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SUMMARY

Conversion, the process by which natural uranium ore (yellowcake) is purified and
converted through a series of chemical processes into urdrexafluoride gas (Udj,

has historically been excluded from the nuclear safeguards requirements of the
2%%U-based nuclear fuel cycle. With each step in the conversion process
yellowcake to feedstock for WFintermediary uranium oxide and uraniumaitide
compounds become progressivatyore attractive products for diversion toward
activities noncompliant with international treatiebhe diversion of this product
material could potentially provide feedstock for a clandestine or undeclared
enrichment fo weapons development for state or +sbate entities.With the
realization of this potential, the International Atomic Energy Agency (IAEA) has only
recently reinterpreted its policies to emphasize safeguarding this feedstock in response

to such diversiopathways.

This project employs a combination of simulation models and experimental
measurements to develop and validate concepts of nondestructive assay monitoring
systems in a natural uranium conversion plant (NUCP). In particular, uranyl nitrate
(UN) solution exiting solvent extraction was identified as a key measurement point
(KMP), where gammaay spectroscopy was selected as the pracesstoring tool.

The Uranyl Nitrate Calibration Loop Equipment (UNCLE) facilipt Oak Ridge
National Laboratoryvas employedo simulate the fulscale operating conditions of a
purified uraniumbearing aqueous streaemwiting the solvent extraction process in an
NUCP. This work investigated gammay signaturesof UN circulating in the
UNCLE facility and evaluatdvarious gammaay detector(HPGe, LaBg, and Nal)
sensitivitiesto UN. Several predictive modeling techniques were explored where

satisfactory agreement with experimental measurements was achieved.
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It may be concluded thatainsmissiorcorrectedyammaray gectra provides a reliable
way to monitor the”*U concentration of UN solution in transfer pipes in NUCPs.
Furthermore, predictive and analysis methods are adequate to design and realize
practical designs. ThE'Cs transmission source employed in this work is viable but
not optimal for®**U densitometry determination/alidated simulationsassess the
viability of *Ba and °'Co as alternative densitometry sourcesAll gammatray
detectors are viable for monitoringatural uranium feed; althoughigh-purity
germanium KIPGe is easiest to interpret, it is the least attractive as an installation
instrument.Overall, for monitoring throughput in a facility such as UNCLE, an error
of less than 0.17% is required in orderdetect the diversion of 1 significant quantity
(SQ) of UN. Although calibrated gammay detection systems are capable of
determining the concentration of uranium content in NUCPSs, it is only in combination
with supporting data (such as flowrate, enmemt) andverifiable declarations that
safeguards conclusions can be draw@onsequently, lessons leath and

recommendations are provided.
In addition to the technical assessments and sensitivity analyses presented, the

proposed changes in IAEAafeguards policyare described, as are the political and

operational challenges associated with advancing -&odt safeguards monitoring.
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CHAPTER 1. INTRODUCTION

The nuclear safeguards requirements of’ffd-based nuclear fuel cychstoricdly
beganwith uranium hexafluoride gas (JF having precluded any precursor products
in the conversion part of the fuel cyclonversionis the process by which natural
uranium ore (yellowcake) is purified through a series of chemical processé#nto
With eachintermediarystep in the conversion processimonitoredintermediary
uranium oxide and uranium fluoride compourdsild become attractive products for
misuse ordiversionto clandestine or undeclarexttivities The International Atomic
EnergyAgency (IAEA) hasrecentlyrevised its policies teecommendsafeguarding
this potential feedstock material in resporiBe increased availabilitpf dualuse

nuclear technology ithechanging globapolitical environment.

1.1Project Significance

Recent IAEA circulars and policy papers have sought to implement safeguards when
any purified aqueous uranium solution or uranium oxides suitable for isotopic
enrichment or fuel fabrication exist. Under the revised pol&A Policy Paper 18

( PP 18 )eguards Meakures Applicable in Conversion Plants Processing Natural
Uranium, 06 the starting point for nucl ear
and a new definition of source material in this category was introdugetdnder

IAEA PP18, the IAEA suggests that these purified uranium compounds should be
subject to safeguards procedures no later thtathe first point in the conveimn
process In response, the IAEA and the U.S. Department of Energy (DOE) have
become interested in developing instruments, tools, strategies, and methods that could
be used in safeguarding materials and detecting diversion in the front end of the

nuclearfuel cycle prior to the production of YH2]. Efforts thus far have largely



focused on conceptuaapproaches, not integrated technology development for

safeguards monitoring, to determine if IAEA requirements can be met.

1.2 Problem Statement and Objectives

The aim of nuclear safeguards is to deter diversion of nuclear material from peaceful
uses by maximing the chance of early detection. This work evaluates whether
passive nondestructive assay (NDA) techniques using gaayrgpectroscopy can be
used as a technical method for drawing safeguards conclusions, and if the IAEA
detection requirements df significant quantitycan bemet In the scope ohatural
uranium conversion plantfNUCP9, 1 SQ translates to 10 metric tons of natural
uranium over a period df year with a detection probability of 50p2]. This project
creates and evaluates a technical design basis using passive-ganspactroscopy

for the safeguarding of nuclear material at the folehtified key measurement point
(KMP) in an NUCP. PP18 articulates that the uranyl nitrate (UN) stream exiting
solvent extraction during conversion is the first point at which uranium is of suitable

purity for enrichment or fuel fabrication.

Trials of the proposed NDA system in operational settings will test and evaluate new
applications of safeguards instrumentation. The precision, capabilities, and
applicability limitations of the NDAbased integrated safeguards systentoide
determined through valating existing plant operationgs well as provithg a

sensitivity analysis of instrumentation to proposed misuse/diversion cases.



1.3Research Questions

The following key research questions will be addressed in the scope of this project:
First, dthough there is precedence for reinterpretationlatiegrated Nuclear Fuel
Cycle Information Circular NFCIRC) 153in response to technology changes, there
will be plurality of legal and political hurdles to implement safeguards earlier in the
fuel cycle. A dichotomy betweesates with and without Complementary Access
(CA) will become evident, as will the safeguatisrdens further imposed on ron
nuclear weaponsates (NNWS) versus those of nuclear weasbates (NWS). With
increased interest in civilian nuclear energy and a subsequent increase in demand for
conversion capacity, this legal and political issue validnto be imminently addressed

for existing facilities and new facility build$Vith the evolution of new nuclear fuel
cycle technology, the requirement for then-Proliferation TreatyfNPT) as a binding

legal and policy agreememust continugo evolvewith these technology changes
The technologypolicy nexusis evaluated with respect to tlmecommendations of

PP18 in thepurview of technological progress

Second given that pssive gammaay techniques have long been employeéomt-

end enrichment wonitoring, this tradition continues to be applicabler process
monitoring PM) of UN. Although highresolution semiconductor detectors provide
the most precise signatures, lowesolution scintillator detectors will likely prove to
be more robust unddield operating conditions, but require advanced techniques to
unfold lower resolution signatures from high interference/backgrddaskd on these
premises,this project evaluatesvhat gammaray detection system isuitable for
safeguards monitoring of termediate compounds during the conversion process.
Also, the capabilities and limitations of theN®A gammaray systems provide for

PM of UN in NUCPs are assessed.



Third, due to the high uranium throughput of conversion facilities, meticulous
monitoring will be required along the entire conversion process. Although PM at a

single KMP will provide essential safeguards data for a small NUCP, the complex
structure of large NUCP facilities will require more extensivdiria monitoring

points in order to dferentiate diversion activities frormventory differences and

materi al unaccounted for (MUF). The | AEAOGS
at an NUCP corresponds to a diversion of 10%, 49d 0.1% production from small,

medium, and large productiglants, respectively. Although it may be easier to detect

a 10% diversion with a smaller production facility, the nature of the diversion threat
becomes increasingiynore complex with increasing facility size, and the burden for

accurate detection becommcreasingly challengingdnce the capabilities of each of

the tested detection systemare ascertained, the robustness of the NDA
instrumentation is evaluatddr detecting undeclared diversion, misuse&e A spoof i ngo
activities during conversionDetection limits and sensitivitiegrom detection

capabilities arghentranslated into an assessment of safeguards conclusions that can

be drawn.

1.4 Dissertation Overview

To address the posed research questions, this dissertation is structured as follows: In
Chapters P4, current natural uranium conversion facilities subject to IAEA
inspections and inspection approaches are identified. Potential measurement locations
and associated technologies for doing so based on previous technical and policy work
arealsosummarized. The potential impact and benefits of unatteRtetbr both the
operator and the IAEAare also be evaluated from an implementation strategy

perspective.



Chapter 5 outlines the methodology for developing the pobgtinciple for NDA
monitoring at NUCPs.Candidate NDA systems afferther explored in Chapter, 5
where IAEA technical requirements, compliant instrumentation, and methods are
identified. Experimental measurement designs are described and serve to assess each
i nstrument 0 sty irP Metermiing aibstrumentation sensitivities and
limitations. This includes fully characterizing the UN source term, with calculations
provided in Chapter 6. Afranyl Nitrate Calibration Loop EquipmerfUNCLE)
employs UN from uranium that is 4@arsold, a source term analysis is required to
determine agetlased signature changes -@isis freshly solvenextracted UN in
NUCPs. Once the source term has been characterized and potential monitoring
signatures have been identified, attenuation measursraentonducted in Chapter 7.

At the established KMP, UN exiting the solvent extraction stream in an NUCP flows
through an intricate array of stainless steel piping. Consequently, for geayma
detection, UN emissions must penetrate stainless steel plpirgldition, use of an
external gammaay source for densitometry measurements must be calculated to

determine emission intensity through the entire diameter of thbddixing pipe.

Chapter 8 outlines the simulation geometry, source term, and talitesréhconducted

via Monte Carlo simulations, which are validated via the subsequent measurements.
Results of experimental dilution measurements in a controlled laboratory setting for
validation, as well as for operational measurements in the UNCLE yaalie
provided in Chapters 9 and 10, respectively. Chapter 11 prothéeresults of the
Monte Carlo simulations in order to simulate the detector response function based on
the dilution experiments. With validated simulation models at each of theodiluti
concentrations, the detector responses for both passive and a variety of transmission
sources are simulated to determine the optimum transmission source for UN

densitometry measurements. In addition, simulation measurements are conducted in

5



order to assss instrumentation sensitivity to varying enrichments of UN solution.
Based on dilution and facility data, the robustness of monitoring signatures is assessed
via statistical analysis and error propagation in Chapter Ctiapter 12 further
provides a moreletailed sensitivity analysis of the detector response to a variety of
key factors affecting detection efficiency (geometry, attenuation, sample self

attenuation, intrinsic efficiency).

From data obtained from both tlexperimentalmeasurementand simu&tions in
combination with a detailedensitivity analys, evaluations are made Chapter 13
regarding the optimetion ofgammaray NDA instrumentation foPM at this KMP.
Assessments are made regarding whether the IAEA timeliness and detectiomegoals a
feasible, and whether passive gammag techniques are capable of detecting
undeclared, misuser diversion scenariogt an NUCP. Finally, Chapter Ptovides
conclusions and recommendations for ensuing work, @b & lessons leamd
regarding design optimization, IAEA implementation challenges, and further policy

investigations.



CHAPTER 2. BACKGROUND

At pr es e nt IntegtateceNudliear ElebGycle Information Syst@MFCIS)
database list®2 conversion facilities currently with a total design capacitysh.6kt

of heavy metal (uraniumyr. [3] [4]. Approximately 75% of the current capacity is
held in NWS Four new facilities are dier inplanning or under construction in Brazil

and France, increasing the projected capacity by 31.5 kt HMWr projected,
operational, and decommissioned conversion facilities and statuses from INFCIS are

summarized iMppendix A

Distributedworldwide, the conversion facilities provideel to agrowing number of
nuclear power plants (currently totaling 495). Conversiorfacilities worldwide can
be broadly grouped intothe following three distinct sizes, basexh productionin

metric tonnes uranium (MTU)6]

1 Small (S) ~ 100 MTU/yr
1 Medium (M) ~ 1000 MTU/yrand
1 Large (L) ~ 10,000 MTU/yr.



2.1 Conversion Methods in the Nuclear Fuel Cycle

To develop a framework for assessing the techrbesis of a safeguards system
employing NDA technology, it is first necessary to outline the chemical processes
common to NUCPs. In th&"U-based nuclear fuel cycle, conversion is considered to
be part of the front end of the fuel cycle, following the miniand milling steps.
Conversion is necessary in order to purify the uranium compounds from the ore
components resulting from the milling phase of the fuel cycle. In the conversion
processuranium ore concentrat®) OC) containing 7580% W0g [7] is purified and
converted through a series of chemical procedures undmium dioxide (UQ),
uranium trioxide (U@), or uranium metafor fuel fabrication, as well agranium
hexafluoride gagUFs), as feedstock for enrichment prior to fuel fabricatiBh The

main conversion processes af@wnin Figure 21, which depicts conversion to YO

! Note that this is not applicable to the products diin leach mining.
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Reproduced frorfrancis[9].

Two methods are commercially employed for converting UOC tg WFthe
conversion process: (1) the dry hydrofluor procéSgure 2-2(A)], in which
fractional distillation is employed in the final stages to purify the feed materials to
produce Uk, and (2) the wet solvent extraction proc@Sgure 2-2(B)], in which
yellowcake is dissolved, purified, and converted via a series of chemical processes to

UFs or uranium metal7] [10].
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2.1.1 Dry Hydrofluor Process

For an NUCP employing the dry hydrofluor procéSgyure 2-2(A)], the chemical

processes can be summarized as foll@y$7].

1 Roasting and fluidied-bed reduction of yellowcake or uranium oxides

(U30sg or UGs) to UG, using hydrogen from cracked ammoft

U;Og+ 2H, - 3UOG, + 2H,0 [2-1]
or
UOz;+ Hy,- UO, + H,O [2-2]

1 Fluidizedbed hydrofluorination of U@to produce crude UFusing
anhydrous HF

1 Fluidizedbed fluorination of &, to UFs using elemental fluorine

1 Fractional distillation to purify Ug of volatile fluorides from

fluorination

11



2.1.2 Wet Solvent Extraction Process

As the production capacity of a conversion facilitgreases, so does the complexity

of the processing system. Depending on the size and throughput of the NUCP, the
intermediary processing steps vary in the conversioaranium ore to fluoridgas

For an NUCP employing the wet solvent extraction prodésgure 2-2(B)], the

chemical processes (according to plant size) can be summarized as [6]Ipsy$7].

Common to all sizes ofatural uranium conversion facilities employing wet solvent

extraction, the conversion procdsegins as follows

1 Dissolutionof yellowcake with hot nitric acid to form a uranyl nitrate
(UN) solution agJO,(NO3), 6H,O

1 Purification of UN using solvergxtraction with tributyl phosphate in
kerosene or dodecane

1 Evaporation stripping the uranium from the organic phase, and
washing with dilute nitric acidprodudng a purified and concentrated

UN solution

For a selection of small plants (100 MTU/yeamdamost mediumto largesized
plants (1000 MTU to 10,000 MTU per year), denitration is employed in continuous

operation to accommodate higher production

1 Heat is applied to dehydrate and denitrate pure UN, producing UO
1 Hydrogen induces oxide reductitmom UQO; to UQO.,.

For all plant production sizes, the final phases converge

12



1 Anhydrous HF is used to produce \a hydrofluorination of UQ:

UO, + 4HF-  UF4 + 2H,0. [2-3]

1 UF,4 can follow one of two routes:
0 Fluorinated into UFk using K by being fed into a fluidized bed

reactor or flame tower with gaseous fluorine;

UFs+F- UFg [2-4]

0 Reduced to uranium metal by using magnesium or calcium and heat

The resulting UF is moist and highly coosive and is prepared as a gé#sr
enrichment activitieg12]; however,under pressure at lower temperaturess CHn be
liquefied and stored in thiekalled steel shiping cylinders, weighing over 15 tons
when filled[5]. The @oled UK crystallizes from liquid to form a white solidwithin

these cylinders.

It is possible for a small size plant to operate continuously, as outlined in the above
process, but it is also suited to batch production techniques, wleaigation is
replaced byhe following.
1 Ammonia/ammonium hydroxideare usedto precipitateammonium
diuranate, orcarbon dioxideis used to precipitatammonium uranyl

carbonate (AUC)

13



1 Calcination in a fluidized bed reactor in the presence hydragen

employedo produce U@ or UG if heated sufficiently.

The typical process steps for the conversion from yellowcake tofatFsmall,

medum-, and largescale production plants are summarize#igure2-2.
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2.2 Potential Diversion Pathways in Conversior-acilities

Each step in the conversion process at an NUCP increases the nuclear material
attractiveness for diversion as the uranium is successively pufreducts created

later in the conversion process are more attractive products for diveidibough
uranium in liquid form as UN is the first attractive diversion point, the handling of
solid material (uranium oxides and fluorides) in a sphdsemay be a more attractive
medium, as solids are more eadigndledthan liquids. Naturally, the nsd desirable
product for diversion would be a WYEylinder for diversion to a poorly safeguarded or
clandestine enrichment facilityA variety of potential diversion paths exist for a
generic NUCP, as shown ikigure 23. Thus, a detailed understanding thie
processes during conversion operations is essential to selecting instrumentation and
strategies for NUCP safeguardsd controls.At various points in the conversion
processthe intermediary material becomes attractive in relevant scenarios, where the
level of appeal for each of these diversionary activities is contingent upatatbe
facilities available. For example, diversion to a laser enrichment facility only becomes
a major point of interest if the hostate has access to such a faciliy access toa
clandestine means of transferring it to cmmplicit state with the required
infrastructure Consequently, not only does the intermediary product become more

attractive, it holds a higher strategic value.

As UN is denitrated to Ugor UQ;, thesecompounds produce UgVia chlorination,
which is anattractive feedstock for electromagnetic isotope separation cheomcal
exchange enrichmen{11]. Alternatively, following reduction, U® can be
hydrofluorinated into Ufror metallothermically reduced to uranium metal for use in
atomic vapor lasersotope separation ofor plutonium production[1l]. Thus,

unmonitored UE could be shipped to a clandestine location for distillation prior to

15



enrichment in gaseous diffusion or centrifuge facilities. In essence, diversion could be

as simple as draining UN intoadrumin atriclle ver si ohbe@©@filgarceeamr i o.
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Diversion Paths(Periphery) for a Natural Uranium Conversion Facility.

Reproduced from Faulkner et &lL1].
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2.3 Drivers for New Conversion Capacity Production

With global interest ircivil nuclear energy productiogaining momentumaspiring
nuclear energy states will undoubtedly be placing increasing demand on current
facilities. Nuclear Engineering Internationddas projected a nearly 100% increase in

UFs demand from conversion faciliti€gigure 24) in the nexttwo decade§l13].

140
ERI high
%‘E 120 Other AMU requirements upgrading in Russia
@ 100 Russian HEU ERI reference
] Recycle requirements
O
> 80
@
Q
S 60 §
~
c
o
= 40
=
Areva
20
Cameco (Port Hope & Blmd River)
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Year

Figure 2-4. Conversionsupply and requirements (reference and high cases)
forecast

Reproduced frorschwartz and Stey13].

In tandem with IAEA drivers for reinterpreting early fuel cycle safeguards policy, this
increase in projected demand presents a complex techAobtigy nexus that must
be rectified for existing and new facilities in order to ensure the peaceful civilian

development of nuclear energyn aglobalscale
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CHAPTER 3. POLICY CONTEXT: IAEA POLICY -DRIVEN
TECHNOLOGIES

3.1International Atomic Energy Agency Changes in Early Fuel Cycle

Policy

Prior to 2003, the IAEAdid not considerthe feedstock (UOC) or intermediary
products(UOs, UF,) within the conversion process to be of safeguards releJadfe
Thetwo principal products from the NUCRsatfall under IAEA safeguals are UE,
feedstock for subsequent enrichment at commercial facildies,UQ, used for fuel

in heavywatermoderated reactorfi.e., the Canada Deuterium Uranium reactor
(CANDU)] and, to a limited extent, in light water reactdredustrial practicehave
changed at the frorgénd of the fuel cycle, resulting in higdurity uraniumbearing
products Consequently, IAEA safeguards practices musmain current with
technology developments and industrial practices in ordensure safeguards are
operatng with efficacy.With the ambiguous tedlical interpretation of INFCIRQ53
(Corrected) paragraph 34(c), the IAEA has been inconsistent in the implementation of
safeguards at NUCP3raditionally, states have only been bound by comprehensive
IAEA safeguads under INFCIRC/153beginningwith the endproduct of NUCPs
[15]. As such, the IAEA has limitecceess to early fuedycle activities, which would

fall under the scope of the Model Additional Proto¢AP) for subscribing states
(INFCIRC/540), limitinglAEA monitoring capabilitieg16]. Thus, the declared final
product (Ul or UQ;) from an NUCP was the starting point for safeguards
accountability, with no assurance or accountability metrics for any undeclared

production.

The new approach to safeguarding NUCP intermediate compounds was first outlined

by Doo et al.in reference to INFCIRC/153 (Corrected) paragraph 34(c), when it was
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first stated that the IAEA consideadl purified aqueous uranium solutions or uranium
oxides suitable for isotopic enrichment or fuel fabrication as products as candidates for

safeguards under 34(34] [15]. Paragraph 34 (c) of INFCIRC/153 (Corrected) reads
[1] [15] as follows

(&) When anymaterial containing uranium or thorium which has not
reached the stage of the nuclear fuel cycle described in sub
paragraph (c) below is directly or indirectly exported to a-non
nuclearweapon State, the State shall inform the Agency of its
guantity, compsition and destination, unless the material is

exported for specifically nenuclear purposes;

(b) When any material containing uranium or thorium which has not
reached the stage of the nuclear fuel cycle described in sub
paragraph (c) below is imported, tBéate shall inform the Agency
of its quantity and composition, unless the material is imported for

specifically noanuclear purposes; and

(c) When any nuclear material of a composition and purity suitable for
fuel fabrication or for being isotopically enrieth leaves the plant or
the process stage in which it has been produced, or when such
nuclear material, or any other nuclear material produced at a later
stage in the nuclear fuel cycle, is imported into the State, the
nuclear material shall become subjdot the other safeguards

procedures specified in the Agreement.
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Under the revised interpretation, Debal. highlightt hat Af ul | safeguard
should be applied no later than the first point in the conversion process at which such
material leave the process stage or the plantitn i ¢ h it [14. Tlosswad uc e d O
later codified in2003in PP18i1 Saf eguar ds Measures Applicabl
Processig Nat ur al stdingathat thepoind for nuclear material under

safeguards was reinterpreted, and a new definition of source material in this category

was introducedl].

Under IAEAPP18 the IAEA suggests that these purified uranium compounds should
be subject to safeguards procedures no later thafirthepoint in the conversion
process Before the issue of this policy, only the final products of the uranium
conversion plant were considered to bea@omposition and purity suitable for fuel
fabrication or for being isotopically enriched and, therefore, subject to all the
safeguards preclures described in the safeguards agreements. The IAEA now
considers that th&N solution meets the above requirement, and if there are no
procedures to account for this material in a particular facility, the full safeguards
procedures should be extendgastream in the procesBurther points addressed in
PP18to support advancing the starting point of safeguards includen@y definition

of source material, which potentially brings yellowcake under safeguardsg\2)
requirements for design informaii verification (DIV) and provision; and (8pe of a

complementary accesgpe concepfl] [17] [18].

The | AaididgAdvisory Group on Safeguards Implementation (SAGSI) was
formed to address the issue of UOC materials meeting 34(€jiariRecent work by
the SAGSI has begun to more concretely define where safeguards s$tadioh the
conversion processs conversion plants in sorgates produce higpurity uranium

oxides that meet nuclear industry standasdsh as those of the Aerican Society for
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Testing and Materials (ASTM)L9] [20. SAGSI 6 s anal ysis and reco
where safeguards should be applied in the fuel cycle and in conversion facilities are
provided in Appendix B.SAGSI advised that measures should be determined on a
stateby-state basis, taking into account safegualys design (SBD), integrated

safeguardsandstatelevel concept activitieR21].

3.2Legal Context andState-Level Concepts

As noted by SAGSI, a variety of technical and strategic implementation challenges
exist in response to implementi®P18 This analysis extends into a comprehensive
assessmemf themotivations, impactsand effectiveness of such safeguards efforts on
the overallnonproliferationregime. The recommendations made und&?18 must
further be extrapolatefibr states withComprehensive Safeguards Agreements (CSA)
in effect under INEIRC/153[15] versusstates withCA underthe AP in effect under
INFCIRC/540 [16]. Based on the INFCISapproximately 25% of theglobal

conversion capacity liea NNWS[3].

3.2.1 Case Study for States with Complementary Access: Canada

From the NNWSwith conversion facilities almost all the conversioncapacity

(~37kt HM/yr.) is produced in Canadavhich has ratified the AP3] [22]. Canada

represents a case study fostate with CA in effect that was successfully able to

implement the requirements undeP18[23] [24]. From 2003 to 2005, Canada was
abletobring wo of t he wor | dagilgiesT Rort Hapesand Gametoy er S i O
Blind River T into compliance withPP18 In PP18 the primary recommended
measurement point was the UN stream exiting solvent extraction, which the Canadians

noted wa a wellmeasured point by theperator for sampling. However, doe the

intermixing of unsafeguarded recycle streams, this point prove to be an unacceptable
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point forPM, as safeguarded and unsafeguarded material were interntiengility
among the IAEA, Canadian regulatory authorities, andfsatorsvasinstrunental
in eventuallyestablishingthe two facilities each as a single material balance area

(MBA) to meetPP18requirements.

Two key challengeswvere faced by the Canadians in bringing their conversion
facilities into compliance with the redgements undeiPP18 First, the Canadians
noted that it was difficult to implement safeguards in facilities with throughput that
were built prior to safeguards implementation, thus lackingntegrated safeguards
design. Second, a sizeable effort was meguto characterize the large inventory of
historical waste, as well as to account for the laifferencein their inventory, which

is a naturalresult of largescale chemical operationsThis latter statement was
similarly echoed by the Braziliangsho are nonsignatories of the ARJuring the joint

studybetween DOE anBrazilian Nuclear Energy CommissioBNEN) [25].

3.2.2 Case Study for States without Complementary Access: Brazil

and Argentina

Brazil andArgentina hold theminority remaindeo f t he wor |l dés NNWS
capacity(~357 kt HM/yr.)[3]. For Argentina and it8razilianregional counterpart in

the Brazilian Argentine Agency for Accounting and Control of Nuclear Materials
(ABACC), the starting points of safeguards and the requirements for any changes of
this definition have been legally outlined in the Quadripmgreemen{17] [18].

Both parties of the Quadripartite Agreement are not signatories to tj@2\Pand

both ascertan that the recommendations und#18are beyond the legal framework

and requirements of the QuadripartiBeyond legal precedence, challenges cited by

the Quadripartite echo the challenges aforementioned by the Canddianghe
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Canadians, the Quadripike parties also identified waste management optimization

and process recycling as being limited un@Pil8 The Quadripartite also challenges

the use of CA echoed iRP18 as neither enforce the AP, which also permits CA.
Ultimately, ABACC feels that th new safeguards recommendatiovsuld require
additional effort by all st ak[&hlosteddeof s fiwi t
legally binding the recommendations uné#18 the Quadripartite recommends the

use of maibox declarations by theperator on a weekly basis, noninvasive
containment and surveillan€¢€S) measuress a deterrent for misusend the use of

short rotice random inspections (SNRD7].

Based on these castudies, it seems that implementing recommendations RRIES

are more intuitive tatates with the AP ifiorce, as seen with Canadiaving prepared

for the requirements of complying with the CA requirements of INFCIRC/540, which
extend to facilities beyond those in INFCIRC/153, states with this requirement are
more readily compliant and equipped to addrdsanges in interpretation of 34c
materials However, regional bilatergdolitics have contributed to the rationale behind
why the Quadripartitehas not signed thAP, and thus feslthat there is no legal
precedence underPP18 to implement the recommendai® However,
recommendations were mallg ABACC on how safeguards could be improvada
nonbinding manner forexisting facilities in order to comply with thebroader
safeguards concerns regarding frentl monitoringThese case studies represent the
successe®f and obstaclefacing existing conversion facilities in NNWS. However,
the implementation oPP18in new facilities gives rise to implementation using
safeguarddy-design (SBD) principles, which may potentially alleviate some of the

identified dystacles and challenges.
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3.3Integrating Safeguardsby Design

The challenge of meeting the recommendations of PP18 involved retrofitting existing
conversion facilities that were not originally designed in the purview of safeguards
activities. The emergence of SBD becomes especially pertinent in the implementation
of safeguards in future conversion faciliti€&8Di s d e f i n ppdach whereirh e
international safeguards are fully integrated into the design process of a nuclear
facilityd from initial planning through design, construction, operation and
decommi s $26|.0TThé PAGA further identifies three critical enablers for
implementation of SBD: (14lefining the requirements and acceptance criteria for the
design and SBD processes; @veloping the design process for SBD based on
interactions and agreements amongst all stakeholders; andndByating all

stakeholders to apply SB[26].

In the caseof NUCPs, SBD must address providing adequate measures for either
limiting diversion pathways from declared feed or detectthe processing of
undeclared/substitutedeed to produce undeclared purified uranium products.
Conversion facilities are essentially large complex chemical facilities containing
interconnecting pipeork, tanks,vessels of uranic and namanic chemicalsand
recycle loops. For existing facilitiediversion can occur in an infinite number of ways
but can bemitigated usng SBD through optimizing DIV angbrocess design for
physical inventory verification (PIV)as well as establishing MBAs fdPM at
sample/flow measurement points in conjunctionhw@S[9]. In the purview ofthe
latter case study, Brazil is undertaking the constructioa éw the pilot plant in
Sorocabd?27]. SBD may mitigate some of the aforementionbdllenges both leal

and technical in implementing froriend safeguards isuchnew conversioracility
builds. In essence, the design basis of any new conversion facility will directly impact
the burden foiproviding DIV or developing a nuclear MC&A system. Integratidn o
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consultativeDIV and accommodating MC&A in SBD can consequentlgdigo a

more efficient and costffective safeguards regime in new conversion facilities.

3.4 Safeguads System Requirements

From a technical perspective, a safeguards system for monitprowesses and
facilities producing 34(c) material would rgéce the following capabilitie§28] [29]:

1 verify production and shipmenbf 34(c) source material;

1 detect excess pduction of 34(csourcematerial;and

1 support detection of undeclared both within thtate and auxiliary

activities in othestates.
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CHAPTER 4. RELATED WORK ON SAFEGUARDING URANIUM
CONVERSION FACILITIES

In response to the issuance of IAPR 18, DOE has becometerested in developing
instruments, tools, strategjeand methodghat could be usedy the IAEA in the
application of safeguards for materialstire front end ofthe nuclear fuel cycle, prior

to production of UE[2]. Previous work has investigated monitoring locations using

conventional, nofNDA instrumentation for an NUCP

4.1 Previous Approaches tdSafeguarding Conversion Facilities

This workstarted with Docet al. at the IAEAIn 2003 which proposed the first mass
balance measurement points for operations monitoringUBEPs [14]. Since then
several DOE national laboratories have become involved in developing tools or
techniques for safeguarding conversion plants. In 2@&0dyat et al. at Lawrence
Livermore National Laboratorgl LNL ) developed aystem of analysis of safeguards
effectivenes in conversion plants using digraphdafault tree analysig30]. The
digraph and fault tree analysis assessed the deviation of input pararegtersadr to
indicate diversion and how the same safeguards system could deviate from the base
case. This simulation involved employing decisroaking based on input inspector
verification of material declaration armeh the output probability of diversioruscess.

The statistical analysis was based on mass differencenatetial unaccounted for
(MUF) indicators, proposing various scenarios of gross, padrad bias defects.
Although statistical methodsave beemecentlyinvestigated theoretically throudghe
development of generic error models by Batral. [31], no PM data specific to
NUCPs have beeexperimentally tested foverification or dversion operations at an

NUCP.
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An overall safeguards approach was propose2D04by Boyeret al, who suggested

the wse of unattendedPM equipmentto measure flows of uranium through unit
processef?]. Boyer states thatdditional CS could provideome detection capability,

but the IAEA has revised its approach for NUCP safetgiéo rely on SNRIgo

permit more flexibility and unpredictability in conducting inspecti¢gfs Ideally, a
continuous presence or continued monitoring of unattended monitoring systems by
IAEA inspectors would be effective for detecting the processing of undeclared
materials in an NUCP; however, resource shortages require that more innovative
approachesbe employed Boyer recommends that the use of unattended PM
equipment would suffice or that tHfacility oper at or could make dai
declarations of nuclear material quantities and opergisrgmeterson a periodic
basis. Boyer states that resoes should be allocated according to the following
criteria[2]: (1) unattended monitoring instrumentts monitor uranium content flow
and(2) generation of PM data that will enable the inspector to determine if undeclared
feed or misuse is occurrings per IAEA guidelines, theafeguards goal df SQof

natural uranium over a period of 1 yeanst be wihin a detectio probability of 50%.

Boyer describes this detection probabilityX@&s [2]

(Po) = (Ps) x (Pr) % (Pp) , [4-1]

where
(Ps): probability that a falsified item is selected for verification measurement
(Pr): probability that measurethlsified item is identified as falsifiednd
(Pp):pr obability based on operatoroés falsific:
over which diversion wdd occur), and number of SNRIs

Nusbaumet al. further ascertain that although the IAEAegcribed limit is 1 SQ of
10MTUl/year, a rogue diverter with a clandestine enrichment capability requires only

5 MTU to produce 1 SQ (2& U) of highlyenriched uranium (HEUBZ].
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4.2 Previous Technology Development for Process Monitoring in Uranium

Conversion Facilities

Work at ORNLbeganin 2004 when Faulkneret al. investigated material balance
approaches to safeguards through preliminary research @RN& UNCLE facility

[11]. In addition, the FLOW imulation platform was developed samulate generic
conversion plants of various throughputswas limited to mass balance, not energy
balance or source term analysi. ORNL, international safeguards approaches for
NUCPs were addressed IRaffo-Caiado et al. in conjunction with the Bralian
Nuclear Energy Commissian 2009[33]. This workproposed to establish a technical
basisfor NUCP safeguards, primarily outlining process modeling and configuration,
from which the proposed material balance point Faulkneret al. were integrated
into IAEA-focused monitoring and verification activities. Howeveattteport only
loosely addessedNDA radiation detection technologies by proposing technologies
that may be fruitful for safeguards purposes but were never simulated, implemented

or evaluated for verification monitoring or diversion purposes.

More recentlyPickrell et al.andLadd-Lively et al. have benchmarked a Coriolis flow
rate meter in addition to testing tf20-array *He tube clamp neutron detector
developed at Los Alamos National Laboratory (LANbpw installed at the ORNL
UNCLE facility), originally testedat theSpringields NUCP in the United Kingdom
[34] [35]. Equipment calibration of thiHe detector was later completed by Ladd
Lively at the UNCLE facility[6] [36] [37] [38] [39]. Operations monitoring at the
UNCLE facility have been preliminarily analyzed by Lee, employing the seeond
generation Transverse Uranium Neutron Detector (TUrNBYeloped by LANL
based on the firggeneration design by Miller and Pielrin 2004 [40] [34] [4]].
Neutron monitoring efforts haveot met performance specifications, noave they

beenanalyzed fodrawing conclusive safeguards conclusiwith respect to thé SQ
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requirement by the IAEA42] [43] [44]. Employingneutron detection does not meet
performance specifications due féle shortages in addition to the inability to

di stinguish (U, n) int eirteedN sottios, andrcosmic t r 0 g e n
ray-induced spallation neutrons in an outdoor operational environifieistresults in

poor signalto-noise discrimination using such principl&¥ith the *He shortageand

the associated high costs of developmentployingcommercially availablggamma

ray detectorsin this studyprovides an ideal opportunity to test alternativeSHe

technology and neutron detection.

LaddLively has proposednultivariate statistical methods involving singular value
decomposition to del@p aframework to detect the diversion of intermediate products
at an NUCPusing only materiabalance pointg45. Nuclear source term and
radiation detector respeas have not been evaluated for statistical determination of
diversion. According to Boyeret al., the verification of declared material based on
material balance alonis insufficient to detect undeclared production or dsien of
materialin larger NUCP{2]. Thus additional safeguards measures are necessary to
detect undeclared procesgihis dissertationvork builds upon this recommendation

by addressingdw detection techniques afalv-cost distributed®M technologies can

be usedo createaneffective safeguards system that is operational and verifiable.

4.3 Proposed Monitoring Points

Optimal locations for PM in an NUCP have been discussed by Doo, ,Baryer
Faulkner in detaill2] [11] [14]; howeve, none of the proposed methods or key
measurement pointKMPs) has been tested operationallpor have the limits of

instrumentation capability been ascertained for providing a technical badis¥ang
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safeguards conclusionsg’he placement of KMPs should take into account the

following factors[28] [29]:

1
il

= =2 =2 =2 =2

measurement of uprocess material during PIV;
interconnecting arrays of piping;

internal recycle streams;

storage fluctuations within the facility;

access to measurement pojnts
potentialdiversion routesand

processing undeclared feed

For a small NUCB, Boyer hassuggestedhat the following threemonitoring points

should suffice for PMFigure 41) [2].

1)

2)

3)

Output of dissolver tank at00' 450y U/L to acquire a measurement of
feed material

Where purified uranium becomes available, at the solvent extraction output
columns at a concentrah of 80100y U/L. A K-edge or ly-edge
densitometer andlowmeter could be installed to measure uranium
concentration and volumetric flow, respectively. Spectrordeased
instrumentation may be gable for this monitoring point.

Prior to withdrawal of UFs into cylinders, toprovide an indication of
product producedCS in addition toload-cell-based weighing systems

would be sufficient monitoring.
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Figure 4-1. NUCP Process Diagram withProposedSafeguards Instrumentation
Reproduced fromBoyer efal. [2].

Although simple accounting using input/outputditional mass balanceould
provide some asirance through PM, the use of unattended monitoring would validate
accountability and improve safeguardsssurances.Eight sich KMPs were
recommended byraulkneret al. in Table 4-1 (corresponding to points depicted in
Figure 4-2) and safeguards systemecommended by Loden and Begov|[@9)], also
integratedin Table 41. These monitoring points provide a high probability of
detecting diversion for smaland mediunrsized NUCPs, and the probability floigh-
throughput plants can bemediedif attention is placed omonitoringwaste stream

materials.

The recommendedneasurement techniqudsr each KMP aredrawn from the
recommendations and requirements outlined inlAi6A Safeguards Techniques and
Equipment: 2011 Editior{46]. These techniques includ@5] (1) nondestructive

analysis (NDA), (2) destructive analysis (DA), (3) containment and surveil{@®g
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security, and (8) environmental sampling.

(4) unattended monitoring, (5) attended monitoring, (6) remote monitoring, (7) data
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Table 4-1. Monitoring Points Suggested fromORNL Studies.

1 Yellowcake feed entering NUCP Record of uranium entering plant (required). Grab samples taken for destructive | 500
for processing analysis (DA)
2 Solid yellowcake fed from hopper Independent verification of yellowcake entering. | NDA measurement of U in drum. 500
to dissolver. Prevents unacoduntedohf
that canbe diverted before next monitoring
point.
3 Unpurified uranyl nitrate solution First analysis of uranium dissolved from Solid mass flow rate using 498.9
exiting tank downstream of yellowcake;helps prevent diversion of dissolved | gravimetric techniques combined
dissolver. uranium or misuse of equipment to process with analysis of U content (Point
unaccounted uranium. 1) or destructive analysis (Point 2).
4 St r i p miestréamexitigga Prevents inefficient stripping and possible In-line monitoring of U 3.4
strip column for solvent extraction. diversion of uranium away from main uranium concentration, pH, density,
path through solvent recycle/disposal. conductivity, temperare, and
flow rate.
5 Purified uranyl nitrate solution Mass balance check after purification of uranium | In-line monitoring of U 495
exiting strip column after solvent (attractive diversion point). concentration, density,
extraction. temperature, and flovate.
6aorb Concentrated purified aqueous Another attractive diversion puti In-line monitoring of U 495
uranyl nitrate solution exiting Each valve provides another opportunity for concentration, pH, density,
evaporator(a) In the line exiting diversion.Monitor right out of evaporator, or conductivity, temprature, and
evaporator before passing through downsteam of reflux leg back intevaporator flow rate.
valves or equipment; or (b) before and kefore cooler leading intstorage tank.
the cooler leading to storage tank.
7 First purified dry solid uranium Verifies uranium dissolved and purified, In-line monitoring of U 490.2
(AUC or UO;) precipitating/ preventing diversion during concentration, pH, density,
denitrating. precipitation/denitrationSometimes collected in conductivity, temperature, and
drums for transport to nestep (traditional flow rate.
accountability using CS and NDA to estimate U
content).
8 UF collected in cylinders Provides product output value for mass balance | Accounting with grab samples 488.4

analysis Inventory of uranium output plus waste
streams should match input uranium value.
Point for mass balandgequired)

taken for destructive analysis and
mass rate on total U produced.

Datafrom[11] [25 [2§].
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LaMont et al. developed a conceptual approach for the use of chemical and isotopic
tracers as part of an improved safeguards approach at NUCPs, where the latter would be
advantageous in verifying declarationsaniaste streams and MURB7]. Chemical tracers

would be useful for UOC products prior to dissolution (whbaeywould be stripped) in
orderto verify that undeclared UOC batches were not introduced. As NDA techniques
are a standard complement to IAEA methods and technologies employed, these

approaches are investigated herein.
4.4UNCLE Facility at ORNL

The completion of a field trial of safeguarthonitoring equipmerity LaddLively et al.

at the SpringfieldsNUCP demonstrated the need for a facility to perform-dodéle
equipment testing under controlled conditions prior to field deployment of safeguards
systems at additional plan{84] [35]. UNCLE serves as a calibration facility for
safeguards monitoring instrumation (e.g., flowmeters, density probes, neutron
detectors)and as atest facility for simulation of diversn of UN products in NUCPs.
This unique facilitywithin the USDOE is designed to simulate tloperating conditions

for a purified uraniurbearing agueous stream exiting a solvent extraction process
conducted in &a NUCP operatingup to 6000 MTU/yearthroughput[40]. The UNCLE
facility representsa testbed ofmoni t ori ng points 4 and 5
scheme inFigure 4-2 [11]. Monitoring instruments, including the neutron detector and
the secondgeneration TUrND both developed atLANL, and the Endress+Hauser
Promass 83F Coriolis flowmeteare currentlyinstalled at the UNCLE facilityThe UN
solution circulating in UNCLE contains decay produtiat are more tha#0O years old,
dating back to approximately 1968nd was produced from ground fuel pellets (see
Chapter 5) This facility, which was modeled based on the design specifications of the
Springfields conversion facilitynow decommissioned in the Unitedngidom, circulates

UN of nearnatural uranium compositia A photo of UNCLE isshown in Figure 43,

and schematicwith design specificationsf UNCLE areprovided inAppendx C.

34



Figure 4-3. UNCLE Facility with First -Generation TUrND Neutron Detector.
Reproduced frori36] .

As shown in Figure 8, Tanks A ad B represent sources of holdup, as welhaource

of changing background in UNCLPreliminary work regarding the source term and age
effects modeling of the UN in UNCLE, simulated detector responses to thi#l IedN
pipe, and validated experimental measurements were conducted byeDelj#8] [49],

[50] in accordance witkthe scope of this dissertation

4.5Challenges for Developing a Safeguards System

An objective of a rogue diverter would be employing NUCP equipment to process

undeclared feed for a weapons program with diversion of intermediary products prior
to any KMPs.Specific categories of diversion must be identified before an adequate

strategy an be applied to meet safeguards objectives of (1) detecting the processing
of undeclared feed and (2) verifying that declared feed is not being diy2}téche

categories otoncealment ofliversionaredescribeds follows[11] [32].
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Introduction of undeclared feed: Substitution of feed materials with higher
thandeclared uranium content. This can be accomplished by introducing
undeclared UOC into the dissolution vessel or during recycle processing.

Material substitution: Material could be substituted with higher concentrations
or enrichments. Uranium concentration is either understated in the product/feed
streams or overstated the waste stream. In either case, the uranium quantity is
understated in accounting procedures. The substitution of dummy product
materials with similar characteristics but no uranium content is also consistent
with such activities.

Equipment alteration: Operating procedures and/or equipment configurations
are modified to alter the physical uranium output quantity through diversion
earlier in the process or through unreported activities. This is also manifested
through the installation of valves or bypass® syphon material, or the
modification of equipment to produce excess uranium in the waste/tails. This
would manipulate the declared amounts of uranium in the MUF.

Falsification of records and/or cata tampering: Material balance records are
adjusted, such as understating throughput, or incorrectly recorded to reinforce

diversion activities.

Accountability systems, enhanced by conventional surveillance methods, provide
some capability measures for detecting dsi@r. Unattended monitors based on
NDA detection systems would provide ré@mhe accountability information, thus
making diversion a more arduous undertakifffective monitoring to enhance

diversion detection requires combining accountability principleth unattended
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monitors. Optimization of such a system would supersede the verification of
accountability data with the assistance of inline PM systems, comprising both

conventional and radiation detection instrumentation.

37



CHAPTER 5. INSTRUMENTATION AND METHOD S

Assessinghe use of NDA instrumentation f&M of UN in transfer pipes oNUCPs
entailstheoretical, simulationand experimental methods tavestigatethe viability of

gammaray methodgor safeguards applications.

The theoretical basis describedn Chapter 6 with a source term analysis of the UN
circulatingin UNCLE. Since the UNCLE employs 4@arold UN with decay products,
which varies fromfreshly solvent extracted commercial UN, the source term analysis
evaluates the subsequent age effeatpotential measurement signaturi®ased on the
emission properties of the Ulhe attenuation analysidetailedin Chapter 7of the UN

filed Schedule 40 304L pipe determines the transmission of sigeatfr@hoton
emissions in this detection geomethy addition, investigation of potential transmission
sources for densitometrymeasurements correlating uranium concentratwwas
conducted. Finally,an analytical model ofa selfattenuation correction factor is
investigated aa wayto determine theffects of seHattenuation on detection efficiency.
This analysis also sets up the framework for distinguishing changes in attenuation (self,
piping) with changes in material properties (enrichment, concentration, dewsity)

respect to the peak efficieies of the monitoring signature emissions

Experimental measurementgere conductedin two settings The first measurements
were taken in a low background environment, where the sensitivities in detector
responses are determinéat concentrations of UMliluted from 90g U/L to 10g U/L
These are describaed Chapter 9 Dilution measurements were taken for each of the
selected gammeay detectorsvith a UN-filled pipe segmentThis pipe segment was
created from the same Schedule 4@13@ipe used in UNCLE, which washosen to
mimic the Springfields NUCHnN the UK. The source UN at 90g U/L was obtained from

UNCLE for the dilution experiments. Passive measurement$®of emissions are
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conducted for dilution concentratiohs determine nonitoring signaturesTransmission

source measurements were also conducted to determine the densitometry source
sensitivity to uranium content and UN density for sample dilution concentrakioraly,

spatial offset measurements are takenawiss the @ntral detection axis to determine
spatial effects on detection efficiency for a pipe containing 90g U/L solufiois. is

important in assessing variation due to reproducibility and control of the geometry.

Chapter 10describesfurther eperimental measements conducted at UNCLE to
determine detector responsasan operational environment. Steagtgte neasurements
are taken at a two flowrate valyeghich mimics the throughput athe Spr i ngf i el d
NUCP. Shadowshield measurements are also taken at UNGIdetermine the leakage

into the collimator from adjacent Uflled transfer pipes and tanks.

Simulationswere conducted using Monte Carlo photon transport codssxplainedn
Chapters 8 and 110 determine the pulse height detector response forihtghsity>*U
emissions from the UNilled pipe configuration employed in the dilution experiments.
Comparing dilution measurement data with the constructed Monte Carlo models, the
intrinsic detedbn efficiency was determined for a highsolution detector system.
Subsequently, various transmission souwe® tested to determine the optimal gamma

ray source for UN densitometry and sensitivity to uranium content in UN.

Finally, a comprehensiveaitstical and sensitivity analysis ssmmarizedn Chapter 12
Estimates ofthe optimal counting time for each of the tesgginmaray detectors to
meet a5% and 10% uncertainty threshold due to Gaussian gatmtstatisticsare
provided The sensitivityanalysis providesisights regardingpow variables, such as pipe
thickness, material properties, and sotgtetector geometryaffect the overall detection
efficiency of the assayedU signaturesThe analysis provides a benchmark from which

performancecan be reliably scaled to other conditioktnte Carlo models were created
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to determine the particle flux of signatufé@U emissions traversing each shielding
boundary. Rayracing simulations were modeled to determine the peak efficiencies for
the speific sourcedetector geometries. This geomespecific efficiency calibration is
applied to spectra acquired in the dilution and UNCLE measurement spectra to determine
the mass and activity 6f°U in the UNfilled pipe segment. The rayacing simulatios

were also employed to determine how variations of specific abstriognessesand
sourcedetector locations affect the signature peak efficien&leg.tracing is more rapid

than Monte Carlo but provides only full energy peak efficiency scaling, rdtharthe

full pulse height distributionFurthermore, Monte Carlo simulations are employed to
determine how changes in material properties affect the detection efficierfiéUof

signature peak emissions in UN.

Harnessing all the passive and densitoypngfammaray measurement data with the
effects of the statistical, absorber, geometry, and source material variations determines
whether IAEA guidelines can be met to detect diversion of 1 SQ of 10 MTU/yr. with a
50% probability As the UN concentration ineases>>U assay emissiorareexpecedto
increase; however, as th&U content increases, so daée solutiondensity anchence
selfattenuation counteracting an otherwise proportional relationshis discussion of
assessing whether the testeded®rs can acquire statistically relevant data in a timely
way is discussed in Chapter 13. Whetheline transmission source can monitor the UN

concentration independently is further discussed.

5.1Source Term Analysis

As UNCLE employs UN from uranium th& 40 years old, a source term analysis is
required to determine agdxhsed signatures changes-aigis freshly solvenextracted
UN in NUCPs. This is accomplished through harnessing the program, REzl$rc

which solves the Bateman equations to determine age effects of fresh (0O years) and aged
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(~1 year, secular equilibrium) uranium in the UN source term for various concentrations
(10, 50, 75, 85, 9@ U/L). In conjunction with Sources4{52], gammaray and neutron
radiation emisens are calculated for the UN source term, in order to characterize the

radiation signatures of UN.

5.1.1 Solution Preparation of Uranyl Nitrate in UNCLE

A variety of intermediary uranium compounds are connected with the conversion
process. UNCLE was designéal reproduce the calitions of the purified aqueousN

stream exiting the solvent extraction process in an NURR scope of thiprojectis
focused on this specific phase of the conversion process containing purified aqueous UN.
Traditionally,UN salt s a watetsoluble yellow salt that forms uranyl nitrate hexahydrate

in water. Uranyl nitrate is soluble in water up to ~660g/L 84€763].

The UN (molecdar formulaUO,(NGOs), ) for UNCLE was prepared in 2004 using UN
acid-deficient solution in a twatep proces$b4]: First, UG pellets were oxidized to
U3Og powder in air ad50°C. Second, the ¥Dg was dissolved using concentrated nitric
acid in several batches. The resulting stock solution had a pH of 1.65 and uranium

concentration of 630 g/L.

UsOg + 6HNOs -  3UO,(NO3) 2 + 2NO, + 4H:0. [5-1]

Preparation using acideficient UN was conducted because the lower acid concentration
led to a quicker precipitation reaction, resulting in a stock solution with #UN@ole

ratio of 1.53. The stock solutiomas diluted with water &m 630g U/L to 90g U/L.

The UN solutioncirculating through the UNCLE facilitgontains90 g of naturally

enricheduranium dissolved peliter of water, with a measured solution density of
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1.122g/cn?® at 20C. The elemental solution composition was calalated
stoichiometrically fora 1L (= 1000cm®) volumeof natural uraniurbearing UN with the

density and concentratioi ONCLE. These properties are summarized in Takle 5

Table 51. Uranyl Nitrate Composition in 1 L (1000cm®) Volume of UNCLE

Solution.
Element Molar Weight Mass Isotope Isotopic Isotope
Mass Fraction (9) Weight Mass (g)
(g/mol) Fraction
(perg
Element)
U 238.03 0.080 90.00 =4 0.0059% 89.31
2y 0.76% 0.68
=y 99.2% 0.01
N 14.01 0.007 7.94 Nat.
o 16.00 0.815 914.64 Nat.
H 1.01 0.098 109.42 Nat.
TOTAL 364.90 1122.0

5.1.2 Radiation Signatures for Assaying Uranyl Nitrate

From an NDAmonitoring perspective,wo radiation decay modeare of potential

interest: (1)gammaray production due to radioactive decay of natural uranium and (2)
neutron production fr om s prayinteaaiaamthe UN i ssi o
solution. To assess the radiation signature from the UN in the UNCLE facility, the decay
propertiesof the daughter products of the dissalvaranium must be assessed as a

function of time.

Two primary decay series ensue from the decay of and®®*U in natural uranium, via
the actinium and radium (uranium) series, respectively. Thesesare summarized in
Figure5-1. As decay time progresses, the varying Higls of daughter products cause
the decayproduct quantitiesto change. As secular equilibrium in natural uranium
(between®®U and »*U specifically) is reached, where the Hifié of the daughter

product is smaller than that of the parent, the concentration of such daughter isotopes will
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reach a neatonstant ratio over time. As shown in Figérd, decay chains can branch
into more than one excited daughter product, resulting in moredharpathway for
gammaray emission. As such, there are 30 possible decay paths®ffonto 2°%Pb,

where the probability of a specific decay is quantified by its branching frd&tipn

23 Decay Chain 26Ra Decay Chain

“Ra (1600 yr.)

27Ac Decay Chain

27
Ac (21yr)

[ 3% adecay ] [F8 6755 decay]
£ N

238
U @ax10tyr)

P78 71
Fr (22 min) | ] Th (18 day)

235U Decay Chain

235
U (7.0x108r)

223
2341
Ra (11 day) "Pa (1.17 min)

[076% Mdecay|  [99.84%p decay]

®Pa (67 hr)

234 .
U .4ax10°yr)

See 24U for Chain pletion

215
PO (1.7 msec.)

99.979% B~ decay I
]

231
Pa (32760 yr,) (oo e

| “OT1 (1.3 min)

Fil
Pb (38 min.)

214
‘ PO (164 psec)
rA

244 Decay Chain

See #Ac for Chain completion

[Frwodee] [0275%5 decay)
4 5

T (47 min) I ]mPo.os‘m,

::7Pb (stable)

°Ra (1600 yr.)

See 2:Ra for Chain completion

(A) (B)
Figure 5-1. (A) Actinium and (B) Uranium Radioactive Decay Series for Natural
Uranium.
Reproduced frorfi55].

The behavior of decay chainsgevernedby the Bateman equations, which describe the
serial radioactive decay of a parent into multiple daughter profb6ts The Bateman
equationreducesach individual decay scheme into an inherently recursive solution from
which each decay chain can be represented as a linear system of differential equations for
each decay pathway. Equatiorss2] and [b-3] describe the relationship between the
concentation of parent nuclideNp) and first daughter productN{) as a function of

time, t.

_— 0 O and [5-2]
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where
/ o= decay constant of parent nuclidad
/1= decay constant of daughtauclide

The UN solution circulating in UNCLE contains decay products over 40 years old, dating
back to approximately 1968. Aged UN is atypical for commercially produced UN, which

is freshly processed following solvent extraction during converSoivert extraction

was not available to process the UN in UNCMHBus, the following section focuses on
identifying radiation signatures for freshly processed and aged UN, specific to gamma
ray responses as a function of decay time. By comparing signatures afeld with
freshly processed UN, we can focus on characterizing the signatures associated with
freshly processed UNResults of signature identification and age effects are explored in

Chapter 6.

5.1.3 Age Effects of Decay Products in UN

Accounting for theaged UN employed in UNCLE wi&vis freshly processed UN in
conversion facilities the predominant photon sources maintained a relatively constant
emission rate as a function of tinwgthin a year As secular equilibrium in natural
uranium (betweerf®®U ard #*"Pa specifically) is reached, where the hEfié of the
daughter product is smaller than tlzdtthe parent, the concentration of such daughter
isotopes will reach a neapnstant rab over time, given in Equation-dand shown in
Figure5-2 [57]. In this decay chairf>®U (half-life 4.47 10° y) decays via-emission to
23%Th (halflife 24.10 d), which subsequently decays bizemission to®**"Pa (halflife

1.17 m), where a signature 1001 keV pimawemittedwvith a probabilityof 0.837%.

5  xd 5 p © . [5-4]
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Figure 5-2. SecularEquilibrium of 2*"Pain 23®U-DecayChain.

Subsequently, as the UN in UNCLE+40 years oldand in equilibriumthe UN from
commercial conversion facilities cannot be assutodak in equilibriumAs a result, the
scope of this project assumes that secular equilibrium canreisoeed hence focusing
on thedirect?*U-based assay signaturéisough the other lineare available to measure

experimentally in this special situation to add complementary information

5.2 Attenuation Analysis

Monitoring 2°U gammaray emissions from freshly processed UN provides insights into
the characteristics of the material flowing in conversion facilities. Identifying garayna
interactions occurring in the UN media flowing through pipes of an NUCP will help

determine e probability of photon interactions to identify detection signatures for
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verifying uranium presence, flow, concentration, and enrichment. First, attenuation and
transmission calculations farncollided particles inUN can be made usingfCOM:
Photon CrossSections Databagé8]. The mean free path (MFP) of the UN flowing in a
pipe of an NUCP must be calculated in order to determine the fraction of the sample that
will reach the detectanncollided Also, use of external gamnamay transmission sources

can provide furtheinsights regarding the density, concentration, and enrichment of UN.
Finally, determination of the correction factor due to -a#nuationenables the
observed signal, which is essentially proportional tofhetion of the signature photons
emitted inthe direction of the detecttinatactually reach the detectdo be placed on a
common reference scale for qualitative compariéésing the source term composition
values for dilutionconcentrations mass attenuation coefficient (MAGhalues were

calcuated(without coherent scattering) for eaghthe dilution UN concentrations

An ideal monitoring signature would be aimtense, penetratinggamma ray

(>10* gammas/eg), with an energy of several Mej89]. This is becauseefween 1 and
5MeV, the mass attenuation of all materials show a broad minimum (Fe8every

few natural gamma rays exist above 1 Mé&Vthe purview of freshly purified UN, where
decay products have been removed during solvent extraction, such gamma rays do not
exist until secular equilibrium df*"Pawith ?*®U occurs. In the scope of thigork, the
dominant gammaay signatures most suitalfter assaying>U for solventextracted UN

would bethe185.7 keV emissions

5.2.1 Mass Attenuation Properties of Uranyl Nitrate

The probability of a photon interacting in a medium is characterized bymtss
attenuation coefficienfMAC), ¢ (cm?g). In the range of>U highintensity emissions
(=100 200 keV), photoelectric effects arthe predominantinteractions followed by

Compton scattering As photon energy increases, scattering interactions become the
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predominant mode of interactioif€oherent(Raleigh/Thompson scattering makes a
minor contribution to MAC attenuation in higlksolution gammaay measurements by
scattering the photon throughe combined action of the atom. Coherent scattering
results in elastic scattering of photons, yielding no net energy loss, conservation of

momentum of the photon and the atom, and no ionization or excitation of thg&@jom

Transmissiorat full energythrough a medium with the energgpendent MAC (without
coherent scattering) theratio of the transmitted Y and incidentlg) photons through an
attenuating medium of thickessx (cm), and density; (g/cnT), is governed by Equation

5-5 for narrowrbeam (good) geometry.

Y - Q . [5-5]

As shown inFigure 5-3, the attenuation behavior oélementaluranium, plutonium,
californium, and leadare compared~urthermore the kedge xray for uranium falls at

115.6keV in Figure 53[61].
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Figure 5-3: Total Mass Attenuation without Coherent Scatteringof Uranium (Z=92)
Compared with Plutonium (Z=94), Californium (Z=98), and Lead (Z=82).

Identification of the photomteractions occurring provided an assessment of the behavior
of the 185.7 keV photons as a monitoring signature. Furthermore, attenuation analysis
provides a basis for identifying which external densitometry transmission sources were
optimal for monitorig density and uranium content. Results of the full attenuation

analysis for the 304L pipe, UN, and kfMed pipe are explored in Chapter 7.
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5.3 Detection Efficiency
Gamma rays must undergo interaction with the detector crystal before being registered.
The dficiency of a detection system is typically defined as the observed peak area count
rate divided by the source gamma emission activity, as given in Equ&t@mand 56b
[62].

~

YE OBRQQD V66> . [5-64]
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Variation of the variables that contribute to the total deteaftiniency originate from

any of the of four factors contributing to the overall efficie[&3] [64]:

- - 3 D s . [5-7]

1 Geometric efficiency @eon is explicitly dependent on theoint-to-point source

to-detector distanceRj as the inverse square law (j.@eom —) [64]. It is

essentially independent of the photon energy. In the scope of this work, spatial
offset measurements during the dilution experiments were takesath of the
three detectors. This experimental data is coupled with simulation dataheom
In Situ Object Counting SystenS50CS.

1 Absorption efficiency (awsy accounts for the effects of intervening materials. In
the case of the NUCP measuremeritsse include the detector housing, detector

collimator/endcap, and shielding, in addition to attenuation due to pipe thickness.

This is an energglependent parameter (I.@psp Q B hwhereS denotes the
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sum over all materials and gamireyg dependent on exponential attenuation by
the MAC ), in addition to density ) and attenuator thickness) (for the
detector housing, shielding, collimatpesid sample containerf64]. This factor
should be <<1 for lovenergy photonsat which absorption effects are most
pronouncedmaking it very sensitive to the exact dimensions in an absolute. sense
In the scope of this work, the effect of pipe thickness on the absorption efficiency
was tested using ISOCS simulations.

1 Sample efficierty (@amp quantifies the selattenuation within the sample
material, yielding the fraction of emitted gamma rays that actually eseogye
the source (UN) material. This value is the reciprocal of gbkattenuation

correction factorCF(AT) elaborat d by Par ker 6s met hod cal

of transmission valueg) in Chapter 7 @nsp —— ——) [64]. In the scope

of this work, measurement data and MCNPX simulations were calculated to
determine th&€F(AT)for sample efficiency values.

1 Intrinsic efficiency (&) is the probability that the gamma ray entering the
detector will interact and produce a falhergy peak. The intrinsic efficiency
isdependent upon the interaction probability of the detectionenmat
(et® p Q [64]. Only a fraction of the interactions resulh complete
energy deposition, and a combination to the full energy geakquation 56b,
theratio by which the total detector efficiency is multiplied idexhthe peako-

total ratio.

The energy dependenoéthe detection efficiency causes the detected photons recorded
by the detector to differ from the emission intensities. If multffe) signatures are
employed, each with different intensities, thisesgy dependence must be taken into

account by correcting the efficiency.
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Subsequently, evaluation of the sensitivity of each of these parameters to the overall
detector response will provide insights into interpretation of variations affecting assay
signatures.A detailed assessment of factors affecting detection efficiency (geometry,
attenuation, sample salttenuation, intrinsic efficiency) is made by conducting a
sensitivity analysis of the detector response to changes in pipe thickness, material
properties (density/concentration/voiding), and sotdegctor placement/offset. These

are conducted using the ISOCS softwgg8|, as well as Monte Carlo simulation tools

The sensitivity analysis is presented in Chapter 13.

5.3.1 Self-Attenuation Correction Principles

The NDA of nuclear materiabften encountertarge samplecontainers withhigh self
absorptionproperties If the detector efficiency is accurately known as a function of
source position and energy and if the geometry and source emission rates are also
accurately know, calibration standards are not necessarily required to determine the

attenuation correction factor duedelf-absorption

Nondestructive assay of UN flowing in NUCP piping presents a geometry configuration
that is susceptible to higbel-attenuation. In determining the correction factor for-self
attenuationCF(AT), we are addressing what framti of the signature photons emitted in
the direction of the detector actually reaches the detetha.MAC calculated in the
previous sectionquantifies material composition and density; however, these are
restricted to narrovbeam (good) geometry. Use of transmission calibration provides a
reference for assay using transmission techniques to determine taéeselftion for a
sample, in thiscase, for UNfilled piping. In order to conduct the calibration,
transmission detection measurements are taken for both the empty afilted)ipe.

The transmission ratio of the full to empty container is used to determine the sample

specific CF(AT) using the method developed by J. L. Parj@5], which has previously
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been employed in NDA field measurements for walsten assay66] and pipe slurry
measirements[67]. In these approaches and applications, G¢AT) is empirically
derived for a cylinder in far field geometry and is best applied usingrbggiution

gammaray detectors.

Following the method$or the characterization of a passive ganmanadetection system
recommended by Parker formed the basighef efficiency analysi€onductedin the
scope of this worf65]. To determine th&€F(AT) contribution to the overall detection

efficiency, Parker recommends the following approach:

1 measurement dhe raw data acquisition rate;

1 determination of gammeay selfattenuation correction;

1 computation ofcorrected aproportionalto the mass of the isotope being assayed;
and

1 determination of the efficiency calibration for both the nattenuating

geometrical shape in the same position with respect to the detector.

In the calculation of the correction factor for saffenuation in the cylindrical pipe
geometry,CF(AT), the method based dransmission measurements outlined by Parker

[69] is adopted:

6B — [5-8]

where

Il = geometrical calibratiorparameter

(I <1 for cylindrical samples)

(I " /4 for far-field approximation for reasonably transparent cylingeasd
T= transmission through sample
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The diametricaltransmissionT, through thecylindrical sample is the ratid=I/I ,, where
| is the detected count rate of the transmission source energy through the pipe with UN
and |, is the detected transmission througle #mpty pipeFor our purposesl is the
predictive variable, Equation {8] provides a convenient functional form, dhés an

empirical parameter chosen to describe the data.

If the sample can be characterized by a linear attenuation coeffigiette fraction of

photons that detected from the sample can be determined via the following relation:

Y Q °. [5-9]

Two key assumptions must be satisfied in the scope of this method in order to ensure that
the g can sufficiently compute the photon escéiaetion on a macroscopic scdes|:

First, the gammaay source material (i.,eUN solution) is reasonably homogeneous in
composition; second, the gamitey emitting constituents are small enough such that

selfattenuation withirthe individual particles (i.euranium) is negligible.

Employment of theCF(AT) method accounts for variation in sample size, shape,
composition a n d density. I n FCE(ATR, ehe onwost sigaificany at i o n

parametern decreasing order of imp@ance arg¢65

linear attenuation coefficient of the material;

volume and shape of the sample material;

linear attenuation coefficient of the sample container;
size and shape of the sample container;

position and orientation of the sample relative to the detector; and

2 T o A

size, shape, and efficiency of the detector.
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While the first and third parameteexe consistent, the sample (piiided UN) is
positioned closer to a collimated detector, which will affect the detector geometry and
efficiency. In the purview of th€€F(AT) calculations, it is preferable to increase the
sampleto-detector distance to simplify calculations; however NDA in this work, this

would reduce the signal count rates and introduce high background signals if the

collimator was not positionedase to the sample.

Mathematical simplifications best occur in the-fiid case, where the sample and
detector dimensions have less impact compared to their separation distance and photons
reach the detector along parallel paths.ofisdetector is in aarfield approximation to

the source, there is high dependence on detector size/shape,-&adgtéctor distance,

and sample size, which all affect the fraction of gamma rays escaping from the sample.
However, it is possible to calcula®~(AT)in suchsituations through analytic expression

of sample shapes (cylindrical in the scope of this wo@d(AT) for a cylindrical
geometry is less than that of a slab or-sbaped sample. Consequently, if @I(AT)is

smallet the fraction of photons escapingthample is greater.

Parker provides a baseline example for the computatiddFGAT) using depleted UN

samples in cylindrical containef85], whoseCF(AT) results as a function of uranium

con@ntrationareplot in Figure 54.
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Figure 5-4. Results of Depleted UN Measuremmnt s i n Par ker 6s Cal c
CF(AT) Based on OneDimensional Model.
Reproducedrom[65].

Compared to thredimensional calculations, the odenensional model gives lower
values of CF(AT) compared to the thredimensional model. In the omBmensional
model, photons pass through a slightly greater thickness of sample solution than in the
threedimensional model. Also, increasing the container diameter also increases the
CF(AT) for lower values ofT. In quantifyingCF(AT), Eqn. 54 shows thatCF(AT)is
linearly proportional ta I| 3 1Y for T<<1 [65].

5.4 DetectionInstrumentation Selection

Assessment of instrumentatidimat could potentially be employgd measure material
flow and inventory at N@Ps requiresspecific criteria in evaluating which systems
would be best suited fahis purpose. The criteria that were considered inclydép

[41] the fdlowing.

1 Applicability to uranium measurements. Differentiating from systems
optimized for other common NDA measurements, such as plutonium assay or

spent fuel, for example
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1 Cost and complexity: Cost not only includes the purchase cost of the system but
also extends to include the operation, repair and maintenance, and
personnel/training costs associated with maintaining the sy$tetmods should
be minimally invasive and not interrupt operator activities

1 Consistency with current IAEA protocol and procedures. Employingstandard
complement of measurement techniquestrumentation, and practices

1 Resilience to tampering or spoofing The system should kaesignedor timely
detection of the aforementioned safeguards challenges with confidence, where
instrumentation is optimized to avoid false positives and false negatives. In
addition, the instrumentation should bemperproof by a potential diverter.
Although many instruments can be employed for PM at NUCPs, not all are

capable of being employed for driamg safeguards conclusions.

5.4.1 Detection Principles

Passive gammeay methods can be conducted using highr low-resolution
measurements arade provide signatures that are diffictdtspoof. Gammaay methods

are relatively inexpensive and are part of the IAEA standard complement of measurement
techniquesdthough assaying larger volumes is difficult due to insufficient penetration
for low-energy photons?{™U). The exception is wh uraniumenrichment determination

whereaninfinitely thick sample is required for the gammags of interest

Selecting gammaay radiation detection technology as the basis of the NDA safeguards
system was based on previous work by LANL and ORNL. d@&eision to monitor
gamma rays as opposed to neutrons is an alternative to the analysis conducted by Miller
et al.in 2004[41]. However, Miller did not provide any comparative quantitative metrics

or data upon which the decision to use neutron detection was made. Recent experience

with the TUrND at ORNL has also shifted pgegnce from neutron detection (due to the
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shortage ofHe technology and the inconclusiveness of recent neutron monitoring data).
Neutron detection may be appropriate for operations monitoring, but gaayma
detection may better lend itself to detectingedsion in a timely manner and is more

robustt o Aspoofingo efforts.

5.4.2 Gamma-Ray Instrumentation Selection

Based on the source term analysis and subsequent calculation of emission intensities from
the attenuation analysis, candidate NDA instrumentation ffassive gammaeay
acquisition wereselected for experimental validation measurements in a controlled

laboratory setting, as well as for operational measurements in the UNCLE facility.

A variety of methodsexist for assaying fissile material, constituireither active or
passive methods for gammay or neutron detection. Robustness and practical
implementation must be considered for safeguards monitoring. A suite of detectors,
primarily commerciabff-the-shelf (COTS)wasselected for testing deteaticensitivity

to various dilutions and shieldinconfigurations of UN (Figure-5). These include the
Canberra2x2-inch NAIS with theOspreydigital tube base, which prevents gain drifts
Canberra Inspector 1000 with5x1.5inch LaBr; Probe;andCanberra FalcoBEGe.

In addition, the variety in detector selectipermitted comparison of resolution and
efficiency parameters in monitoring UN. This includes both scintillat@sdium iodide

(Nal) and lanthanum bromide (Lafpii as well assemicondictorsi high-purity/broad
energy germanium (HPGe/BEGe). The detector properties are summarized ib-2able
Walford et al conducted a comprehensive measurement of various uranium compounds
using COTS detectors to test a paratlieite collimator to migate scatter from>°U [68].

Although this work characterizes the effects of a novel collimator, the scope of the work
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herein is focaed upon characterizing the detector responses and sensitivities of UN in

transfer pipes of NUCPs in response to specific IAEA safeguards requirements.

Furthermore, the ease of operational implementation and robustness in an operational
setting is accomfished through field tests at the UNCLE facility. As a result, an
evaluationwas made regarding the fidelity with which the system can process monitor
throughput, as wel |l as determine the wease

indicative of diversion/undeclared activities that may occur at an NUCP.

(A) (B) (©

Figure 5-5. GammaRay Detectors Employed inMeasurementExperiments.

A) Canberra Nal(Tl) Osprey; (B) Canberra Inspector 1000 with LaBpbe; (C) Canberra FalcoBEGe
(69 [70 [71] [72 [73).

Table 5-2. Properties of Selected Gammday Detectors for Validation
Experiments.

Instrument Name Instrument Detector Crystal

Weight (kg) Material Dimensions (cm)
Canberra 2x2-inch NAIS + 1.28 Nal(TI) 4.08Q3 4.08
Osprey Digital Tube Base
Canberra Inspector 1000 2.4 LaBr; 3.8103 3.81
INPROL -1
Canberra Falcon BEGe 15.5 Ge 2985 @& 2.0

Data from[69 [70] [7] [72 [7]].

The accuracy, capabilities, and applicabilitynitations of the gammaay-based

detection systenwere determined through validating existing plant operations at the
UNCLE facility at ORNL. The monitoring of uranium using passive gamma techniques
determins the optimal instrumentation to authenticate uranium presence, flow,

concentration, and enrichment. Upon completion of simulation activities, the suite of
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gammaray detectorsvas tested for safeguards applications in an operational setting.
Di ver si s p o afnidn gid areaamputatiandlly sinslated to test detector
sensitivities and to determine the radiation signafsiaedicators of diversion activities.
Based on an assessment of the detector
safeguards matoring instrument, a design concept foroptimal monitoring detection

system for PM will be proposed.

5.5Dilution Measurements

Dilution measurements were taken with a 08aring304L pipe segmenr(described in
Chapter 7)in a controlled, lowbackgroundlaboratory facility. This is in ordeto
deter mi ne each sdnsitivigydot dduted corcenpratiamss aé O prior to
operations measurements in the UNCLE faciltyprevious study by Scargill analyzed

the lower limit of naturally enriched UMNSsing highresolution gammaay spectroscopy

for concentrations of UN up to 3§QJ/L in an 11.2mL sample vessdl74]. The study
determinedthat the lower limit of detection of natural uranium was a concentration of
30g U/L within an accuracyf 5% for a counting time of 5 minutes. Another study by
Sundaret al. investigated a variety of methods to determine sample concentrations
ranging from 5 to 450 g U/L using higlksolution gammaay measurementamong

other methods (potentiometric,-ray fluorescence, differential pulse volumetric,
ultravioletvis) using 10mL aliquot sampleg75]. As discusseckarlier, the absolute
efficiency of a detection system is dependent upon geometry, container wall attenuation,
selfattenuation, and intrinsic factors. Thus, varying certain parametérghe
experimental setup will determine how each of the three former factors (geometry,
container attenuation, sdftenuation) affects the overall sensitivity of the detector
response to each parametér. addition to passive gamaray measurements ugj

HPGe, LaBg and Nal detectors, a passive gamnaga transmission source is employed
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for densitometry measurements to correlate source transmission and UN

density/concentration.

Peak areas for th&°U highrintensity emissions (notably at 185.7 keV antB.8 keV)

were determined as a function of UN densi
Standard Peak Search in the Genie 2000 Gamma Analysis software was employed. The
peak selection, fit and background (continuum) subtraction methods are describéd in ful

detail in the Genie 2000 manya)].

The dilution experiment results and peak area correlationsdiacussed in detail in
Chapter 9 Additionally, spatial resolution is determined from pipiéset measurements
to determine the geometry effects on detection efficiency due to detector dffsse

results are discussed as part of a comprehensiveigignanalysis in Chapter 12.

5.5.1 Dilution Measurement Setup

The following measurements were conducted in order to test the w@gngifi the
detector responses:

1 1) Passive MeasurementsSpectra were acquired for 3680measuring
the ?*U high-intensity pheoons for each of the three candidate detectors
for uranium concentrations ranging fromd.@ 90g U/L of UN.

1 1) Transmission Measurements: Spectra were acquired for 36G0
measuring thé*U emissions as well as the 661.7 kEXCs transmission
from an external source through the uiled pipe for each dilution
concentration. Transmission measurements were taken to determine UN
densitometry signatures.

T 1) Spatial Offset Measurements: Passive’*U spectra were acquired

for 3600s for each of the three detectors at various offset positions from
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the centerline of the detector shifted-oéinter from the pipe in order to
determine the sensitivity of pipe positioning to the detector response. This

measurement was a component of mpehensive sensitivity analysis.

Data were taken over 360G live time for passive and external source transmission
measurements and over 1890or each position in the offset measurements. Although
spectra were saved in 3@0increments, temporal analy is beyondhe scope ofthe
current work; thus, integrated count rates at 36@€e analyzetiFor all measurements, a
Y+inch (0.635cm) distance was maintained between the pipe and the face of the detector
endcap/collimator. The detector was shieldedall sides with a 20.3cm 10cm 5cm

lead brick.Schematics of the dilution measurement setup are depicted in Fi§ure 5

(A) (B)

2 The exception is with passive measurements at 90, for which data vereonly available up to 1808
live time.
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(©)

Figure 5-6. Dilution MeasurementExperiment Configurations.

Top viewof: pipe (blue); detector (greengnd Pb shielding (grey).
(A) Passivesetup; (B) Transmission source setup; and (C) Spatial offset setup.

5.5.2 Densitometry Measurements

A transmissiorbased idine densitometer using the B6-keV gammaray from *'Cs
was selectedbased upon availability. As investigated in detail in Chapter I22akeV
transmission measurement from th@o line is theoretically preferable, as dpes not
interfere withthe 185 keV ?*U assaypeakor the 115.6 keV dedge Xray peak; itdoes
not mntribute Comptorontinuum dowacatterto ?>°U emissions; and’Co at 122 keV is
highly sensitive to uranium content. However, one caveat is that it may be too sensitive to
content such that Compton contributions from /&) emissions in the 14@05 keV
range may interfere with densitometry signatures, notably for-réswelution

measurements.

5.6 UNCLE Measurements

The dilution measurements in a leadiation background environment permitted testing
the instrument sensitivity and the development of momigpsignatures. Transition to the
UNCLE facility provides a tedbed for assessing gamsay instrumentation monitoring
capabilities in an operational setting. Similar to the dilution measurements, passive and
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transmission measurements were conducted in WEAN@ determine the detector
responses in comparison to the static dilution experiments. Where the dilution
measurements employed static UN, the UNCLE measurements provide detection data on
dynamic, flowing UN in a smabkcale facility representing the KMiBllowing solvent
extraction. In actuality, this KMP is where PP18 defines the starting point of 34(C)
materials. Operational deployment assesses issues such asdiggion background,
shielding configurations, collimator leakage, voiding and vibragiéects due to changes

in flow rate, and environmental factors. The UNCLE facility measurement results are

provided in Chapter 10.

Both passiveé>U and*®*'Cs transmission densitometry measurements were conducted at
UNCLE using the three detectamployed in the dilution experiments: Canberra Falcon
BEGe, Canberra Inspector 10005x1.5 LaBr;, and Canberra Ospreyx2 Nal(TI).
Detector responses to changes in flowrate, shielding configurations, background
determination, and transmission densitometere assessed in the UNCLE measurement
excursion. The detectors employed in the UNCLE field measuremwengsimilarly set

up as the dilution experiments, where the detectors were each shielded with lead bricks

and collimated.

5.6.1 Monitoring of Fissile Flow

Characterizing mass flowrate in an NUCP provides auxiliary verification data to aid in
determining material throughput. Flowrate data alone provides limited information
regarding uranium concentration, especially in cases where material substitution,
instrumentation tamperingand falsification of records are potential means of

misuse/undeclared activities (discussed further in Chapter 13). In addition, the feasibility

of installing a flowrate instrument was viewed as intrusine @ndesirable by operator

63



in nation states which would fall under this safeguards effort (identified in Chapter 3)

[77]. Norrintrusive flowrate instruments tend to be inaccurate.

As part of a comprehensive NDA safeguards systdrat accurately provides
concentration data, flowrate measurements help correlate mass throughput at an NUCP,

as described in Equationl® [42].

M(t) = C()3 F(1) , [5-10]

where

M(t) = mass flowrate of UN as a function of time, t
C(t) = uranium concentration (g U/l.and

F(t) = flowrate (L/h)

Ladd-Lively et al. describemeasurements using the Coriolis flowrate meter installed at
UNCLE [39], which benchmarked the mass flowrate of the uranium flowing through
UNCLE. The flowrate tests conducted byLaddLively et al. on UNCLE included
steadystatemeasurements @he following pump speedfkPM): 450, 50, 1000, 1250,
1500, 1700, and 1071. The pump speed of IRPM approximates the average flowrate
that was used during the field test at Springfields NUE®. From LaddLively et al6 s
results of the steadstate tests, shown irigure 57, the mass flowrate shows a strong
positive linear correlation with #pumpspeedBased on this data, the tests conducted in
this work at 1070 RPM and 500 RPM correspond to mass flow raté368t4kg/h and
35289 kg/h, respectively. With respect to plant classification at this throughput explained
in Chapter 2, if UNCLEwvas run continuously for a whole year, this would correspond to
~2.5kt U/yr. and 5.7 kt Ulyr., respectivelyThe potential of diversion from a facility of

this scale is discussed in Chapter 13.
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Figure 5-7. Mass Flowrate Averages for Varying PumpSpeeds in UNCLE.
Data reproduced fromi39] .

5.6.2 UNCLE Measurement Setup

Field measurementsinder steadgtate conditionsat UNCLE were taken for the

following setup configurations

1 1) PassiveHigh Flowrate: Spectra were acquiredt a flowrate of

1070RPM.

1 1) PassiveLow Flowrate: Spectra were acquired at a flowrate of

500RPM.

9 ) Transmission: Spectra were acquired at 10RPM of the UN
solution with external®’Cs source exposedransmission measurements

were taken to determine UN densitometry signatures.
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1 1IV) No Backdield: Measurements were taken in the absence of the pipe
backshield in order to determine environmental background in the
operational facility with UN flowing at 107BPM.

1 V) Shadow Shield:A front shield or Afshadow sh
shield the UNbearing pipe in order to determine the background signals

or Nl eakageo into the collimator rea

Schematics of the experimental setup for the UNCLE measurenaeatgiven in

Figure5-8.
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(A) (B)

(© (D)

Figure 5-8. Detector Setup in UNCLE Facility.

Top view ofdetector (green)pipe (red); and Pb shielding (grey).
(A) Passive change in flowrate setyB) Transmission source setu{®) No backshield setup;
(D) Frontshield/Shadowshield setup.

5.7 Validation Simulations

Experimental measurements undertaken in the scope of this pmeite an overall
assessment of the sensitivity of gamrag detection technologyo variations in
concentration, as well as to determine the monitoring capabilities in an operational
conversion facility. However, a myriad of variablesoth from solution properties

and detector efficiencly were not able to be experimentally test€dus, simulations
provide detector responseto test variables such as variatioms transmission
densitometry. Computational modelswere constructedo simulate the detector
responsg for passive dilution and transmission measurements. All simulatiores wer
conducted usinghe Monte Carlo NParticle eXtendedMCNPX) photon transport
code[7§].
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The modeledUN was a solution of 90 gf uranium disslved per 1000 mL of water,
0.76 wt.% enrichment, with ameasured solution density of 1.122 gicriThe
elementalsolution compositiorwas calculated in the UN solution to be 8.0 wt.% U,
0.70% N, 81.5% O, and 9.8%, lds given in Table-3. As the detector providing the
highestresolution signatures, the Falcon B& detector was modeled in detail to

determine validated detector responses.

The simulation was modeled after the experimental setup for the dilution
measurements, employing lead brick shielding around the perimeter of the collimator,

as well as behindhe pipe acting as a backshield.

5.7.1 MCNPX Simulations

Simulations were conducted for the following scenarios with the modeled Falcon
BEGe
T 1) Passive Simulations: Spectra weresimulated for the®*U source
emissions fouranium concentrations ranging from d¢@ 90g U/L of
UN and compared with experimental dilution measurement spectra
1 1) Transmission Measurements: Transmission simulations were
taken to determine UN densitometry signatures.

o '¥'Cs: Spectra wersimulatedmeasuring thé*U emissions as
well as the 661.7 keVV*'Cs transmission from an external
source through the Ullled pipe for each dilution
concentration(10 g to 90 g U/L). These simulations were
compared with the experimental dilution measurement spectra.

o '¥Baand ®'Co: In the absence of experimental measurements,

13Ba and®'Co measurements were simulated to assess the
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sensitivity of the respective 356 keV and 122 keV transmissions
through the dilution concentrations of UN (@@ 90g U/L).

1 [1I'l) Enrichment Measuremens. Spectra were acquired measuring the
2 highrintensity peaks for enrichments ranging from 0.76%
(UNCLE) to 10% at a concentration of @) U/L. Although the U
concentration remains the same, reproduction of the detector response
due to subtle changes ienrichment provide data regarding the

detection sensitivity.

5.7.2 Gaussian Energy BroadeningCalibration

In the unsmoothed MCNPX puldeight tally, nearly all photoelectric interactions
result in a delta function at the photon energy rather than a resetutadened
photopeakwhere only a small fraction may be lost texKay escapeThe Gaussian
Energy Broadening (GEB) functid@8] in MCNPX was used to simulate the detector
resolution, based on the fwllidth-at-half-maximum (FWHM) data. In principle, the
use of the unsmoothed counts at the full gamayaenergy would alsgrovide
photopeakcounts as would smoothing to the monoegetic output using alternative
software.Use of the GEB in MCNPX enables the emulation of the specific detector
resolutionin situ based on a specific detectdihe parameters required for the GEB
function @, b, ¢) were calculated based on the measuregctler response, and

iteratively fit to Equatiorb-11 to obtain the GEB parameters.

FWHM = a +b\/ E ¢E ) [5_11]
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In this expression,

E = Energy (MeVand
FWHM =full-width-at-half-maximum value of photopeak (MeV)

Data obtained from thealibration data of the dilution measurements were used to

determine the GEB fit parameters, and are provided in Chapter 8.

5.7.3 MCNPX Tallies

A pulseheight tally (F8) wagperformed over the active region of the detector crystal
to determine theulseheight spectrumfor passive,transmission and enrichment
measurementsThe peak efficiency can be determined from the corrected net peak
area under the simulated response peaks ffd as a function of the source
emissions from UNA detailed description of #h simulation model is provided in

Chapter 8, and juxtaposed with experimental results in Chapter 11.

As part of the comprehensive sensitivity analysi€liapter 12, a surface current tally
(F1) was performed over each of thedeledmaterial boundarie®r a UNHilled pipe

at 90g U/L in the dilution measurement setyft) UN boundary; (2) pipe boundary;
(3) collimator/endcap; and (4) detector housifidne UN boundary provides a
simulation complement in the determination ©F(AT) by providing data on the
fraction of particles that escagthhe UN sample. Propagating the tally across the pipe,
collimator, and detector housing deternsinthe fraction of signature photons
traversing each absorber in the given geometry. Tinelationrs employedfor this

efficiency analysisredescribed in detail in Chapt&g.
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5.8 Algorithm Development for Peak Area Interpretation

Use of a densitometry source provides a transmission measurement that determines the
density of the UN in an NUCP transfer pipe. The transmisSipis calcdated by

taking a transmissioratio of the UNfilled pipe (1) with an empty pip€l,). From any

the candidate sources testétf§a, >'Co, *'Cs), heT ratio is related tehe density £)

of the solution flowing in the pipe (inner diametky) via the followingrelation:

m 12" M . [5-12]

Using this relation, the density using dilution measurements provided a calibration for

UN solution measurements.

Although densitometry measurementayprovide the solution densignd potentially
uranium concentration through calibration, this still does not tell us about the
throughput of?®U, specifically. Consequently, a combination of the transmission
energy and the 185.7 keV peaks are required to determine not only thermuraniu
concentration in the NUCP transfer pipe but also*fg content. The concentration
(C) of 2% in the circulating UN is determined by the peak area count rate 6Pthe

185.7keV signature emission given in Equati®i3[67]:

0 55 [5-13]

where

r = net count rate of 185.7 keV emission peak (cps)
r = solution density (g/cf),

CF(AT) = selfattenuation correction factor

V = volume of solution idetector field of view (ctj
e= peak efficiency of 185.7 keV (cps/Band

C = 2%U concentration (Bg/g)
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As conducted with densitometry measurements, the use of an empty and full pipe
during calibration can determine th&U enrichment as a fation of transmission

(Equation5-14), in addition to analysis of the 185.7 keV emisdio9.

0 o— [5-14]

where

r = net count rate of 85.7 keV emission peak (cps)
T = external source transmission

k = calibration constant

5.9Background, Uncertainty, and Sensitivity Analysis

Experimentaimeasurementsom both the dilution and operatioretivities provided
a basis for identifying passivgammaray signatures fronf>U in UN. Detailed
uncertainty, stattgcal and sensitivity analyses are required in order to evaluate the

robustness of these monitoring signatures.

Peak area uncertainty duette underlyingCompton continuum from®U in secular
equilibrium from aged UN, in addition td*’Cs emissions during transmission
measurementaffect the peak area, uncertainty statistics, and required counting times
to meet a specified confidence interval. In addition, background from adjacent tanks
and pipes containing uranium in a field setting contribtebackground under the
assay peak areas, which must be characterized, discrimiratddappropriately

shielded during implementation of field instrumentation.

A sensitivity analysis providesandication of how variables, such as pipe thickness,
material properties, and sourdetector geometry affect the overall detection

efficiency of the assayed™J si gnat ur es. Empl oyment of
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guantifies the UN mass (hence, actiyity the 304L pipe through a series of +ay
tracing calculations, and provides an absolute efficiency for the modeled -source
detector configuration. To model the tfilNed pipe geometry, two of the three tested
detectors the Falcon BEGe and the Ospres2an. Nal(Tl) i were available to model

in ISOCS. In addition, MCNPXF1 tally) simulations were created to determine the
effects of sourc@letector geometry and absorbers in the overall peak efficiency of
assay signatureShe details of the statistical and uncertainty analysis are provided in

Chapter 12.

5.9.1 Statistical Uncertainty and Error Propagation

In order to determine the net peak area under the ROI, the backgmusidbe
subtracted (Equation-¥), and the error from both continuum and background
contributions must be propagated to determine the associated uncertainty of the net
peak area.Nuclear countingis a random process that obeys Poisson statistics.
Consequently the standard deviation @& thean follows as the square root of the true
meannumber of countdn ROI peak analysis, the associated statistical etsjrwith

a net count rater) is related to the variance by the sum of the errors of each of the
gross and background count rateled in quadtare, as defined in Equation1®

[80].

o JAY [5-15]

where

r= net count rate (cpm) in RQI
g=gross count rate (cpm) in RCdand
b=background count rate (cpm) in ROI

, "o - - . [5-16]



In the purview of gammaeay spectroscopy measurements, for a -sletiracterized
background, it is advantageous to know the optimal sample counting time required to

meet a precision of relative standard deviatioa%f 80]:

o . [5-17]

5.9.2 In Situ Object Counting System (ISOCS)

A detailed assessment of factors affecting detection efficiency is made by conducting
a sensitivity analysi®f the detector response to changes in pipe thickness, material
properties, and souraietector placement/offset. These are conducted using
Canberraods |[&P00nBke slasdical efficierey calibrations, ISOCS can

be employed without calibration materials. The geometry is modeled in the ISOCS
software and uses ray tracing (described in Chapter 5) to determipesatkefficiency

of the sourcaletector system. Whethis efficiency calibration is applied to an
acquired spectrum, the mass (and hence, activity) can be determined for the modeled
geometry. The use of ISOCS negates having to run multiple MCNPX simulations,
hence permitting testing of a multitude of vaies affecting the overall peak

efficiency of photon signatures emitted from the-b&aring pipe.

The ISOCS program works by drawing upon efficiency lookup tables that are
generated using pi@mulated and validated MCNPX models. For a given detector, a
detailed MCNPX model is created incorporatiB dimensional parameters. An
efficiency is generated for each of the eight source geometries and validated with
experimental measurements. The efficiency is computed at 800 spatial locations,

where radial symmigy is assumed. ISOCS is valid from O to 58éh sourcedetector
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distances in all directions, spanning an energy range ké¥%o0 7000keV. In-vacuo
efficiencies are determinedof thefinodabi or voxeli points of a spatial response
grid, wherea largenumber of "sulmodal" points are generated using a ctggbne
algorithmin between thenodal pointsA gridding process is employed to interpolate
efficiencies between the modeled pojrdad the efficiency parameters are supplied
into a detector chartarization file in ISOCS. The efficiency for the point source is
obtained from the characterization file (j.eookup table) modified by attenuation

through any materials between the source and the detector jyiZgnation 518:

- B - g JWOO0NEOBWONEE [5-18]

In essence, the fodactor efficiencyfrom Equations-7 is calculated at the individual

voxel level and factor in attenuation. Figur® 8epicts the voxel validatiotechnique

employedn ISOCS[63].

sanple
container

geneic-atteniaors 3-8
source attenudion
correction pathway

colimator attenuation
comection pathway s

colimetor
detector

Figure 5-9. ISOCS MCNP Voxel Validation Technique.
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5.9.3 ISOCS Peak Efficiency Simulations

Models were created to emulate the geometry employed for both the dilution and
UNCLE measurements. The pipe dimensions from Taldleafd the UN composition

from Table7-1 wereemployed in the ISOCS models. When modeling the Falcon and
Osprey detectors, the ISOCS templgermitted only one collimator/shield. The
ISOCS model of the Falcon BEGe was the W collimator, where the endcap modeled
as an epoxy absorber to beshsi| at e t he Falconds collimato
in Figure5-10 [81]. The Osprey was modeled approximating the encompassing Pb
shielding arrangement to approximate the combined effects of the Pb brick shielding
as well as thg419E Shield/Collimatgras modeling both was not permitted by the
templae. The Osprey configutian is depicted in Figure-B1. The input parameters

for each of the pipéetector and collimator/shielding models for the Falcon and

Osprey are provided in Appendix K.

Figure 5-10. Pipe Model of Falcon BEGe with CollimatorUsing ISOCS.
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Figure 5-11. Pipe Dilution Model of Osprey Nal(Tl) with ShieldingUsing ISOCS.

5.10 Discussionand Recommendations

Based on the experimental and simulation data obtained from both the dilution and
operational measurements, in combination with a detailed uncertainty, statistical and
sensitivity analysis, evaluations will be made regarding the optimizing gaayna
NDA instrumentation for process monitoring at this KMP in an NUT#e IAEA
requirement for detection of 1 SQ 10 MTU i in a period of 1 year with 50%
detection probability represents 0.1%, ,186d 10% of plars with throughput of 10,

100, and 1000 MTUyr., regectively.Although the IAEA pescribed limit is 1 SQ of

10 MTUlyear, a rogue diverter with a clandestine enrichment capability requires only

5 MTU to produce 1 SQ (25 kg U) of highiyriched uranium (HEURBZ].

An uncertaintyof 0.11 10% due tocounting statisticsattenuatorsor source material
variables must bevaluated in an overall safeguards monitoring regisieg gamma
ray instrumentationThis range considers that 10 MTU represents the uncertainty

associated with S, M, and L tughput NUCPsAssessmentsre made regarding
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whether the IAEA timeliness and detection goals are feasible, and whether passive
gammaray techniques are capable of detectungdeclared,misuse or diversion
scenariosat an NUCP The discussion of safeguardapplicability is presented in

Chapter B.

Based on the culmination of the experimental and simulation data, in addition to the
in-depth sensitivity and uncertainty analyses, a prototype design is proposed-for full
scale field tests in an NUCP, eddition to exploring operational implementation
requirements for this instrumentation in a comprehensive safeguards system. These

conclusions and recommendations are discussed in Chapter 14.
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CHAPTER 6. THEORY : SOURCE PROPERTIES OF URANYL
NITRATE

As UNCLE employs UNrom uranium that is 4@ears old, a source term analysis is
required to determine agdxhsed signatures changes -&gis freshly solvent
extracted UN in NUCPs. This is accomplished through harnessing the program,
RadSrc[51], which solves the Bateman equations to determine age effects of fresh
(Oyears) and aged (~1 year, secular equilibrium) uranium in the UN source term for
various concentrations (10, 50, 75, 85,¢90/L). In conjunction with Sources4{52],
gammaray and neutron radiation emissgoare calculated for the UN source term, in

order to characterize the radiation signatures of UN.

6.1 Correlating Uranyl Nitrate Concentration with Density

The UNbasesolution circulating through the UNCLE facilitg a solution of 90 gf
uranium as uranlynitrate,dissolved per 1000 mL of water, with a solution density of
1.122 g/cm. The UN in UNCLE contains 0.0058t.% 24U, 0.76%>*°U, and 99.2%
238. The solution properties of natural uranilearing UN with the density and
concentration of UNCLEresummarized in Tablé-1, as well as the properties of the

proposed dilution concentrations.

Table 6-1. Solution Properties ofUranyl Nitrate in Pipe Segment (2.62).

Solution

Concentration 90 85 75 50 10

(g U/L)

Molarity (M) 0.378 0.357 0.315 0.210 0.042
Density (g/cn?) 1.122 1.115 1.099 1.064 1.008

A variety of studies have examined correlating UN concentration, solulalig

density. Botts et al. conducted a thorough investigation of the density, acidity, and
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conductivity of UN/nitric acidsolutions. Measurements were made on solutions of
concentrations ranging from 0.05 to 1.27 M uranium, 0.1 to 2.0 M nitrate, agtlNO
ratios from 1.56 to 2.3 at temperatures of 25, 30, 40, 50, & [83]. The densities

of the solutions were measured uspygnometric measurement, with an accuracy of
+0.05%. Leassquares curve fitting of the experimental data was conducted
(Equations6-1 and 6-2) in order torelate the density parameters to the uranium and
nitrate concentrations (Figuré-1). Since such customized density measurement
techniques were not available for characterizing the UNCLE UN and subsequent
dilution solutions, the experimental density meamegnt used the traditional
mass/volume calculation of each solution. The measured results were compared to the
leastsquares fit parameters calculated from the results of Bo#k(Figure 62). The

temperature in the UNCLE facility ranges from 12%°C.

$A1T OBOW. 7! 5 " . [ [6-1]
where
A=0.265684
U=uranium concentration of solution (M)
B=0.0282071

NOs=nitrate concentration of solution (Mand
DENW-= density of pure water (Eqn.-B).

$%. 7 MBOWC ¢ TTXTTTT O PHridp T8t 1 11 11 3B ¥ v [6-2]

where
DT = Temperaturé 40 (°C).
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Figure 6-1. Relationshipbetween Density and Uranium Concentration at Various
Temperatures (NOy/U mole ratio = 1.56).

Reproduced from Botts et §87].

Given that the ratio of NgU in the UNCLE stock solution is 1[54], Equations 6L

and 62 wereapplied to determine the correlation between measured solution density
and concentration with the validated values at various temperaturescarhparison

is plot in Figure €. As expected, the solution density correlates positively with the

UN solutionconcentration.
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Figure 6-2. Comparison of Measured and Calculated Densities of Uranyl Nitrate
as a Function of Uranium Concentration

6.2 Gamma-Ray Signatures for Uranyl Nitrate Assay

In principle, any of the gamma rays emitted from uranium can be usestetionihe

the isotopic composition in UNHowever, in practicesignaturegamma raysnust be
selected based on intensity, penetrahilizmd isolation from interferingsignals.
Photon emissionfrom radioactive decay occurga deexcitation in the nucleus
through gammaay emission, or dexcitation by atomic electrons viargy emission.
Alternatively, if charged particles are emitted, this could lead to the production of
bremsstrahlungradiation Beta decay ofthe ***"Pa daughter of*®U can produce
bremsstrahlungadiation butthis effectin the waterbasedUN solution is relatively

weak.
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6.3 Age Effects and Decay Products in UN

Since the UN circulating in UNCLE is approximately 40 years old, which is
substantially older than fresh UN in commerdeidilities, a timedependent souree
term analysis was required to determine which gamagaignatures would best serve
PM purposesDecay productalculations wergreliminarily addressedver a 100

year time spaby Dewiji et al for the UN in UNCLE[48]. Thus, to ascertain the time
dependenradioactive decay and emission of radiation from decay of each of the
uranium and actinium etay series, the program RadSrc v.v&s employed to
computationally solve the Bateman equatighl. Given the initial isotopic mixture
and decay age, RadSrc calculates the decay product concentrations, yielding an output
list of gammaraysand xrays produced by radioactive decay, and the lineage of the
decayseries producing thesghotons.From the 1207 lines calculated by RadSrc,
predominant photon emitters foresh (Oy) UN and at secular equilibma (1y) for the

UN composition in UNCLEare summarized in TableZd Energies above a 100 keV
cut-off are sorted bynore intensg@hoton intensity emissions (photons/s per gram U in

UN).
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Table 6-2. Source/Progeny Decay Chains of Predominant Photon Emitters
in UN Composition in UNCLE.

Energy Intensity Decay Energy Intensity Decay Chain(s)
(keV) (photons/ Chain(s) (keV) (photons/
slg U) sig U)
185.72 343.30 [**U]3 'Th 185.72 343.30 [ZU]3 ZTh
143.76 65.78 [ZU]3 ®Th 1000.99 103.42 [ZU]3 Z"Pas U
163.33 30.49 [*U]3 *Th 143.76 65.78 [ZU]3 ZTh
205.31 30.07 [*U]3 ®'Th 766.412 39.69 [PU)3 2P U
[238U]3 234Pa3 234U
105.362 11.88 [ZU]3 ®Th 163.33 30.49 [ZU]3 “Th
120.912 9.29 [ZU, 701 205.31 30.07 2250) g 2
U3 *Th
109.16 9.24 [ZU]3 *fTh 112.8 29.87 013 2 pag U
202.11 6.48 [*U]3 #'Th 111.025 12.52 [20]3 P Pag U
[238U]3 234P83 234U
108.99 3.96 [Z?U]3 *Th 105.362 11.88 [Z*U]3 “'Th
194.94 3.78 [PU]3 Z*Th 742.817 11.66 [PU]3 Z"Pa3 U
[238U]3 234Pa3 234U
110.5 2.96 [*®U]3 #*Th 120.912 9.29 [*U, 52U
3 #Th
182.61 2.04 [ZU]3 ZTh 109.16 9.24 2013 2h
140.76 1.32 [2*U]3 ZTh 258.26 9.00 [Z%U]3 Z2"Pag 2
786.287 6.83 [Z30]3 2P 22U
[238U]3 234Pa3 234U
202.11 6.48 [ZU]3 ZTh
114.866 4.28 [P30]3 ZPag 22U
[238U]3 234P83 234U
945.9 4.13 [ZU]3 2 "Pa3 24U
[238U]3 234P% 234U
108.99 3.96 [Z%0]3 Z®Th
194.94 3.78 [2%U]3 2Th
131.31 3.53 [Z%0]3 BPag 2U
110.5 2.96 [Z%U]3 ZTh
880.45 2.62 [P]3 2P U
1737.73 2.61 [PU]3 2P U
883.22 2.60 [P0]3 2P 22U
[238U]3 234Pa3 234U
569.3 2.51 [ZU]3 2P U

Data calculated fronf51] .
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Reilly et al. state that an ideal monitoring signature would be an intense gamma ray
(> 10* gammas/ep), with an energy of several Mejs9]. The gammaay emission

properties of uranium @opes are summarized in Tabk3.6

Table 6-:3. GammaRay Properties of Uranium Isotopes.

Isotope Energy (keV) SpecificActivity
photons/gs)

=y 120.9 9.3310*

2y 143.8 8.40 10°
185.7 43210

28y 766.4 2.5810"
1001.6 7.3810"

323 equilibrium with®*"Pa assumed.
Reproduced fro59] .

As the scope of this work is focused on freshly processed UN, monitoring the most
intense direct photons from?*U (185.72 keV, 143.76 keV, and where possible,
163.33keV) is recommended. Given the long kiéfé of 2*°U compared to the 4@ear
decay period of the UN in UNCLE, effects in decay activity’f3u are negligible in

the scope of these measurements.
6.4 Conclusions

In anticipation of gammaay validation efforts, the timedependent photon response
was modeled wh respect to contributions from radioactive decay products of the
actinium and uranium decay series. Due to the attainment of secular equilibrium in the
UN, notably by?**U/?% within the first year of decay, age effects from circulating
40-yearold UN showed no time dependence in anticipated photon respSmsse

3% has a halfife of 7.08 1 years, decay over a 4@ar time span is negligible.
Identification of decay signatures will become important in analyzing measurement
spectra from gammeay detectors, for features such as Compton buildup from higher

energy®*® gammarays influencing the continuum of lowenergy***U signatures.
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These features withe further discussed in the experimental results for the dilution and

facility measurements.

The presence of*®U decay products in secular equilibrium in the UNCLE UN
solution is not ensuredfrom UN processed in an NUCRn the scope of these
experiments, use of aged UN must first confirm that there are no interferences of
concern. Althoughcontinuum effects for the BEGe are less imminent than that of
lower resolution measurements, the continuum subtraction from these latter spectra is
more sensitive to the presence of other nuclides {i®l). Since the same materials

are employed for alineasurements, such effects are all proximate. Consequently, it is
beneficial to employ the aged UN, as subsequent work can draw on this data to
provide multiple energy lines from various sources to confirm our understanding of

the behavior of UN.
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CHAPTER 7. THEORY : ATTENUATION FACTORS

At the established KMP, UN exiting the solvent extraction stream in an NUCP flows
through an intricate array of stainless steel piping. Consequently, for NDA
measurements, UN emises must penetrate stainless steel piping. In addition, use of
an external gammeay source for densitometry measurements must be calculated to
determine emission intensity through the entire diameter of thebé#lxing pipe.
Attenuation calculations foihe UN and stainless steel piping are made udatg

from XCOM Photon Cross Sections Databas8] in order to determine emission
intensities, mean free paths, infinite thickness requirements, andtteslfiation

corrections.

7.1 Attenuation Properties of UN-Bearing Pipe

The pipe employed in the dilution experiments and in UNG&Eom the same 304L
pipe inventorywith dimensions summarized in Tablel and depicted ifrigure 7-1.

The onewall thickness of the 304L pipe in UNCLE measuf®52:0.05 cm. As
mentioned m Chapter 4, the pipe specifications for UNCLE were modeled on the
conversion facility at Springfields, Ukoroviding a realistic tested and specifications

for NUCP facilities The uncertainty effects of pipe thickness on the absolute

efficiencyaredisaussed irdetail inChapterl 1.

Table 7-1. UNCLE Pipe Model Dimensions and Composition

Component Density Dimensions
(g/cnt) (cm)

Uranyl Nitrate Solution, 1.122 7.840 x 60.2742

90g U/L

Stainless Steel Pipe, 304L 7.9 8.880 x 63.6524
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(A) (B)

Figure 7-1: (A) Pipe segment employed in dilution measurements; (B)iping
assayed in UNCLE measurements.

The transmission (as defined in Eqnl)7through 304L pipéor 185.7 keV photons
calculated using XCOMndis plot in Figure 72. The linear atteuation coefficient at
this energy through 304L pipe was found to be 1.14,amith a 55.4% transmission

through 0.52Zm of stainlessteel
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Figure 7-2. Gamma-Ray Transmissior213through Stainless Steel &t85.7 keV from

U.

7.2 Attenuation Properties of Uranyl Nitrate

Overall, the #Avisible volumeod is deter min
geometry, collimation, anthean free pathMFP) of the gamma rays assaygs)]. If

the uranium sample is large enoughigher fraction of the 18.7 keV gamma rays

emittedfrom **U will reach the detector. In addition &itenuation from the piping,

strong seHabsorption may occur for samples of a ladjametric cross section

containing high concentrations of uraniumihe penetrability of the gammray

emissions can be quantified erms ofMFP values.The MFP is the erage distance

the photon travels before interaction and is quantifiedhasinverse of the linear

attenuation coefficien{ur)™ (cm™).
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The linear attenuation coefficients of UN at dilution concentrations were determined
using XCOM [58] and are given in Table 72. Table 7-2 also summarizes the
subsequent calculations for MFP and infinite thickness valfges dilution
concentrations of the 185KkeV photors from #*®U in UN. As the concentration and
density increase, theN has a higher MACindicating that theavaage distance to

interaction decreases.

Table 7-2. Attenuation Properties of 185.7 keV Gamma Rayhrough
Inner Pipe Diameter at Dilution Concentrations of Uranyl Nitrate.

Concentration Density Transmission MFP # MFPs Infinite
UN (g/cn?) (%) (cm) Across Thickness
(g U/L) Inner (cm)
Pipe
Diameter
90 1.122 11.65 3.65 2.15 25.53
85 1.115 12.36 3.75 2.09 26.25
75 1.099 13.90 3.97 1.97 27.81
50 1.064 18.75 4.68 1.65 32.78
10 1.008 30.10 6.53 1.20 45.72
0 1.000 33.66 7.20 1.09 50.40
"100% water.

Using the source term composition values for dilutecamcentrations calculated in
Chapter 6, the calculated MAC valuesithout coherent scattering) for eadt the
dilution UN concentrations is summarized in Figur8.In the range of**U high-
intensiy emissims (~100200 keV), photoelectric interactions dominate in the
calculation of the MAC followed by Comptorscattering.The energy range of the
gammaray spectra resides above the uraniuralisorption edge, and we observe a

smooth trend irg(E).
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Figure 7-3: Total Mass Attenuation Coefficient at Dilution Concentrations of
Uranyl Nitrate .

As shown in Figure -4, thediametricaltransmission of UN is-11.7% for 185.7 keV
gamma rays at 90 g U/across the UNCLE pipe (7.8dm inner diameter)The
transmission through UNindependent of pigeis also summarized in Tabl&-2.
These calculated transmission values reflect transmission in Ragaww (good)
geometry for a highly collimated source emission traversing the full inner diameter of

the pipe.
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Figure 7-4. Transmission of 185.7 keV Gamma Ray through Various
Concentrationsof Uranyl Nitrate as a Function of Thickness

7.3Emission Intensities fromUranyl Nitrate -Filled Pipe

If we compare the attenuation properties various dilutions of UN with the
penetrability of the 304L piping, mm of piping provides the equivaleoit~ 4 mm of
90 g U/L UN. Using the pipe specifications of Tablel7and the subsequent MACs
and transmission valué$ables 71 and 74), theoverall transmission of a 185keV
photon from thenner edge ofpipe diameterpenetratingthe outerwall of the pipe

across the diametes summarized in Figure-5.
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a Function of UN Concentrationfor Narrow -Beam Geometry

7.4 Properties of Transmission Sources for Densitometry Monitoring

Densitometry is aneasurement technique employed for determining the density of a
material by determing the degree to which the sample matesaattenuated the
incident photons. Based on the source and sample attenuation properties;rggmma
transmission measurements can provide further informatiche composition of the
sample and provide a measureable assay signalfeasiationis depadenton both

the atomic numbers (Z) and density of the samipl¢he scope of this work, external
transmission sourcepenetratingthe UNHilled pipe can provide insights into the

material concentration, densignd uranium enrichment of UN.

93



Smith et al. identify a range of useful transmission values for a characteristic sample
concentrationr=1/ex [83]. The measurement is favorable whenl] > 1 andr > r,

which is consistent with the calculaté@nsmissionvalues for UN in the gevious

section, for which 1.35 |In T| < 1.48 andr.(~0.7) < r (from Table 72). If r¢.> r,

then the assay signal is too small and the measurement is unfavorable. Determination

of the favorable operating range basedrgrassists in selecting an optimal sample
thickness. On the basis of Smitilpéssveanal ysi

gammaray assay for the Uilllled pipe are favorable.

A transmissiorbased idline densitometer using the B&eV gammaray from*¥Cs
was selected; th&22 keVin *’Coline is certainlymorepreferablefor assaying>*U as
explained in Section 7.2as itdoes not interfere with 186 keV peak,does not
contributeto the Comptoncontinuum under loweenergy”*®U photons and is much
more sensitive in characterizing attenuation propexfesarious concentrations of
UN (Figure 76). Similarly, the 356 keV photon as a transmission source ffoga
would have been an adequate (thoagless preferable substitute ¥4Co), but the
available source was too weédr laboratory measurementas seen in Figure 7-3
and7-6, the MAC at356 keVstill possesses sufficient discrimination tbe dilution
concentrations of UN. Howevet**Ba has three higmtensity photons in the 80
400keV range, which would interfere in unfolding lesgsolution densitometry
measurementsThe selection of*'Cs is sufficient (though not optimal) for
densitometry purposes, as it possesses a strong monoenergetic photon emission at
661.7 keV, which wi alleviate any transmission peak overlapscriminationwith
lower resolution measuremensss the 1**Ba and®'Co source werenot available for
measurement in this projedheir applicability is investigated in Chapter 11 in the

purview of validatedsimulations and attenuation properties described in this chapter.
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The MAC and linear attenuation coefficierftsr transmission sources penetrating

dilution concentrations of UNvere calculated usingCOM andare summarized in

Table 73. Transmission vaks for the external source energies throBgdL pipe, as

well asUN, are graphed iffigures7-7 through 79 for >’Co, **Ba, and™*'Cs.

Table 7-3. Linear Attenuation Coefficients of External Transmission
Sources for Densitometry Measurements.

Solution 122.1keV 356keV 661.7keV
Concentration

(g U/L)

304L Pipe 1.85 0.76 0.57

90 0.53 0.14 0.10

85 0.51 0.14 0.10

75 0.47 0.14 0.10

50 0.36 0.13 0.09

10 0.20 0.11 0.09
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The highest energy photer661.7 keV from™'Csi is most penetrative, where th&€o
with the lowest energy at 122.1 keV is the least penetrative, as expected. \Bere
may be best suitable for gross densitometry measuremé&sand***Ba provide more
discrimination regarding uranium content in the piphis is supported by Figear7-6 and
plot in Figure 710 for an external transmission sourcaversing the diameter of the UN
filled pipe. Lower transmission as seen3fCo can be remedied practically by using a
higher activity source. Given that the hEfé of °’Co is only 270days, this may present
some practical implementation challenge for safeguards PM. Théifeatf **Ba is
more longlived at 7.2 years, which would require less frequency of replacement, but still
presentchallenges in discriminating transmission in loegolution systems. The longest
half-life is 30 years front*’Cs, which is operationally favorable, but this source provides

99



lower discrimination in uranium content for PM. Chapter 15 will outline the dpasdt

implementation requirements for employing a transmissoutce form PM.
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7.5 Self-Attenuation Correction Factor

7.5.1 Measurement and Calculation of SelfAttenuation Correction

Factor for UN in Pipe

In determining CF(AT) in the scope of this work] was calculated by taking a
transmission ratio of theN-filled pipe (I) with an empty pe (lo). The signaimeasured

was from BEGe detector measurementstioé **'Cs 661.7 ke\transmissiorsignal As

empty pipemeasurements were nfgasible in this experimental wqrle Monte Carlo

model was developed and validated based on acquired measurements. The measurement
dataare summarized in Chapter, @nd the parameters of the validation simulations are
provided in Chapter 1Ihe ratio ofl/l,is related torl through thenner diameter of the

pipe,d, via the followingrelation:

- Yy Q . [7-1]

The net peak area of the transmitted 661.7 keV photons through the full and empty pipes
provided a value fofl. Applying Eqn. 71 to the validated transmissionnsilations
providesT for each of the dilution densities/concentrations. The pldh@fT) as a

function of solution density (for each dilution concentratiorshiswnin Figure 711.
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Figure 7-11. **'Cs Source Transmission as a Function of UN Solution Density for
Calculation of CF(AT).

Note thatin Figure 711, the transmission measurements were compared to the
transmission values calculated in the previous section with XCOM for ndneam
geometry. The transmission values for XCOM were much higher compared to the
transmission cal cul at @@AT)uTaking igto deaunkseurcé s me t
detector geometry and selftention of the material results in a lower transmission value,

which is consstent with the results of FigureIa.
Finally, applying Eqn. B8 for various values 0é (empirically determined) to th€'Cs
transmission data provides us the overall calculatio@F(fAT) for our UNHilled pipe,

given Figure 712. Figure 713 provides an alternative view oCF(AT) as a function of
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transmission through UN of each of the dilution concentratibiggires7-12 and 713

are consistent with the similar experiment conducteBdrker (provided in Figure-4).
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Figure 7-12. Calculation of CF(AT) for UN-Filled Pipe as a Function of
Transmission through Dilution Concentrationsfor Various Values ofa.
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7.6 Conclusions

Analysis of the atenuation effects of the source agetector system provides essential
insightsinto thecharacteristicof the UN material flowing in NUCPddentification of

the photon interactions occurring provided an assessment of the behavior of the
185.7keV photons as a monitoring signature. Furthermore, attenuation analysis provided
a basidor identifyingwhich external densitometry transmission sources were optimal for
monitoring density and uranium content. Although t€o was preferableo U
trarsmission measurementshe availability of **'Cs suffices for determining the
correction factor due to sedttenuation of the UNbearing pipe Determinationof the

correction factor due to sedittenuation provided a sourdetector geometrgorrected
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as®ssmenof what fraction of emitted®®U gammarays actually reached the detector. As
expected, narroddeam geometry theoretically predicted higher transmission values in

the absence of accounting for sattenuation.
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CHAPTER 8. COMPUTATIONAL MODELS

The &perimental measurements undertaken in the scope of this ppymdtie an
overall assessment of the sensitivity of garmaadetection technologlp variations in
concentration, as well as to determine the monitoring capadbilitiean operational
conversion facility. However, a myriad of variablesncluding those affectingolution
properties and detector efficiency could not be experimentally tested. Thus,
experimentally validated simulations provide a benchmarked detecgsponse to
examine thesevariablesincluding variations in enrichmert in addition to detector
responses to variations in transmission densitométrsummary of the computational
models to simulate the detector response of the Falcon BEGe detectbe foadsive
dilution and transmission measurements is presented in this chlpfEroton transport

simulations were conducted using MCNPZ§].

8.1 Falcon BEGe Detector Model

As the detector providinghe highestresolutionsignaturs, the Falcon BEGe detector
was modeled in detaib determinevalidated detector responséspulseheight tally (F8)
was performed over the active region of the detector crystal to determine thégiglse

spectrum. Since actual measurements were accumulated asHat®2l pulsdeight

% The scope detector response to enrichment simulations is reserved for the sensitivity analysis in
Chapterl2.
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spectra, the MCNPX pulse height spectra were similarly binnddtalhed into 8192
channels spanning a toeergy range d to1.59 MeV(0.194 keV/channel)

8.1.1 Simulation Geometry

The dimensions and physical characteristics of the detector are outlined in the sample
MCNPX input file in AppendixE, and the detector aterial properties are presented in
Table8-1. A Viskd[78] rendering of the detector model is given in Figgtk As shown

in Figure 81, the HPGe crystal is.37cm from the @dcap surface of the dwhator, and

the detector endcap is maintainedidt-inch (0.635 cm)distance from the pipe surface.

In practice, having the detector collimatoraintained at a very short (etbntac)
distancewill prevent degradation irresolution due to vibrationsom UN flowing in

pipes in addition to minimizingassociatedtemperaturevariations Maintaining the
detectorat a closer distancencreases the rate abunts reaching the detector, while
correspondingly lowering the relatiieackground from the facili leaking into the

collimator, the open geometry is harder to reproduce and maintain
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Table 81. Detector Material Specifications.

Detector Component Weight Percent Thickness Density
Composition (cm) (glcnt)
High-Purity 100.0% Ge 2.985@3 5.32
Germanium Crystal 2.0
(701, [73]
Collimator Endcap Face 6.0% H 0.15 11.00
i Epoxy [63], [73], [8]] 72.1%C
219% O
Collimator [63], [81] 98.0% W 0.8 1.03
1.71% C
0.29% H

W Endcap Collimator
%—\

HPGe
Crystal

Vacuum —>

Air

Epoxy

Figure 8-1. Vised Model of HPGe Detectorand Collimator.

The simulation was modeled after the experimental detughe dilution measurements
employing lead brick shielding around the perimeter of the collimator, as well as behind
the pipe acting as a backshield. This encompassing shielding configuration was to
compensate for background from surrounding tanks and pipes in an industrial icomvers
facility. The pipe and brick characteristics are given in Tabl@ 8nd depicted in
Figures8-2 and 83. Figure 83 also shows a photograph of the experimental setup
juxtaposed with the VisEd models, wheatetsin Figure 83(C) representollisions by

thesourceparticles.
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Table 8-2. Pipe, Detector and ShieldingConfigurations.

SetupComponent Weight Dimension Density
Percent (cm) (g/cn?)
Composition
Lead Bricks 100% Pb 20.33 103 5 11.34
Uranyl Nitrate Solution Table 83 7.840 x 60.27 Table 83
Pipe [84] Fe 5.936% 8.882 x 63.65 7.98
Crl.743%
Ni 0.772%
Mn 0.174%
Surrounding Air [84] 75.58% N - 0.001293
23.14% O
1.28% Ar

Figure 8-2. VisEd Represenation of PipeDetector, and Pb Brick Shielding
Configuration Employed in Experimental Measurements.
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(A) (B) (®)

Figure 8-3. Falcon BEGe Detector Setup and Simulation Models.

(A) Photograph of Dilution Experimental Setup of Pipe Segment with FalBdMsEd Representationf
Dilution Experiment; (C) Vis#& Simulationof Source ParticleCollisionsof Dilution Experiment.

8.1.2 Gaussian Energy Broadenind-it

The GEB function[78] in MCNPX was used to siulate the detector resolution, based on
FWHM dataobtained from calibration measurements for the dilution experim&hts
parameters required for the GEB functi@nlf, and c) were céulated based on various

gammaray sourcesand iteratively fit to Egation5-11 to obtain the GEB parameters.

The detector resolution wateterminedfrom calibration sources. The parameters and
use of the GEB function may be found in the examBlENP input file in AppendixE.
According to the Canberra, the crystal hds/HM of 0.7 keV at 122 keMcompared to
the measured ~0.8 keV FWHMAny degradation in resolution could be due to

mechanical vibrationgn the detector, as well d@emperature variationg he datafrom
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the FWHM measurements forelGEB fit are plot in Figre 84. The GEB parameters

were fit using Gnuplot 4.4[85] areshownin Figure 85.
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Figure 8-4. Detector Resolution MeasuredJsing Calibration Sources for Falcon
BEGe.
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Energy Broadening Parameters

Y-axis: FWHM (MeV)vs. X-axis: Energy(MeV).
Fit parametersa=(59.5+6.15§10°, b=0.0007630.000147, c=0.85487+0.4942.

8.2 PassiveDilution Simulations
8.2.1 Passive DilutionMaterial Composition

At 90 g U/L, the pipe contains 2.62 of solutionwith a mass 02939.64g, of which

~241 g is natural uraniumThe UN material emposition employed in each of the
validation simulations for passive gamimey measurements using the BEGe detector is
summarized in Table-8. Densities were based on actual measurements taken during

dilution.
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Table 8-3. Material Composition of Uranyl Nitrate Solution in Pipe Segment

(2.62L).
Solution
Concentration 90 85 75 50 10
(g U/L)
Molarity (M) 0.378 0.357 0.315 0.210 0.042
Density (g/cn?) 1.122 1.115 1.099 1.064 1.008
Total UN 2939.64 2921.30 2879.38 2787.68 2640.96
Solution Mass
in Pipe (9)
Wt.% U 8.02% 7.62% 6.82% 4.70% 0.99%
Wit.% N 0.71% 0.67% 0.60% 0.41% 0.09%
Wt.% H 9.75% 9.82% 9.95% 10.32% 10.94%
Wt.% O 81.52% 81.88% 82.62% 84.57% 87.98%
Wit.%
UO,(NO3)y 5 12.23% 11.63% 10.41% 7.17% 1.51%
Wt.% H,O 87.77% 88.37% 89.59% 92.83% 98.49%

8.2.2 PassiveDilution Source Definition

Since the MCNHF8 tally isnormalized to emissions per source particle, the tally output
was multiplied by the exact source activity of the sources employed ivatitation
measurements amatensitiesn order to replicate laboratory measuremenksese arethe
number of particles emitted per decay, whehre) emits photons at multiple energies
from each decay. Therefore, the sum of each ofethessionanust be considered.he
intensity of eac**U photon emission is summarized in Tabld &r intensities > 0.1%.
The full source definition (energies and intensities/probabilities) is provided in

AppendixE.

The assay activities of the sources employed in the benchmark measurameents

summarized imable 85. The difference between fresh and aged UN“faW activity is
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negligible & 43 10° %), given the long halfife of >**U; thus, we can assume the activity

at 44 years (as in UNCLE) f67U approximates the response from fré$h.*

Table 8-4. Source Photon Emissionfrom 2%U.

Energy Intensity
(keV) (%)
185.7121 57.25
143.7642 10.968
163.3582 5.084
205.3092 5.015
109.162 1.545
202.1113 1.082
194.941 0.631
182.522 0.342
279.505 0.27
140.764 0.222
221.3991 0.121
72.72 0.11
199.61 0.1
Data from[6]].

Table 85. 23U Activity for Fresh UN at Dilution Concentrations.

Dilution Calculated
Concentration Activity

(g UIL) Fresh®%%U

(Bg)

90 1.5%10°
85 15810
75 1.3310°
50 8.84 10"
10 1.76 10"

Although theseresults simulate the?*®U emissions,?*®U decay chain emissions will
contribute to Compton continuum buildup under % peaks between 14205 keV
compared to UN in secular equilibrium. In the scope of this work, since secular

equilibrium for freshly processed UN from an NUCP cannokbsured analysis has

“Note:?*® was not modeled in the scope of the MCNPX simulations provided in ApperidiarBer to
accurately reproduce solveextracted UN.
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been confined to that of tf&U signatures. The simulation resutsmparethe MCNPX
output for source definitions of both fresh and secular equilibrium. These are provided as

a reference in Appendix F.

8.3 Densitometry Transmission Simulations
8.3.1 '¥'CsTransmission Dilution Simulations

As explained in ChapteB, 1*'Cs was selected as an extermrahsmission source for
densitometry measurements. TU-filled pipe, collimation, and shielding remained the
same as modeled in the passive measurengsaispleMCNPX input is provided in
Appendix B. In the **'Cs transmission simulationssing the same modeh plastic
encasedchecked source is affixed to the midpoint of the pipe in direct line with the
det ect or 6 s A &isHdtrendeling af xhHe stransmission source in given in

Figure8-6, where the dots in-8(B) represent the sazg emissions

_E

L]

Transmission
Source

(A) (B)

Figure 8-6. External Transmission Source Simulation Models with Falcon BEGe.

(A) Vised Represeition of Dilution Experiment; (B) VigESimulationof Source ParticleCollisionsof
Dilution Experiment.
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The ¥'Cs source enipyed in the experiments was decay corrected fromdtte of
certification with anactivity of 3.08 10° Bq (0.828¢Ci). In the sourcalefinition of the
external transmission source in the MCNPX model in AppeBgithe 661.7 ke\VV*'Cs
source is emittedith an intensity of 85.1%An F8 pulse height tally was alsonducted
in this simulation. However, since two sources are empléy&dU in UN and**'Cs
transmission sourcé a FUn tally modifier was required in the MCNPX tally card in
order to separatglally contributions from each source. Since each talhorsnalized to
emissions per source particleach separate tallwas calculated using appropriate
emission intensities and activities prior to summatordetermine an overall detector

response
8.3.2 '%*Ba and®’Co TransmissionSimulations

As discussed in Chapter 6, the choice of testing the sensitivily’®d and®'Co as
alternativetransmission densitometry sources would prove more sensitive to uranium
content based on mass attenuation coefficistgractions of photons at the 356 and
122keV energies, respectively. Since these sources were unavailable for experimental
testing, use of validatesimulations enabdeassessinghe sensitivity of these sources to
various concentrations of uranium in UNhe simulationsemulated the setup in
Figure8-6, and sample MCNP input decks are provided in AppendixTlie source
energiesntensities for>*Ba and®’Co are summarized ifiable 86. The activityrequired

of the sources to penetrate the pipe and provide signature datalyzed in detail

Chapter 11.
: e 13 57,
Table 86. Predominant Source Photon Emissiongérom **Ba and®'Co.
133Ba 57(:0
Energy Intensity Energy Intensity
(keV) (%) (keV) (%)
276.3982 7.16422 122.06144 85.6017
302.8531 18.336 136.474% 10.688
356.0172 62.0519
383.8513 8.943
Data from[6]].
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8.4 Enrichment Simulations

Finally, a validated simulation model is useful in determining the sensitivity of the HPGe
to varying enrichments of uranium in UN, as it was not possible to test varying
enrichments through experimental measurem@iSNPX sample in Appendix E)in

these simulations, the concentration of @OU/L with a density of 1.122 g/chis
maintained; howeve enrichments are varied from 0.76% 10% ***U. The geometry,
materials, sources, and tallies employed in the passivetrandmission modelsis
described in the previous two sections are the parameters modeled in this enrichment
sensitivity simulationThe uranium enrichment in UN that is varied in the material and

source definition cards in MCNPX is summarized in Table 8

Table 8-7. 2% Activity at Various Enrichments for Fresh UN at 90g U/L.

Enrichment Calculated Calculated

B (wt.%) Mass®*U in Activity
Pipe Fresh®U

(Bg

0.76 1.99 1.5% 10

1 2.62 2.0%10°

5 13.09 1.0 1¢°

10 26.19 2.0%1¢°

8.5Conclusiomns

The results of each of the validation simulations for passive measurement of UN dilution
concentrations and®'Cs transmission sourceneasurements are summarized in
Chapterll. Using these validated simulation models, the results of tbe and'**Ba
transmission measurement sensitivity to varying concentratibbi\ are also provided

in Chapter1ll. The enrichment sensitivity resultse gprovided as part of a holistic

sensitivity analysis in Chapter 12
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CHAPTER 9. RESULTS: DILUTION EXPERIMEN TS

An assessment of the sensitivity the differentgammaray detectorsvas conducted via

a series of dilution measurements to determine emission signéturasnitoring UN in

an NUCP.In the chapter, the results of tlsensitivity analysis conducted fdilution
concentrations obUUN at 90g, 859, 759, 509, and 10g U/L usingCOTS gammaay
detectorsare summarized Both passive®*U and *'Cs transmissin densitometry
measurementgere conductedor three candidate detectofsalcon BEGH 73], Osprey

2x2 Nal(Tl) [72], and Inspector 1000 LaB{69]. The esults of experimental dilution
measurements in a controlled laboratory setting describedor detectorsensitivity
assessments a lowbackground environmeniThe dilution detector responses were
imperative in assessing the detection sensitivi§*1d emissions in order to determining
monitoring signatures in an operational environment at UNCLE (Chapter 10), in addition
to creating a aésis for validation measurements for the computational simulations

previously outlined in Chapter 8 with results provided in Chapter 11.

9.1 Experiment Setup for Dilution Measurements

The results of the passive and transmission dilution measurements amednalyhis
chapter. The results of thepatial offset measurements are provided as part of a
comprehensive sensitivity and uncertainty analysis in ChapterPbdtos of the
experimental setup with each of the Falcon BEGe with the tungsten ef«8}aand
Osprey %2 Nal(Tl) and Inspector 1000 LaBr with the Canberra 7419E

Shield/Collimatol{86] are given in FigureQ.
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(A) (B) (C)

Figure 9-1. Laboratory Setup for Dilution Measurements: (A) Falcon BEGe; (B)
Inspector 1000 LaBr; and (C) Osprey 2x2 Nal(Tl).

During the first dilution from 9@ U/L to 85g U/L, a contamination incident occurred
due toleakage fronma faulty pipe weld. A new pipe segment was fabricated to the exact
specificationsof the 90g U/L. This pipe segment was from the same Schedule 40 304L
stainless steel pipe stock used faMCLE and the first dilution pipeAlthough no major
contamination was detected in the setup are@n the detection instrumentatiothe
measurement area was consequentlyugetasa localized contamination zone. This
required that all materials be sealedplastic and that the pipe segm&etwrapped in
multiple radiation/lealproof plastic bags which challenged optimizing detector

alignment and shielding.

Measurements were taken with the first pipe prior to contamination for the Osprey and
Inspectorat 90 g U/L for 3600s. The Falcon datavere retaken with the new pipe
segment for 1806 for passive measurements and 3630r transmission measurements
Any variability in data could be due to these compensations for the contamination

incident.Figure9-2 depicts the added measures following the contamination incident.
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Figure 9-2. Experiment Setupfollowing Contamination Incident.

9.2Energy Calibration

An energy calibration was conducted witike Falcon BEGe detector (with W exagb)
usng **%Eu, *'Cs, and **Ba gammaray sources. The calibration was fit to a seeond
order polynomi al I n Can b e-charmé analy@er spanaings o f t w

1591.8 keV over 8192 channels. The polynomial fit used for the energyatialibisplot
in Figure 93.
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Figure 9-3. Energy Calibration Curve of Falcon BEGeDetector for Dilution
Measurements

An energy calibration was conducted with the Ospreg-Ral(Tl) detector usind>’Eu
and **'Cs gammaray sourcs. The calibration was fit to a secowdder polynomal in
Canberrads Geni e -sharnhdl analyzespanning 1613.0 &eV wmerl t |

2048channels. The polynomial fit used for the energy catibn is plot in Figure 2.
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Figure 9-4. Energy Calibration Curve of Osprey 2x2 Nal(TIl) Detector for Dilution
Measurements

An energy calibration was conducted with the Inspector 1000 sLd&ector using a
152y gammaay source.The calibration was fit to a secowdder polynomial in
Canberrads Geni e -sharngl analyzer ,spanginlb1B3 keV owveu | t i

2048 channels. The polynomial fit used for the energy redidn isplot in Figure 95.
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Figure 9-5. Energy Calibration Curve of Inspector 1000 LaBg Detector for Dilution
Measurements

9.3 Passive’>™U Dilution Measurement Results

Gammaray measurements 2>U for a series of dilution concentratiaf UN in a 304L
Schedule 40 pipe segment were conducdedomparison of the measured spectra for all
the detectors ipresented in Figures®through 910. As the UN is 40 years old, the
spectra contain contributions from the higher enéfly emissions, as well as other
signatures given in Table-B Although®*®U is not a viable signature faneasuring
freshly solvent extracted UN, thesenissionsaffect he overall detection efficiencyn
addition tocontributing Compton continuum downscattanderlyingthe lower energy
2 signatures. The entirenergy range of the measured spectra pivided in

AppendixG (Figures G1 to G-5). For the Falcon at 9¢ U/L, passive measurements
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were only available at a live time of 18680where the remaining detector/concentration

count rates were calculated based on a 36@0quisition live time. This was due to

limitations resulting from the aforementioned contamoragvent.

Net Count Rate per Channel (cpm)
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Figure 9-6. 90g U/L Dilution Measurement Data for All Detectors.
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Figure 9-7. 85g U/L Dilution Measurement Data for All Detectors.
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Figure 9-8. 75g U/L Dilution Measurement Data for All Detectors.
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Net Count Rate per Channel (cpm)
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Figure 9-9. 50g U/L Dilution Measurement Data for All Detectors.
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Figure 9-10. 10 g U/L Dilution Measurement Data for All Detectors.
As shown for all dilution measurements in Figure8 trough 910, the Falcon BEGe

possessed the highest resolution, whereas ##& Nal(Tl) Osprey hadthe lowest
resolution being unable to resolve the 18%&V peak from the 163.3, 194.9, 202.1 and
205.3 keV peaksFor the scintillator detectorshe Inspector 1000 provides superior
resolutionto the OspreyThe peak area bounda(ROIs), FWHM, and resolutiorvalues
for the 185.7 keV peak are summarized in Tablef@ 185.7keV emissions at 9¢ U/L

solution concentratian
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Table 9-1. Region of Interest (ROI) Boundaries andResolution Properties of
185.7keV %*™U Peak in Passiveilution Measurements.

Detector ROI (keV) FWHM (keV) Resolution (%)
Falcon BEGe [184.3, 187.6] 0.9 0.49
Inspector 1000 LaBr3 [158,204] 11.0 5.93
Osprey 2x2 Nal(Tl) [124,227] 27.0 14.57

“Includes multiplepeakfit by Genie.

As shown in thepeak area analysis depicted in Figur@,3he Osprey hhthe highest
peak area efficiencfor the 185.7keV ?*U peak whereas the Inspector 1000dhthe
lowest efficiencyAt 10g U/L, the peak for the Inspectatas notdiscernibleby Genie as
an identifiable peak within the provided confidence liin#tsd thus no peak area data
point is provided at this concentration (Fig®&0, Figure 911). This is consistent with
the results from Scargill, who determined the concentratiort liami the analysis of
natural uranium using the 185.7 keV line is@0Q)/L with an uncertainty of 5% during a

counting time of 5 minuteg4].

The correlatiorfit with dilution concentration is strongly lineavith the netpeak area of
the 1.7 keV ?**U emission. From 9@ U/L down to 10g U/L, the peak areaf
8053cpm drops overall by 95% at a rate of 88pm per g U/L UN for the Osprey
detector. For the Inspector dilution concentrations from 90 tg BIL, the peak areaf
1133cpmdropsoverall by57% at a rate of 16pm per g U/L. Finally, the Falcomet
peak areaf 3963cpm drops from 90 to 10 g U/L overall B§% at a rate of 4dpm per
g U/L. Consequently, the Ospreytie most sensitive to concentration variation$f,

whereaghe Inspector isheleast sensitive.
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Figure 9-11. Net Peak Area for?*U 185.7keV Emissionas a Function of Dilution
Concentration.

Note: Error bars plotted for some data points are smaller than the resolution of the graph.

From 50 to 9@ U/L soluion concentration, the statistical error associated with peak area
counts for theDsprey isranges from 0.18.2246, wherethe 10 g U/Lhas~1.36% error.
With the Inspector 1000, the statistical erravnfir 50 to 90g U/L ranges from0.50
1.01%. Finally, thestatistical error associated with the Falcon from 50 tg Q0L falls

within 0.21'0.2%%6, wherasat 10g U/L it increaseso ~0.87®%.

Table 92 provides the calculated petktotal ratios for each of the three detectors. The
peakto-total ratio is thevalue by which the total detector efficiency is multiplied by to
determine the full energy peak efficien@0]. At 185.7keV, the Osprey has the highest
peak efficiency visxvis the Inspector and Falcon. Although the Falcon is more sensitive

to 2% as a function of UN concentratipit has the lowest peak-total ratio, wheras
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the Osprey paesses higherpeakto-total measurement, followed by the Inspector. An

in-depth discussion of detector efficienéy provided in the sensitivity analysis in

Chapter 12.

Table 9-2. Peakto-Total Ratios of 185.7 keV Peak at 99 U/L.

Lower and Peakto-
Upper Full Total
Spectrum Ratio
Bounds (keV)
Osprey [1.1, 1609.9] 0.28+(0.03%)
Inspector [1.3,1514.2] 0.13+(0.03%)
Falcon [1.4, 1592.4] 0.08(0.02%)

Since the Falcon is able to resolve the 143.8 and 1&3/3eaks, peak areas and ratios

are provided in Figures-2 and 913 to show the relative strength of these signatures.

Since the 163.%eV is such a low intensity emission 6%U, the 143.8 is a more

favorable monitoring option fos secondary monitoringignature ratidor 2°U passive

measurements.
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9-12. Peak Area Values for>®U Emissions as a Function of Solution
Concentration for Dilution Measurements for Falcon BEGe.

Note: Error bars plotted for some data points are smaller than the résolaf the graphData at 90g

U/L only available at 1808. Remaining dilution data at 36@0acquisition time.
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Figure 9-13. Peak Area Ratios of**U Emissions (143.&eV, 163.3keV) to 185.7keV
for Dilution Measurement Data as a Function of Solution Concentratiorfor Falcon
BEGe.

"Data at 90g U/L only available at 1806. Remaining dilution data at 36@0acquisition time.
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9.4%%'Cs Transmission MeasuremeniResults

For each of the dilutiorconcentrations at 9@, 859, 759, 50 g, and 10g UIL,

transmission measurements were taken uSif@s for densitometry measuremerftsr

3600s live tim@ Thespecta for the measureemts are given in in Figuresi@ through

9-18.The corrected source activity frofYCs employedduring measurement acquisition

was0.83¢Ci.
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Figure 9-14. 90g U/L **'Cs Transmission Measurement Data for All Detectors.

® All data at 360G acquisition time except thU/L = 3311s live time.
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Figure 9-15. 85g U/L **'Cs Transmission Measurement Data for All Detectors.
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Figure 9-16. 75g U/L **'Cs Transmission Measurement Data for All Detectors.
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Figure 9-17. 50 g U/L **'Cs Transmission Measurement Data for All Detectors.
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Figure 9-18. 10 g U/L **'Cs Transmission Measurement Data for All Detectors.

A comparison of the detector resolution at the 661.7 keV pe8@Rg U/L is provided in
Figure 919. At this energy, the Osprdyas the poorest resolution, whereas the Falcon

has the highest resolution.
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Figure 9-19. Peak Resolution of*’Cs Transmission Measurement Data at 9@ U/L.

The peak area boundarfROIs), FWHM, and resolution values are summarized in
Table9-3 for 661.7keV emissions at 99 U/L solution concentration. Since this energy
range does not have any overlapping peaks astheemissions have in the 100
200keV energy range, the resolution is sufficient for all detectossayinghe single

661.7keV *'Cs transmissiophoton energy

Table 9-3. Region of Interest (ROI) Boundaries and Resolution Properties of
661.7keV *'CsPeak in Passive Dilution Measurements.

Detector ROI (keV) FWHM (keV) Resolution (%)
Falcon BEGe [659.5, 663.8] 1.3 0.20
Inspector 1000 LaBr [620,699] 21.2 3.21
Osprey 2x2 Nal(TI) [602,711] 40.6 6.13
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Although the resolution does not affesterlapping signature emissions, the transmission
peak efficiency becomes of paramount interest in signature identification for PM. Peak
area signatures for the 66 k&V emission for eacketector are given in FigureZD as a
function of soluibon concentation. In Figure 20, the Osprey has the highest peak area
efficiency for the661.7keV *’Cspeak, whereas the Inspector 1000 has the lopessit

area valueandhence the lowest efficiency

The linear correlation with dilution concentratisrior the peak area fit of thé61.7 keV
137Csemissionis weak due to the sedfttenuationas well as the lack of MAC sensitivity

at higher photon energies, @plained in Chapter. From 90g U/L to 85 g U/L dilution
concentrationsthe peak areaf 969.5cpm changes byapproximatelyl1.9% for the
Osprey detector. For the Inspector ddatconcentrations from 90 86 g U/L, the peak

area of 248cpm changes by approximately 1304 Finally, the Falcon peak aresd
629cpmchangedrom 90 to 85g U/L by ~9.1%. Transmission measurement peak areas
expect to increase with decreasing solution concentration and density; however, in
practice, dudo mass attenuation propertielf-attenuation, souredetector geometry,

and setup limitations in the contamination areshe 661.7 keV photonsof *'Cs
transmission measurements weather insensitivéo 2>°U in UN. In addition, the original

pipe segmentvas assayed at 99 U/L for the Inspector and the Ospredlithoughthe

newly fabricated pipe replicated the dimensiohshe original pipe, and was fabricated
from the same stock of 304L pipe, the use of a new pipe provides a source of

experimental error
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Figure 9-20. Peak Area for'*'Cs Transmission Measurements as Function of
Solution Concentration for all Detectors.

Note: Error bars plotted for some data points are smaller than the resolution of the graph.

From 10 to 90g U/L solution concentration, the statistical error associated with peak area

countsfor the Osprey is approximately 344 With the Inspector 1000, géhstatistical

error over the range of dilution concentratiorss ~6.5% where the statistical error

associated with the Falcas~4%.

Table 94 provides the calculated pe&detotal ratios for each of the three detectdxs.

661.7 keV, the Osprey has éhhighestratio vis-&vis the Inspector and Falcofihe

validated Falcon detector simulations in Chapter 11 provide matepthanalysis of the

peak area signatures adetector efficiencyand the factors impacting pe#ixtotal ratio

are

provided in t& sensitivity analysis in Chapter 12.
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Table 9-4. Peakto-Total Ratios 0of 661.7keV Peak at 90g U/L

Lower and Peakto-Total
Upper Full Ratio
Spectrum
Bounds (keV)
Osprey [0.1, 1603.7] 0.038:(0.01%)
Inspector [3.1, 1512.1] 0.028t(0.01%)
Falcon [1.4,1591.2] 0.011+(0.01%)

Since the Falcon is able to resolve the 143.8 and 1&3/deaks, peak areas and ratios
are provided in Appendix G (Figures@sand G7) to show the relative strength of the

137Cstransmission signatures.
9.5Dead Time

Dead time losses were also recorded by Glat@ieat each dilution concentration for each
of the thre detectors employed. As shown in Figur19 the Falcon BEGe has the
highest associated dead time losses. The Inspector has the lowest dead tinigh@s.

collection time), and hence has the lowest losses due to limitations with electronics.
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Figure 9-21. Dead Time for all Detectors as a Function of Dilution Concentration.

9.6 Conclusions

Dilution measurements were conducted in a controlled;dagkground environment in
order to assess the gammag detector sensitivity to variow®ncentration®f uranium,
identify the robustness of signatures to these variations, and provide benchmark
experimentdor subsequent simulation modeling efforts. Using the Fak685<2.0-cm
BEGe[73], Osprey Z2-inch Nal(Tl) [72] and Inspector 1000.5x1.5inch LaBr; [69]
detectors, gammey signatues were analyzed for dilution concentrations of @90 g,

859, 759, 50¢g, and 10y U/L.

The passive measurements of the 188¥ ***U emissions provided strong sensitivity to
dilution concentrations of UN, whereas the 66Re¥/ transmission measurements with

137Cs provided poor sensitivity to dilution concentrations. As discussed in Chapter 7, this
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is due to convergence of the MAC at higher photon energies for UN, making it relatively
insensitive to the uranium content at thel G6keV energy rangeWith regards to
resolution, the Falcon BEGe possessed superior resolution, which is useful in
discriminating®®U signatures in the 10200keV range. Howeverthe Osprey provided
greater detection efficiency for both passive andstrassion signaturesThe 3600s
acquisition time (and even the case of the 18@@quisition time at 99 U/L) provided
sufficient counts for measurement statistics to fall withit?6 uncertaintyfor 2>°U
passive measurements at all dilution concentratid@verall, '*Cs was not highly
sensitive to the uranium content in the UN, as discussed in Chapter 7. The selection of an
appropriate monitoring transmission source will be further discussed in the computational
simulations in Chapter 11. In addition,nse the 661.7keV peak falls above the
185.7keV energy range, Compton downscatter from this higher energy peak contributed
to higher continuum counts. This affects the continuum background, for which higher
continuum will lead to higher uncertainty valuassociated with the peak area, which

will be discussed in detail in Chapter 12.
In Chapter 10, e robustness of the gamirey methodsis determined through

measurements in an operational, Rittkgroundenvironment at th@©ORNL UNCLE

facility.
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CHAPTER 10. RESULTS: UNCLE FACILITY MEASUREMENTS

Passive gammeay monitoring methodweretested in the UNCLE facility to determine

the robustness ajammaray instrumentation under operating conditions. The previous
dilution measurements provided an indicationnstrumentation sensitivitfrom which

PM signatures could be extrapolated. Thespabilities were transposedinto an
operationakenvironment fomonitoring of UN following solven extraction in an NUCP

at UNCLE Where the laboratory dilution measuremeptevided a controlled, low
background environmenthe series ofmeasurements at UNCLE providetbre realistic
background interference from adjacent pipes and tanks, in addition to introducing voiding

and temperature variations from fluid flow.

10.1 Experiment Setup for UNCLE Measurements

The detectors were situated adjacent to one of thegallén stainless stedianks in
UNCLE. Photgrapls of the experimental setughowingthe Falcon BEGe with the
tungsten endcap, Ospreyx2 Nal(Tl), and Inspector 100Q..5x1.5.aBr; with the
Canberra 7419E Shield/Collimatf@6] are given in Figure 1Q.
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(A) (B) (©)

Figure 10-1. Detector Setup in UNCLE Facility: (A) Falcon BEGe; (B) Osprey 22
Nal(Tl); (C) Inspector 1000 LaBrs.

10.2 Energy Calibration

The energy calibration was conducted with the Faletectorusng a ***Eu gammaray

source Thetrendwas fitto a seconagb r d e r pol ynomi al in Canber
with a multichannel analyzer spanningl592.5 keV over 8192 channels
(0.19keV/channel) The polynomial fit used for the energy calibratitss given in

Equation 161 and plotedin Figurel0-2.

0t Q1 VAW pE LT WIABDE ¢ QapnPp nm BWE £ Qa[10-1]
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Figure 10-2. Energy Calibration Curve of Falcon BEGe Detector for UNCLE

Measurements.

The energy calibratiowas conducted with the Osprey2Nal(Tl) detector using **’Eu

gammaray source.The calibration was fit to a secoodr der pol ynomi al

Genie software

, with a multhannel analyzespanningl616.3keV over 2048hannels

(0.79 keVichannel) The polynomial fit used for the energy calibrationgsen in

Equation 162 andplottedin Figurel0-3.

0¢ Q1 QA

PAWTEXCHDEE QPP P T DWDE &€ Qa[10-2]
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Figure 10-3. Energy Calibration Curve of Osprey 2x2 Nal(TI) Detector for UNCLE
Measurements.

The energy calibration was conducted with the Inspector 1000;lddector using a
15y gammaay source.The calibration was fit to a secowdder polynomial in
Canberrads Geni e -sharnhdl analyzerpannnwglbli.4keV oveu | t |
2048 channel$0.74 keV/channel) The polynomial fit used for the energy calibration is

given in Equation 143 andplottedin Figure10-4.

0t Qi VQAG c& ¢ T ¢ pPBE & QST b T BB E & Qa  [103]
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Figure 10-4. Energy Calibration Curve of Inspector 1000 LaBg Detector for

UNCLE Measurements.
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10.3 Change in FlowrateMeasurements

The tests conducted in thigiork at 1070 RPM and 500RPM correspond to mass
flowrates of 7963.4 kg/h and 35289 kg/h of UN solution (or 653kg U/hr and
289kg U/hr), respectively. With respect to plant classification at this throughput
explained in Chapter 2, if UNCLE was run continuously for a whole, yag would
correspond t@n L-scale NUCP with-5700t U/yr. and ~250Q Ulyr., respectivelyWith
respect to flowrate, the conversion from kg UN solutiom¢hL UN solution/hr for the

UN in UNCLE is given in Figure 18.

1000 -
900 -
800 -
700 -
600 -
500 -

400 - a7

Volumetric Flow Rate(L/h)

300 -

200 -

100 -

0 200 400 600 800 1000 1200 1400 1600 1800
Pump Speed (rpm)

Figure 10-5. Volumetric Flowrate Averages for Varying Pump Speeds in UNCLE.
Data reproduced fromi39] .

Gammaray measurements 6FU were takerin UNCLE at a temperature d29+3°C and

pressure 068.6t3.5kPaaccording to the first temperature and pressure monitors located
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adjacent to the detector location before the pufpgomparison of the measurétfU

signature spectrain the 100200 keV range for all the detectorsis presented in
Figuresl10-6 and 10-7 for flowratesunder steadsgtate conditionsat 1070 RPM and

500 RPM for a 3600s live time acquisition time.

Although ?*®U is not a viable signature for measuring freshly solvent extractedagN
secula equilibrium of the daughtersannot be guaranteethe 2*®U emissionsfrom
UNCLE contribute Compton continuum downscatter underlying the lower erféldy
signaturesThe full spectra include contributions frofffU from the 40 year old Ulh
UNCLE, andareprovided in Appendi for the 1070 and 50BPM flowrates

1.00E+03

1.00E+02 A

1.00E+01

Net Count Rate per Channel (cpm)

1.00E+00 ‘ ‘ ‘ ‘ ‘ ‘
100 120 140 160 180 200 220
Energy (keV)
—Falcon HPGe UNCLE Setup1-1070RPM Inspector 1000 LaBr3 UNCLE Setup1-1070RPM

—Osprey 2x2 Nal(Tl) UNCLE Setup1-1070RPM

Figure 10-6. Comparison of 2**U Spectrafor Flowrate Measurements at 107GRPM
at UNCLE.
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Figure 10-7. Comparison of 2*U Spectra for Flowrate Measurements at 50RPM
at UNCLE.

Consistent with the dilution measurement result® Falcon BEGe has the highest
resolution, whereas thex2 Nal(Tl) Osprey had lowest resolution, being unable to
resolve the 185.KeV peak from the 163.3, 194.9, 202ahd 205.3 keV peakSimilarly,

the Inspector 1000 provides superior resolution to the Osprey, but with a lower
efficiency. If focused on this energy range afitU contribute the only signatures at this
range, then the lower resolution ROI could be a feasible monitoring signature. However
employment of this mulpeak ROI becomes problematic in a hlggckground
environment of if Compton downscatter increased the continuum under the net peak area.
The peak area boundary (ROIs) and ptatotal values for the 185.7 keV peak are

summarizedin Table 101. As shown in theROI 185.7 keV peak area depicted in

152



Figurel0-8, the Osprey has the highest peak area efficiency for the k8Y.Fange
whereas the Inspector 1000 has the lowest efficidhowever as seen for all detectors,

there is vey poor discrimination in resolving the change in flowrate from the RFD!

to 500 RPM levels. For the Falcon BEGe, the peak adeaps by 0.27% with an
associatedtatisticalpeak area uncertainty at 10R®M of 1.68%. The change in peak

area from the 10¥ RPM to 500 RPM for the Osprey andnspectoris slightly more
pronounced at 9.77% and 6.96%, but with associated statistical peak area uncertainties at
1070 RPM of 2.76% and 1.29%respectively Consequently passive gammeay
detection poorlydiscriminates flowrate for all detectors in the tested 500 to FHWI

range. It is expected that passive ganrma discrimination will also be poor for
flowrates above this range, since the detectors see the same active detector volume of
filled pipe, inaddition to being limited by temporal resolutiokctivation analysis can
perhaps remedy these Ilimitations and will be discussedtha analysis and

recommendations i@hapters 13 and 14.

Table 10-1. Region of Interest (ROI) Boundaries and Efficiency Proprties of
185.7keV ***U Peak in UNCLE Measurements.

Detector ROI (keV) Pealkto-Total Ratio Peakto-Total Ratio
1070 RPM 500 RPM

Falcon BEGe [184.1, 187.6] 0.0742(x0.21%) 0.0743(*0.21%)

Inspector 1000 LaBr [161,199] 0.1235(0.22%) 0.1420(*0.21%)

Osprey 2<2 Nal(Tl) [125,22% " 0.3460(0.11%) 0.2770¢0.12%)

“Includes multiplepeakfit by Genie.
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Figure 10-8. Comparison of UNCLE Peak Areas at 107®PM and 500RPM.

The pipe specifications and sourcealetector geometry employed in the dilution
experiments were emulated in the UNCLE facility. In addition, the UN employed for the
dilution experiment was extracted from UNCLE. However, despite keeping the
aforementioned parameters consistentjades such as changes in temperature and
pressure from dynamic fluid flow, in addition to voiding effeati®viate fromthe
measured gamraay static dilution signatures.A comparison of the 107RPM,
500RPM, and dilution peak spectra is given in Figur@9, with a zoom in on the
185.7keV peak from**U in Figure 1010. Spectra comparing the UNCLE and dilution
measurements for the Osprey and Inspector are similarly given in Figuwks dfd

10-12, respectively
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Figure 10-9. Comparison of UNCLE Specta at 1070RPM and 500RPM with

Dilution Spectra for Falcon BEGe.

155



1.00E+03

------- Falcon HPGe UNCLE Setup1-1070RH

Falcon HPGe UNCLE Setup2-500RPN
——50g/L - Dilution
——75g/L - Dilution
——85g/L - Dilution
——90g/L - Dilution

1.00E+02 -

Net Count Rate per Channel (cpm)

1.00E+01 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
180 181 182 183 184 185 186 187 188 189 190

Energy (keV)

Figure 10-10. Comparison of UNCLE Spectra at 107(RPM and 500RPM with
Dilution Spectra for Falcon BEGe at 185.7 ke\/*®U Energy.
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Figure 10-11. Comparison of UNCLE Spectra at 107(RPM and 500RPM with
Dilution Spectra for Osprey Nal(Tl) at 185.7 keV>**U Energy.
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Figure 10-12. Comparison of UNCLE Spectra at 107(RPM and 500RPM with
Dilution Spectra for Inspector LaBrzat 185.7 keV>U Energy.

Even though the UN circulating IidNCLE is the same UN employed in the §QJ/L
dilution measurements,ibrations, environmental temperaturand most importantly,
voiding effects due to dynamic fluid flow contribute to an overall effective density lower
than that of static measurementsic® Figure 18 shows no overall difference in fluid
flow, effects due to voiding and localized air bubbles contribute to the overall lower
effective uranium content measurad UNCLE. Figure 1013 compares the 185kéV

peak area fromi>U for both the WCLE flowrate measuremenghdthe static dilution
measurement3.he low efficiency of the Inspector measurements is inconsistent with the
Falcon and Osprey measurements. Saedetector geometry, ROI selectioand peak
discriminationmethods employed b¢enie, as well as localized voiding, background
and environmental conditionsontribute tanterpretations of thesesults.
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Figure 10-13. Comparison of*®U 185.7keV UNCLE Flowrate Peak Areas at
Dilution Peak Areas for All Detectors.

Note: Error barsplotted for some data points are smaller than the resolution of the graph.

If peak area is indicative of overall uranium content, the UNCLE data, as shown by the
Falcon and Osprey measurements, indicate that voiding reduces the effective
concentration tahat of the 7685 g U/L, with a corresponding density ranging from

1.099 1.115g/cn?.
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10.4 UNCLE *CsTransmission Measurements

As with the static dilution experiments, transmission measurements were takéf{@sth

to assess the 661kéV emission sensitivity to uranium conte8pectra were collected at

the same location and setup as the flowrate measurements fos 38@0time at the
1070RPM flowrate. A comparison of the full energy spectrum for all detectors is plot in
Figure 1014. In order tocomparethe 661.7 keV transmissionpeak areafrom the
UNCLE measurements from the transmission measurements in the dilution experiments,
these spectra were ovaddor the Falcon, Osprey, and Inspector detectors.
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1.00E+02 - '

1.00E+01 - \w
1.00E+00
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——Falcon HPGe UNCLE Setup3-Transmission1070RPM
Inspector 1000 LaBr3 UNCLE Setup3-Transmission1070RPM
—Osprey 2x2 Nal(Tl) UNCLE Setup3-Transmission1070RPM

Figure 10-14. Comparison of UNCLE**'Cs Transmission Spectra at 107&PM for
All Detectors.

The peak area boundary (ROIs) and pemtotal values for the 661.7 keV peak are
summarized in Table 1P. As shown in the ROI661.7 peak area depicted in

Figure10-15, the Osprey has the highest peak area efficiency fobétie7 keV **'Cs
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peak, whereas the Inspector 1000 has the lowest efficiginty.is consistent with the
flowrate and dilution measurement results. In addition, peak ratio values are provided in
Figure 1016 comparing the 661:f6-185.7keV peak areas for the 10RPM flowrate

with the static dilution measurements.

Table 10-2. Region of Interest ROI) Boundaries and Efficiency Properties of
6617 keV *'Cs Peak in UNCLE Measurements.

Detector ROI (keV) FWHM (keV) Peakto-Total Ratio
1070 RPM

Falcon BEGe [659.5,663.9 1.36 0.0093(+0.55%)

Inspector 1000 LaBr [615.8,696.D 20.87 0.0304(+0.40%)

Osprey 2x2 Nal(Tl) [606.1,709.9 41.85 0.0410(+0.26%)
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Note: Error bars plotted for some data points are smaller than the resolution of the graph.
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Figure 10-16. Comparison of UNCLE **’Cs Transmission PeakRatios at 1070RPM
with Transmission Ratios atDilution Concentrations for All Detectors.

Note: Error bars plotted for some data points are smaller than the resolution of the graph.

Even though the sourogas UN at 90g U/L, pipe specifications and sourdetector
geometry employed in the dilution experiments were emulated in the UNCLE facility,
changes irenvironmental variablesn addition toresettlingfrom fluid flow, deviate from
static transmission measurement parameter®\ comparison of thetransmgsion
measurements alt070 RPM in UNCLE and dilution peak spectra is given in
Figures 10-17 through 16€19, focused on the 661.KeV energy range for the Falcon,

Osprey, and Inspector detectors, respectively.
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Figure 10-18. Comparison of UNCLE Transmission Spectra at 107&PM with
Dilution Transmission Spectra for Osprey Nal(Tl).
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Figure 10-19. Comparison of UNCLE Transmission Spectra at 107&®PM with
Dilution Transmission Spectra for Inspector LaBrs;,

As tested with the dilution measurementse t*'Cs peak area and ratios provide a
signatureof overall wanium contenin the UN The UNCLE datandicates that voiding
reduces the effective concentration to that of theB3% U/L range as seen with the
Osprey measurements in Figures-18) and 1616. However, as the dilution
measurements founid’Cs to be relatively insensitive to uranium contéhis may also

be the case with the flowrate measurements.
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10.5 Conclusions

Both passivé>U and**'Cs transmission densitometry measurements were condocted
field trialsat UNCLE using the three detect@mployed in the dilution experimeni&he
dilution measurements provided indicasaof instrumentation sensitivitand potential
monitoringsignatureswhich were tested in avperational environmenin the presence

of realistic operating conditions, including facility background (pipes/tanks),
environmental variables (temperature, pressure), and fluid flow dynamics, the robustness
of the Falcon, Inspectpand Osprey were tested under such operating conditions. In the
comparative flowrate measurements at 1&RM and 500RPM, ***U signatures wer
assayed to ascertain whether uranium content could be detertnirednparison to the
static dilution experiments, the dynamic flowrate measurements provided results
indicating that voiding effects largely contributed to the observed decreasiee in
1857keV peak area, despite the maintenance of the pipe material, stmiemtor
geometry, and UN material originating from the a common stoa 9L solution. The
effective count rate from the 185k@V peak from UNCLE was in the range of the 75
85g U/L measurements from the dilution experiments, indicating a net lower
concentration in UNCLE as seen by the detector, likely due to voiding efgactiarly,

137Cs transmission measurements were conduatekD70RPM, emulating the dilution
transmission masurements, to determine the effectivenesS 6fs in assaying uranium
content.As seen with the transmission dilution measurements in ChaptéfCs, is
relatively insensitive to uranium content over the concentration rangé 0 §0J/L and

densitiesof 1.008 1.122 g/cm.

The evaluation of a fieldable COTS detector and transmission monitoring source is
finally contingent upon statistical and uncertainty variables, including background

effects, peak area continuuandsensitivity to detector offset pitioning, in addition to
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further efficiency variables. These factors vii# discussed as part of a comprehensive

uncertainty and sensitivity analysis in Chapter 12.
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CHAPTER 11. RESULTS: VALIDATION SIMULATION MODEL S

11.1 Passive Simulation ValidationResults

For each of thefive measured dilution concentratiomaitlined in Table8-5, a
comparison of the measured and MCN$Imulated spectrior passive measurements

of 90 g, 85¢g, 759, 509, and 10g U/L of UN arepresented in Figurekl-1 through
11-5.
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Figure 11-1. 90g U/L Comparison of Dilution MeasurementData with MCNPX
Simulation.
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Figure 11-5. 10g U/L Comparison of Dilution Measurement Data with MCNPX
Simulation.

Consistent with the ROI selection i@hapter 9, the ROIsn the exgrimental
measurementwere emulated for the simulation spectra in ordedé&ermine the net
peak areas at each dilution concentration for the-inigmsity?>*U emissions. These
peaks are summasad in Table 141. Figure 116 plots the peak area of teanmulated
highest intensity emissions as a function of dilution concentrat8ources of
deviations from linearity for both the simulation compared to the experimental data
include variables that cannot be simulated, such as electronics variablesy diet@dto

time, and conversion to light from the electron energies.
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Table 11-1. Region of Interest (ROI) Boundaries for GammaRay
Emissions from Dilution and Transmission MCNPX Simulations of UN

for the Falcon BEGe.
Peak Energy ROI Energy (keV)

(keV)

143.76 [142.5, 1455

163.33 [161.6, 164.D

185.72 [184.5, 187.8

122.1 [120.6, 123.5]

356.0 [354.1,358.0]

661.7 [659.5, 663.B
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Figure 11-6. Net Peak Area for”>®U 185.7 keV Emission as a Function of Dilution
Concentration for MCNPX .

The fit values for passive measurements and simulations have correlation coefficient
(R?) values higher than 0.9, indicating a strong linear fit for this signature(yi@és a

function of solution concentratiq).
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Use of peak ratio methedor peakswithin the samesnergy rangesnsures that the
detectorefficiency is alsosimilar between the two peaks. Suabak ratio methods
also allow for the uranium concentration to be determined without calibration
constants or infinite thickness regements making ratios more robust signature
indicators[87]. As given in Table €, the highest intensity emissions beyond the
185.7 keV(57.2%)signatureemissiongrom ?**U are (in order of decreasing intensity)
143.8keV (10.96%) 163.3keV (5.08%) 194.9keV (0.63%) 202.1keV (1.08%) and
205.3keV (5.0199. All energiescomparing simulation and experimental ratae

plottedin Figure 117 for the dilution concentration of 9QU/L.
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Figure 11-7. Peak Area Ratios of High Intensity”*U Emission Photons to
185.7keV for Dilution Measurement Data and MCNPX Simulation at 90g U/L.
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In reality, the 143.&eV signature would best bmmployedas asignatureratio to the
185.7 keV peak, as its emission intensity is second onlyhtt of the 185.7keV
emissionDiluting from 90g to 10g U/L (with a density decrease of ~10.2%)ere is
a relative12% increasein the peak ratio values of the peak area of 148¥ to

185.7keV.
11.2 Transmission Simulations of Dilution Experiments

In addition to the passive NDA simulations, detector validatiort¥@s transmission
measurement&zassimulated for 9@, 859, 759, 50g, and 10y U/L of UN (outlined

in Chapter 9)A spectral overlay of the measured and simulaté&gs transmission is
given in Figure 148 for 90 g U/L. The spectral overlay plots for the remaining

concentrations are given in Appendix F, Figuresthrough H4.
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Figure 11-8. 90 g U/L Comparison of **'Cs Transmission Measurement Data with
MCNPX Simulation.
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Use of the rternal™*'Cs densitometry source ratio methegssnot as consistertue

to variation in efficiencyariables, which will be assessed in the sensitivity analysis in
Chapter 12However, gross peak areas showed strong linear correlation but were not
highly sensitive to dilutiortoncentrations to UN. This is consistent with the rationale
explained in the attenuation calculationsGhapter7; as shown in Figure -3, the
convergene of the MACs for UN at higher energies provides less sensitivity to
uranium contentThe peak area of 661KkeV emissions from>'Cs as a function of
dilution concentration for both MCNPX and maesments is given in Figure 2

and fits with a stronglinearcorrelation coefficient for the validated MCNPX values.
Diluting from 90g U/L to 10g U/L, there is a relative peak area increase 10.3% of
transmitted **'Cs  661.7 keV photons. As shown in Figure 19, datistically

propagated uncertainty falls within1% error.
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Figure 11-9. Net Peak Area for**'Cs Transmission MCNPX Simulations at
661.7keV as a Function of Dilution Concentration.
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11.3 Transmission Simulations of"**Ba and®’'Co

The attenuation analysis in Chapter 7 also proptsatdower energy photon sources
from **Ba and>'Co would be more sensitive to uranium content, as shown in
Figure7-3. Since experimental measurements were not possible to tessstheces 6
sensitivity to uranium content, use of the validated simulatioogiges insights into

transmission sensitivity for PM signature determination.

For each of the five measured dilution concentrations outlined in Table a8
comparison of the MCNPX simulated spectra for transmission measurementg,of 90
859, 759, 509, and 10g U/L of UN are presented in Figures-1Q and 1111 for

133Ba and®’Co, respectively.
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Figure 11-10. **®8Ba Transmission MCNPX Simulation Data Spectra at Dilution
Concentrations.
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The 356keV transmission peak fdf ‘Ba was assessed with the Falcon BEGe detector

response for various concentrations of UN. Since thelifalbf *®8Ba source is

approximately 10.5 years, it is favorable from an operatior@liitoring perspective,

as source replacement would need to be less frequent’@authalf-life ~271 days).

In order to have a peak ratio error < 5% atg0/L (where the highest concentration

has the lowest transmission peak area coamd hence the ighest statistical

uncertainty, use of a 0.8Ci ***Ba source in the simulation model source definition

met this95% confidence levetriterion Since®’Co has such a short hdiffe, a very

high activity source would be required to sufficiently penetiia@eUNHilled pipe and

provide a statistically confidentdetection signal Without introducing a highly
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radioactive source in order to meet the 5% criteria, use af@i 8'Co source in the
simulations provides 90% confidence within 10% statistical efoor the most
conservative model with the lowest transmission g90/L). Peak area values of
external transmission source for 368V and 122.1keV photons from>*Ba and®'Co

are provided in Figures 112 and 1113, respectively.
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Figure 11-12. Net Pek Area for ***Ba TransmissionMCNPX Simulations as a
Function of Dilution Concentration.
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A comparison of all the simulated transmission sources is proindedure 1114.
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Note: Error bars plotted for some data points are Berahan the resolution of the graph.

Computational models were created in order to simulate and test the detection

11.4 Conclusions

response to various concentration and densitometry variables. PassivV€'Gsd

transmission models were validated with experimental dataywanel consistentvith

experimental measurements. BotffBa and >’Co as densitometry transmission

sources were simulated to determine the optimal densitometry source for monitoring

UN with respect to the highest sensitivity to uranium content.

182



The slope values of thienear fit for the peak area of the transmission sources as a
function of dilution concentration providan indication of the level of sensitivity of

the transmission source tbe uranium content in the pipe. pssitedin Chapter 7,

137Cs had the lowest slope val(ieigure 117), with the least sensitivity to uranium
content as a function of concentration. S'tsdue to plateauing values of tMAC of

UN at higher (50keV+) energies,asshown in Figure B. For **Ba (Figure 1112),

the slope of the fit was more pronounced, indicating greater sensitivity to uranium
content as a function of concentration. Finafli{Co (Figure 1113) had the most
pronounced slope with the great sensitivity to uranium content. Although most
sensitive, the operational implementation8Eo as a viable monitoring source is
deterred by its very short hdife and the need for a high source activity for the-low
energy 12XeV photons tgpenetrag the UN pipe However, 122 keV also sits below

the major uranium emissions and may be too sensitive to continuum subtraction,
unless higkresolution instrumentation is employed (HPGE&he **Ba provides a
superior sensitivity compared {3'Cs and a suigiently longer haHlife compared to

>'Co. However, if lower resolution measurements are to be considered in a monitoring
scheme, degraded resolution would require corrections from the adjacent high
intensity peaks in the 30800 keV range from**®8Ba. Firally, the validated"®*'Cs
provided the least sensitivity to uranium content, but provided sufficient penetration

with thesingularhighrintensity661.7keV emissionand long haHife.

Although the lower energy transmission peaks provitegreatest sensitivity, from a
detection perspective, thé*Ba and *'Cs also contribute higher Compton
downscatter, increasing the continuum under thé 200keV #**U photon emissions.
As we are evaluating natural uranium, higher Compton contributodsl eclipse

peak measurements in this low energy range, as well as increase the peak area
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uncertainty associated with the underlying continuum. This latter concept is now

explored in the next chapter (Chapter 12).
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CHAPTER 12. STATISTICAL, UNCERTAI NTY, AND SENSITIVITY
CALCULATIONS

Experimentaimeasurementsom both the dilution and operatioretivities provided

a basis for identifying passive gamirey signatures fronf>U in UN. Detailed
statigical, overall uncertaintyand sensitivity analyses are reqdiia order to evaluate
the robustness of these monitoring signatufgstematic and random errors are
further considered in the evaluation of monitoring signatucesneet a specific

safeguards task

Peak area uncertainty duett® Compton continuum fim 33U in secular equilibrium
from aged UN, in addition tthe **'Cs emissions during transmission measurements
affect thenet 185.7 keV precisiopeak areaand required counting times to meet a
specified confidence interval. la field setting backgroud from adjacent tanks and
pipes containing uranium in a field settiadditionallycontribute to background under
the assay peak areas, which must be characterized, discrimiaatedppropriately

shielded during implementation of field instrumentation.

A sensitivity analysis provides an indication of how variables, such as pipe thickness,
material properties, and sourdetector geometry affect the overall detection
efficiency of the assayed®™J si gnatur es. Canberrabdés | SOCS
UN mass (hence, activity) in the 304L pipe through a series ofremyng calculations

(explained in Chapter 5) and provides an absolute efficiency for the modeled-source
detector configuratiomodeled To model the UNilled pipe geometry, two of the

three tsted detector$ the Falcon BEGeand the Osprey>2 in. Nal(Tl) 7 can be

handledin ISOCS. In addition, MCNPX simulations were created to determine the
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effects of sourceletector geometry and absorbers in the overall peak efficiency of

assay signatures.

12.1 Statistical Uncertainty and Error Propagation
12.1.1 Dilution Background Measurements

The background uncertainty as part of the overall statistical uncertaintyuaasfied
for the laboratory environment wherthe dilution measurements were taken.
Measurement getra were taken for 18@9live time and are provided for each of the

three detectors in Figure 4112 The Inspector 1008etected the highesnvironmental
K at 1460 keV.
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Figure 12-1. Laboratory Background for Dilution Measurements.
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ROl gross and tkground value8 for the ?*®U highintensity emissions were
employed for each of the three detectors. The required counting (live) time to meet
predetermined uncertainties 66 and 10% for the Falcon, Inspector, and Osprey

detectors are calculated in Tebl121, 122, and 123, respectively.

Table 121. Falcon BEGe Optimal Counting Time for Passive and
Transmission Dilution Measurements for Predetermined Precision

Dilution Peak Room Room Counting Time (s)
Concentration Energy Background, Background 5% 10%
(g U/L) (keV) b (cpm) Uncertainty,
Sy (cpm)
90 185.7 418.57 3.74 6.65 1.66
661.7 54.30 1.35 40.30 10.06
85 185.7 435.92 2.7 6.77 1.69
661.7 34.42 0.76 74.84 18.68
75 185.7 375.15 2.50 7.19 1.80
661.7 27.88 0.68 78.68 19.65
50 185.7 254.85 2.06 9.60 2.40
661.7 43.02 0.85 35.23 8.81
10 185.7 29.82 0.70 101.57 25.34
661.7 6.88 0.34 70.06 17.51

® ROI values from Tables-2 and 93 were employed in this calculation.
" For Tables 121 through 123, 185.7 ke\V***U emissims were calculated from passive dilution
measurements; 661.7ké¥/Cs emissions were calculated from transmission dilution measurements.
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Table 122. Inspector 1000 LaBg Optimal Counting Time for Passive and
Transmission Dilution Measurements for Predetermined Precision

Dilution Peak Room Room Counting Time (s)
Concentration Energy Background, Background 5% 10%
(g U/L) (keV) b (cpm) Uncertainty,
Sp (cpm)
90 185.7 2166.10 8.50 42.03 10.40
661.7 1028.43 5.86 86.77 21.24
85 185.7 2492.82 6.45 52.78 13.10
661.7 540.85 3.00 198.66 48.42
75 185.7 1674.57 5.28 56.55 14.04
661.7 468.30 2.79 169.17 41.45
50 185.7 1182.95 4.44 75.22 18.63
661.7 444.70 2.72 152.96 37.58
10 185.7 500.58 2.89 470.39 109.87
661.7 218.12 1.91 101.52 25.18

Table 123. OspreyNal(TI) Optimal Counting Time for Passive and
Transmission Dilution Measurements for Predetermined Precision

Dilution Peak Room Room Counting Time (s)
Concentration Energy Background, Background 5% 10%
(g U/L) (keV) b (cpm) Uncertainty,
Sy (cpm)
90 185.7 11365.33 19.46 6.36 1.59
661.7 3580.13 10.92 32.38 8.03
85 185.7 8393.20 11.83 8.49 2.12
661.7 1466.70 4.94 69.13 17.13
75 185.7 9143.40 12.34 7.27 1.82
661.7 1603.83 5.17 62.53 15.51
50 185.7 8048.58 11.58 10.80 2.70
661.7 1019.20 4.12 52.79 13.12
10 185.7 1471.35 4.95 88.08 21.76
661.7 575.28 3.10 34.49 8.60

For the measurements conducted, count rates from signature 185 Pkevhissions
and 661.7 ke\VM*'Cs emissions were sufficiently intense to satisfy counting times
Tables 121, 122, and 123 to meet the counting statistics of % uncertainty

range.
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12.1.2 UNCLE Background Measurements

The background in UNCLE was characterizedfibst measuring backgrounia the

absence of the backshiglhdsecond by measuring backgundwith a Shadowshield

(as shown in Figure 12).® By shielding the source emissions from the -filléd

pi pe, the shadowshield provides measur emen
reaching the detector penetrating the shielding arrangement (E@G@)e There is no

evidence of a peaked background. Thus, the net 185.7 keV intensity simply requires a
continuum subtraction. This is determined for each assay from the collectedispectr

In relation to Equation-87, this means thag= tp.

Figure 12-2. FalconDetector Setup inUNCLE (Setup 5:
ShadowshieldFrontshield) Measuring Leakage into Collimator.

8 Environmental measurements were taken unshielded at a standoff distance at the entrance of UNCLE.
This measuremenpectumis provided for all three detectors in Appendix |: Figute |
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Figure 12-3. Detector Comparison UNCLE- Setup 5:Shadowshield (Frontshield)
Leakage into Collimator at 1070RPM.

Measurements taken in WNE in the absence of a backshield are given in
Figurel2-4 for each of the Falcon, Inspector, and Osprey. Subtracting these
measurements taken in Setup 1 (1&RM) with the backshield in UNCLE (given in
Chapter 10) providethe background contributiondm surrounding pipes and tanks
reaching the detector. The background contribution from adjacent tanks and pipes is

given in Figure 15.
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Figure 12-5. Full Energy Spectra ofCounts Shielded by Backshield in UNCLE.

Background signals from adjacent tanks/piping provié®a interference source that
could alter the pipe signals assaying uranium content. However, since the emission
range we are focusing on f6+U falls in the10G' 200 keV range, the use of a Pb
backshield, in conjunction with optimized shielding encasing the detector, sufficiently

shields against these external emissions.
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ROl gross and background valdefor the ?*°U highintensity emissions were
employed for each of the three detectors. The required counting (live) time to meet
predetermined uncertainties 6% and 10% for the Falcon, Inspector, and Osprey

detectors are calculated and summarized in Tabk42

Table 124. Optimal Counting Time for UNCLE 1070RPM Flowrate
Measurements for Predetermined Precision

Detector Peak Room Room Counting Time (s)
Energy Background, Background 5% 10%
(keV) b (cpm) Uncertainty,
Sp(cpm)
Falcon BEGe 185.7 422.23 2.65 7.49 1.87
661.7 59.55 1.00 54.17 13.53
Inspector 185.7 2372.65 6.29 41.39 10.29
1000 661.7 739.15 5.53 218.59 53.02
Osprey 185.7 7129.00 10.90 8.41 2.10
661.7 1594.95 5.16 76.79 19.00

12.1.3 Compton Continuum Effects

In addition to environmental backgroundontributing to ROI count rates,
contributions from the Compton continuum shelf affect the associated uncertainty of
the background (i.eenvironmental background plus Compton continuum). Compton
continuum, whether from &'Cs transmission source or fromgher energy>?U, in

the case of natural UN in secular equilibrium, contributes to the continuum under the

peak ROI. In principle, two 185.7 keV measurements may have the same net peak

ROl values from Tables-2 and 93 were employed in this calculation.
9 For Tablel2-4, the 185.7 ke\#**U emissions were calculated from passive dilution measurements;
661.7keV *'Cs emissions were calculated from transmission dilution measurements.

193



ROI (indicative of the same uranium content). However, in the presghCompton
downscatter, this increases continuum background, which increases the overall

uncertainty associated with the measured peak area.

In Figure 126, the integral ROI for the 185.7 keV peak area ag8%L is shown.
Figure 126 also assessesetlsame 185.7 keV ROI, but for measurements with the
661.7 keV*'Cs transmission source present. The change in background in each
situation was negligible between the two measurements, given thbaldwground
environment, and the solution remained uncleangt 85g U/L. Comparing both
figures, the highlresolution measurements from the Falcon BEGe show comparatively
no change in Compton effects between the passive and transmission measurements.
However, for the loweresolution scintillator detectors, camium effects are very
pronounced with the introduction of a higher energy 661.7 keV source, increasing the
continuum under the net peakea. With the highest detection efficiency and low
resolution, the Osprey vyielded the greatest sensitivity in contincontributions in

the presence of highmission Compton effectsThese effects are echoed in the

UNCLE flowrate measurements at @QJ/L at 1070RPMin Figure 127.
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Figure 12-6. 185.7 keV***U Integral Counts in the Absence and Presence 6t'Cs
at 85g U/L Dilution.
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Figure 12-7. 185.7 keV?*U Integral Counts in the Absence and Presence 6t'Cs
at UNCLE.

If process monitoring>®U in UN included regular Compton downscatter from either
high-energy transmission sources or from higher ené¥dy in secular equilibrium,

then a Compton suppression system could be explored to quantify such [@@gcts
However, sincé®U in UN is expected to be freshly processed, such measures are not

a foreseeable requirement for an NUCP.

12.2 Detection Efficiency

Gamma rays must undergo interaction with ttietector crystal before being
registered.The efficiency of a detection system is typically defined as the observed

peak area count rate divided by the source gamma emission a®ivéntification of
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the peak efficiency values of tHé%U 185.7 keV and®*'Cs 661.7 keV emissions
according to Equation 12 for the dilution and transmission measurements for the

Falcon, Osprey, and Inspector is given in Figure8 AAd 129, respectively.

1.00E-02 -
>
[&]
c
k5
o
2
< 0.16% 0.15%  ,0.1481%
& 100E03; . N 0.11%
*
> 0.090% *
o 0.082%
2 ’ 0.080% 0.076% 0.073%
u 0.06%
5
LL
E =m
. = 0.021% 0.021%
0.016% 0.017%
1.00E-O4 T T T T T T T T T 1
0 10 20 30 40 5 60 70 8 9 100

Solution Concentration (g U/L)

| *Falcon mInspector 4 Osprey|

Figure 12-8. Peak Efficiency of 185.7 keV Emissions froft-U from Dilution
Measurements.

Note: Error bars plotted for some data points are smaller than the resolution of the graph.
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Figure 12-9. Peak Efficiency of 661.7 keV Emissions frorft'Cs from
Transmission Measurements.

Note: Error bars plotted for some dataipts are smaller than the resolution of the graph.

As seen in Figures 12 and 129, deviation from expected values is due variations
any of the variables that contribute to the total detection efficiency. As described in
Chapter 5,He total efficieng is the product of four factorg63] [64]:

- - 3 O 5 . [12-1]

Subsequently, evaluation of the sensitivity of each of these parameters to the overall

detector response wijuantify the effets on theassay signatures.
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12.3 MCNPX Analysis

Differentiating each of the four factors contributions to the total efficiency in
Equation12-1 is difficult to determine experimentally. However, the simulation
models developed in Chapter 8 can be harnessddtérmine the particle flux at each
boundary in the experimental setup. Using the energy calibration parameters and
detector geometry for the Falcon BEGe outlined in Chapter 8, an F1 flux tally was
conducted over interacting surfaces (Figurel@ In Figure 1210, the dots represent

the source particles and collisions in the MCNPX modéle MCNPX input is

provided in Appendix J.

(3) Collimator/Endcap

(4) Detector Housing~_ \
(5) Detector //
Crystal 1= \

2 ﬁipe —>

(1) UN =

Figure 12-10. Vised Model of MCNPX Simulation Source Particle Interactions.

To determine the peak efficiency for the 185.7 keV emissions from the UN, the F1
tally is was multiplied by the UN activity and sum of emission probabilities (SP card),

and taken as a ratio of tHé&U activity emitted by the source UN, with AU
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branching ratio of 57% for 185.7 keV photons (Equation2)2 This value provides

the fraction of source 185.7 keV photons that escape the UN.

- - ~ ~ 0 0] _
0 QI QOO QL6 8 [12-2]

1 (1) UN Boundary: The first F1 tally was conducted over the boundary of the
source UN at 9@ U/L. The peak efficiency of Equation -B2provides thezamp
the selfattenuation effects due to the sample UN. The inverse of this value

provides theCF(AT)described in Chapter 7.

The following three surface tallies contribute to the evaluatioregf, and geom

parameters in Equation 412

1 (2 Pipe Boundary: The second F1 tally was conducted over the boundary of the

304L stainless steel pipe.

1 (3) Collimator/Endcap: The third F1 tally was conducted over the boundary of

the W endcap of the Falcon BEGe detector.

1 (4) Detector Housing The fourth F1 tally was conducted over the Al housing of

the detector.

The final tally provides the intrinsic peak efficiencg,g values by determine what
fraction of the photons reaching the detector crystal actually interact with the crystal to

produce a fullenergy photopeak.
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1 (5) Crystal Surface The final F1 tally was conducted over the surface of the
HPGe detector crystal. Thatio of the F8 (energy deposition) from Chapter 8 for

the 185.7 keV peak to this F1 tally value provides the intrinsic peak efficiency

value, .

The peak efficiency at each of these tally points in the MNCPX model is summarized

in Figure 1211.
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Activity Surface  Deposition

Tally Location

Figure 12-11. 185.7 keV Peak Efficiency Values from MCNPX F1 Tallies.

Note: Error bars plotted for some data points are smaller than the resolution of the graph.

From the MCNPX F1 tally over the (1) UN boundary, the sample efficiency for the

185.7 keV peakgamp is (40.20.2)%. Thea, calculated for the ratio of emissions
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reaching detector of the crystal surface [F1 tally at (5) Crystal Surface] with the
emissions that interact with the crystal volume creating full energy depositions (F8
peak area) is 4%. The culmination of the tallies from (2) Pipe Boundary,
(3) Collimator/Endcap and (4) Detector housing contribute to tBesf0 Qeon)
parameters. These efficiency values collectively contribute $801001)% to the
185.7keV peak efficiency. From the source emissions of 188\ photon activity of

9.08 10* Bq with thedetected photopeak area of 68, the overall peak efficiency

based on this validated MNCPX simulation is (0£7.609)%.

In addition, tallies were made tietermine the effects of the Pb brick arrangement, as
well as the W collimator. Consequently, the emissions were tallied in the presence of
both Pb shielding and collimator, without Pb with collimation, and without either Pb
or collimation. A comparisonfdhe Pb shielding arrangement and collimator is given

in Figure 1212.
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Figure 12-12. 185.7 keV Peak Efficiency Values

In the absence of Pb shielding, the peak efficiency increases from 0.95% (of initial
185.7 keV activity) to 1.07%. Further elimimat of the W collimator/endcap
increases the efficiency by 0.72% to 1.79%. However, thereafter, the absolute peak
efficiency only increases from 0.08% to 0.09% efficiency in the absence of
collimation and shieldingThe MCNPX models quantify the effects tfe Pb
shielding arrangement employed in the dilution measuren@ptisnization ofsource
detector geometry in a field setting, as well as optimizing shielding, will mitigate

background contributions from adjacent pipes and tanks in an NUCP facility.
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12.4 In Situ Object Counting System (ISOCS) Simulations

A detailed assessment of factors affecting detection efficiency is made by conducting
a sensitivity analysis of the detector response to changes in pipe thickness, material
properties, and souraetector placement/offset. These are conducted using
Canberrads |[&300nBke slasdical efficierey calibrations, ISOCS can

be employed withoutepresentativecalibration materialsA response model of the
detector is established at the factory by a combination of measurement and MCNP
modeling. The geometry is modeled in the ISOCS software and uses ray tracing
(described in Chapter 5) to determine the absolute efficiency of the stetexgor
system. When this efficiency calibration is applied to an acquired spectrum, the mass
(and hence, activity) can be determined for the modeled geometry. The use of ISOCS
negates having to run multiple MCNPX simulations, hence permitting testiag of
multitude of variables affecting the overall peak efficiency of photon signatures
emitted from the UNbearing pipelSOCS executes in a short time relative to MCNP,

but generates only the full energy peak efficiency, not the energy deposition profile.

12.4.1 ISOCS Peak Efficiency Simulations

Models were created to emulate the geometry employed for both the dilution and
UNCLE measurementslhe peak efficiency values determined using ISOCS were
calculated within 5%onvergencerror. The results for the FalcoreBeareprovided

in Figure 1213 and are pltééd as a function solution density for the 185.7 keV peak
efficiency in Figure 1204. The Osprey Nal(Tl) ISOCS results are plot in Figurd 3.2

as a function of energy and in Figure-12 as a function of solwn densityfor the

185.7 keV peak efficiencyAll data are plot with 5% error bar®ne prominent feature

of both these simulations in Figures-12 and 1215 is the efficiency drop after
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100keV. This local drop in efficiency is due to theddge absorptn of uranium at

115.6 keV. At lower uranium concentrations, the#ge effect is less pronounced.
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Figure 12-13. ISOCS Calculated Peak Efficiencies for Collimated Falcon at
Dilution Concentrations as a Function of Energy.
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Figure 12-14. ISOCS Efficiercy Calculations for Collimated Falcon

Measurements as a Function of UN Solution Density.
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Figure 12-15. ISOCS Calculated Efficiencies for Shielded Osprey Dilution
Measurements as a Function of Energy.
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Figure 12-16. ISOCS Efficiency Calculations forShielded Osprey Dilution
Measurements as a Function of UN Solution Density.

A comparison of the Osprey and Falcon efficiencies with shielding/collimation i

provided in Figure 1:A7.
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Figure 12-17. Comparison of ISOCS Calculated Efficiencies for
Shielded/Collimated Falcon BEGe and Osprey Nal for 9@ U/L in Pipe.

12.4.21SOCS Mass and Activity Calculation of UN in Dilution

Experiments

Modeling the sourceletector setup enables ISOCS to generate the geospetcific
peak efficiencies. These efficiency calibboas were imported into the dilution data

taken with Genig76] for each of the Falcon and Osprey detectors. With ISOCS
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generated peak efficiencies, the mass and subsequent actifiy efere determined

for the dilution setup, and summarized in Table512 Theoretical”®U mass values

were calculated using stoicmetric calculations and measured densities for the UN
filled pipe. As the ISOCS system is best optimized for fnggolution detectors, the
Falcon®**U mass were in very good agreement with the theoretical values. The ISOCS
generated results are less picad for lowerresolution measurements, such as by the
Osprey, as shown in Table-b2 Lowerresolution results are more difficult to unfold

and are much more sensitive to continuum effects, which may contribute to the higher
mass estimation of°U for the Osprey. Table 1@ summarizes the same generated
ISOCS efficiency for the 9@ U/L dilution for the UNCLE spectra taken with the
Falcon detector. Consistent with the peak area results discussed in Chapter 10, a lower
effective mass is seen by the dedectue to dynamic flow, as well as any variations in

the exact geometry setup from the dilution measurements translated to UNCLE.

111SOCS calculates full energy peak efficiencies and should be suitable for HPGe and Nal detectors.
However, in realife applications, Nal detectors have poor energy resolution satigéometry

dependent smalingle scattering stays within the ROI, which itself contains overlapping peaks (143,

186, and 205 keV peaks). Consequently, the interpretation of the full energy peak area is an operational
one as much as it is one of physics.
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Table 125. ISOCS Mass and Activity of UN in Dilution Pipe from Falcon

BEGe.
Dilution Theoretical ISOCS ISOCS ISOCS ISOCS
Concentration Calculation Falcon BEGe BEGe Osprey Osprey
(g UIL) Mass?*U in Mass Specific Mass Specific
Pipe (g) 2% in Pipe Activity BYin Activity
@) 2y Pipe (g) 2y
(photons/ (photons/
s/9) s/9)
90 1.99 1.85: 0.05 7.88 10" 6.59:0.33 7.83 10"
85 1.87 1.79 0.04 7.8310° 5.15+0.21 7.83 10
75 1.66 1.62+0.04 7.86 10 5.51+0.22 7.83 10"
50 1.10 1.0940.02 7.8B10* 2.680.13 7.84 10
10 0.2 0.170+0.005 7.88 10" 0.5440.03 7.83 10"

Table 126. ISOCS Mass and Activity of UN in UNCLE from Falcon

BEGe.
Dilution ISOCS Falcon
Concentration Mass®%U Specific
(g UIL) (9) Activity 2

(photons/s/q)

Calculation 1.99 8.00 10°
BEGe Dilution 1.85+0.05 7.88 10"
90g U/L
BEGe UNCLE 1.73+0.04 7.83 10"
1070RPM
BEGe UNCLE 1.66+£0.04 7.83 10"
500RPM

12.4.3 ISOCS Efficiency Models Due to Absorbers and Selfhielding

The following ISOCS models build upon characterizing #e by determining the
effects of removing the collimator/shielding. Since the Falcon is modeled with the W
collimator endcap and the Osy is modeled with the Pb brick arrangement, the
uncollimated/unshielded models without 304L piping enable direct comparison of the

variables contributing t&, independent o&psp

ISOCS models were constructed without the 304L pipe wall (modededry air).
Figure 1218 shows a comparison of efficiencies calculated by ISOCS for the Falcon
with 90g U/L UN in for various shielding and absorber geometries. These geometries

are avariationof calculated efficiencies with and without the 304L pipalvand/or
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collimator. Similarly, Figure 1229 compares various geometries for the Osprey. Full
dilution concentration efficiencies and various shielding configurations are provided in

Appendix K. All efficiencies were calculatéy ISOCSwithin 5% uncertanty.
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Figure 12-18. Comparison of ISOCS Efficiency Calculation®f 90g U/L UN for
Falcon BEGe(i) with Pipe and Collimation; (ii) with Pipe Wall Without
Collimation; (iii) with Pipe with Collimation; and (iv) without Pipe or
Collimation.
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Figure 12-19. Comparison of ISOCS Efficiency Calculations of 9§ U/L UN for
Osprey Nal(Tl) (A) with Pipe and Collimation; (B) without Pipe with
Collimation; and (C) Pipe or Collimation.

At 185.7 keV, the peak efficiencies generated by ISOCS for these varionegies
are summarized in Table 22 The notional uncertainty in the ISOCS calculation is

+relative, on the absolute values, based on general guidance from the product

literature[63].
Table 127. ISOCS 185.7 keV Peak Efficiencies for Various Geometries.
Geometry Falcon Geometry Osprey
Peak Efficiency Peak
Efficiency

Collimated, 0.080% Shielded, 0.075%
Pipe Wall Pipe Wall

Uncollimated, 0.091% Unshielded, 0.089%
Pipe Wall Pipe Wall

Collimated, 0.178% Shielded, 0.172%
No Pipe Wall No Pipe Wall

Uncollimated, 0.223% Unshielded, 0.224%
No PipeWall No Pipe Wall

213



For the Falcon at 90g U/L, the peak efficiency for a collimated detector with pipe wall
is 0.080%. The presence of the pipe wall attenuates the source UN by. 3912%
ISOCS simulation demonstrates that thespree of the W collimator attenuates
12.1% of the incident 185.7kV photons. As a result,dbetribution toeups, for the
Falcon at 90g U/L can be calculated as the quotient of the efficiency with
shielding/collimation/piping with the efficiency withotltese absorber3he result for

the Falcon is 85.8%contribution toeys, of due to ppe wall and collimator effects.
Similarly, the pipe wall for the Osprey attenuates 60.3%, where the Pb shielding
attenuates 15.7% of the 185.7kV photons. As a refatontribution togysp for the

Osprey at 90g U/L is 33.5% due to pipe wall and collimator effects.

12.5 Self-Attenuation Correction Factor

A variety of methods have been employed to determine the peak efficiency of the

185.7 keV emission, including efficiep calculations from MCNPX, measurement

data, and ISOCS simulations. Determination of &gpeprovides theCF(AT) as
outlined by Parkeros met hod in Chapter 7
conducted in this chapter, the flux over the UN boundary pesviflimpe at

40.2+0.2%. The inverse value of this efficiency yield€R(AT) of 2.49:0.02.Using
Parkerdéds method in combination with the Mt
Chapter 7CF(AT)was plotedas a function of @meetheBr om t he
Equation 72 can be determined from tk#-(AT)for the Falconin addition, using the

MCNPX Parker transmission analysis from Chapter 7 with data acquired in Chapters 9

and 10, 8 c ataly determired pKgure A2 shows CF(AT) as a
function of & for XCOM, MCNPX (from Parker
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(Chapter 9), and UNCLE (Chapt®&d). SinceCF(AT)was dctermined to be 2.4%he
subsequent (basedlon dilwionfdata)re prvided in Table 1B, wherea
~0.75/0.76 XCOM is overstated as it theoretically predi€@BS(AT) for narrowbeam
geometry, as explained in Chapter 7 in detaflariations in reproducible geometry

between the dilution and UNCLE measurements explain the differemce in

311 y = 2.9557x + 0.5834
R2=1
2.9 -
y = 2.4104x + 0.6724
2.7 - R2=1
y = 2.3769x + 0.6779
25 - Re=1
- y =2.2023x + 0.7071
L
@)
2.1+
1.9 - ——XCOM
--MCNPX
Dilution Data 90g U/L
L7 ——UNCLE
1.5 T T T T T T T 1
0.68 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84

]

Figure 12-20. Calculation of CF(AT) for Various Values ofe.
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Table 128. Calculation of 8 Based on Derived Values o€F(AT).

CF(AT) XCOM MCNPX Dilution Data 90 g U/L UNCLE

2.49 0.81+0.01 0.76:0.01 0.75+0.01 0.65:0.01

12.5.1 Overall Peak Efficiency

CorrelatingEquations 12 and 123, the 185.7 keV peak area can be written as a

function of source activity and efficiency variables for UN, given in Equatie8.12

P YUFQQH QDR Qddn i YO GO QBAD® . [12-3]

The Falcon measurement data yielded a 185.7 keV peak efficigagyof *°U = Qotal
in Equation 121) of (0.073:0.000)%, where the ISOCS yield€.083:0.004%, and
MCNPX vyielded 0.076:0.009%. With a branching ratio of 0.57fr 185.7 keV
photons per dexy[61], and knowing thé**U specific activity of7.84 10° photons/s/g
calculated from ISOCS, peak area can be correlated 3fith mass as shown in

Equation 124.

YU @i i 7 [12-4]

The ISOCS and dilution mass values all fall within 5% of the MCNPX simulations.

The capabilities and limitations of this confidence level in a process monitoring

regime are discussed in Chapter 13 with respect to IAEA safeguards goals.
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12.6 Sensitivity Analysis of Detection Efficiency

The use of simulation tools, such as MCNPX and ISOCS, permit testing the sensitivity
of detector responses to how variables such as pipe thickness, -detac®r
geometry, and material properties affect the overall deteefficiency of the assayed

23U signatures.

12.6.1 Spatial i Offset

The effect of detector placement due to spatial offset was evaluated using both
experimental measurements, in conjunction with the ISOCS Uncertainty Estimator
[63]. As described in Chapter 5, offset measurement deéase acquired
experimentally for each of the three COTS detectors for @ 90 UN-filled pipe in

the dilution experiment setup. Central axis measurements were taken a& 1860
time, and for 3608 live time at offset locations. The Falcon measurements were taken
with the W collimator/endcap atdn (central axis), 6.6m (1/2 collimator diameter)

half offset, and 1m (full collimator diameter) full offset positions. The Inspector
and Osprey measements were taken with the Canberra 7419 Shield/Collimator with
measurements correspondingly taken anf) 6.5cm, and 13m offset. Spectra for

the data are given in Figures-22, 12-22, and 1223 for the Falcon, Osprey, and

Inspector detectors, respeety.
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Figure 12-21. Spatial Offset Measurement Values for Falcon BEGe at 9 U/L.
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Figure 12-22. Spatial Offset Measurement Values for Osprey Nal(Tl) at 99 U/L.
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Figure 12-23. Spatial Offset Measurement Values for Inspector 1000 LaBrat 90
g U/L.

The #*U 185.7keV peak area for each detector is plot in Figure242Although the
Osprey has the highest peak arésshows the lowest offset position sensitivity in
relation to the pipe dropping to 62.3% at the ‘odifet location visxvis thecentral

peak area, and by 53.7% at the whole offset position. The Inspector and Falcon were
comparativelymore position sensitive. THaspectorpeak area dropped to 70.1% at

the half offset and by 23.9% at the whole offset position. The peak area #gnisitiv

less prominent at the half location for the Falcon, which drops 88.5% and by 23.4% at

the whole offset position.
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Figure 12-24. 185.7keV Net Peak Area for Spatial Offset Measurements foAll
Detectors.

The ISOCS Uncertainty Estimator wasployed to calculate the 185KeV peak
efficiencies at discrete offset locations ranging from 0 to 25 cm. Models created to
simulate the Falcon with W collimator and Osprey with Pb shielding, as described in
the previous sectiofor theefficiency calcuhtion simulations. Figure 125 shows the
results of the peak efficiencies from hiigtiensity 2>°U signatures from 0 to 26m

offset valuesfor the Falcon and Figure 1226 shows the efficiency results for the
Osprey In both plots, the 185.7 keV emisssowere empiricallyfit to determine the
peak efficiencies at @m, 6.5cm and 1Zm to juxtapose with the measurement offset.

These efficiency values are summarized in Tab8.12
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Figure 12-25. ISOCSUncertainty Estimator Simulations: Efficiency Calculations
for Falcon Detector at Various Distances from Sourcealong Central Axis.
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Figure 12-26. ISOCS Uncertainty Estimator Simulations: Efficiency Calculations

for Osprey Detector Offset from Central Axis.

For the 185.7 keV peak efficiency to drops@% of its initial value, the Falcon must

be offset by 9.@m, whereas the Osprey must be offset a much greater distance of 17.3

cm, making the Falcon much more position sensitive.

Table 12-9. ISOCS Peak Efficiency Results for Falcon and Osprey

Detectorsat Measurement Offset Locations.

Offset Falcon Osprey
(cm) 185.7keV Peak Efficiency 185.7keV Peak Efficiency
0 0.090% 0.090%
6.5 0.05P% 0.069%
13 0.038% 0.054%

The ISOCS Uncertainty Estimator calculates the efficiency assdaorath displacing

the pipe at set offset distances for the modeled geometry. However, unlike the

experimental measurements, ISOCS cannot predict added background effects in an
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operational environment that may originate from adjacent pipes and tanks in an
NUCP. Background additionally increases the continuum under the peak area. In
reality, this can be remedied by an optimized shielding design that encapsulates the
pipe and detector to prevent gross displacements between the source and detector, in

addition to shielding leakage from background.

12.6.2 Spatial i SourceDetector Distance

Varying the sourceletector distance along the central axis was simulated using the
Uncertainty Estimator for values up to 120cm. Using Gnudblt, an inversesquare
function was empirically fit to the efficiency data for the Falcon detegiogn in

Figure 1227. The fitparameters are provided in Appendix K.
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Figure 12-27. ISOCSUncertainty Estimator Simulations: Efficiency Calculations
for Falcon Detector at Various Distances from Sourcalong Central Axis for
185.7keV Emissions.
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As with the offset simulations, Uncertainty Estimator provides an estimate strictly
independent of other operational background. Moving the detector further from the
pipe would increase the solid angle of the detector over which adjackatiaa

sources (and background) reach the detector.

12.6.3 Pipe Thickness

Attenuation due to the pipe wall thickness determines the transmission of the
185.7keV gamma rays reaching the detector. Correcting for pipe wall thickness also
aids in correlating thelensity, concentratigrand enrichment with measureetector

data. Values of 304L stainless steel thickness fall within#D&% cm. Using the
ISOCS Uncertainty Estimator, the 18%&V peak efficiency was determined within

the range of 0.520.05cm andplotted in Figure 1228. An efficiency comparison for
other 2 highintensity emissions is provided in Appendix K. Also, Figure282
show the Gnuplot fit for the peak efficiency as a function pipe thickness, with fit

parameters provided in Appendix K.
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Figure 12-28. ISOCS Uncertainty Estimator Simulations: Efficiency Calculations
for Falcon Detector at Various Pipe Thickness Values

As calculated in Chapter 7, the linear attenuatoefficient at 185.%&eV through
304L pipe wascalculatedto be 1.14 cit with a 55.4%.Figure 1229 shows the

relative efficiency compared to a relative thickness from 0rb2
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Figure 12-29. Relative Efficiency for Falcon Detector at Various Pipe Thikness
Values

At the lower end at 0.4@m, the efficiency increases by 8%, wheratthe higher end

at 0.57cm, the efficiency drops by 7%. This pipe range represents a sampling of
Schedule 40 304L stainless steel pipe available in industrial prod{i88p[89]. The

result of the detection capability for safeguards monitoring becomes pivotal given a
potential 0.110% variaton in throughput (dependent on plant size, mentioned in
Chapter 1) as safeguards criteria. In the absence of an empty pipe calibration, even
minute variations in pipe thickness become augmented for monitoringrievgy

233U emissions for safeguards prosesonitoring.
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12.7 Enrichment Variables

In the purview of process monitoring, a sensitivity analysis can be conducted to
differentiate an increase in concentration&igs an increase in enrichment content.
As described in Chapter 5, traditional verificatiof uranium content and enrichment

is conducted by comparing the 185.7 keV?5tJ with the 1001 ke\V***"Pa under
secular equilibrium conditions. If limited or unverified flowrate data or densitometry
measurements are available, enrichment analgssesses the capabilities and
limitations in using passive gampanay detectors to characterize UN. As described in
Chapter 8, MCNPX simulations were conducted for varying enrichments of UN for
the Falcon BEGeSimulations were conducted at enrichments.@6%, 1%, 5%, and

10%.

12.7.1 MCNPX Enrichment Results at 90g U/L

As described in Chapter 8, MCNPX simulations were conducted for varying
enrichments of UN at 9§ U/L for the Falcon BEGe. Simulations were conducted at
enrichments of 0.76%, 1%, 5%, and 10%. Tesulting spectra are provided in

Figurel2-30. Peak area comparisons for high intensity emissions are plot in

Figure12-31.
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Figure 12-30. MCNPX Spectral Comparison at Various>U Enrichments for
90g UIL.
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Figure 12-31. MCNPX Peak Area Comparison &Various >**U Enrichments for
90g UI/L.

Note: Error bars plotted for some data points are smaller than the resolution of the graph.

As shown in Figure 231, the MCNPX simulations of 99 U/L show?**U peak area
values to linearly correlate with enrichmeat highintensity emission energies. At
185.7 keV, the peak area increases by approximately 5400 cpm per percent

enrichment.

12.7.2 MCNPX Enrichment Results at 75g U/L

For comparison withhe concentration data in UNCLE, a mock scenario sirtoldéine
previous 90g U/L enrichment variation was simulated using MCNPX at various

enrichments at 7§ U/L for the Falcon. The material composition of the simulated
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759 U/L at various enrichments is given in TablelI2 The resulting spectra are
providedin Figure 1232. Peak area comparisons for higtensity emissions are plot

in Figure 1233.

Table 12-10. U Activity at Various Enrichments for Fresh UN at 75¢

U/L.
Enrichment Calculated Mass Calculated
B (wt.%) 3% in Pipe Activity
Fresh?*U
(Bg)
0.76 1.49 1.1%10°
1 1.96 15810
5 9.82 7.86 10°
10 19.65 1.5B1¢°
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Figure 12-32. MCNPX Spectral Comparison at Various*>>U Enrichments for
75g U/L.
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Figure 12-33. MCNPX Peak Area Comparison at Various>*U Enrichments for
759 U/L.

Note: Error bars plotted for some data points are smaller than the resolution of the graph.

As shown in Figure 133, the MCNPX simulations of 7§ U/L show?**U peak area
values to linearly correlate, with the 18%&V peak area increasing by approximately

4300 cpm per percent enrichment.

12.8 Conclusions

Low- and highbackground environment measurements were taken under laboratory
and operating conditiondpr inclusion into a detailedstatistical uncertainty and

sensitivity analys in order to evaluate the nadtness of the monitoring signatures.
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