguration, feed concentration change, prod. 235U density const.
	G1
	20 at% prod., feed XXX, match prod 5/4
	MSTAR

	
	
	
	reduced gas pressure to match 186 keV count rate with nominal product
	

	
	
	G2
	90 at% prod., feed XXX, match prod 5/4
	MSTAR

	
	
	
	reduced gas pressure to match 186 keV count rate with nominal product
	

	
	Recycle material in same cascade
	H1
	feed nominal product to produce 17.63 at% prod
	MSTAR

	
	
	H2
	feed D1 product 35.40 at% prod
	MSTAR

	
	
	H3
	feed D2 product 84.98 at% prod
	MSTAR

	LEU
	undeclared feed
	I1
	0.5% of the top stripping stage upflow is added
	TransCasc

	
	
	I2
	1.0% of the top stripping stage upflow is added
	TransCasc

	
	undeclared feed and withdrawal
	J1
	0.5% of the top stripping stage upflow is added,
	TransCasc

	
	
	
	0.083% of the amount added is withdrawn from the top stage,
	

	
	
	
	0.917% of the amount added is withdrawn from the bottom stage
	

	
	
	J2
	1.0% of the top stripping stage upflow is added,
	TransCasc

	
	
	
	0.083% of the amount added is withdrawn from the top stage,
	

	
	
	
	0.917% of the amount added is withdrawn from the bottom stage
	

	
	Changes in stage upflow rates
	K1
	 stage upflow rates increased by 25%
	TransCasc

	
	
	K2 
	 stage upflow rates increased by 5%
	TransCasc

	
	
	K3
	 stage upflow rates decreased by 5%
	TransCasc

	
	
	K4
	 stage upflow rates decreased by 25%
	TransCasc

	Pedestrian
	Feed pressure change
	L1 
	-5%  feed pressure change
	MSTAR

	
	
	L2 
	-2%  feed pressure change
	MSTAR

	
	
	L3 
	-1%  feed pressure change
	MSTAR

	
	
	L4 
	+1% feed pressure change
	MSTAR

	
	
	L5 
	+2% feed pressure change
	MSTAR

	
	
	L6
	+5% feed pressure change
	MSTAR

	
	Product pressure change
	M1 
	-5%  prod pressure change
	MSTAR

	
	
	M2 
	-2%  prod pressure change
	MSTAR

	
	
	M3 
	-1%  prod pressure change
	MSTAR

	
	
	M4 
	+1% prod pressure change
	MSTAR

	
	
	M5 
	+2% prod pressure change
	MSTAR

	
	
	M6
	+5% prod pressure change
	MSTAR

	
	Feed pressure change
	N1 
	-0.5 torr tail pressure change
	MSTAR

	
	
	N2 
	-0.2 torr tail pressure change
	MSTAR

	
	
	N3 
	-0.1 torr tail pressure change
	MSTAR

	
	
	N4 
	+0.1 torr tail pressure change
	MSTAR

	
	
	N5 
	+0.2 torr tail pressure change
	MSTAR

	
	
	N6
	+0.5 torr tail pressure change
	MSTAR

	
	Feed concentration change
	O1
	-0.0020 at% 234U conc. feed change
	MSTAR

	
	
	O2
	-0.0010 at% 234U conc. feed change
	MSTAR

	
	
	O3
	-0.0005 at% 234U conc. feed change
	MSTAR

	
	
	O4
	+0.0005 at% 234U conc. feed change
	MSTAR

	
	
	O5
	+0.0010 at% 234U conc. feed change
	MSTAR

	
	
	O6
	+0.0020 at% 234U conc. feed change
	MSTAR

	
	
	O7
	 very low 5/4 - Kyzylkum (Uzbeckistan)
	MSTAR

	
	
	O8 
	 low 5/4 - Grenat (France)
	MSTAR

	
	
	O9 
	 high 5/4 - Emerande (France)
	MSTAR

	
	
	O10 
	 very high 5/4 - Ranstadt (Sweden)
	MSTAR

	
	Product enrichment change
	P1
	-3 at%
	MSTAR

	
	
	P2
	-2 at%
	MSTAR

	
	
	P3
	-1 at%
	MSTAR

	
	
	P4
	1 at%
	MSTAR

	
	
	P5
	2 at%
	MSTAR

	
	
	P6
	3 at%
	MSTAR

	
	
	P7
	1
	MSTAR

	
	
	P8
	2
	MSTAR

	
	
	P9
	3
	MSTAR

	
	
	P10
	4
	MSTAR

	
	
	P11
	5
	MSTAR

	
	Tails enrichment change
	Q1 
	- 0.3 at%
	MSTAR

	
	
	Q2 
	- 0.2 at%
	MSTAR

	
	
	Q3 
	- 0.1 at%
	MSTAR

	
	
	Q4 
	0.1 at%
	MSTAR

	
	
	Q5 
	0.2 at%
	MSTAR

	
	
	Q6 
	0.3 at%
	MSTAR

	
	
	Q7
	0.2
	MSTAR

	
	
	Q8
	0.3
	MSTAR

	
	
	Q9
	0.4
	MSTAR

	
	
	Q10
	0.5
	MSTAR

	
	
	Q11
	0.6
	MSTAR

	
	Feed deposit change
	R1 
	-20 gU/cm2
	MSTAR

	
	
	R2 
	-10 gU/cm2
	MSTAR

	
	
	R3 
	-5 gU/cm2
	MSTAR

	
	
	R4 
	5 gU/cm2
	MSTAR

	
	
	R5 
	10 gU/cm2
	MSTAR

	
	
	R6 
	20 gU/cm2
	MSTAR

	
	Product deposit change
	S1 
	-20 gU/cm2
	MSTAR

	
	
	S2 
	-10 gU/cm2
	MSTAR

	
	
	S3 
	-5 gU/cm2
	MSTAR

	
	
	S4 
	5 gU/cm2
	MSTAR

	
	
	S5 
	10 gU/cm2
	MSTAR

	
	
	S6 
	20 gU/cm2
	MSTAR

	
	Tails deposit change
	T1 
	-20 gU/cm2
	MSTAR

	
	
	T2 
	-10 gU/cm2
	MSTAR

	
	
	T3 
	-5 gU/cm2
	MSTAR

	
	
	T4 
	5 gU/cm2
	MSTAR

	
	
	T5 
	10 gU/cm2
	MSTAR

	
	
	T6 
	20 gU/cm2
	MSTAR

	
	Machine failures
	U1 
	 1% of machines in feed stage fail
	TransCasc

	
	
	U2 
	 5% of machines in feed stage fail
	TransCasc

	
	
	U3 
	 10% of machines in feed stage fail
	TransCasc

	
	
	U4 
	 20% of machines in feed stage fail
	TransCasc

	
	Feed Shut down
	V1
	Shut down to 0 pressure
	MSTAR

	
	Prod Shut down
	V2
	Shut down to 0 pressure
	MSTAR

	
	Tail Shut down
	V3
	Shutdown to 0 pressure
	MSTAR

	
	All Shut down
	V4
	Shutdown to 0 pressure
	MSTAR

	
	Feed Flow stoppage
	W1
	Flow stoppage at nominal pressure
	MSTAR

	
	Prod Flow stoppage
	W2
	Flow stoppage at nominal pressure
	MSTAR

	
	Tail Flow stoppage
	W3
	Flow stoppage at nominal pressure
	MSTAR

	
	All Flow stoppage
	W4
	Flow stoppage at nominal pressure
	MSTAR

	
	Feed Temp change 
	X1 
	-5 oC 
	MSTAR

	
	
	X2 
	-2 oC
	MSTAR

	
	
	X3 
	-1 oC
	MSTAR

	
	
	X4 
	1 oC
	MSTAR

	
	
	X5 
	2 oC
	MSTAR

	
	
	X6 
	5 oC
	MSTAR

	
	Prod Temp change
	Y1 
	-5 oC 
	MSTAR

	
	
	Y2 
	-2 oC
	MSTAR

	
	
	Y3 
	-1 oC
	MSTAR

	
	
	Y4 
	1 oC
	MSTAR

	
	
	Y5 
	2 oC
	MSTAR

	
	
	Y6 
	5 oC
	MSTAR

	
	Tails Temp Change
	Z1 
	-5 oC 
	MSTAR

	
	
	Z2 
	-2 oC
	MSTAR

	
	
	Z3 
	-1 oC
	MSTAR

	
	
	Z4 
	1 oC
	MSTAR

	
	
	Z5 
	2 oC
	MSTAR

	
	
	Z6 
	5 oC
	MSTAR

	
	All Temp Change
	AA1 
	-5 oC 
	MSTAR

	
	
	AA2 
	-2 oC
	MSTAR

	
	
	AA3 
	-1 oC
	MSTAR

	
	
	AA4 
	1 oC
	MSTAR

	
	
	AA5 
	2 oC
	MSTAR

	
	
	AA6 
	5 oC
	MSTAR

	
	Normal Range
	AB1
	234UF/235P/235T = Kyzylkum/5/0.6
	MSTAR

	
	
	AB2
	234UF/235P/235T = Kyzylkum/5/0.1
	MSTAR

	
	
	AB3
	234UF/235P/235T = Kyzylkum/1/0.6
	MSTAR

	
	
	AB4
	234UF/235P/235T = Kyzylkum/1/0.1
	MSTAR

	
	
	AB5
	234UF/235P/235T = Ranstadt /5/0.6
	MSTAR

	
	
	AB6
	234UF/235P/235T = Ranstadt /5/0.1
	MSTAR

	
	
	AB7
	234UF/235P/235T = Ranstadt /1/0.6
	MSTAR

	
	
	AB8
	234UF/235P/235T = Ranstadt /1/0.1
	MSTAR

	
	HEU Range
	AC1
	234UF/235P/235T = Kyzylkum/90/0.6
	MSTAR

	
	
	AC2
	234UF/235P/235T = Kyzylkum/90/0.1
	MSTAR

	
	
	AC3
	234UF/235P/235T = Kyzylkum/20/0.6
	MSTAR

	
	
	AC4
	234UF/235P/235T = Kyzylkum/20/0.1
	MSTAR

	
	
	AC5
	234UF/235P/235T = Ranstadt /90/0.6
	MSTAR

	
	
	AC6
	234UF/235P/235T = Ranstadt /90/0.1
	MSTAR

	
	
	AC7
	234UF/235P/235T = Ranstadt /20/0.6
	MSTAR

	
	
	AC8
	234UF/235P/235T = Ranstadt /20/0.1
	MSTAR

	
	HEU Range, 235 Density match
	AD1
	234UF/235P/235T = Kyzylkum/90/0.6 235 dens match
	MSTAR

	
	
	AD2
	234UF/235P/235T = Kyzylkum/90/0.1 235 dens match
	MSTAR

	
	
	AD3
	234UF/235P/235T = Kyzylkum/20/0.6 235 dens match
	MSTAR

	
	
	AD4
	234UF/235P/235T = Kyzylkum/20/0.1 235 dens match
	MSTAR

	
	
	AD5
	234UF/235P/235T = Ranstadt /90/0.6 235 dens match
	MSTAR

	
	
	AD6
	234UF/235P/235T = Ranstadt /90/0.1 235 dens match
	MSTAR

	
	
	AD7
	234UF/235P/235T = Ranstadt /20/0.6 235 dens match
	MSTAR

	
	
	AD8
	234UF/235P/235T = Ranstadt /20/0.1 235 dens match
	MSTAR

	
	
	AE1
	234UF/235P/235T = Kyzylkum/5/0.6 p=p
	MSTAR

	
	
	AE2
	234UF/235P/235T = Kyzylkum/5/0.1 p=p
	MSTAR

	
	
	AE3
	234UF/235P/235T = Kyzylkum/1/0.6 p=p
	MSTAR

	
	
	AE4
	234UF/235P/235T = Kyzylkum/1/0.1 p=p
	MSTAR

	
	
	AE5
	234UF/235P/235T = Ranstadt /5/0.6 p=p
	MSTAR

	
	
	AE6
	234UF/235P/235T = Ranstadt /5/0.1 p=p
	MSTAR

	
	
	AE7
	234UF/235P/235T = Ranstadt /1/0.6 p=p
	MSTAR

	
	
	AE8
	234UF/235P/235T = Ranstadt /1/0.1 p=p
	MSTAR


1.22.2 Nominal Operation

The A series is the nominal cascade against which all the scenarios will be compared against.  The characteristics for the nominal cascade are tabulated in Table 16.  The non-integer values are a holdover from the Migliorini TransCasc dataset; the use of these values permits the evaluation of the Migliorini TransCasc dataset against the MSTAR generated data.
Table 16.  Nominal cascade characteristics used as the baseline for the simulations.

	 
	Feed
	Prod
	Tail

	234U [at%]
	0.006200
	0.041230
	0.001993

	235U [at%]
	0.720027
	3.795013
	0.350704

	238U [at%]
	99.273773
	96.163757
	99.647303

	mass flow rate [kgU/yr]
	21005.7116
	2252.3817
	18753.3299

	pressure [torr]
	17.040608
	1.012888
	1.622949

	temperature [C]
	26.85
	26.85
	26.85

	deposit [μgU/cm2]
	200
	200
	200

	direct deposit [%]
	75
	75
	75

	separative power [kg-SWU/yr]
	9939.521453


1.22.3 HEU Misuse Series
The B-G series are cascades producing 20 and 90 at% product. The H series is the re-feeding of ~3.8% product from the nominal cascade to produces higher enrichments.  This series of SWU equivalent cascades are designed using the MSTAR code.
The B series are cascades producing 20 and 90 at% product.  The C-G series additionally take measures to mask the misuse.
The C series changes the 235U tails concentration.  The D series changes the 234U feed concentration.  By changing the tails 235U concentration or feed 234U concentration, the product 235U/234U concentration ratio can be held constant, as shown in Figure 52.  

[image: image104]
Figure 52.  235U/234U ratio of the product with respect to the 235U concentration of the tails and the 234U concentration of the feed.  The feed appears as a discontinuity because the feed point of the ideal cascade model is matched for the 235U concentration and not the 235U/234U concentration ratio.

The E-G series attempt to mask diversion by changing the gas pressure.

The E series changes the gas pressure.  The 235U gas density/count rate can be held constant and consistant with the baseline 235U gas density/count rate, effectively masking the Δ235U and Δ231Th attributes but not Δ234U, Δ234Th, and Δgross attributes, as illistrated in Figure 51.
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Figure 51.  Pressure change to mask the Δ235U and Δ231Th attributes which does not mask the Δ234U, Δ234Th, and Δgross attributes.

The F series changes the gas pressure and tails 235U concentration.  The G series changes the gas pressure and feed 234U concentration.  By changing both the gas pressures and either the feed 234U concentation or tails 235U concentrations, the product Δ234U, Δ235U, and Δ231Th can be held constant, leaving product Δ234Th and Δgross attributes open to detection as well as the changes in the feed and tails streams.
It is uknown how realistic the E-G series are and if these misuse cases are operationally possible as the operator may not have such control over the gas pressure without producing other indicators.  Review by a facility operator is necessary to evaluate the relevance and completeness of the HEU misuse scenarios.  
1.22.4 LEU Misuse Scenarios
The I-K series are cascades producing LEU product in excess amounts or higher than declared enrichments.  The LEU misuse scenarios do not require reconfiguration of the cascade (i.e. no piping changes or changing the number of centrifuges in a stage).  The I series cascades introduce undeclared feed at the feed stage where the material is introduced upstream of the detector, as shown in Figure 53, such that the undeclared material is seen by the CAMS.  The J series cascades introduce undeclared feed at the feed stage and withdrawal the undeclared product and tails at the top and bottom stage to mask the misuse by maintaining a material balence.  The material is introduced and withdrawn such that the undeclared material is not seen by the CAMS, as shown in Figure 53.  The O series cascades change the upflow and downflow rates between stages to increase and decrease the product enrichment.  This series of cascades are designed using the TransCasc cascade simulator and the dataset is adapted from the dataset produced by Migliorini 2013 [38, 40].
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Figure 53.  Detector relative to undeclared material introduction and withdrawal points for I Series (left) J series (right).

1.22.5 Pedestrian Scenarios (No Misuse)
The L-AA series are cascades with pedestrian changes relative to the nominal cascade.  The L-M series are cascades with slight gas pressure changes in the feed, product, and tails pipes.  The O series are cascades with changes in the 234U concentration of the feed and include the extreme natural uranium feed materials identified in Section 2.2.1.  The P series are cascades with both minor and major changes in product enrichment in the LEU range.  The Q series are cascades with both minor and major changes in the tails enrichment.  The R-T series are cascades with deposit changes in the feed, product, and tails pipes.  The U series are cascades with some percentage of feed stage centerfuges failing (i.e. valved off at failure, loss of enrichment capacity).  The V series are cascades where the feed, product, and/or tails pipes are evacuated.  The W series are cascades where the flow stops in the feed, product, and/or tails pipes resulting in a direct deposit proportion increase to 100%.  The X-Z series are cascades where temperature changes of ±1, ±2, and ±5 oC in the feed, product, or tails gas affect the gas density without affecting the gas pressure.  The AA series are cascades where temperature changes of ±1, ±2, and ±5 oC in the feed, product, and tails gas affect the gas density without affecting the gas pressure.  These series of cascades are designed using MSTAR with the exception of the failed centrfigues which are designed using TransCasc.
1.22.6 Assertions

The TransCasc dataset from Migliorini 2013 [38, 40], referred to as “Iguacu2” in the referenced papers, was produced using the reference centrifuge and cascade in Table 11 and Table 12.  MSTAR data is produced in this study consistent and comparable with the reference cascade and the Migliorini dataset.

DISCLAIMER:  Reaching assertions must be made at this point in order to proceed with the experiment.  These assertions serve as a starting point and are made because of the incomplete information available in the literature and indirect access to simulation codes.  It is felt that the data is ‘good enough’ to convince the reader of the validity of the CAMS technique and need for further research.  However, the individual values reported with respect to the reference facility are not justifiable because the modelling is not assumed accruate.

Five dilemmas are encountered in the attempt to utilize the existing Migliorini TransCasc data and the currently produced MSTAR data.  Five assertions are applied to remedy these dilemmas.  These assertions are not justifiable but are also unavoidable.

Dilemma 1:  The gas pressures used to produce the Migliorini TransCasc data are nominally between 60-72 torr, which are too high for comparison with the GCEP pressure ranges reported in Table 7 which are nominally between 0.75-8.2 torr.

Assertion 1:  Change the gas pressures in the Migliorini data from nominally 60-76 torr by subtracting 59 torr from the reported values resulting in gas pressures from nominally 1-17 torr.  This is a very bad assertion.  This alteration of the data preserves the pressure drop of 16 torr and mass flow rates across the cascade.  It is asserted that as long as the feed rates to the centrifuges remain constant, which is the case here, that the other variables, such as separation factor and cut, should be unaffected.  However, it is unclear if/how TransCasc results may change as a result of changing the absolute pressures.  

Dilemma 2:  The Migliorini TransCasc data is limited to LEU scenarios and does not include HEU or pedestrian scenarios.

Assertion 2:  MSTAR generated data, to include HEU and pedestrian scenarios, is used to supplement the Migliorini TransCasc dataset.  This is a good assertion.  The consistency of MSTAR and TransCasc results are very good.  Table 17 shows a comparison of the TransCasc and MSTAR results for a specified cascade design (i.e. the same feed material, product 235U concentration, and tails 235U concentrations which are highlighted in yellow).  The relative difference in the results are shown to have negligible differences better than 0.1% and bump into truncation errors because the MSTAR results are limited to 6 digits.
Table 17.  Comparison between TransCasc and MSTAR cascade designs using the same feed and product/tails 235U concentrations.

	 
	 
	TransCasc
	MSTAR
	Difference

	 
	Feed
	Prod
	Tail
	Prod
	Tail
	Prod
	Tail

	
	 
	 
	 
	 
	 
	[%]
	[%]

	232U [at%]
	1.00E-09
	8.27E-09
	1.27E-10
	8.27E-09
	1.27E-10
	-0.0210
	0.0891

	234U [at%]
	0.006200
	0.04124154
	0.00199166
	0.041231
	0.001993
	0.0256
	-0.0673

	235U [at%]
	0.720013
	3.79501263
	0.35070408
	3.795013
	0.350704
	0.0000
	0.0000

	236U [at%]
	0.002000
	0.00722216
	0.00137284
	0.007221
	0.001373
	0.0161
	-0.0116

	238U [at%]
	99.271787
	96.15652365
	99.64593142
	96.156535
	99.645930
	0.0000
	0.0000

	mass flow rate [kgU/yr]
	21005.7116
	2251.9327
	18753.7789
	2252.3817
	18753.3299
	-0.0199
	0.0024


Dilemma 3:  MSTAR does not output the gas pressures and consequently, the gas pressures output in the TransCasc dataset cannot be reproduced in MSTAR.

Assertion 3:  The gas pressures for the MSTAR and TransCasc models are nominally assumed to be those from the baseline TransCasc model.  Also, a constant volumetric flow rate is assumed such that the gas pressure changes proportionally with mass flow rate, i.e. 
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  This is a bad assertion.  Significant pressure changes are expected during misuse scenarios and have a first order effect on count rates and must be modeled accurately.
Dilemma 4:  MSTAR only outputs the relative mass flow rates, but does not output the absolute mass flow rates with respect to the cascade separate power.

Assertion 4:  The mass flow rates are calculated using the isotope, mass, and SWU balance Eqs. 13(8)

.  This is good assertion.  While these equations are for ideal cascades with no mixing, ideal cascades are a good approximation of well designed, real cascades [(5)

 through  GOTOBUTTON ZEqnNum139227  \* MERGEFORMAT ].  A δU=9939.52612 is calculated for the base cascade and used to determine the mass flow rates plot in Figure 13 for other cascades with the same feed and tail 235U concentrations but different product 235U concentrations.
Dilemma 5:  The time dependent behavior exhibited in the TransCasc dataset cannot be reproduced in MSTAR.

Assertion 5:  Omit the time dependent feature of the TransCasc data.  Changes in cascade operation/configuration for both the TransCasc and MSTAR simulated data will occur as a step change instead of gradual changes.  This is a good assertion.  Centrifuge cascades are expected to reach equilibrium over a period of a few hours [59].

Dilemma 6:  The Migliorini TransCasc dataset did not use natural uranium feed and instead used recycled uranium feed at the natural 235U concentration.  This feed has a very high 234U concentration and includes 232U and 236U.

Assertion 6:  Neglect the presence of 232U and 236U in the feed in the Migliorini TransCasc dataset.  This is a good assumption.  Based on MSTAR simulations, the presence/absence of the small 232U and 236U concentrations negligibly affect the results of the considered cascade design.  The results of this analysis are shown in Table 18 to be better than 0.01%.  It is noted that the presence of 232U and 236U (and the 232U daughters) would have a significant effect on the spectra and separately on the 234U, 235U, and 238U concentrations in higher enrichments.

In summary, the application of these assertions has two consequences.  The gas pressures used in the HEU and pedestrian scenarios are inaccurate and do not adequately represent the reference facility or the misuse scenarios.  Second, the time-to-detection and time-to-attribution are also strongly biased as the count rates and counting statistics are proportional to the gas pressure.  The simulation results should be viewed as a demonstration of the technique and a very rough approximation of the time frames required for change detection and attribution.

Table 18.  MSTAR analysis of the effect of the presence/absence of 232U and 236U in the feed on the 234U, 235U, and 238U concentrations in product and tails.

	 
	Feed 1
	Feed 2
	Difference

	 
	Feed
	Prod
	Tail
	Feed
	Prod
	Tail
	Feed
	Prod
	Tail

	
	
	
	
	
	
	
	[%]
	[%]
	[%]

	232U [at%]
	1.00E-09
	8.27E-09
	1.27E-10
	0
	0
	0
	-
	-
	-

	234U [at%]
	0.006200
	0.041231
	0.001993
	0.006200
	0.041230
	0.001993
	0.0000
	0.0024
	0.0000

	235U [at%]
	0.720013
	3.795013
	0.350704
	0.720027
	3.795013
	0.350704
	0.0000
	0.0000
	0.0000

	236U [at%]
	0.002000
	0.007221
	0.001373
	0
	0
	0
	-
	-
	-

	238U [at%]
	99.271787
	96.156535
	99.645930
	99.273772
	96.163757
	99.647303
	-0.0020
	-0.0075
	-0.0014

	mass flow rate [kgU/yr]
	21005.7116
	2252.3817
	18753.3299
	21005.7116
	2252.3817
	18753.3299
	0.0000
	0.0000
	0.0000


1.23 Results
Words words and more words.

1.23.1 Change Detection
Table 19.  Time-to-detection for considered scenarios.  All units are in hours, green and yellow indicate a count rate decrease and increase, respectively.
	
	Earliest Detection
	Feed
	Prod
	Tail

	
	
	234U
	235U
	231Th
	234Th
	gross
	234U
	235U
	231Th
	234Th
	gross
	234U
	235U
	231Th
	234Th
	gross

	A1
	not det.
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	B1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	B2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	C1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	C2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	D1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	D2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	E1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	E2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	F1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	F2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	G1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	G2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	H1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	H2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	H3
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	I1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	I2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	J1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	J2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	K1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	K2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	K3
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	K4
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	L1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	L2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	L3
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	L4
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	L5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	L6
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	M1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	M2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	M3
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	M4
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	M5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	M6
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	N1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	N2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	N3
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	N4
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	N5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	N6
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	O1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	O2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	O3
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	O4
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	O5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	O6
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	O7
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	O8
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1.23.2 Change Attribution
Words.

[image: image146.emf]-2 0 2 4 6 8 10 12 14 16 18

-20

0

20

40

60

80

100

prod



234

U



235

U

 

 

base UVA

1% broke

5% broke

10% broke

20% broke

0.5% undecl. feed

1% undecl. feed

0.5% undecl. feed & withdr.

1% undecl. feed & withdr.

25% upflow incr.

5% upflow incr.

5% upflow decr.

25% upflow decr.

A2

B1

B2

B3

B4

C1

C2

C3

C4

C5

D1

D2

D3

D4

E1

E2

E3

E4

F1

F2

F3

F4

G1

G2

G3

G4

H1

H2

H3

H4

I1

I2

I3

I4

J1

J2


1.23.3 Discussion
Words words words.

CHAPTER V
CONCLUSION
1.24 Conclusion
High resolution gamma spectrometry can be easily used to detect changes in cascade operation.

If an adequate model of the cascade can be made, then the direction attribution technique can also be performed.

If an adequate model of the cascade and detector can be made, the the magnitude and principal component attribution techniques can be performed.  The cascade model would require a submodel for the direct deposit proportion requiring further research.
The CAMS is especially valuable because it is the first technique which can potentially achieve both the detection of HEU production and excess LEU production.  At the same time, the CAMS has none of the fatal flaws of past GCEP monitoring systems.  The potential of using intermediate resolution, room temperature gamma spectrometry detectors is especially attractive.
The change detection capability of the CAMS is robust and recommended for testing.  The change attribution capability of the CAMS requires further research and development in concert with facility operators and inspectors.
1.25 Recommendations
(1) An evaluation by IAEA inspectors, GCEP operators, and NDA experts is needed to determine if further research is warrented.

(2) Change Detection

a. A proof-of-principal test of the CAMS is needed.

b. An evaluation of the use of intermediate resolution gamma detectors with the CAMS is needed.

(3) Change Attributions

a. The CAMS feasibility study should be re-evaulated with a operator approved complete simulated dataset from TransCasc or similar simulation code.

b. A model for the direct deposit proportion is needed.

ANNEX A
ALGORITHMS
A.1
Sequential Probability Ratio Test (SPRT)

The derivation used in the current study is aggregated from Wald 1947 [139], Picard 1985 [140], Pratt and Close 1987 [141], and Ebeling 2010 [164] and is provided here.

The SPRT is employed to detect a mean shift in either a direct signal or indirect signal
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where µ is the measured mean count rate, µ0 is the mean count rate (perhaps from training data) and µ1 and µ2 are the upper and lower mean count rate threshold.



[image: image109.wmf](

)

0

1

a

mdm

=±

 
 MACROBUTTON MTPlaceRef \* MERGEFORMAT (20)

For a normal distribution 



[image: image110.wmf](

)

(

)

2

2

1

,,exp

2

x

fx

m

ms

s

sp

éù

-

=-

êú

2

êú

ëû

 
 MACROBUTTON MTPlaceRef \* MERGEFORMAT (21)

the likelihood ratio is 
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where yn is the likelihood ratio at observation n assuming a constant variance.  From (22)

, the likelihood ratio will be, on average

· yn > 1 when the measured value is probabilistically closer to the alternative mean than the null mean

· yn < 1 when the measured value is probabilistically closer to the null mean than the alternative mean

· yn = 1 when the null and alternative mean are equality probable

The test checks if the measured mean is probabilistically closer to an alternative value then to the null value, however, a decision is not made until the cumulative likelihood exceeds a predetermined confidence limit.  The null value is only accepted or rejected once the likelihood ratio exceeds a predefined false positive or false negative threshold, respectively.  The decision thresholds are
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where
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The test is then evaluated with three possible outcomes:

· B > yn, then accept H0, stop sequential testing

· A < yn, then reject H0 for Ha, stop sequential testing

· B < yn < A, then indeterminate, continue sequential testing

A.2
Principal Component Analysis (PCA)

Principal component analysis begins by populating data matrix X, 
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where I is the number of observations, J is the number of variables, and xi,j is the value of variable j of observation i.

Next, the standardized data matrix Z is populated
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where the zi,j values are calculated using the formulation
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where
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x

is the mean of vector xj, sj is the sample standard deviation of vector xj, and zi,j is the standardized value of xi,j.
Next, the covariance matrix is populated
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where Ʃ is the covariance matrix calculated by
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m and n are indexes for the variables j = 1..J.
Next, the eigenvalues and eigenvectors for the Ʃ matrix are determined by first acknowledging the Eigen equation
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where λk and pk are the eigenvalues and eigenvectors corresponding to the Ʃ matrix.  By taking the determinant 
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the eigenvalues are thus determined.

Then Eq. (30)

 is solved for the corresponding eigenvectors
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where P is the matrix populated by the eigenvectors pk, where pj,k are the individual components of eigenvector pk.  The eigenvector pk is also referred to as principal component k.
The principal component matrix is then calculated by
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where T is the principal component matrix populated by the elements ti,k which is more concisely formulated as
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