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Chapter 1. Introduction

The extraordinary source of energy that is conthiwghin the nuclear fission
chain reaction can solve energy crises across lttee gn the form of nuclear power.
Unfortunately, for the same scientific reasons, learc fission poses a serious global
threat in the form of nuclear weapons. The U.Ssidemt Dwight D. Eisenhower gave
the renowned “Atoms for Peace” (AFP) speech in 1@baddress the “fearful atomic
dilemma” [1] we faced after World War Il and in tlevelopment of the Cold War.
Within his address, he stated that we must “find ¥y by which the miraculous
inventiveness of man shall not be dedicated tal&&h, but consecrated to his life.” This
speech subsequently led to the AFP program whidhthee groundwork for the nuclear
nonproliferation agreements we have today [2].

The AFP address called for an international bodyetyulate fissile material and
nuclear technologies, while promoting peaceful o$efissile material through safe
nuclear technologies including nuclear power préidac As a result, the International
Atomic Energy Agency (IAEA) was founded in 1957. B@70, the Treaty on the
Nonproliferation of Nuclear Weapons (NPT) was esdlento force with the objective to
prevent the spread of nuclear weapons and theimtdogy, while encouraging the
peaceful use of nuclear technology [3]. Through M#&T, today’s nuclear safeguards
system was established. Nuclear safeguards ameededis the effort to prevent diversion
of fissile material. Such endeavors are the respiitg of the IAEA and are supported
by diplomatic and economic means.

Given the growing complexity of nuclear facilitiemnd current proliferation
threats across the world, new technologies areatedmaintain successful international
safeguards efforts. Specifically, technologies tizat aid direct, fast, and robust detection
of fissile material diversion are crucial to thioet. Additionally, safeguards designed

into new facilities will be essential to internatal safeguards success.



1.1.Description of the Problem

At nuclear facilities, domestically and internatdly, many measurement systems
used for nuclear materials’ control and accounitgbiely on helium-3 {He) detectors.
These systems depend on well-established relatfmngb interpret multiplicity-type
measurements for verifying quantities of speciallear material (SNM). SNM is defined
by Title | of the Atomic Energy Act of 1954 as muaium, uranium-233, or uranium
enriched in isotopes uranium-233 or uranium-ZB is ideal for neutron detection and
has found its way into many areas of nuclear mateontrol and accountability. This
rare-earth isotope is primarily produced through dlecay of tritium involved in nuclear
weapons production. Throughout the Cold War andaforost two decades afterwards
®He was viewed as waste, sold at a low rate, and tmi conserved [4]. For these
reasons, a serious resource shortage has arisénal@mnatives to’He systems are
urgently needed. Additionally, in the near terme ttost of currenfHe-based systems
continues to increase as the supply cannot meekeimand.

This mission also presents the opportunity to beoathe capabilities of such
measurement systems to improve current multipli@ghniques. With long dead times
associated with neutron thermalization necessaryHa systems and the detector
electronics, measuring advanced nuclear fuels padtsiuclear fuels with high fission
rates can be a challenge. A system that operastsr faas the potential to solve this
problem. Development of advanced nuclear safeguagd¢ems can solve current
resource shortage problems and expand the scomeiobf systems to encompass a

broader range of SNM.

1.2.Significance of This Work

The primary goal of this work is to design an adexh nuclear safeguards
measurement system in the form of a fast-neutroliphicity counter (FNMC) with
organic-liquid scintillators to quantify fissile neaial mass. With the excellent timing
properties of liquid scintillators in conjunctiorittv excellent neutron/photon pulse-shape
discrimination (PSD), a multiplicity system is begindesigned that can perform
characterization within reasonable uncertainty @mnyglevels of plutonium in short times.

Such a system will also be less prone to deteci@macterization errors for high-activity
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nuclear materials. Due to the direct measurementfast neutrons from fission,
supplementary quantities related to the fissiortno@ls energy can also be utilized. Also,
an organic-liquid scintillation multiplicity systernan make use of photon and joint
neutron/photon multiplicities to solve for additadrunknowns.

The tools present within the Detection for Nuclédonproliferation Group
(DNNG) for this multi-disciplinary design effort ¢fude: state-of-the-art neutron/photon
PSD techniques, advances in digital data-acquisgistems, and novel data-processing
systems and techniques. The efforts were focusetksigning a passive low-plutonium-
mass characterization system. When designing arareatultiplicity counter (NMC)
there are a number of standard goals that need ket in mind. First of all, the system
efficiency must be sufficient enough to measureamby neutron singles and doubles, but
also triples. For traditiondHe systems, 40-60 % absolute neutron-countingieffay is
a common range to aim for [5], while many systemrgehefficiencies on the order of 10-
30% [6]. Similarly, another goal is minimizing etemnic dead-time losses and detector
die-away times in order to maintain an efficiensteyn [5]. A fast neutron multiplicity
system with fast liquid scintillation detectorsimherently advantageous regarding these
two issues.

Next, to develop a system that can quantify plutonimass in a wide array of
material types and composition, it is importantt ttee efficiency is consistent across a
reasonable range of neutron energies [5]. Neutewasparticularly interesting as the
number of neutrons emitted strongly depends ordéwoay type. Neutrons emitted from
SNM are the result of spontaneous and inducedfissvents, which have quite similar
neutron-energy distributions. Neutrons are alsdtethifrom alpha-n events,(n) which
can vary significantly in neutron-energy emissibastly, the material matrix will self-
attenuate emitted neutrons and alter the neutrerggrdistribution, based on the matrix’s
neutron scattering cross section. A fast-neutrostesy does not require optimized
moderation for neutrons across a wide range ofgeegrwhich is an additional benefit.
Liquid scintillation detectors are conveniently swtent over the range of most neutron
energies from fission and,(n) neutrons.

Throughout this work, efforts are made to preshetuast capabilities of liquid

scintillators. Research pursuits were concentratedimulation and experimental studies



of various types of nuclear material with a focus glutonium-containing samples.
Investigations include efficiency studies, neutemergy spectroscopy, passive and active
coincidence detection, and neutron multiplicity.sBlés portray the potential for liquid
scintillator measurement systems to characteriz&.Skhis work concludes with the
development of a FNMC prototype and preliminary sugament results from a variety

of plutonium samples.



Chapter 2. Radiation Detection Instrumentation

2.1.Current Nuclear Safeguards Instrumentation

The implementation of nuclear safeguards in nuclearlities depends on a
multidisciplinary set of equipment. Many types aifctear safeguards instrumentation
exist, including: physical seals, video surveillenand laser range finders. Information
and data from each of these sources is compiladgltacility inspections and is used to
draw conclusions on compliancy with safeguardsquats and verification of facility
declarations. The type of instrumentation studiadthis work relies on radiation
detection. Such instrumentation is designed toatttarize SNM by detecting radiation
emission from radioactive decay and spontaneos®fis

The most standard form of safeguards confirms sprdves the presence and
type of materials from a facility’s declarationsherl technologies used to verify the
material declarations include both destructive anddestructive assay. Nondestructive
assay is a preferred method of investigation anu inalude technologies based on
neutron, photon, or calorimetric measurements.

Photon measurements are convenient consideringaetdie decay of key
isotopes in SNM emit mono-energetic characterigtiotons. Many photon detectors are
available that directly measure these characterfgtiotons into individual, completely
resolved photopeaks [7]. Figure 2-1 shows a medsph®ton spectrum for uranium
isotopes. By counting the abundance of detectioreertain photopeaks, masses can be
determined, and by using ratios of counts withiesth key photopeaks, enrichment
information can be determined. The downside of phoheasurements lies in the high
probability of material self-shielding. Knowledgaiged from such photon spectroscopy
is applicable to only the outer layers of the naclmaterial (this is on the order of a
couple of cm for the least dense uranium materaats a fraction of a cm for uranium
metals [8]). Additionally, photons have a high mmse in background radiation which

can lead to complexity in data analysis and aivabt high chance for errors.
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Fig. 2-1. Photon spectroscopy for natural uranium@.72% #**U enrichment) and 90%%*°U-
enriched uranium [8] [9].

Calorimetric instrumentation measures heat emittach the absorption of alpha
particles in SNM. Alpha decay is probable with usam and plutonium isotopes and the
stopping distance for alpha particles is on theeorf micrometers. The specific power
of each nuclide is unique and by measuring thel tptaver (heat) created, with
knowledge of a sample’s isotopic composition itsssnaan be quantified. Of all non-
destructive material assay techniques used in safdg, calorimetry is the most accurate
and precise, considering the matrix of the mateltas not affect the transmission of the
signal in the same way it does for photons andneutrons. However, calorimetry
requires long measurement times (on the order ®fhéurs) and is not contained in a
portable geometry and thus is not practical fortnsaeguards inspection scenarios [10].

All of these mentioned concepts have positive agghtive attributes, but neutron

measurements remain to be a leading method.

2.2.Neutron Detection

Neutrons are more penetrating than other formadiaition and are less prevalent
in radiation background and naturally occurringioadtive materials. Basic neutron
counting is utilized in many nuclear nonprolifecati applications, such as portal

monitors, as neutron detection systems are lessegtilsle to false alarms caused by
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background and few commonly traded goods emit nastrAn added benefit of neutron
measurements exists due to the emission of mulhigletrons spontaneously from a
single reaction, which is unique to fission. Neatraultiplicity distributions are

characteristic of specific fissile isotopes. Theref neutron-multiplicity measurements,
where the neutron multiplicity distributions are asared, have continued to rise to the

top for characterizing fissile materials in nuclaacountancy applications.

2.3.3He Neutron Detection

Current neutron detecting field instrumentationlizéd in domestic and
international nuclear safeguards relies’lde detectors. Neutron detectors contairiiig
have a high efficiency for neutron detection viautnen capture when neutrons are
moderated to thermal energies. Well establishedryh® analyze the signals (neutron
coincidence or multiplicity) that come from systenmhtaining manyHe detectors can

provide values such as the mass of SNM.

2.4.Neutron-Multiplicity Counting

Early characterization systems measured only thetrowe rate, which was
applicable to only a few types of plutonium conaghmaterials, considering there are
other neutron emitting reactions present in mangoplium containing materials. Further
developments extended systems into neutron coinc&eounters, which provided a
method to isolate only the measurement of neutrfsam fission and has been
extensively applied in safeguards. With the meanarg of the neutron fission rate and
knowledge of the neutron-multiplicity distributiorthe mass of certain plutonium
isotopes can be identified.

Neutron coincidence counting has not been as aiic to domestic
accountability considering that only two paramet@ms measured (singles and doubles)
and therefore the system’s neutron detection efficy must be known. For impure
plutonium samples, the neutron detection efficiemfythe system may change and
become a variable due to large amounts of neutratiesing or moderation within the
sample. To solve this problem, assumptions mushéee regarding the amount af ()

neutrons or the sample multiplicity. For greatecumacy and the minimization of



assumptions, neutron-multiplicity systems were tged that provide three measured
parameters: singles, doubles, and triples. Witlewtron-multiplicity system, the goal is

to be able to correctly characterize any nuclea¥l faycle material without any

knowledge of the material’s matrix. [5]

Currently available multiplicity systems are categed based on the range of
plutonium mass they are designed to quantify. Bael masses of plutonium (0.1 to 500
g of plutonium) low-level inventory sample coincnd® counters are available from
companies like Canberra. High-level systems measyreto several kilograms of
plutonium. Both low and high level systems contpist fewer than twentyHe tubes.
These systems rely on spontaneous fission from even numbered isotopes of
plutonium. Similar systems, such as active-wellncmlence counters, can quantify
uranium as well, but require a neutron active-nogation source and more than twice as
many *He tubes. Other systems are designed to measuc#ispriclear fuels such as
neutron coincidence collars (PWR, BWR, CANDU assi@s) fast breeder reactor
subassembly counters (single or groups of fastdereiiel pins), and plutonium scrap
counters (impure plutonium samples or mixed-oxideld). A FNMC described and
discussed in this report is applicable for alllidde measurement scenarios [6].

A common method for identifying correlated evensstihrough shift-register
circuits based on the concept of a Rossi-alpharilbigion [5]. The Rossi-alpha
distribution, shown in Fig. 2-2, is the time dibtrtion of events that occur after a
randomly chosen start event. This distribution vk uniform with time if only
uncorrelated events are detected; therefore it lvaille features when correlated events
are present. The distribution is defined by thestam uncorrelated events plus the
exponentially decaying “Reals” events. Time gatesthen defined to isolate the “Reals
+ Accidentals” portion and the “Accidentals” poni®f the distribution. The “Reals +
Accidentals” gate will be on the order of tens dtmseconds, and then there will be a
long delay (on the order of thousands of micro-aded before the “Accidentals” gate is
opened for a time more similar to the initial gege An actual measured distribution will
not increase exponentially as you take the limitzevo, due to pulse pile-up and
electronic dead-time effects [5]. Therefore, a “geday” time gate is also specified to

correct for these limiting effects.
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Fig. 2-2. A Rossi-alpha distribution showing the tne-dependent neutron detections after an
arbitrary start event. The “Reals” are shown as “R” and the “Accidentals” as “A”. The
predelay gate, prompt and delayed gates, and longlhy gate are defined by “P”, “G”, and
“D” respectively [8].

Identification of only the “Reals” leads to the ication of the multiplicity
distribution and furthermore the fission rate, whis necessary to eventually determine
the plutonium mass [5]. Specialized electronicsstei take the mentioned stream of
pulses and isolate the mentioned time-gates to tifgethe neutron-multiplicity
distributions for both the “Reals + Accidentals’ddiAccidentals” gates [5]. The result of
analyzing and unfolding both sets of data is theglss, doubles, and triples values
needed for eventual mass quantification [5]. A FNIgEh directly provide these three

parameters without the circuitry and unfolding.

2.5.0rganic Scintillators

Organic liquid scintillators are not traditionallysed in the nuclear safeguards
field due a variety of reasons. These detectorsamsitive to both neutrons and photons
and have reasonable efficiency over the energyerahgterest (500 keV to 10 MeV) for
fission neutron detection [7]. Additionally, organscintillators and photo-multiplier
tubes (needed to correctly amplify the light crdatethe scintillator) have fast response
times (within 1 ns) which are good for SNM charaeggion applications. The neutron
absorption cross section fie rivals all other neutron interaction cross setithat are
easily accessible for neutron detectors; thereforgreviously was not necessary to
innovate measurements systems utilizing new neutietectors. Additionally, organic
scintillators had insufficient photon discriminatjo challenging toxicity, and low
flashpoint in some cases.



Detector developments have improved the fieldagbiit liquid scintillators by
raising their flash-point temperature. Technolobickevelopments in digital data
acquisition electronics has allowed more detaileid édnalysis and improved neutron and
photon discrimination. In today’s world with theaing need for novel nuclear safeguards
instrumentation, organic scintillation detectore arpromising candidate for innovative
neutron measurement systems. The remainder ofvtiris will study organic scintillators
in detail and discuss their applicability for use muclear safeguards and nuclear

nonproliferation applications.
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Chapter 3. MCNPX-PoliMi and MPPost Instrumentation Modeling

Research and development in the area of nucleagsafds instrumentation often
requires the use of simulation tools. Testing ofteppal SNM characterization
instrumentation components (radiation detectord)data analysis techniques is difficult,
expensive, and sometimes practically impossible tduthe sensitivity of the materials
that must be measured. Therefore, having a sommalagion package that can accurately
replicate instrumentation response is paramounbugh detailed testing and validation |
have found MCNPX-PoliMi [11] (a Monte Carlo code)daMPPost [12] (an MCNPX-
PoliMi post-processing code) to be essential initleprganic-scintillator instrumentation

research and development.

3.1.MCNPX-PoliMi

Many Monte Carlo simulations of nuclear procesdéze interaction physics in
conjunction with stochastic particle transport. Epdes are the MCNP codes. However,
MCNP does not correctly incorporate the correlgtadicle detection required in several
SNM-characterization applications. MCNPX-PoliMi i@ modified version of the
MCNPX code developed in order to obtain time-cated quantities — specifically the
correlation between neutron interactions and thensequent photon production.
MCNPX-PoliMi utilizes a unique event-by-event mddgl technique that uses analog
physics to simulate physical reality in a correetrmer.

The use of organic scintillation detectors wereestigated with MCNPX-PoliMi
and MPPost for several nuclear safeguards apmica{il3]. Both MCNPX-PoliMi and
MPPost are available through the Radiation Safefgrination Computation Center at
Oak Ridge National Laboratory [11]. The design psxto develop nuclear safeguards
instrumentation is further expedited with the UMalkelized version of MCNPX-PoliMi
coupled with UM advanced computing resources.

MCNPX-PoliMi is an ideal tool for designing neutrodetection systems

(specifically regarding neutron multiplicity) dueo tits: capability of realistically
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simulating correlated source events, detailed @artnteraction output, and availability
of SNM sources with accurately sampled energy, remndf particles emitted, and
angular distributions. MCNPX-PoliMi incorporatesthbility of simulating all standard
MCNP sources with additional custom sources. Thesel sources (commonly found in
SNM) include spontaneous-fission distributions waiecific multiplicity distributions
for 2%, #%pu, 2*%Pu, #*Pu, *Cm, and***Cm. Additionally, ¢, n) distributions are
source options for samples involving plutonium dpeEs in oxides®**Pu, 2*%Pu, **%Pu,
and®*Am [11].

It is important that the physics of particle envssi(specifically fission) are
accurate when modeling coincidence/multiplicity sweaments [13]. MCNPX-PoliMi
incorporates neutron and photon multiplicity distitions with correlated neutron and
photon production [11]. After the production of aburce particles, detailed interaction
information on an event-by event basis is recordethin all volumes of interest
(typically detectors). This detailed informationtien processed to develop detector and

measurement system response.

3.2.MPPost: An MCPX-PoliMi Post-Processing Code

MPPost (an MCNPX-PoliMi post-processing code) psses the MCNPX-
PoliMi data file into both individual detector ataotal system design responses. MPPost
requires the data output file from MCNPX-PoliMi atiee definition of various detector
and measurement system parameters. For an orggunit $cintillation detector system,
some of these parameters include: energy depostibght-output conversion functions,
detector pulse generation time, detection threshaléad-times, and coincidence time
windows. The measured relationship for neutron gneteposition E, in MeV) and
detector light outputl(O in MeVee) is given in Eq. 3-1 with a, b, ¢, andependent on
the detector type [14].

LO = aE, — b(1— ") (3-1)
For the liquids used throughout this work, valuesshown in Table 3-1. MPPost
uses the above LO relationship to create “pulsght&i in the detector. For example, to

create a single neutron pulse, the energy deposftto each neutron interaction is

converted to light using Eqgn. 3-1, and all the tigimeated within the given pulse
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generation time (pulse rise time) (~10 ns for fhaid scintillators) is summed up into a
single light pulse. If the amount of light is abdhe specified keVee threshold and below
the upper limit of the data acquisition then thdspus accepted and tallied towards
various requested outputs. The order of scattevemts on hydrogen (H) and carbon (C)
within the organic material (H-H-C or H-C-H for erale) affect the amount of light
collected in each pulse because neutron interactoncarbon transfer less energy and
emit a very small amount of light; for this reasBICNPX-PoliMi’s event-by-event
simulation methodology is important for accuratdspureproduction. Outputs from
MPPost include pulse-height distributions (PHDS)irelated particle analysis such as
time-of-flight (TOF) and cross-correlation funct®rfCCFs), and neutron and photon
multiplicities. The neutron multiplicity algorithitakes into account data acquisition dead
times and gives results for multiples measurediwighspecified time window.

Table 3-1. Five parameters for the measured expongal relationship between neutron
energy deposited on hydrogen and light output forwo cylindrical EJ-309s owned by the

DNNG.

a b C d
7.62cm @ X 7.62 cm 0.81723 2.6290 -0.29686 1
12.7cm @ x 12.7 cm 0.74787 2.4077 -0.29866 1

3.3.MPPost Software Testing and Validation

It is important to use measurements to verify thaédity of the Monte Carlo
simulation methodology. Simulations are a key congmb in the development of
radiation detection measurement systems; agreerbetween the measured and
simulated results builds confidence in the ability develop such systems in this
particular manner.

Throughout all studies included within this worketsimulation tools helped
better design and understand measurement systemesuits. After each measurement
investigation, simulations were performed to regkc all of the details of the
measurements and comparisons of the results welertaken. Many comparisons are
made including PHDs to help verify the built-in so@l energy distributions and the
energy to LO relationships. CCFs are compared $b ttee accuracy of the simulated
correlated timing and reconstruction of pulses. tiyasmultiplicity measurement

validation assures correct modeling of fissile apat energy-dependent-multiplicity
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distributions [13]. Throughout all of the validatioefforts described in this work,
feedback was continuously provided for the develepinof the latest MCNPX-PoliMi

release and the overall development of the MPRixi# to improve the end product.
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Chapter 4. Organic Scintillator Response

Organic scintillation detectors are being increglsirused in systems that are
developed to simultaneously measure neutrons aotbipé from fissile materials. These
detectors function at an appropriate range of gnéwg neutron detection within this
application (the typical neutron-energy range fas twork is between 500 keV and 10
MeV), allowing fast-neutron detection with nanoset@ccuracy. In addition to neutron
detection, organic scintillators are sensitive hotons, providing an additional source of
information. Furthermore, liquid scintillators offethe capability to utilize PSD
processing techniques on measured data, providiregeurate method for distinguishing
between neutrons and photons [15]. This dual mofiedatection makes organic
scintillators useful for applications requiring tlietection and/or characterization of
SNM.

4.1.Detection Mechanisms

4.1.1.Neutron Interactions

Neutron interactions in materials are dictated Iheirt energy-dependent
interaction cross sections. Neutrons partake in thfferent types of interactions:
scattering and capture. When a neutron elastisalyters on a nucleus, the energy and
direction of the neutron changes and the targelenacrecoils with transferred kinetic
energy, but the nucleus is unchanged with regardis fproton and neutron count. With
neutron capture, the target nucleus in fact changed a number of different types of
radiation can be emitted as a result: examplesidiecprotons, alpha particles, multiple
neutrons, and fission neutrons and photons [8].

Elastic scattering is the primary neutron detectimechanism in organic
scintillators. In elastic-scattering events, thalt&inetic energy of the incident neutron is
divided between the target nucleus and the scdtteatron. On average, the fraction of

the incident neutron energf) that is transferred to the target nucleus isndefiin Eqn.
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4-1 whereA is the target nuclei’'s atomic weight: 0.5 for hygen and 0.14 for carbon.
This relationship illustrates that a low-A mediumllwguickly decrease an incident

neutron’s energy in a few interactions [8].
f = 24/(A+1)? (4-1)

4.1.2.Photon Interactions

Three major types of photon reactions take placemiatter: photoelectric
absorption, Compton scattering, and pair producfidn The dominance of the three
interaction types is shown in Fig. 4-1, where Campscattering is the dominant
interaction for mid-range photon energies (0.5@dVIeV) across all absorption mediums
and for all photon energies with low-atomic numbgeosv-Z). Compton scattering is a
photon interaction where an incident photon scatberan electron, transfers a portion of
its energy to the electron (always less than itk doergy), and travels in an altered

direction with its remaining energy.
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Fig. 4-1. The relevant dominance of the three primg photon interactions with relation to
the atomic number (Z) of the absorber and the photo energy in MeV [7].

The low-Z material of organic hydrocarbon scintdis has a high cross section
for elastic scattering of neutrons across all desrgshown in Fig. 4-2a. Compton
scattering is the prominent photon interaction3dM emitted photons in such a low-Z
material, with little photoelectric effect preseRroton and electron recoil lead to the
excitation and light emission that is collected ammhverted into an electronic pulse.
Scattering events in the scintillator occur withemoseconds and the majority of the light

is collected within a single waveform. A good cleofor standard liquid scintillators is
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Eljen Technology’s EJ-309 ¢d.) [16] as these liquids have been manufacturedat@ h
a higher flash point than older liquids while preggg light emission.

(n, elastic) Cross Section (b)

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Neutron Energy (MeV) Neutron Energy (MeV)

(a) (b)

Fig. 4-2. a) The neutron elastic-scattering cros®stions on a linear scale as a function of the
neutron energy for two isotopes [8]*H, **C , which dictate the scattering signal in organic
scintillators. b) The neutron-absorption cross se@n on a logarithmic scale as a function of
the neutron energy for'B that is doped into organic scintillation detectos to provide
capture-gated detection.

Some detectors are based on organic scintillatétls added components that
yield high neutron-capture properties. These sdedatapture-gated detectors are
operated in a dual-pulse mode, resulting in theesgemeral information as from standard
liquids (using only neutron-scatter events) witlded neutron spectroscopy information
(when also using neutron-capture events). An inognmeutron will undergo multiple
scattering events on the hydrogen and carbon prasehe scintillation material; after
the neutron has lost most of its energy a captulleoacur. Therefore, two signals are
typically detected for each fully absorbed neutrtire initial scattering pulse and the
subsequent capture pulse. A graphic example ofdis-pulse scheme is displayed in
Fig. 4-3. The time between the two pulses dependh® geometry and composition of
the detector but is typically on the order of saVdmundreds of nanoseconds. The
amplitude of the scattering pulse is strongly datesl to the incident-neutron energy.
This work contains results from'2-loaded liquid scintillator, Saint-Gobain’s BC-523
[17].
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Fig. 4-3. A depiction of the dual-pulse detectioncheme used to visualize the neutron energy
spectrum measured by a boron-loaded liquid scintifitor.

Figure 4-2a shows the neutron-scattering crossosscfor the hydrogen and
carbon that are present in organic scintillatolewang detection in organic detectors
and supplying the initial signal in capture-gatededtors. Figure 4-2b provides tH8
neutron-capture cross section. In the BC-523A dete¢he neutron-capture offB
results in an alpha particle that generates th&oewapture pulses as shown in Eq. 4-1.
In addition to the alpha particle, a high-energptaee photon is often (approximately
94% of the time) coincidentally detected with theaged particle. Also/Li ions

contribute to the detected capture pulse.

VB + In— 3He + JLi* (4-1)
4.2.Digital Data Acquisition

DNNG measurement systems include commercially abiglwaveform digitizers
paired with custom data-acquisition software. Adggi digital data allows detailed and
accurate data analysis, including sub-nanosecaonihgi and advanced neutron/photon
PSD techniques. It has been found that 12-bit cadrtiesolution (11-bit effective) and
250 MHz sampling frequency is sufficient to pick pplse-shape differences that are
typically present between the neutron and photteractions in a liquid scintillator [18].

Digital data acquisition allows a plethora of affi data analysis algorithms and
their development. Initial data analysis includdeaning of the digitized liquid
scintillator data to remove pile-up and saturatiBramples of good pulses are shown in
Fig. 4-4. In order to remove saturation, pulsesrareoved that do not peak within the
digitizer's dynamic range of 2 V. All four detectomre gain-matched using&Cs
photon source. Fig. 4-5 shows the Compton continfiomthe **'Cs 662 keV mono-
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energetic photons. The 2-V upper level limit wdllfat varying LO values depending on
the detector gain. For the settings involved in. Hep, the upper limit falls at 1.91

MeVee which equates to approximately 6-MeV neutaerrgy deposition. Next, the

removal of pulse pile up is an important step adeisng the results have an effect on
PSD performance [18]. An incremental data pointtfoa is used (with 0.2 as the

fraction) to identify waveforms that contain doulgelses, where an incremental data
point increases beyond the specified fraction effttst pulse’s height. Photon rejection
is the next step, using a PSD method describe@dh 8.3 [15]. After PSD, many forms

of data analysis are performed including pulsediteignalysis, cross-correlation

functions, and multiplicity.
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Fig. 4-4. Examples of accepted waveforms from aliid scintillation detector with pulse
widths on the order of 10 ns and full data acquisibn windows of 400 ns.

Capture-gated detectors are treated very similavhen it comes to data
acquisition. Neutron scatter and neutron captusmisvgenerally occur with enough time
between pulses (due to the moderation of the fastron in the detector) that the dual-
pulse mode can be acquired in two digitized wavafoby triggering on both pulses
individually. Waveforms are cleaned and PSD is qrenked. Accepted scattering and
capture pulses are then correlated to one anotitethee scattering pulses are used for
spectroscopy.
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Fig. 4-5. Measured"*’Cs Compton continua for four gain-matched EJ-309 dectors.

4.3.Neutron and Photon Discrimination

The PSD method that is used throughout this wosk lieen established in the
past and is based on a standard charge-integratiethod [15]. Specifically, two
integrals are calculated for each measured pulsantagral of the pulse tail and an
integral of the total pulse (Fig. 4-6). The twagae-optimized integrals allow the

calculation of a ratio to accurately distinguisk thteracting particle type.
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Fig. 4-6. Optimized integrals for a standard chargentegration PSD method for organic
liquid scintillators.
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Figure 4-7 shows the relationship between the twataned integrals where the
separation between neutrons and photons is givethdyliscrimination line. Neutrons
have more light in the tail of their pulses dughe mass of the recoil proton as opposed
to the recoil electron involved in a photon evéitte performance of the PSD algorithm
varies as a function of pulse height [19] (with pErgperformance at lower pulse heights).
Figure 4-8 demonstrates the quality of the PSD aamious pulse-height ranges where
better PSD corresponds to better separation bettheemeutron and photon distributions.
Future Chapters show this PSD distribution for aefp of nuclear materials including

plutonium metal and plutonium-oxide.
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Fig. 4-7. Tall integrals versus total integrals wih the neutron/photon discrimination line for

a bare ?*°Cf measurement with a 7.62 cm g by 7.62 cm EJ-30fuid scintillator.

®He detectors used in safeguards today have entheeability to reject photon
detection. Therefore, the PSD algorithm is onehefrmost crucial data analysis steps to
justify the use of organic scintillators for neutrdetection. SNM often emits far more
photons than neutrons and therefore the effectis€lassification on neutron detection
data analysis can be significant. As a general méeexpect a photon misclassification
rate on the order of 1/1000 over all pulse heighith a 70 keVee threshold. This is a

very conservative rate and with extra efforts cadaubtedly be improved.
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Fig. 4-8. The ratio of the tail-to-total integralsfor various ranges of pulse heights from a
bare **Cf measurement with a 7.62 cm @ by 7.62 cm liquicttillator.
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Fig. 4-9. The relationship between the tail integraand total integral of a set a pulses
detected with the BC-523A detector measurement ohe of the MOX samples through 5 cm
of lead shielding.

In addition to standard liquid scintillators, camtgated organic scintillators also
benefit from PSD algorithms. Specifically in borlmaded liquid scintillators, PSD is
used to classify each detected event as a phoattesng event, neutron scattering event,
or a neutron-capture event (generally marked bylpha pulse). The PSD method is

similar to the method used for the standard liguaishtillator data. The presence’d in
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the BC-523A liquid allows for neutron capture iretbcintillation material. The neutron
capture results in an alpha particle which is tilsopped in the organic material,
providing a pulse that has a longer decay time thameutron and photon pulses (due to
the greater mass of the alpha particle). This dfiepulse-shape results in a third region
when visualized on the tail versus total integtat phown in Fig. 4-9.

4.4.Detector Efficiency

The intrinsic efficiency of neutron and photon &ttin detectors is an important
parameter for the development of new nuclear ndifgration techniques. For many
detectors commonly used in the area of nuclear modifgration and nuclear safeguards,
this information is also crucial for the accurateamacterization of the properties of
nuclear materials. Although many of these deteqgbooside similar information on the
neutron and photon fields, their detection effickeis not always consistent, especially
as a function of energy. The efficiency for eacled®r may differ based on various
factors in its detection mechanisms. Accurate kedgé of the detection efficiencies for
various detectors can help to choose the detegterthat best suits the given application.

Intrinsic efficiency describes the relationshipvibetn the number of pulses that
are detected and the number of radiation quantaat®incident on the detector, as
defined in Equation 4-2 [7]. This parameter proside method of comparison that is
dependent on the detector's material and geometrythe data-acquisition system, and
on the incident radiation energy. Furthermore, kingwhe efficiency of a detector lends

the ability to determine the absolute activity cfaaurce.

number of pulses recorded

€int = | imber of radiation quanta incident on detector (4-2)
As discussed previously within this Chapter, orgascintillators boast many
positive attributes for use in measurement systencharacterize fissile material. Within
the category of organic scintillators, liquid sdiators provide the most tools to be
successful in nuclear safeguards applications. ferobrganic detector type is the
capture-gated organic scintillator which adds add&l neutron energy spectroscopy
abilities. The detection efficiencies of both typafsdetectors rely on neutron elastic
scattering in the organic material. For captureedatvents, the efficiency also is greatly

affected by the probability of subsequent neutraptare in the detector. The following
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results focus on neutron detection efficiency. Gomently, energy dependent neutron

detection efficiency can be thoroughly investigatethe simulation realm.

4.4.1.Simulated Neutron Efficiency

Three DNNG detectors were modeled to determiner thrinsic neutron
scattering efficiencies. Two cylindrical standarquld scintillation detectors (EJ-309)
were modeled: 7.62 cm diameter (@) by 7.62 cm dapth12.7 cm g by 12.7 cm depth.
One cylindrical capture-gated detector, a boromdabliquid scintillator (BC-523A), was
modeled: 12.7 cm g by 12.7 cm depth. The mateopositions for the standard liquid

and the boron-loaded liquids are outlined in Talldsand 4-2.

Table 4-1. Atomic Composition of an EJ-309 Scintidltor. The density of the material is 0.957

glent.
Active Volume Isotope Atomic Compositio
Component (%)
Liquid Scintillator H 55.5
C 44.5
Table 4-2. Atomic Composition of a BC-523A Scintiditor. The density of the material is
0.916 g/cm.
Active Volume Isotope Atomic Compositiol
Component (%)
Liquid Scintillator H 55.8
C 32.1
O 9.1
B 2.7
YB 0.3

Each simulation consisted of a mono-energetic, rarextional, surface source
of either neutrons or gamma rays of various ensygrapinging perpendicularly on the
front face of the detector where each particle ihately enters the active volume. The
radius of the source matches the radius of thettete MPPost was used to create pulses
and simulate each detector’'s response. Neutrotesicaf signals were considered only
when exceeding the applied LO threshold which waged between 10 and 100 keVee.
The relationship between the energy deposited byrores and the scintillator's LO is
exponential, as discussed in Sect. 3.2. The cajpulges are considered ideal (it is
assumed each capture event creates a measurasdg. dulis assumption was made due
to lack of accurate information about the amounrigbft created in the individual capture

events.
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In capture-gated detectors there are two separiaigsic neutron efficiencies that
are studied: neutron-scattering efficiency and meutapture-gated efficiency. Scattering
efficiency characterizes the sensitivity of theamg liquid or plastic scintillator, while
the neutron-capture-gated efficiency characteriresneutron absorbing materia*’8.
The neutron-capture-gated efficiency describesditector’s overall ability to collect
full-energy spectroscopic information. Standarduiliy scintillators will only produce
scatter pulses, as they do not contain any matendh high neutron absorption cross
sections. Figure 4-10 shows the energy-dependenitamescattering detection efficiency
for both the 7.62 cm @ by 7.62 cm and 12.7 cm &2y cm EJ-309 detectors. Figure 4-
11 shows the scattering detection efficiency armdrt@utron-capture-gated efficiency of
the 12.7 cm @ by 12.7 cm BC-523A detector operafdda 50 keVee threshold (highest
possible threshold to detect the capture events).
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Fig. 4-10. The simulated energy-dependent neutroreattering efficiency of the 7.62 cm g by
7.62 cm (left) and 12.7 cm g by 12.7 cm (right) E309 detectors for various LO thresholds.

For all of the curves shown in the maximum efficigrcan generally be found
between the threshold and 2 MeV, which conveniealigns with the most probable
energy region for neutrons emitted from fission.tAs threshold increases, the intrinsic
efficiency decreases. Therefore, choosing a thtdskca compromise between neutron
detection efficiency and photon misclassificatiendeéscussed in Sect. 4.3. Many features
in the carbon-neutron-scattering cross section. (Bkg) are only visible when the
threshold is low enough to detect the low-light &ston from carbon recoil.
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capture-gated efficiency for the 12.7 cm g by 12¢im BC-523A detector.

Figure 4-12a relates the depth (in the directiothefincident radiation field) of
the two EJ-309 detectors (diameters of 7.62 cm Hhd cm) to the intrinsic neutron-
scattering efficiency of 2-MeV incident neutronso Mirge gains in efficiency result in
detectors greater than ~10 cm. This is expectedidenng the mean free path of a 2-
MeV neutron in the EJ-309 material is approximatelym, the neutron will lose most of
its energy in the first collision, and there areethto four neutron collisions per accepted
pulse on average for these two detectors. Figur2drelates the depth of the BC-523A
detector (12.7 cm @) to the intrinsic neutron-gcaiy efficiency and capture-gated
efficiency of 2-MeV incident neutrons.
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Fig. 4-12. a) Intrinsic neutron-scattering efficierty with a 70-keVee threshold as a function
of the length of two EJ-309 detectors for 2-MeV ndwons and b) neutron-scattering
efficiency and capture-gated efficiency with a 504&Vee threshold as a function of the length
of the BC-523A detector for 2-MeV neutrons.
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4.4.2.Measured Neutron Efficiency

Measuring energy-dependent neutron-detection effay is not a trivial task
considering there are no radioisotope sources tatirally emit mono-energetic
neutrons. Therefore, techniques can be used tatéswmidividual neutron energies such as
using accelerators to induce nuclear reactionsoaning TOF measurements to identify
the energy of a measured neutron from a continsousce [20]. A basic method for
measuring efficiency that has been used by the DNt¢Edes TOF and &%Cf source:
triggering on a fission event in the start deteaising TOF in stop detector (the detector
under investigation) to label the neutron’s enetglying the detection of neutrons in the
stop detector as a function of energy, and themraeting the detector's energy-
dependent efficiency based on knowledge of neugmmission from®>°Cf. Fig. 4-13
shows the measured results for the 7.62 cm g [®/chband the 12.7 cm g by 12.7 cm
detectors with 50 keVee thresholds, the setuptssldd in [14].

80

——762cmby7.62cm
70t ——127cmby 127 cm||

&
o
T

501

401

30f

Intrinsic Efficiency (%)

)
o
T

101

0 1 2 3 4 5 6 7
Neutron Energy (MeV)

Fig. 4-13. Measured intrinsic-neutron-detection eftiency for two EJ-309 detectors
measured with a®*°Cf source.

4.5.Neutron Energy Spectroscopy

The ability to acquire the neutron energy distiidmutfor a given fissile source is a
much sought after commodity. Current neutron datectechnologies for nuclear
nonproliferation applications use thermal neutromptare as the main detection
mechanism, specifically witfHe-gas tubes. These technologies are highly efiiciad

robust, but are incapable of providing in-deptloinfation about the nuclear material’s
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neutron energy distribution. Organic scintillatorsave the potential to provide
spectroscopic information as the amplitude of tB®Rittributed neutron pulses is related
to the deposited neutron energy. Moderation ismemtessary for detection in organic
scintillators; therefore the deposited neutron gnés more closely related to the energy
of the neutron emitted from the source.

Mixed-oxide (MOX) samples were measured at IdahtoNal Laboratory (INL)
and the Joint Research Centre (JRC) in Ispra,. IRéyails regarding these measurement
campaigns are described in detail in future ChaptédOX has significant amounts of
the isotope’*®Pu which is notable for its high spontaneous fissagtivity; as a result,
passive measurements are possible. Additionallg, tduthe presence of oxygen with
plutonium, ¢, n) neutrons are emitted as a consequence ofnplmeisotope alpha
decay, followed by alpha-particle capture on oxygeith neutron emission as the result.
Measurement results show that the use of liquidmmgscintillators enables the user to
distinguish pure fission sources, such?¥€f and plutonium metal, from plutonium-
oxide sources (such as MOX fuel), and §) sources (such as Am-Be) based on their

neutron energy spectra [21].

4.5.1.Pulse-Height Distributions

To gain an understanding of the energy distribuabneutrons emitted from the
measured nuclear materials, the shapes of PHDsstadied. The neutron energy
distribution is of interest in nuclear safeguardsitacan help characterize the type of
neutron emitting material being measured. Methagdufor quantifying mass, such as
neutron multiplicity, often need to be calibratedseéd on the type of plutonium-
containing material that is measured. Although PHIDsnot give detailed information,
the general shape of the PHD could contributeitotdsk.

After cleaning the digitized data, the pulse hesghit all PSD-attributed neutrons
and photons over the measurement threshold aregheshmed into keVee bins
(commonly 10 keVee). Figure 4-14 shows an exampfeeatron and photon PHDs from
the measurement of MOX fuel pins. Characteristiaenergetic photons are emitted

from the MOX samples and represent the signifieanbunt of radioactive decay taking
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place in the sample. Specific photon energies fabomdant decays in the MOX samples

will show their presence in the photon PHD as Camgdges.
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Fig. 4-14. Measured neutron and photon pulse-heightistributions of a MOX sample
measured at INL.

The Fig. 4-14 photon PHD shows three edges thatlileety from the **Pu
photons at 375 and 414 keV together, tf€s fission fragment at 662 keV, and the
common 1460 keV background photon fréfik. The maximum Compton scattering
energy deposition (the Compton edge) can be caémlilzsing Eq. 4-3 whele equals the

energy of the incident photon.

2E?

(mec2+ 2E) (4-3)

ECompton (max) =

Considering that neutron scatter deposits a unifdistribution of energies from
zero to its incident energy, PHDs from continuoungrgy sources are expected to be
quite featureless, as seen in Fig. 4-14. Despeelabk of detail, the PHDs still carry
useful information regarding trends in the inciderutron energy distribution [21].
Figure 4-15 shows a normalized comparison of PHPasured from a variety of neutron

sources that emit fission neutrons, 1) neutrons, or both.
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Fig. 4-15. Measured neutron pulse-height distributins (normalized to their integral) for
#2Cf, plutonium metal, an Am-Be source, four MOX sampes, and a set of Pu@pellets.

The shapes of the PHDs approximately follow theaye energy of the measured

neutron energy distributions. The PHDs in Fig. 4d8&arly provide the ability to

distinguish between different categories of sour¢esn) neutrons from Am-Be, fission

neutrons from?*Cf and plutonium-metal, and a combination of fissiand §, n)

neutrons from MOX and PyO Figure 4-16 displays the simulated neutron energy

spectra, through 5 cm of lead, and incident ondétector face for a number of sources

measured at the INL and JRC facilities. For conguerj a few measured average neutron

pulse heights and simulated average neutron esei@ighe nuclear materials measured

in Fig. 4-15 are shown in Table 4-3.
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Fig. 4-16. Simulated neutron energy distributionstallied on the detector faces through the 5
cm of lead shielding, for the seven neutron sourcesudied in this work.
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The EJ-309 PHDs showed clear identification capasl between different
categories of neutron sources. This proves thatrcgscintillation detectors can provide
identification of sources based on neutron energgrination. Technigues such as
neutron-energy-spectrum unfolding have the potetdiancover more information about

the neutron-energy distribution.

Table 4-3. Average measured pulse heights and sinatied average incident neutron energies
for select sources.

Sample Average Measure Average Inciden
Pulse Height (MeVee) Neutron Energy (MeV)
INL MOX 0.29 191
JRC MOX 0.29 1.65
#ct 0.3¢ 2.0¢
Am-Be 0.49 3.7¢

4.5.2.Neutron-Energy-Spectrum Unfolding

Spectrum unfolding can be used on organic scitgillaPHDs to obtain
estimations of incident neutron energy spectram&stioned previously, the amplitude
of neutron pulses is related to the deposited aautnergy. Despite this relationship,
when using organic scintillation detectors, theul@sy PHDs require the use of
unfolding techniques to obtain the incident neutremergy information. MCNPX-
PoliMi/MPPost is used to accurately model the ra@utsource from materials such as
MOX, and provide the neutron energy distributiom éomparison to the experimental
estimations. Additionally, the simulation packagen de used to develop the organic
scintillator’s three-dimensional detector respoas@ function of incident-neutron energy
and the LO response.

Two varieties of MOX at the JRC were measured, Wwiaie composed of various
uranium, plutonium, and oxygen isotopes, leadingdotron emission from spontaneous
fission, induced fission, and,( n) reactions. The plutonium-metal samples’ neutro
emission is exclusively from the spontaneous fissi ?*°Pu. The Am-Be provides a
unique spectrum fromu( n) reactions that allows good comparison to #s. iFigure 4-
16 includes the shapes of the neutron energy hiisions for the discussed sources.
Figure 4-17 shows the measurement set up andnitslatied counterpart including four
12.7 cm @ by 12.7 cm EJ-309 detectors, with 5 cead shielding, and located 30 cm

from the sample’s center axis.
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Fig. 4-17. Four EJ-309 liquid scintillators surrourding a 1-kg MOX sample with 30 cm
spacing from the center of the source to each oféhdetector faces. 5 cm of lead shielding is
present in front of each detector. MCNPX-PoliMi wasused to simulate the measurement

configuration.

The estimation of neutron energy spectra, spedifithrough unfolding methods
that involve the solution of inverse problems, ieeg detailed knowledge of the
detector’s response for individual neutron energieglent on the detector. This response
is packaged into a matrix that is obtained throageries of simulations. This routine can
be easily repeated and allow comparison of newtpattrum estimation for a variety of
organic scintillation detectors.

Neutron-spectrum unfolding is a process that inetusblving an inverse problem
in order to acquire the incident neutron energynfrihe combination of the measured
result and a detailed detector response. This @mold outlined in Eq. 4-4, where we are
solving for @(E,). The response matribg, is a function of the measured LO, and
single neutron energ¥,. The count-rate density is what is measured and is only a
function ofL. The response matrix must be formed for a pagicdetector in advance.
As previously described, simulations were useddguae the response matrix for this
study.

D ~ | o, ) s

The solution to direct inversion of this problemilisonditioned. Thus, inversion
can result in nonphysical results and has a gezditivity to statistical uncertainty in the
measurements or errors that develop during the umeaent process (noise for
example). Therefore, in this unfolding examplegguential least-squares method is used
[22]. At each iterative step (solution approachthg estimated spectrum), a quadratic

sub-problem is solved with realistic boundaries.e T$ubsequent solutions are still
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considered to be rough estimations as they strorglly on uncertainties in both the
detector response matrix and the measurement itself

Figure 4-18 displays the simulated detector respanatrix that was used to
develop the estimated neutron energy spectra shots work. With the knowledge of
the amount of LO that is produced by neutron irtiéoas in a hydrocarbon scintillator
(such as EJ-309), we can simulate PHDs for varimoso-energetic neutron beams
incident on the detector. After running a wide mmd simulations, each of the resulting
PHDs can be combined into an overall detector mespdf the LO dimension were to be
collapsed, the result would be an efficiency cumgeshown in Sect. 4.4. The estimated
neutron energy spectra appear to be greatly semgii the accuracy of this response,

thus accurate simulation of detector responseuisial
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Fig. 4-18. MCNPX-PoliMi simulated detector respons for an EJ-309 liquid scintillator with
al2.7cmgand 12.7 cm depth.

It was determined that measured neutron PHDs pedvile capacity to clearly
distinguish between different source categorieshsas purely fissile sources or those
that also involve neutron emission from, 1) reactions. Although, more detail of the
neutron energy spectrum is desired. Therefore rteffoave turned towards unfolding
neutron energy spectra estimations from PHDs.

Figure 4-19a shows the simulated neutron energyilmliions of the neutrons
incident upon the four liquid detectors, through $hcm of lead shielding, displayed in a

course binning scheme. THE?Cf and the plutonium-metal simulations depict the
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expected fission Watt spectra. The two MOX soummesvery similar to each other in
their combination of the Watt spectra from spontarseand induced fission reactions
plus the additional knee contributed by neutrorad #re a result ofu( n) reactions. The

Am-Be source, as expected, provides a broad distimape that is vastly different from

the other measured sources.
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Fig. 4-19. a) Simulated neutron energy distributias, tallied on the detector faces with a
large binning scheme that matches the current limations of the unfolding method and b)
spectrum unfolding results obtained from measured ADs for the five neutron sources of

interest.

Figure 4-19b shows a comparison of the unfoldedsomeal PHDs for all five
sources. The same conclusions can be drawn fron#Fi§b as for the measured PHDs:
characterization of neutron sources into variousgmies. Therefore, it can be said that
neutron spectrum unfolding with this particular aighm and parameters does not
provide an advantage over the study of basic PH@®ea

An improvement in unfolding results is seen whepuiting a “simulated”
neutron PHD into the algorithm, as shown in Fig04-This can be considered as a limit
to the unfolding abilities with this specific algtwm and its configuration, which
revolves around a simulated detector responsexmatri

The estimation of neutron energy spectra, througfolding did not provide
results that would give an advantage over studgiffgrences portrayed in the PHDs
alone. This work did provide a good starting pauith much room for improvement in
the data analysis algorithm designed to perfornttspen unfolding. One of the largest
areas for improvement is in the development ofdbeurate detector response matrix.
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Improved knowledge of the energy deposited to Lidtienship and optimization of the
binning scheme used in the detector response miaaaka significant impact on the
unfolded results in subsequent efforts. Additionadixpanding the investigation to novel
organic detectors promises to provide much ingigat the task of accurately measuring
neutron energy spectra.
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Fig. 4-20. The unfolded simulated PHD of a MOX saple compared to the simulated
neutron energy distribution.

)

Potential spectroscopy in organic scintillatorsvites yet another tool that these
detectors bring to the table for nuclear nonprdfien and safeguards applications.
Additional pieces of information only solidify thesdetectors as good candidate for
advanced system design.

4.5.3.Capture-Gated Spectroscopy

Additional spectroscopy information is available @mganic scintillators that
combine neutron-capture capabilities with their ailsneutron scatter mechanisms:
“capture-gated detectors”. Such detectors can Blyzad utilizing a dual-pulse detection
scheme as discussed in Sect. 4.2. This work foausése neutron spectroscopic abilities
of a boron-loaded liquid scintillator (BC-523A [}7h comparison to a standard liquid
scintillation detector (EJ-309 [16]). These spdatesults will be demonstrated through
measured neutron-capture-gated PHDs. Classificabfbrmeutron-scatter pulses and
neutron capture pulses using the PSD algorithmusia in order to obtain these results
[15].
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Data were collected with the BC-523A during the sugaments performed at the
JRC facility in Ispra. Figure 4-21 shows the nemtsgattering PHDs for four sources
measured with the BC-523A detector. The amplitudéa® PSD-attributed neutron pulse
is related to the energy the scattered neutronditggoin the liquid, resulting in a unique
PHD for each sample. Figure 4-22 shows the newtamptdre-gated PHDs for the four
neutron sources. Because the incident neutron thesnalize before it captures &8,
we anticipate the preceding neutron scatter puseontain the majority of the initial
neutron energy, assuming that it completely themedl in the hydrocarbon organic
material. Therefore, the capture-gated PHD omitgtroa-scatter pulses from neutrons
that escape the scintillator. As a result, we $eechpture-gated PHDs to relate more
closely in shape than the scattering PHDs to theeeed energy distribution of the
neutrons entering the detector (shown in Fig. 4-22)
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Fig. 4-21. A comparison of the neutron scatter PHD&om the BC-523A for the four samples
presented during this study.

There are a few challenges present when usingitiasparticle detection mode
that must be considered. Primarily, the pulsesyred when detecting an alpha particle
yield very little light, therefore the measuremémieshold must be set relatively low. A
lower threshold gives way to poorer PSD, as preshipdiscussed. The next challenge is
determining the time window in which to correlatphe events with neutron scattering
events. For these results, all alpha events werehmed with the proceeding neutron
scatter event, but the use of a well-chosen timedew will minimize accidental

correlations.
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Fig. 4-22. The simulated neutron energy distributias for the samples compared in this study
(left) and a comparison of the capture-gated-neutno PHDs (right). The PHDs closely follow
the trends of the anticipated neutron energy distfhutions entering the BC-523A detector.

The neutron scatter PHDs alone allow the categioizaf the measured nuclear
materials. The PHDs that are developed througméugron capture dual-pulse detection
mode achieve the same goal, while providing moseght into the shape of the incident
neutron energy distribution. The improved charazéion ability that is gained using the
dual-pulse detection mode results in a decreaséetection efficiency. Table 4-4

summarizes the measured efficiencies and complaeas to an EJ-309 detector and an

NPOD?®He detector array.
The measured detection efficiency for the standigudd detectors used in this

investigation was 45.47%, similar to the neutroattee intrinsic efficiency for the BC-
523A detector (58.34%) prior to the pairing of a@nd neutron scatter pulses. The BC-
523A detector has a higher scattering detectingieficy only because a lower threshold
was used to detect the low-light alpha-particlespsl Once pairing capture pulses to
scattering pulses for the neutron-capture-gatedcieficy, the intrinsic efficiency
decreases to nearly 3% for tA&Cf case. Despite the cut in efficiency present when
pairing with capture-pulses, the capture-gatednsit efficiencies for the BC-523A were
still acceptable when compared to the NPOD systemortable multiplicity counter,

developed by Los Alamos National Laboratory, caritaj fifteen>He tubes moderated

by polyethylene.
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Table 4-4. Intrinsic efficiency values compared foa boron-loaded liquid scintillator (BC-
523A with a 50 keVee threshold), a standard liquidcintillator (EJ-309 with a 70 keVee
threshold), and an NPOD*He detector array for the “>*Cf and Am-Be measured samples.

24t Am-Be
Detector Neutron Scatte Neutron Neutron Scatte Neutron
(organic)/Capture Capture-Gated (organic)/Capture Capture-Gated
(*He) Intrinsic Eff.  Intrinsic Eff.  (*He) Intrinsic Eff.  Intrinsic Eff.
BC-523A 58.34 2.72 51.50 1.98
EJ-309 45.47 -- 35.48 -
NPOD 20.51 - 14.67 -

In conclusion, capture-gated detectors such aBM&23A have potential for
SNM characterization, specifically spectroscopy drely the capabilities of standard
liquid scintillators. When considering the use bege detectors for safeguards and
nonproliferation application, the low efficiency gétting spectral information must be

kept in mind.
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Chapter 5. Passive Neutron-Correlation Measurements

Because MOX contains a significant amount‘@u (strong spontaneous fission
source; ~1000 neutrons per second per gram) afn-aimitting isotopes, a variety of
passive neutron measurements are possible. Norudigt passive assay of SNM
requires much development but is a technique thasually preferred to non-destructive
active interrogation methods and destructive assatyods.

Methods for passive fuel characterization include &nalysis of neutron energy
distributions, time-of-flight distributions, cros®trelation functions, and neutron and
photon multiplicity distributions. Measuring MOX él pins located at INL and MOX
powder at the JRC in Ispra, Italy provided the opputy to develop faster and more
robust methods for characterization of SNM, withretated neutron detection. Passive
measurements were performed on a variety of negwarces, including: a large number
of fuel pins (totaling approximately 1 kg of plutom) with varying isotopic
composition, 1 kg of MOX powdef>’Cf, and Am-Be. The primary objective of these
measurements was to differentiate and charactdrezenentioned sources based on the

analysis of neutron cross-correlation functions.

5.1.Simulation of Passive Neutron Correlations

Monte Carlo simulations were performed to study hods of using cross-
correlation functions to characterize MOX fuel. tapproach allows development of
accurate nuclear material characterization schepresjding detailed insights into the
sensitivity of nuclear materials and measuremepragrhes. The simulations include
basic tallied neutron energy distributions, PHD& ame-correlated particle detections.

The MCNPX-PoliMi model of the measurement set-up,shown in Fig. 5-1,
includes four lead-shielded EJ-309 liquid scintitia detectors placed around the axis of
the MOX fuel pin set-up (Fig. 5-2), with each déteequidistant from the source. Each

detector was 12.7 cm g and depth and each lead shig-cm thick. The composition of
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the fuel pins was varied during the simulationsniadel two fuel-pin types, see Table 5-
1. A LO threshold of 75 keVee (75 keV electron eglent) is used in post processing.

Fig. 5-1. MCNPX-PoliMi simulation of four cylindri cal EJ-309 liquid scintillators
surrounding a MOX fuel can. Each detector is shieldd by 5 cm of lead. The MOX fuel can
is supported by a 7.5-cm thick styrofoam stand.

Fig. 5-2. Cross-sectional view of the 90-pin MOXukl can where the MOX fuel is modeled
within the cladding (stainless steel, 0.5-mm thickand the pins are contained by a 0.16-cm
thick aluminum can.

Table 5-1. Isotopic composition of MOX fuel pins sed for this work at INL [23] (age
corrected to the June 2009 measurement date).

Isotope Pin#1 Pin #2

PE it %)  (wt. %)
=y 0.17 0.16
23y 7478  72.13
23py 0.01 0.01

Zpy 11.42  10.98
24py 1.53 4.10
241py 0.17 0.58
242py 0.02 0.02
24Am 0.06 0.16
o} 11.85 11.86
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MCNPX-PoliMi was used to model the spontanebtission (SF) and(a, n)
sources that are common in MOX fuel. Two \-defined fuelpin types were vailable
for measurement dNL. Both pin types are composed of various uraniyhatonium,
and oxygen isotopes. The primary difference inrttserials is in the mass of t**Pu
isotope. This detail is significant *®Pu is the primary neutron contributor fors type
of advaned fuel. Table -1 shows the composition of the INL fuel pins. F5-3 shows
what sources were simulated and their contributtorthe total neutron production ra
The SF of*®%u, as well as ti (o, n) source$®U, 2*U, and®**Pu wereomitted due to
their negigible contributiors to the total neutron soutcehe total neutron multiplicatic
values for the two fu-pin assemblies were 1.13 and 1.fe$pectively

(er:r-u?;) Am-241
17% Pu-240 R
Pu-240 spont. fiss.
= 0,
(alpha,n) e
8%

Pu-240
spont. fiss.
61%

Pu-240

(alpha,n)
Pu-239 8%

(alpha,n) Pu-238 /(alpha,n)
15% (alpha,n)

Pu-238

2%
4%

Pu-242
Pu-242 Apont. fiss.
/pont. fiss. 1%
1%

Fig. 5-3. Contributions (neutron emission rates) of spomtneou«-fission and(a, n) sources
present in the INL MOX pins to the total neutron production of fuel types #1 and #.

MOX was also measured at the JRC in the form of peavder samples of
identical isotopic compositic. Table 52 contains the MOX isotopic for the JRC pow

samples and Fig. 5describes the neutron soul Also measured at the JRC wer®>°Cf
SF source and an AdBe (o, n) source.
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Fig. 54. Contributions to the total neutron productionsby SF and (@, n) sources present it
the JRC MOX powders.

Table 5-2. Isotopiccomposition of MOX powder usecat the JRC (agecorrected to the June
2010 measurement date).

Sample MOX-1 MOX-2

Isotope (9) ()]
=4 0.0¢ 0.0€
2 4.7¢ 5.5(
2y 0.0¢ 0.0€
23y 670.5( 769.4¢
Bty 0.24 0.27
L 111.8: 127.0:
24py 47.00 53.39
241p 1.67 1.9¢
242p 3.3¢ 3.8¢
24Am 5.12 5.82

o) 166.2: 184.0(

Total 1010.8:  1151.3:

5.1.1.Simulation Result

Fig. 5-5a shows the simulated energy distributions of thetnons emitted fror
the two 90pin MOX fuel assemblies. The valleys located inlower energy region ¢
both spectra, specifically neai5, 0.1, and 1.3 MeV, are due to resonances ineutron
elastic scattering crossection of'°0, which is also shown in Fig-5a [24]. Fig. 5-5b
shows the individuaheutron source contributions (SF and AN) to thealtoteutror

energy distribution of the Pin#1 MOX fuel assem
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Fig. 5-5. a) Simulated neutron energy distributios, tallied on the fuel-pin can (maintaining

the pin assembly), for 90-pins of MOX fuel in compgson to the oxygen elastic scattering

cross section. b) Simulated neutron energy distriliion for 90-pins of Pin#1-type MOX fuel
(tallied on the fuel-pin can) broken into its individual neutron source contributions.

Currently, the measurement of neutron energy bigiions of fissile materials is
an area of much needed development. If the detectidhese oxygen related spectral
features were possible, SNM containing oxides wdadddentifiable. Additionally, the
neutron energy distributions of Fig. 5-5 displaytbthe fission neutron distributions and
the @, n) distributions. The detection of these regioas also point to the presence of
MOX. These effects were apparent when studyindPtiBs in Sect. 4.5.1.

5.2.Passive Measurements of Fissile Material

5.2.1.Passive Measurement Configurations

The UM measurement system consisted of four cyltatirEJ-309 liquid
scintillation detectors (12.7 cm @ by 12.7 cm)aat fdigitizer, and data-acquisition and
data-analysis algorithms. In the measurementsgdébectors were placed horizontally in
90° intervals around a can of MOX fuel pins, with eatdtector equidistant from the
sample, as shown in Fig. 5-6 for the INL measurdm@md Fig. 4-18 for the JRC
measurements. Detector pairs (at 80 18C) are used for time-correlated neutron and
photon detections. Lead bricks (5-cm thick) weredu® shield the face of each detector

as necessary to appropriately attenuate the feehasly’s photon background.
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Fig. 5-6. Four EJ309 liquid scintillators surrounding a 90pin MOX fuel can with 40-cm
spacing from the center of the source to each of ¢tdetector faces. Five cm of lead shieldir
is present in front of each detector to decrease ¢hgamme-ray count rate.

The data acquisition system containe 12-bit, 250MHz, 8-channel, CAEN
V1720 digitizer used to sample and store measured pulses. The iragpéal
configurations included the two pin types (#1 ar),#package in 90-pin quantity
canisters (as showim Fig. 7). The MOX powder was contained a stainless steel
cylinder. Measurement times varied based on the emissiorofdtee samples, ranging
from 10 minutes to an hc. Crosseorrelation functions are obtained from differen

between the arrival times of tvcorrelated detection events [28]ithin + 50 ns.

Fig. 5-7. MOX fuel pins of well-known composition were packaged into two cans in kawn
quantities.

5.2.2.Experimental Result

The primary goal of this study was to develop mdthogies to characteriz
SNM. Crosseorrelation functions arsuitablefor such characterizati, specifically for
cases with a weltontrolled geometi. Fig. 58 provides a comparison between 90 |
of the two fuel pin types in terms of separated coti@is (neutror-neutron, neutron-

photon, photomeutron, and phot-photon correlations). The ability to distingui

44



between neutron and photon events allows more leétatudy of those correlations

which provide us with information about the source.

Counts per Second per Pair

1L Pin#1

o
o B

Time (ns)

Time (ns)

Fig. 5-8. Cross-correlation curves, including alpossible particle combinations,
discriminated into their components through a PSD mcessing algorithm. Measurement
performed on Pin #1 (left) and Pin #2 (right) withthe detectors spaced at 40 cm from the

center of the source and a 75-keVee threshold.

Fission is one of the few reactions that resultsiare than one neutron per decay.

Thus, the analysis of neutron-neutron correlatiprovides valuable information on the

presence of fissile material in an unknown sample increased presence of tHéPu

isotope in Pin #2 (and therefore expected incr@adission neutrons) is observed when

comparing the neutron-neutron correlation curveBig 5-9. Between —20 ns and 20 ns

Pin

#1 provided 4.59 £ 0.04 correlated neutron toyer second and Pin #2 provides

14.02 £ 0.14 correlated neutron counts per secoaldd€s are summarized in Table 5-2).

The difference in these count rates (~ a fact@®)a$ very similar to the difference in the

amount of*°Pu (a factor of 2.7). This technique is promisingerms of characterizing a

sample’s fissile content and separating out théraewetection that is caused ly )

reactions occurring in the presence of oxygen, whereasurement configuration is well

controlled.
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Fig. 5-9. Comparison of neutron-neutron correlatims for the two INL MOX samples.

Table 5-2. Calculated neutron emission rate frompontaneous fission, measured neutron
count rate, and measured correlated neutron countate for the two MOX fuel-pin

assemblies.
Pin #1 Assembly  Pin #2 Assembly Pin #2/Pin #1
SF Neutron Emission R:¢ 1.28E! 3.39E! 2.6t
Neutron Count Rat 2049.14 £ 0.9 4977.80+2.5 2.45
Correlated Neutron Count R 4.59 £ 0.0 14.02 + 0.1 3.0t

Neutron-neutron correlations indicate the percemtagheutron emitting reactions
that are a result of spontaneous or induced fis$t@ure 5-10 shows the nn-correlation
curves normalized by the known neutron-emissiowtiea rates for>’Cf, Am-Be, and
MOX measured at the JRC. The magnitude the nndatioe curves depicted in this
manner increases with the percentage of spontarfissien reactions**Cf is 100% SF,
MOX is ~42% SF, and Am-Be is 100% AN. The nn-catiein curves are made up of
correlated neutron detections from true correlatedtron events, correlations from cross
talk, and accidentals. Cross-talk events occur whesingle neutron interacts in one
detector, creates a recordable pulse, escapestbetat, interacts in a second detector,
and has enough remaining energy to create a squaisd over threshold. Cross-talk
events are false coincidence events that are ditgeult to distinguish from true events.
For this reason, the non-fissile Am-Be source ladsef correlated-neutron events, and

their location helps identify them as primarily ssetalk events due to the large time-
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differences compared to the zero centered distabuhat is seen from fission. Cross-
talk events are present in théCf and MOX measurements, but are more prevaleifitein

Am-Be measurement due to its higher average neeinengy, making it more probable
for neutrons to have enough remaining energy dfierfirst detected pulse, to create a

second one in a different detector.
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Fig. 5-10. Neutron-neutron correlations for three amples measured at the JRC facility,
normalized by their known neutron emission reactiorrates.

Additionally, comparisons can be made between theamrelation integrals
(between -20 and 20 ns), for 180-degree and 9Cedegletector pairs for each
measurement, as shown in Fig. 5-11. These comparidepict the anisotropy of fission
neutrons, theoretically and experimentally obserf#8)]. For Pin #1 the ratio of 180-
degree/90-degree correlated neutrons is 1.02 £ WHIR Pin #2 has a ratio of 1.12 *
0.02. The simulations predict this ratio to be 1f@3both measurement configurations.
The 90-degree neutron correlations are artificialgreased by the presence of cross talk
in the system (which contributes approximately 6Bthe correlations in the 90-degree
pairs and only about 2% in the 180-degree pairsgrdiore, the effect of anisotropy is
higher than shown in the ratios, and a cross-talikection on the data would lead to
more accurate results. We expect this ratio todsgar to 6.0 for 2-MeV neutrons in an
unshielded case [27]. The simultaneous detectiotinoé-correlated neutrons and the

measured anisotropy further proves the detectidissibn neutrons from the sample.
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Fig. 5-11. Comparison of neutron-neutron correlatns for the 90-degree and 180-degree
correlated neutron counts from Pin #2.

5.3.Validation of MCNP X-PoliMi

In addition to understanding the measured resiiltss important to use the
measurements to verify the validity of the Monterl@asimulation methodology.
MCNPX-PoliMi and its post-processing algorithm atade to simulate realistic detector

response.

Table 5-3. Averaged differences between PHD simukd and measured values for data
collected at INL and JRC.

PHD Average Cros«-correlation
Sample Absolute Difference  Average Absolute

(%) Difference (%)
MOX Pin#1 13.0 19.2
MOX Pin#2 20.0 35.C
MOX Powder 22.6 30.0
254 Cf 1.4 19.2
Am-Be 15.4 11.C

Fig. 5-12 is an absolute comparison between measame simulated neutron

PHDs. Good agreement is noted between the two suaxwerage differences are shown
in Table 5-3 ranging from 1.4 to 22.6 %. This congzan confirms MCNPX-PoliMi’s
ability to provide not only accurate simulationtbé detector response but also of the SF

and AN reactions present in MOX fuel. Fig. 5-13wh@ measurement and simulation of
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the neutron-neutron correlation curves for all nmead samples discussed in this section.
Similar agreement between the correlation curvashgerved for the measurement and

the simulation (between 11.0 and 35.0 % on average)
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Fig. 5-13. Absolute comparison of neutron-neutrororrelation curves for all simulated and
measured detector pairs for INL MOX assemblies (l¢j and JRC MOX/neutron sources

(right).
5.4. Summary and Conclusions

This work was a result of detailed simulation axgezimental efforts to study
MOX samples and standard neutron emitting isotepiaces located at INL and the JRC

in Ispra, Italy. The experimental set-ups were \@&ti from detailed Monte Carlo
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modeling which incorporated accurate detector mespdunctions. Detailed models of
the neutron source from MOX fuels were presentdd¢chvincluded two SF and four AN
contributions. The neutron energy spectrum incidenthe detectors was determined and
studied for its features that may lead to charazgon of SNM such as MOX.

Neutron and photon cross-correlation functions weesasured for the various
experimental configurations. The separate contiobstto these functions were discussed
and analyzed. The results show that this type afsmement can be used to identify the
presence of fission neutrons from MOX fuel andidgiish them from AN neutrons. The
ability to differentiate photon and neutron time+etated events is a novel approach to
SNM characterization. Future efforts would benefiom comparing plutonium
containing materials with larger variation in igotocomposition and neutron emission.

The Monte Carlo particle transport code MCNPX-Palihvds the capability to
accurately model interactions that are necessary bfath of these measurement
techniques. Good agreement was obtained betweesintiodated and measured neutrons.
In addition to contributing to the development of experimental methodology, this
study worked as a basis for the validation of th€NWX-PoliMi code for the

development of measurement systems to charactd@@¢ type fuel assemblies.
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Chapter 6. Active Neutron-Correlation Measurements

Fissile materials are of interest in the nucledegaards field because they help
provide energy across the world, but can also leel us nuclear weapons. Methods of
verifying the peaceful use of these materials mwlymeasuring the presence of fissile
material and/or confirming that no significant qtis@s of known materials have been
diverted. When it comes to measuring plutonium, mhaterial’'s spontaneous fission
probability is quite high allowing passive neutrameasurements for material
characterization. Contrarily, passive measuremeats often impractical when
guantifying uranium, considering the spontaneossidin yield of all uranium isotopes is
quite low; therefore we must rely on measuring cetl fission. As a result, active-
interrogation techniques are required for charaitey nuclear fuels containing only

uranium, as is common in many nuclear facilitiesuad the world [28].

6.1. Characterizing Uranium-Oxides with Liquid Scintilla tors

Using the simulation tool MCNPX-PoliMi, a detectieystem was designed to
measure induced-fission neutrons frofffU and 2%®U. Measurements were then
performed in the summer of 2011 at the JRC in |sfiedy. Low-enriched uranium
(LEU) samples were interrogated and induced-fissi@utrons were measured to
characterize the samples in terms of their uranimass and enrichment. The
measurement system included high-energy neutronl (MeV; deuterium-tritium
reaction) and low-energy neutron (0.23 MeV; modstatAm-Li source) active-
interrogation sources. The purpose of the measureoampaign was to investigate the
potential applicability of using organic liquid stilators with active-interrogation
techniques to characterize uranium containing naserAdditionally, MCNPX-PoliMi
simulation results will be compared to the measuredds to validate the MCNPX-

PoliMi code when used for active-interrogation siations.
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6.1.1.Description of Measured LEU

Three well-characterized LEU samples were availtdrlexperiments at the JRC.
Table 6-1 outlines the variation of these sampteserms of their uranium mass and
enrichment. Through the use of active interrogativae see the differences in uranium
mass and>>U enrichment by inducing fission in these three eriats. The neutron-
induced fission cross sections forU and?*®U are shown in Fig. 6-1 [24]. Based on
these cross sections, a varying induced fissigporese is seen by probing the three LEU

samples separately with both slow and fast neutrons

Table 6-1. Material specifications for the three LEJ samples studied at the JRC.

Sample Uranium Mass Uranium-235 Mass Enrichment
9] [a] [%]
LEU-1 1691.93 16.60 1
LEU-2 2374.40 73.83 3.1
LEU-3 2374.96 118.19 5
3
_235U
é o5l — 238 |
&
& 2
®)
EZ é 1.5
% 0.5¢
P4
00 é 1‘0 1‘5 20

Neutron Energy (MeV)

Fig. 6-1. Neutron-induced fission cross sectionsrf6**U and U for fast neutrons. The®**U

cross section increases at thermal and epithermahergies while the®®®U cross section
decreases significantly.

6.2. Active-Interrogation Simulations

Using MCNPX-PoliMi, a system was designed to measunduced-fission
neutrons fronf>U and?*®U. The system made use of a deuterium-tritium (B&itron
generator for inducing fission in the uranium. Gexerator was equipped with an alpha

detector to determine the time and direction oftreeuemission. The liquid scintillators
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then measured the emitted fission neutrons whilaimizing the measurement
transmitted and scattered DT neutrons. As showFignl, the DT neutrons will induc
fission in both®**U and 23U, providing information on the overall amount aBmium
present. DT neutron generators always emit somiareuat 2.45 MeV due to deuterit
impurities in the tritium target leading to deuten-deuterium fusior In addition, the
actual DTrneutron energy depends on the angle of the emiteedron These lower
energy (yet still fast) neutrons still arrive imeggion of the induce-fission cross sections
where there is a large separation betw?**U and®*®U. To learn about the enrichm of
the uranium, we must probe the source at very leutron energies (ideally thermal)
study only the?*U presence in the LEU. To do this, a t-density polyethylene
moderated Ani-i source (0.23 MeV neutrons on average after meta®r) was used ¢

an additional interrogatiosource.

6.2.1.Neutron Interactions inLEU

N R AR RS AN
ESALAA AR AL A AR A AR AR AL S ARAAAS A AL LA A AL AR A A A AR A NN
N N AN ]
|

Elastic Scattering: Oxygen

BB AAR AR VR RN AL LR SRR L DR BN A AR AR ALY R MRV S SR A AR RN RN RNRRAAR NG,
NN NN NN NN NN NN
A NN O OO OO NN, |

Elastic Scattering: U-238

Inelastic Scattering: Oxygen

Inelastic Scattering: U-238

Fission: U-238
Fission: U-235
(n.2n): U-238
mDT: LEU - 1
(n.3n): U-238 SAm-Li: LEU -1
| mDT:LEU-2
Capture Event: Oxygen BAmM-Li: LEU -2
mDT:LEU-3
Elastic Scattering: U-235 SAm-Li: LEU -3

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Normalized Counts
Fig. 6-2. Simulated neutror-interaction probabilities from the three interrogated LEU
samples.
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MCNPX-PoliMi output includes a detailed history of all thie interactions th:
happen within aszolume of interest, including all of the historiessubsequent particle
that are created. By simulating ac-interrogation cases and specifying the LEU sar
as the volume of interest, we can gauge the usfalof different active sources
charaterize a particular quantity of interest. Fi-2 depicts the types of interaction a |
neutron source and an /Li neutron source induce within the thr(LEU samples that

were measured.

6.2.2.Models for Mass and Enrichment Studi

The DT generator emits neons in a ‘timetagged cone’ at the side of the LI
canister.The detectors were placed directly above the LEOpda outside of the cone
‘timed-tagged’ neutrons Five detectors were used to maximize the measute
statistics while keeping detectors ced far enough apart to decrethe detector cross-
talk. Fig. 63a shows the MCNF-PoliMi model for the DT interrogation case. For
Am-Li interrogation case, the radionuclide source wgasrounded by polyethyler
moderator and placed under the LEU sle in order to minimize the direct contributi
of Am-Li neutrons and primarily measure photons and oestthat are created in t

LEU from the incident Ar-Li particles, as shown in Fig. 6-3b.

\ JukK 4 \ JuR

J.'J JA'J

(a) (b)
Fig. 6-3. MCNPX-PoliMi model of the five liquid scintillators (~35 cm from the center of the
LEU sample) measuring induce-fission neutrons for the DT interrogation case (aand the
moderated Am-Li interrogation case (b).
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6.3. Active-Interrogation Measurements

Fissions were induced with an associ particle DT generator and a modera
radionuclide Amki source. The fission neutrons, as well as nestfoom (n, 2n) and (r
3n) reactions, were measured with five cylindrit2l7 cm @ by12.7 cn® EJ-309 organic
liquid scintillators. The DT neutron nerator was available as part of a measurel
campaign m place by Padova Univers [29]. Fig. 64 shows two photographs of t

measurement configuratio

"

Fig. 6-4. The fivedetector geometry positions the liquid scintillatorfaces at approximately
35 cm from the top of the LEU canister. The assodied particle tagged DT neutrons are
emitted in the direction coming out of the page. Ao shown is the moderated AK-Li source

placed under the LEU canister.

6.3.1.Data Acquisition and Analyss

The measurement and c-acquisition system utilized @AEN V1720 digitizet
(12-bit, 250MHz) and PSD algorithms to differentiate neutrom g@otonevents. The
digitizer has eight cinnels, six of which were used: one for the DT gatwets
associated alpha detector and the remaining fivehe liquid scintillators. The thre
LEU samples of varying mass and enrichment, showmable6-1, were interrogated
separately with the hi-energy and lowenergy neutron sources. AcquirTOF curves
were then analyzed to draw relationships betwe&scti neutrons and sample mass
enrichment.

The PSD algorithm, applied above a keVee threshold (~0.7 MeV neutr
energy), is important to ilate the neutron signal that comes from the inddissibn, (n,
2n), and (n, 3n) neutrons. Presence of (n, 2n)ticzacrequire greater than ~5 M

incident neutrons while (n, 3n) reactions requirerenthat ~11 MeV incident neutror
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therefore only theDT interrogation cases will result in such a signial the DT
interrogation caselPSLC allows the removal of photon accidentals in thetrogu TOF
distribution. In the Ar-Li interrogation case, PSD is more important asllidws us tc
identify the photon-autron correlations that are studied here as adp-TOF method.
The PSD technique for the DT measurements and th-Li measurements is portray
in Fig. 65. The effect of photon misclassification is morgn#icant with the An-Li

measurement configutions due to the strong photon emission inherentthe
interrogating source; this can be seen in 6-5.

Tail Integral
Tall Integral

4
Total Integral Total Integral

@) (b)
Fig. 6-5. PSDtechnique applied tc a) the DT interrogated LEU-3 measurements and) the
higher photon flux of the Am-Li interrogated LEU-3 measurementswhere the neutron
events fall above the discrimination line.

6.4.Uranium Mass Investigatior

When using the associated particle DT generan alphadetector provides a
signal when a DT event emits a neutron in the tdoe®f our LEUsample. By using this
signal as a trigger, a TOF measurement can berpeth thus measuring the arrival tii
of particles created in the LEU sample. The triggeralpha detector is a YA
scintillation detector that is known to display gotbming propeties [29]. The distance
between the LEU sample and the five detectors @8 must be chosen to provi

adequate separation between the arrival of theopsotnd the arrival of the fe
neutrons.
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6.4.1.Simulation Results

Fig. 6-6a shows the simulated TOF results for tAeimerrogated LEU samples.
The photon signal can be eliminated and we cansfocuthe change in the neutron TOF
curves for the three LEU samples. The neutron T@rkecin Fig. 6-6a shows variations
in slope along the leading edge (25 — 30 ns), i ihis location that 14 MeV neutrons
elastically scatter on the LEU, lose very littleeggy, and arrive quickly at the detectors
and create a pulse by depositing less than 2 Me¥/ypper limit of the data acquisition).
The TOF curves showed that the mass of the LEU kampuld trend with the amount
of induced fission events, (n, 2n), and (n, 3n)névdor samples of similar geometry.
Therefore, the integrals of these neutron TOF ciprevide information on the sample
mass, as shown in Fig. 6-6b.

25 10
—e—Simulated DT: LEU-1, photons o Simulated DT: LEU-1

O Simulated DT: LEU-1, neutrons 4~ Simulated DT LEU-2
2 ——Simulated DT: LEU-2, photons || 8t © Simulated DT: LEU-3

4 Simulated DT: LEU-2, neutrons
—=—Simulated DT: LEU-3, photons
15 o Simulated DT: LEU-3, neutrons ||

<

Counts per Second per Detector
Counts per Second per Detector

== 30 a0 g0 w0 %0 %00 1700 1900 2100 2300 2500
Time (ns) Uranium Mass (g)

(a) (b)
Fig. 6-6. a) Simulated photon and neutron TOF curve for time-tagged DT interrogation of
the three LEU samples with error bars that are smadér than the data point symbols, and b)
the trend of the total neutron counts with uraniummass where the LEU-2 and LEU-3 points
are overlapping.

6.4.2.Experimental Results

Fig. 7a shows the measured neutron TOF curvesh®iXT interrogated LEU
samples, including statistical uncertainty. Fig/l6shows the trend in the total neutron
counts with uranium mass. The neutron counts tegquopriately with uranium mass,
with the two canisters of equal mass having appnately the same neutron TOF

response for the DT interrogation case.
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Fig. 6-7. a) Measured neutron TOF curves for timeagged DT interrogation of the three
LEU samples and b) the trend of the total neutron aunts with uranium mass.

6.5. Uranium-235 Enrichment Investigation

Fig. 6-8 shows the results of tHf&U enrichment investigation, where the

moderated Am-Li neutrons will induce fission priiyarin 2. The 2 fission

neutrons’ TOF will be measured in the liquid sdiators by triggering on the photons

produced during the induced nuclear interactions.

6.5.1.Simulation Results

The pseudo-TOF curves for the simulated Am-Li camesshown in Fig. 6-8a.

The relationship between the enrichment and these turves is shown in Fig. 6-8b.

0.018 : : ‘
O Simulated Am-Li: LEU-1
0.014} §{ © Simulated Am-Li: LEU-2
= 3 o Simulated Am-Li: LEU-3
£ 0.012 B ]
3 v 5%
2 oo 2
5 B4
@ 0.008¢ £ 2
193] :E[s 4;@@
©
2 0.008+ 20
2 = &,
3 0.004 Sap %o
S a o ® T, s
0002t o
el SIS
0 10 20 30 40 50 60
Time (ns)
(a)

0.25 : : : .

© Simulated Am-Li: LEU-1

4 Simulated Am-Li: LEU-2 o
= 024 9 Simulated Am-Li: LEU-3
g
g a
T 015¢
o}
(&)
[
5]
& 0.1r
2
5 o
[e]
O 0.05-

% 2 3 4 5 6

Uranium Enrichment (%)

(b)

Fig. 6-8. a) Simulated photon-triggered neutron TOFcurves for the moderated Am-Li
configurations and b) the trend of the total photorneutron correlations with U-235
enrichment.
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6.5.2.Experimental Results

Fig. 6-9a shows the measured photon-neutron ctime$a for the Am-Li
interrogated LEU. Fig. 6-9b shows the trend of elations with LEU enrichment. It is
difficult to directly compare the LEU-1 sample teetLEU-2 and LEU-3 samples, as the
mass is not consistent, although the general teggides with what is expected. The
relationship between neutron counts and both umamass and enrichment follow the
MCNPX-PoliMi predicted trends. The trends betwebe simulated (Fig. 6-8b) and
measured (Fig. 6-9b) neutron counts versus enriohare very similar, with the primary
difference being in the vertical magnitude of tmtire curve, as the simulations under-
predict the system response. This non-linear benhafithe counts with enrichment (or
mass) is rather typical of all active measurementh low energy Am-Li sources; the
trend is due to the limited penetration of neutrionthe material that reduces the fraction

of the sample that is interrogated when the sasipkeincreases.
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Fig. 6-9. a) Measured photon-triggered neutron TOFurves for the moderated Am-Li
configurations and b) the trend of the total photorneutron correlations with 2°U
enrichment (with error bars smaller than that data point symbols).

6.6. Validating MCNPX-PoliMi/MPPost for Active-Interroga tion Applications

MCNPX-PoliMi was used to design the measuremertesysand could further be
used to optimize such a measurement system anddeitseapplicability. In order to use
the simulation package for such activities, it &pful to validate the simulated active-

interrogation scenarios with the measured results.
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Initially, a passive’*“Cf-source correlation measurement was performetl wit
well-characterized source to be compared with an NME-PoliMi-simulated
measurement. Good agreement has been observedehetiféerent organic liquid
scintillation measurement systems &MCf sources in the past. These past observations
are consistent with the present measurement systershown in Fig. 6-10, where the
cross-correlation distributions from the measurenae the simulation agree well. The
peaks in the measured neutron-photon and photomemedistributions near time zero
are primarily due to PSD misclassification of phmstoas neutrons. A relative small
amount of measured data was collected for T€f source, hence the statistical

fluctuations in the measured results.
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Fig. 6-10: Measured and MCNPX-PoliMi-simulated cros-correlation distributions for a
single detector pair in conjunction with a bare**°Cf source.

Due to the uncertainties associated with the ugbeoDT generator, it is difficult
to make an absolute comparison between the simoolamd measured results. Much of
the error lies in details associated with the alpiigger detector (YAP scintillator),
including the poor knowledge of the detector’s wi@ion and thus the neutron-beam
diameter at the LEU sample, the inability to digtirsh between photon and alpha events
in the detector leading to accidental correlateshévin the measurements, the instability
of the neutron generator output, and the unknowation of the neutron-event threshold.

Due to the proprietary nature of the use of thedenerator, all these unknowns could
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not be resolved. These uncertainties can be mieonikith a better characterized DT-
generator/measurement system.

When considering active-interrogation simulatiom&re successful comparisons
are made between the simulated and measured Araskisc Previous work with Am-Li
sources demonstrated better correlation resultsyweaitrons from Am-Be and AmO
radionuclide sources were included in the sourcelah{B0]. The true ‘contaminant’
levels were unknown and therefore the Am-Be and Amé&dtron sources were added to
better match a measured neutron PHD of the Am-eringation source. The simulated
Am-Li source was defined with 1.2% of the total men emission originating from an
Am-Be neutron source and 1% from an Asgdurce.

Figure 6-11 shows the MCNPX-PoliMi simulations ametasurements of the
TOF distributions of the LEU sample with moderatédn-Li. The simulated
measurement TOF distribution behaves similarlyhe mmeasurement results but with
lower count rates across the entire distributidme $imulation likely under-estimates the
count rate due to uncertainties in the source ifgtithe source spectrum, un-modeled

details of the surroundings and the high-densitygibylene density.
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Fig. 6-11. Absolute comparison of measured and sifated TOF distributions for the

moderated Am-Li configurations.
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6.7.Summary and Conclusions

An active-interrogation measurement and simulatampaign was performed
with the aim of characterizing uranium-containingaterials. Active-interrogation
methods were investigated, including a DT generatat a moderated Am-Li source.
Time-correlation techniques were used to measurgrareinduced fission in LEU
powder samples. MCNPX-PoliMi was used for the gystkesign and understanding of
the measured trends.

It was observed that 14.1 MeV neutrons inducedodiisi ***U and®*®U isotopes,
allowing the total uranium mass to be determinednfmeutron TOF measurements.
Then, the supplemental use of low-energy neutrom® fa moderated Am-Li source to
induce fission in primarily*®U, allowed conclusions as to the relati¥&J enrichment.

The standard charge integration PSD method apjatepridiscriminated photon
events from neutron events in the liquid scintiltat This approach allowed the thorough
analysis of neutron TOF distributions with the @pito eliminate photon accidentals. It
also allowed pseudo-TOF distributions to be forrfredh the Am-Li interrogation cases
by triggering on the photons that are emitted fittv nuclear reactions in the LEU. It
would be beneficial to investigate a broader ramigeranium-containing materials. With
more information on the response of a liquid sttattrs system, advanced algorithms

can be developed to quantf?U enrichment and uranium mass.
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Chapter 7. Passive Neutron-Multiplicity Measurements

Typical of fission reactions is the emission of tjpké neutrons simultaneously.
Therefore, instrumentation that measures neutrohiplicity is an excellent way to
guantify the amount of fissionable material preséigutron multiplicity counters are
common in nuclear safeguards efforts usiHg detectors. Neutron detectors containing
®He have a high efficiency for neutron detection wheutrons are moderated to thermal
energies. Well established theory to analyze thgnats (neutron coincidence or
multiplicity) that come from systems containing maHe detectors provides values such
as the mass of SNM. Measurement of mass with loeemainty is needed to verify
nuclear-material declarations.

Neutrons emitted from fission are not in fact thakrand organic scintillators
have good efficiency over the range of fission reng, as discussed in Sect. 4.3.
Additionally, organic scintillators are inherenfigst and solve problems associated with
dead time in traditional systems. An FNMC addregkesurgent need to innovatele
alternative systems to meet future safeguards naedsexpand the scope of current
safeguards measurement systems.

In the efforts to develop an FNMC at the UM, a dmalle system was
developed for proof-of-concept simulations and meaments. The system made use of
liquid organic scintillation detectors for fast-iean detection of fissile materials. Such a
system is expected to quantify small masses ofopiuin inventory using neutron
coincidence. MCNPX-PoliMi/MPPost codes were beisgdifor the full-system design
and therefore validation with a small-scale sysiw@as necessary to proceed with the
design process. The validation measurements weferpeed on nuclear materials at the
JRC in Ispra, Italy in April of 2012. The measurertsehighlight neutron coincidence

with liquid scintillators and their potential totdemine plutonium mass.
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7.1.Simulating Neutron Multiplicity

The radiation source and the experimental geometng modeled with MCNP-
PoliMi. Two different types of nuclear materials rwemeasured and simulatedMOX
powder and Pufpellets. Two MOX samples and ninuQ, pellets were studied. Tt
two MOX samples and three combinations of the o€, pellets were measured
represent five differer**%Pu effective {*Puy) massesEquation -1 defines traditional
4% 4 mass as a function of the masses of the-numbered plutonium isotog [5].

(7-1)

Built-in MCNPX-PoliMi sources were used to simulate the neutrah @moton
sourcs present in the samples containing both plutorému oxygen?*°Pu and®*%Pu
spontaneous fissions a®**%u,**%Pu,?*°Pu, and*'Am (o, n) reactions. Figuri7-1 shows
the makedp of the neutron source for both the I, and MOX samples. Negligibl
neutr sources (includin@*Pu spontaneous fission), contributing only 0.75%hef
total neutron emission, were omitted. For all ok thive configurations, detaile
information was recorded for four organic scintida detectors. These data were t

analyed using MPPost to arrive at PHLnd fastneutron multiplicit.

Am-241

Am-241 (alpha, n) Pu-240
(algr;,,n) P 17% spont;fiss.
spont. fiss. Pu-240 39%

56% (alpha, n)
Pu-240 8%
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alpha,n (alpha, n)
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Fig. 7-1. The neutror-source contributions for the PuQ pellets (a) and MOX samples (b
measured at the JRC facility.
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7.2.Measurement of Fast-Neutron Coincidence with LiquidScintillators

At the JRC’s Laboratory, a UM measurement systeig. (2) was utilized to
measure fissile materials and the measurements there simulated with MCNPX-
PoliMi/MPPost. The data were valuable to test deatalysis algorithms for their potential
and limitations. Benchmarking the simulation effowith the measured results built
confidence in the use of simulation and modeling@lso specifically MCNPX-
PoliMi/MPPost, to facilitate a design process foe tlevelopment of an FNMC. Such a
measurement system would contain numerous stadid@id scintillators; specifically
Eljen Technology manufactured EJ-309s. Additionalithin the system, a small amount

of lead shielding was used to reduce the photonfflam the samples.

Fig. 7-2. All experimental configurations includedfour 7.62 cm g x 7.62 cm liquid
scintillators 20 cm from the center of the measuredamples. The configuration depicted
includes nine PuQ pellets with 0.25 cm of lead shielding present, msured with a 70 keVee
LO threshold.

7.2.1.Description of Plutonium-Containing Materials Meased

By measuring Pu@and MOX samples of varying mass, the trend between
neutron doubles rate and plutonium mass was ask€Bsis trend provides a value that
will work as a sensitivity-metric for the designopess. The measured plutonium masses
included Pu@ pellets, ranging from 20 to 60 g, and MOX samplé¥) and 190 g, with

details outlined in Table 7-1.
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Table 7-1. Isotopic masses for the measured Py@ellet combinations and MOX samples.

Sample PuCxr1 PuC,-2 PuC,-3 MOX-1 MOX-2
Isotope (@) (9) (9) (9) (@)
=y - - - 0.0F 0.0¢€
=y - - - 4.7¢ 5.5(
By -- - - 0.0t 0.0¢€
=8y -- - - 670.5( 769.4¢
ZEp 0.0z 0.07 0.04 0.2¢ 0.27
B3P 14.2¢ 39.6¢ 52.3¢ 111.8: 127.0:
24y 5.3¢ 9.31 11.2¢ 47.0( 53.3¢
24p 0.17 0.2¢ 0.27 1.67 1.9¢
24p 0.2¢ 0.37 0.41 3.3¢ 3.82
2Am 0.8( 1.37 1.5¢ 5.12 5.82
o) 2.7F 6.7F 8.7¢ 166.2: 184.0(
Total 23.6° 57.6¢ 74.6¢ 1010.8:  1151.3:

A ?%Cf source was also measured for validation purpo3é® measured

materials are similar to those measured in lowllpligonium-sample inventory counters
and helped provide insight into how organic sdatiibn detectors can find use in
characterizing such materials. The measuremenérsystsed in this study uses only a

fraction of the number of detectors an ideal psgietwould contain.

7.2.2.Measurement System

To achieve portability, the measurement campaighpinl 2012 used a 4-channel
USB digitizer (CAEN DT5720) and a data-acquisitiaptop to acquire data from four
detectors (7.62 cm @ by 7.62 cm EJ-309s). Theswilltors detect both neutrons and
photons via scattering events in the hydrocarboternad both particle types create
pulses that are digitized, and kept for data amalyhe digitizer has a 12-bit resolution
(11-bits effective) and a 250-MHz sampling frequendiich is sufficient to identify the
slight pulse-shape difference between the two tygaateractions via PSD algorithms,
shown in Fig. 7-3.

Due to the high photon emission from plutonium-eamng materials, a thin lead
shield (0.25 cm for Pufand 1 cm for MOX) was also present. The detest@r® placed
at 20 cm from the center of the source and weranged in a small arc with

approximately 30 degrees between each detector.
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Fig. 7-3. Measured neutrons (upper region) and pttons (lower region) from the shielded

PuO, source measured at a 70 keVee light-output threshib(approximately 650 keV neutron

energy deposited). A discrimination curve is showthat was used the separate neutrons
from photons.

7.2.3.Measurement-Data Analysis

In order to quantify plutonium mass in nuclear mats it is common to rely on
the detection of fission rate from a variety oftphium isotopes. Measuring the fission
rate is possible using neutron-multiplicity measoeat techniques [5]. Neutron-
multiplicity measurements are beneficial due to #mission of multiple neutrons
spontaneously from a single reaction, which is ueitp fission. In this work, plutonium-
mass information will be gathered from the measmeatron doubles rate. Such neutron-
multiplicity results were found by counting the modent fast-neutron events in short
time windows (~100 ns) [31]. A constant fractionagemethod (with 0.5 as the fraction)
is used to identify the arrival time of each pulfeio PSD-attributed neutrons that arrive
within the time window are considered coincidend @ontribute to the neutron-doubles
rate. If a third neutron is detected within the dimwindow the event is considered a
neutron triple and does not contribute to the rmeuttoubles rate, the same applies for all

subsequent higher-order multiples.
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7.3.Measurement Results and Validation of MCNPX-PoliMiMPPost

7.3.1.Measured and Simulated PHDs

Figure 7-4 shows the measured normalized PHDsh®two different types of
plutonium and®’Cf. The shapes of these distributions shed lighthentype of neutron
source that is being measured, for example a plutoimetal sample will give different
PHD results than a PuG®ample due primarily to differences in the neutsoattering
cross section of the material matrix [32]. Thisoimhation can prove useful to tailor mass
guantification equations to specific nuclear mafetypes. To validate the simulation
methodology, Fig. 7-5 shows an absolute comparisora linear scale) of neutron PHDs
with good agreement between the simulated and messesults from &°°Cf source and
one of the configurations of Pu@ellets (#2 described in Table 7-1). The averametp
by-point agreement between the simulated and medswsults are 6.8% and 10.6%
respectively, with most of the discrepancy comiranf the low LO region where PSD is
less accurate.

10 T T ‘
— Cf-252 - neutrons
= MOX - neutrons

— PuO2 pellets - neutrons I

Normalized Counts

Fission 4
neutrons ]

Fission and
{alpha,n)
10} neutrons

0 05 1 1.5 2
Pulse Height (MeVee)

Fig. 7-4. Measured neutron PHDs (normalized to theintegral) for *°Cf, MOX, and PuO,
pellets.
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Fig. 7-5. Simulated and measure®’Cf PHDs (left) with an average point-by-point
agreement error of 6.8% and simulated and measureBuO, PHDs (right) with an average
point-by-point agreement error of 10.6%. Statisticd errors shown on the data points are
smaller than the symbols used.

7.3.2.Neutron Coincidence

Sensitivity and efficiency of the measurement systas studied via the
measured doubles rates (neutron coincidence) f@ Rnd MOX samples, outlined in
Table 7-1. Figure 7-6 shows the relationship bebmée neutron coincidence rate and
the?*°Pus mass is linear across all of the Bu®dd MOX samples.
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Fig. 7-6. Relationship between simulated and measen neutron doubles rates and*°Pue
mass. Differences listed relate the simulated andeasured data while statistical error bars
shown on the data points are smaller than the symit®used.
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Good agreement is observed for neutron doubles mater a range of plutonium
mass (also shown in Fig. 7-6). The difference betweeasurement and simulation for
the three lower-mass plutonium samples was of tler@f a few percent. The difference
between the measurement and simulation for thedargsses was approximately 15%.
Likely causes for the difference between simulated measured values are misclassified
photon events contributing to the neutron doubdte and accidental neutron doubles,
both forms of inaccuracy artificially ‘inflate’ theesults. Additionally, large uncertainties
in our knowledge of the density and volume of th@X1powders contribute to the error
in the comparison of simulated and measured doublading good agreement between
the simulated and measured neutron doubles isatremnsidering the doubles rate is the
result of primary concern for the design process.

Linear trends were independently fit to measured amulated results. The
sensitivity of the system can be characterizedhgydlope of the relationship. A more
sensitive system will display a trend that hasrgdaslope and a more efficient system
will display a trend with a higher overall magnitudror the bench-top system used at the
JRC, the sensitivity based on the measured dataOvi&9 +0.001 neutron doubles per
second per gram (the slope of the line fit to treasured data points in Fig. 7-6 where
the error is the standard deviation of said limegression slope). Due to uncertainty in
the MOX simulations, the simulated data predicesslsensitive measurement system
with a sensitivity value of 0.082 + 0.001 neutraloaibles per second per gram. Table 7-2
gives the deviation of the doubles rates from théf both the simulated and measured

data. The results show that the linear fit is soeable choice.

Table 7-2. Difference between the data points artie linear fits.

PuC-1 PuC-2 PuCG-3 MOX-1 MOX-2
(%) (%) (%) (%) (%)
Simulation -4.75 0.62 2.36 -0.39 0.48
Measurement 0.00 -2.41 2.52 -0.45 0.43

The measurement system had promising absoluteeeffies of 4.20 £ 0.05 % for
neutron singles and 0.061 + 0.001 % for neutrorbtsumeasured with &°Cf source
(error calculations take into account statisticatertainty, source strength uncertainty,
and PSD misclassification). Statistical uncertaiofy doubles less than 5% can be

achieved in 10 minutes for the smallest measuredopium mass. This result is
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encouraging considering the final system desighindlude more detectors and cover a

significantly larger solid angle.

7.4.FNMC Simulations for Prototype Design

Current simulation efforts focus on studying tremashe detector shape, size,
number, and configuration to achieve high efficienbigh sensitivity, and minimal
dependence on sample placement. Examples of patsatups are shown in Fig. 7-7. An
ideal detector design will not only perform accahatand efficiently, but also maintain a
minimally intrusive geometry in terms of size aneight. With a list of candidate
designs, bench-top experiments are being perfoahétM to work towards fine-tuning

the design.

>

a) )

c) d

s

Fig. 7-7. Examples of FNMC models: (a) UM measuremé system used in the present work

based on EJ-309 liquid scintillators, (b) a full rng (12 detectors) of 7.62 cm g by 7.62 cm EJ-

309s, (c) two rings of 7.62 cm @ by 12.7 cm EJ-3088d (d) three rings of 12.7 cm @ by 5.08

cm EJ-309s. The models include the active voluméthe EJ-309s, 0.25 cm of lead shielding,
and PuG, pellets.

Using MCNPX-PoliMi/MPPost many detector configuoais were tested with
numerous types of plutonium-containing materialsvafying plutonium mass. We
simulated the JRC’s PuyOpellets as they were measured during the measateme
campaign described in this work. Simulated result&ig. 7-8 show how the doubles
rate, from various system designs, trends witheiasing®*®Puw mass. Figure 7-9 shows
the triples rates versus th®Pux mass. Designs included either one, two, or thiregsr
of liquid scintillators. The liquid scintillator diensions were either 7.62 or 12.7 cm g
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and varied in length between 2.54 to 12.7 cm. Toygesof the doubles rate curves shown
in Fig. 7-7 is then the sensitivity metric for detening the responsiveness of the
simulated systems to plutonium mass. From the thireaelated Pu@samples, the third

point deviates most from a linear trend due toolllhe added canister material present
for this particular case. The first two cases ideluone pellet and three pellets
respectively, while the third case has nine pell&t® large increase in the steel casing
has a small effect on the neutron doubles leadiriye slight decrease in expected rate.
This noted decrease is not present when the migtara modeled with the absence of

their containers.
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Fig. 7-8. The trend of simulated doubles rates witplutonium mass for 21 FNMC designs.
The number of detectors and the detector size weraried. Each figure shows the response
for one, two, or three detector rings where the stistical errors are smaller than the symbols
used.
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Table 7-3. The sensitivity of each design portrayeh Fig. 9.

Detector Shape Sensitivity
(diameter x length) (Doubles Rate/g dfPu)

One Ring  Two Rings Three Rings
7.62cmgby 5.08cm| 0.75+£0.05 3.05+0.22 5.81+0.33
7.62cmgby 7.62cm| 1.12+0.05 4.68+0.34 8.99+0.55
7.62cmgby 12.7cm| 1.55+0.08 6.89+0.47 13.36+0.81
12.7cmgby 254 cm| 0.81+£0.08 29+0.28 4.81+0.35
12.7cmgby 5.08 cm| 2.03+0.20 7.21+0.72 12.11+1.01
12.7cmgby 7.62cm| 2.93+0.29 10.61+0.99 18.05+1.49
12.7cmgby 12.7cm| 3.94+0.38 14.29+1.38 25.3+2.08

Table 7-3 gives the sensitivity of each of the gesi As expected, systems that
cover the most solid angle and have the greatdsttde volumes perform best. The
simulated triples rates embody the same trendseaddubles curves, while providing an
order of magnitude less counts and sensitivity. idalahlly, the percent increase of
neutron triples events per gram is consistent witlat is seen with the neutron doubles
trends.

The design with three rings of 12.7 cm g by 12.7datectors performs best, as it
yields the highest doubles rate, resulting in theelst uncertainty on th&%Pus mass,
and also has the largest size and weight. A systgmtwo rings of detectors 7.62 cm g
by 7.62 cm is more manageable and the sensitiigs chot decrease significantly. By
decreasing the detector depth, less cross-talki®wer present in the neutron doubles.
Additionally, the smaller liquid cells (such as tii&2 cm @ by 7.62 cm detectors)
provide better timing and PSD capabilities thargéarcells (12.7 cm g by 12.7 cm
detectors). This trend is further confirmed for mmuearger volumes that have been
previously studied [33]. In fact, detectors withl€daving large volume suffer from light
attenuation and degradation of the PSD performamzpiiring a higher LO threshold,
resulting in lower overall system efficiency. Cylnical-shaped detector volumes with
matching photo-multiplier tubes were chosen thraughthe design process for their
optimal light collection and PSD performance, pdivg an improvement over past
designs in both efficiency and uncertainty [34].
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7.5.Summary and Conclusions

Results on neutron coincidence measurements of, Bn@ MOX with liquid
scintillators were thoroughly studied. Specificalliye potential of a FNMC to determine
plutonium mass with neutron coincidence was evatlialhe results show that liquids
are a strong candidate for plutonium mass chaiaatem. These measurements also
allowed the opportunity to validate simulations fpened with the MCNPX-
PoliMi/MPPost simulation tools.

Based on the measurement results liquid scintidatappear to be a good
candidate for a FNMC. Fast-neutron doubles ratesn(imultiplicity) trend linearly with
2Pyt mass in Pu@ and MOX samples. A small four-detector system sfbva
sensitivity of 0.100 + 0.001 neutron doubles pemgiper second. Simulations of larger
systems proved that the sensitivity can increaseou@lues such as 25.30 + 2.08 with
increased detector size and numbers. The measungdoled efficiency for the four-
detector system was 0.061 + 0.001 %.

Neutron PHDs can aid in neutron multiplicity systesaibration via specific
source type characterization (fission sources ophgus fission andu( n) sources, e.g.
metal versus oxide). In this study measurementg imcluded Pu@ future efforts will
include an expansion of the material types thatraeasured and how they fit into the
current mass characterization method.

The agreement between the fast-neutron measuresgstgm’s simulation and
experimental campaigns was less than 5% differémcéhe PuQ pellets doubles rates
and ~15% difference for the MOX samples doublesstaileutron pulse-height analysis
had good agreements fofCf (a commonly used validation source) and the Pusllets
at 6.8 and 10.6% error, respectively. These resudislate the use of the MCNPX-
PoliMi/MPPost package for designing a FNMC. Botla #imulated and measured data fit
well to linear trends. The quality of the lineatsfio both simulated and measured data
validate using neutron doubles rates per grafi’PiLy to design a sensitive system and
potentially quantify mass in a FNMC for materiafdaw multiplication.

Simulation efforts to design a full FNMC show thagh levels of efficiency,
sensitivity, and expedient measurement times caach&ved by increasing the number

of detectors and the overall detection volume. Thellenge then is balancing the
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sensitivity and efficiency with practical size, @®nics, and cross-talk. With a list of
candidate designs, bench-top measurements wererped at UM to work towards a
prototype configuration. The prototype system désd in Chapter 8 will demonstrate
an advanced level of PSD abilities in a large ssgtem that can quickly quantify small
amounts of plutonium mass (on the order of gramtets of grams) with acceptable
levels of uncertainty.
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Chapter 8. Towards a Fast-Neutron-Multiplicity Counter Prototy pe

Advancements in nuclear safeguards equipment shmridider non-traditional
neutron detectors to replace and potentially improapabilities of current safeguards
systems. A fast-neutron multiplicity counter (FNM@)at utilizes neutron elastic
scattering for fast-neutron detection has beenldped at the UM using the MCNPX-
PoliMi simulation code. The use of detectors basedast neutron scattering allows for
accurate neutron timing and energy information.sehadditional capabilities can prove
useful in addition to neutron-multiplicity informah. A prototype detector system was
built and underwent preliminary proof-of-conceptstte using well-characterized
plutonium samples and®°Cf sources. Simulation results and initial bencHmar
measurement results are compared in detail to demade the potential of an FNMC
made of liquid scintillators in the determinatiod plutonium mass. Preliminary
measurement results also help characterize theaycaf using FNMC neutron doubles
and triples to characterize plutonium mass.

Two sets of measurements were performed with thelENrototype:>>“Cf tests
at the UM DNNG laboratory and plutonium tests & JRC Ispra laboratory. Section 8.1
describes the final prototype, subsequent sectrengew the results from the two
mentioned measurement campaigns, and the Chaptevnap-up with a conclusion on
the potential of FNMCs with organic scintillatorscasuggestions for a more stable and

accurate prototype design.

8.1.FNMC Prototype

Detectors available at the UM DNNG laboratory imgusixteen 7.62 cm g by
7.62 cm EJ-309 liquid scintillators. As discussedCh. 7, these detectors are ideal for
simultaneous detection of fast neutrons and photemsellent PSD) and are good
candidates for an FNMC prototype. Figure 8-1 shthestwo rings of eight detectors that
were chosen to test a full FNMC. An aluminum stuoetwas designed to hold the
sixteen detectors using minimal structure matet@l minimize unwanted neutron
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scattering. Aluminum was chosen as it is reason#ilysparent to neutrons. The two
detector rings were placed as close together asbfeain order to maximize system
efficiency by minimizing neutron loss. The detecttucture was designed for an FNMC
that has a sample cavity 40 cm in diameter. Thereome flexibility in the structure,
allowing 34 cm to 44 cm cavities, and 34 cm wasduseboost efficiency once more.
Two time-synchronized CAEN V1720, 12-bit, 250-MHand 8-channel digitizers were
used to acquire individual pulse waveforms for eatkhe sixteen detectors (Fig. 8-2).
The detectors were gain matched with ¥{€s Compton edge at 0.3 V (corresponding to
478 keVee) and the detection threshold was placéd439 V for all detectors, shown in
Fig. 8-3. These settings provided a dynamic rarige@y — 3.12 MeVee (approximately
0.65 — 6.6 MeV neutron energy deposited). Bare oreasents and measurements with 1
cm of lead were performed. Bare measurements asglpe with the FNMC, although
the addition of lead greatly decreases the sevaityphoton misclassification and
therefore the final system includes 1 cm of ledae fieutron detection efficiency of the
FNMC is slightly decreased with the addition of edtling. Therefore the specific
application of the system can dictate what is nioqgortant between the slight change in

neutron detection efficiency and photon misclasatfon.

(@ (b)
Fig. 8-1. Measurements with the FNMC prototype, inkiding two rings of eight 7.62 cm @ by
7.62 cm EJ-309 liquid scintillators, a) a baré*’Cf fission source, and b) a baré*’Cs photon
source in the UM laboratory.

Fig. 8-2. Two CAEN V1720 12-bit,20 Hz, 8-chnnelme-synchrized di
connected to a Linux workstation via two optical Inks.
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Fig. 8-3. Compton edge matching at 0.3 V for 100,0(photon pulses from all sixteen EJ-309
detectors with 0.0439 V (70 keVee) thresholds.

8.2. Initial 2°°Cf Measurement and Simulation Benchmark Tests

Two *°Cf sources were measured at UM for initial testimigthe FNMC
prototype as well as the first step of simulatioalidation. The two sources have
activities of 4.7 P2Cf #1) and 50.2 %P°Cf #2) pCi, respectively, resulting in
approximately an order of magnitude differenceentron output (20,000 versus 216,000
neutrons per second), which proved convenientdstirtg the system at different count
rates. To further push the acquisition system aepdsurement analysis algorithms, a 95
HCi**'Cs source was added to the 4.7 ff&Lf source, testing the data-throughput limits
of the data-acquisition system and studying thecefbf a higher photon-to-neutron
detection ratio on the data analysis. Lastly, agldrackground measurement was
performed to assess the effect of the neutron baokd on multiplicity. All
measurements were performed bare and a 70-keVeghtild was applied in the data
processing. The measured neutron multiplicity far inentioned measurement cases are
show in Fig. 8-4. Measurement scenarios includiregtivo®>“Cf sources were simulated
for comparison.
The logarithmic scale used in Fig. 8-4 shows th&t vange between the various
measurements and each order of multiplicity. Thétipligity results for the two™?Cf

sources are an order of magnitude different asaggebased on their source strengths.
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Discussions follow on the effect of the backgrouadd the effect of the PSD

performance on the measurement$@@s alone and in combination witPfCf.
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Fig. 8-4. Measured neutron multiplicity for measurenents of>°Cf #1, %°°Cf #2,2°Cf #1 and
137Cs, ¥'Cs alone, and the UM laboratory background.

8.2.1.The FNMC'’s Response to Background Radiation

In the UM measurement laboratory, a thirteen haokround measurement was
performed to determine the abundance of neutronghén background and their
contribution to accidental events. Figure 8-5a shtive total photon and neutron PHDs
from all sixteen liquid scintillators. The phototHP has two visible Compton edges
from “°%K (1.24 MeVee edge from the 1.46 MeV photons) &f@ih (2.38 MeVee edge
from the 2.61 MeV photons). The total photon baokgd rate was 1440 counts per
second (90 counts per second per detector) antbtleneutron background rate was 6
counts per second (only approximately 20 countsnpieute per detector). Figure 8-5b
shows the neutron multiplicity results from the sw@w@&ment data. In this environment
the neutron background was very small and doeshawe¢ a significant effect on the
neutron multiplicity. The background neutron dosblre only 0.7% of the doubles
measured from th&°Cf #1 source and 0.06% of the doubles measured thefT°’Cf #2

source.
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Fig. 8-5. a) Photon and neutron PHDs for all 16 ligid scintillators and b) neutron-
multiplicity results from a 13-hour background measirement.

8.2.2.FNMC PSD Performance

To test the PSD capabilities of the system two nmemsents were performed: a
95 uCi *'Cs source was measured alone and in combinatidm thé 4.7 puCi*°Cf
source. The addition of thE'Cs to the®’Cf source increased the photon-to-neutron
detection ratio from approximately 5 to 120. Themfe this addition brings to the
neutron PHD and the neutron multiplicity refledt® teffect of photon misclassification
due to PSD. The most basic situation where phoémasnisclassified as neutrons is in
the low-pulse-height area where the PSD distrilmstioverlap. Figure 8-6 shows this
effect where the low-pulse-height region of the PKIBss than approximately 0.3

MeVee) shows the largest difference between thentasurement scenarios.

The second situation where photon misclassificaBaommon is in the cleaning
of pulse pileup. The method of pulse-pileup clegnemployed on this data was
described in Sect. 4.2 and uses a set fractiomeffitst pulse maximum to eliminate
subsequent pulses that exceed that fraction optiee maximum. The scenario where
photon/neutron misclassification is involved is whgo separate photon pulses arrive
within a single data-acquisition window and makéhiiough the cleaning algorithm. In
this case, the waveform is commonly classified aseatron because the second small
pulse increases the tail integral that is usedhéndigital PSD algorithm [18]. Figure 8-6
shows evidence of this effect seen in the neuttéD Where the”’Cs Compton edge is

visible. The pulse-pileup events result in a comn@wmpton continuum, as it is the
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single first detected pulse that is assessed fisepheight. This undetected pulse-pileup

effect artificially increases the neutron counerat
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(a) (b)
Fig. 8-6. The neutron PHDs for the measurements 6f°Cf and the combination of?*°Cf and
137Cs when (a) doubles pulses at 10% of the pulse maxim and (b) 5% of the pulse
maximum are cleaned.

The two scenarios discussed primarily affect thatno@ singles rate because
these photons are not correlated to ZHef fission events. For a directly misclassified
single photon to affect a neutron double, triple,qoadruple, it would need to arrive
within the same 100 ns neutron multiplicity windew a detected single neutron, double
neutron, etc. For a photon pileup event friofts to affect multiple neutron results, two
photons would need to be detected in the sametdete@hin approximately 10 ns of
each other and still be within the 100 ns neutradtiplicity window of a neutron
detection. For these reasons, it is clear why &ig.shows an increase in only the neutron
singles with the addition of tH&'Cs source to th&<Cf. When measuring true SNM, this
effect would apply to photons from the backgroumd aadioactive decay, but not to
photons from fission orf n) events as they are correlated in time.

The second effect of pulse pileup on neutron-miidity results in a decrease of
neutron singles, doubles, and triples rates. Wihenhigh photon rate leads to pileup
pulses that are correctly identified, one of thetabuting pulses may be a neutron, and it
is therefore removed from the data analysis. Rer neutron singles, the previously

described effects dominate and the neutron simglesshown in Fig. 8-4 increases. For
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the remaining multiples, this second pileup ef@@iinates, which is evidenced in Fig.
8-4 where the addition of tH&'Cs source leads to decreased doubles, triplessaod.
Figure 8-7 compares the measured neutron PHD with without the'®*'Cs,

showing the fractional increase in the PHD dueht® addition of the photon source.
Figures 8-6 and 8-7 show the comparison of two Bophlse cleaning fractions: 10%
and 5%. With 10% cleaning, tH&'Cs Compton edge is clearly present in the neutron
PHD. When the severity of the cleaning is increggsef% cleaning fraction is used), the
Compton edge is practically eliminated but manytres producing small pulses are
also eliminated because the noise in their taibappas a double pulse. When decreasing
the pulse-pileup cleaning fraction from 10% to 3%& amount of cleaned pulse-pileup
waveforms increases from 0.1% to 5% of the datard s no ideal level of pulse-pileup
cleaning; it is a matter of determining whethertn@u events can be sacrificed to ensure
minimal photon misclassification. Many of these Ipwise height waveforms that are
wrongly eliminated are potential contributors toutmen doubles and triples events,

therefore overly aggressive cleaning is not a gwiuh this application.
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Fig. 8-7. The fractional increase in the neutron PB when a**'Cs source is added to £<Cf
measurement at two different intensities of pulseifgup cleaning.

The measurement of tH&Cs photon source alone can be analyzed with the PSD
discrimination line determined for th&“Cf data. PSD-classified neutrons from the
photon only source were used to estimate the photisclassification frequency. The
neutron counts include true neutrons from backgilo@diation which were subtracted

based on the background measurement describedopséui In 1000 photon events,
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approximately two were classified as neutrons whet0% pulse-pileup fraction was
used; when a 5% pulse-pileup fraction was usedy approximately one photon was
classified as a neutron. It is important to notat tinis value is only an approximation,
especially considering photon misclassification eisergy dependent and a mono-
energetic photon source was used. Photons frd@s are monoenergetic at 662 keV
energy and therefore this misclassification rateaioled with**’Cs is conservative. In
fact when measuring plutonium samples, the photoisson has a broader and higher
energy range, as seen in Fig. 4-15.

The effect on multiplicity of this strong photonusoe alone can be seen in Fig. 8-
4 which shows that misclassification of the phosmurce primarily effects the singles
rates. This is expected as the probability of aadial coincidence events is low for the
100 ns multiplicity window. After background sulatian, the neutron doubles rates

from *'Cs alone are almost negligible, as they are fplesiand quadruples.

8.2.3.Simulation Validation

The measured neutron multiplicity for the t#3Cf sources was compared to the
simulated results. The MCNPX-PoliMi particle-transp code was used to simulate
spontaneous fission events frdMCf (source option “1”) and record detailed particle
interaction information in the sixteen liquid sdiators. The MPPost data-processing
code was used to develop the MCNPX-PoliMi outptd imeutron multiplicity. Figure 8-

8 shows the comparison of the measured and simdufaatron multiplicity for both
sources. Table 8-1 summarizes the level of agreebetween the measurements and
simulations. The percent difference between thesomeanent and simulations is quite
different for the two sources and such absolute pameons strongly depend on
knowledge of the source strength. The knGWaf #1 fission reaction rate is inaccurate.
For the®Cf #2 source, the difference between simulated raedsured multiplicity is
less than 1% for singles, -3% for doubles, and -1&@4riples. This result is considered a
very good agreement and is expected for the weltattierized®°Cf #2 source.
Measurement times were approximately 1.5 hoursg lenough to obtain negligible

statistical uncertainty on all orders of multiptici
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Fig. 8-8. Measured and simulated neutron multiplidies for two 2°°Cf sources; statistical

uncertainty error bars are included but appear smaler than the symbols that are used.

Table 8-1.2°3Cf multiplicity simulation validation for two sourc es.

27Cf #1 27Cf #2
Agreement (%) Agreement (%)
n 1.00 0.75
nn 37.03 -2.96
nnn 49.00 -12.38
nnnn 33.96 -27.95

8.2.4.Bare FNMC ?°<Cf Neutron Multiplicity Detection Efficiency

The absolute fission detection efficiency valuesdimgles, doubles, and triples,
em for multiple m, are calculated using Eqn. 8-1. The total neuttetection efficiency,

&wot, Calculated using Eqn. 8-2.

__ number of detections of mneutrons (8-1)

number of spontaneous fission events

Em

number of detected neutrons

€tot = Fumber of emitted neutrons (8-2)

Figure 8-9 shows the measured and simulated nesiingies, doubles, and triples
detection efficiencies for 252Cf measured with th separate sources. Table 8-2
includes the tabulated 252Cf efficiency valuestha two measured and simulated cases.
Due to the lack of significant dead time in the FQNbrototype, each detected event
(single neutron detection or double neutron datecfor example) represents a single

fission event from the source, fission events areexpected to overlap (overlap would
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occur when detection rates surpassed two milliamtoper second). All events that are
not cleaned from the data (approximately 95% of dia¢a collected) are considered
“real,” and “accidentals” do not need to be sulitddrom the data. Each detected event
can be directly used towards determining the plutonmass: unfolding of moments is

not a necessary step.
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Fig. 8-9. (a) Linear and (b) logarithmic plots of he absolute detection efficiency for neutron
singles, doubles, triples, and quadruples fror°’Cf, measured and simulated for two
sources.

Table 8-2. Measured and simulated’Cf fission detection efficiency for neutron singles
doubles, and triples from two independenf®3Cf sources.

¢t #1 Bt #1 Bt #2 ¢t #2
Measured Simulated Measured Simulated
Efficiency (%)  Efficiency (%)  Efficiency (%)  Efficiency (%)
Etot 5 5 5 5
€ 16 17 16 17
£ 1 1 1 1
€3 0.05 0.07 0.08 0.07

8.3.Characterizing Plutonium-Containing Materials with the FNMC Prototype

The °°Cf tests helped to characterize the abilities amitdtions of the FNMC
prototype with a well-known fission source. To julissess the system it was necessary
to measure true plutonium samples as they havemsbewof differences from®“Cf
which can complicate the data analysis. As desdrgyeviously in this work, the JRC in
Ispra has a number of well-characterized plutonsamples for measurement. Figure 8-

10 shows photographs of the experimental setupstwikiidentical to the system used at
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the UM laboratory described earlier in the Chaptetteen detectors were placed around
a 34 cm cavity. Due to the high photon emissiomffgutonium materials, 1 cm of lead

shielding was used to improve PSD abilities.

Cul

' ig 8-10. The siteen-detector FNMC setup at the JRfacility in Ispra.

Table 8-3. The aged material composition of severyponium samples investigated at the

JRC.

Sample PuCr1 PuCr2 PuC-3 PuCr4 PM-1 PM-2 MOX-1 MOX-2
Isotope (@) (9) (9) (9) (9) (9) (9) (9)
2Pugg 0.42 1.00 1.56 2.30 0.84 1.63 53.22 60.46

B4y - - - - - - 0.0¢ 0.0€

=y - - - - - - 4.7¢ 5.5(

By - - - - - - 0.0¢ 0.0€

ey - - 670.5(  769.4¢

236p, 0.001 0.00¢ 0.04¢ 0.06¢ 0.001 0.00¢ 0.2¢ 0.27
2L 6.18¢ 5.63¢ 4.88¢ 4.14C 17.94: 17.24¢ 111.8. 127.0:
24p 0.417 0.94¢ 1.21¢ 1.67¢ 0.837 1.59¢ 46.9¢ 53.3¢
241p 0.00¢ 0.01¢ 0.09¢ 0.09¢ 0.00¢ 0.01¢ 1.5¢ 1.81
242p 0.00s 0.02¢ 0.13¢ 0.27¢ 0.00s 0.00¢ 3.3¢ 3.84
2Am 0.01¢ 0.06¢ 0.34:¢ 0.36¢ 0.04¢ 0.18( 5.2( 5.91
o) 0.097 0.09: 0.09: 0.09] -- - 166.2:  184.0(
Total 6.71¢ 6.781 6.81¢ 6.71¢  18.83¢ 19.05¢ 1010.8: 1151.3:

Benchmark measurements of plutonium samples wihptiototype system can
confirm the proposed data analysis capabilities\alidate the simulation methodology.
Three types of materials were measured: Pplitonium metal (PM), and MOX. Five
PuQ, measurements were performed witlPu.4 masses between 0.42 and 4.29 g. Two
PM samples were measured wWitfPu.x masses of 0.84 and 1.63. Two masses of MOX
with 53.22 and 60.46 g 6f%Puy were measured. Details of the measurement samples
are included in Table 8-3. These samples were aietlas well as fictitious samples

covering a range of*Pu mass from the measured values up to 70 g to asisess
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evolution of the neutron singles, doubles, anddsipates across a larger range of mass.

Summaries of the neutron emission are shown ing=igl.

There are several challenges associated with nmiegsplutonium that are not
existent with®>2Cf. For example, a higher photon-to-neutron debectatio is expected
for any plutonium sample, plutonium isotopes hawglmlower fission nu-bar values,
and Pu@ and MOX emit ¢, n) neutrons. With a stronj’Cs source added to a small
252Cf source, a photon-to-neutron detection ratio 80 Was achieved with a bare
measurement. This ratio is much larger for all mmess plutonium sources. One cm of
lead shielding was added to the FNMC to improvernttamageability of the photon flux
by decreasing the ratios for MOX, PyGand PM to approximately 25, 35, and 80
photon-to-neutron detectiorS°Cf has a very high nu-bar (an average of 3.757raesit
per fission [8]) increasing the probability of ddes and triples events, while all
plutonium isotopes emit just over 2 neutrons pemsaneous fission (2.16 f6{%u and
2.15 for ?*?Pu) [8], making doubles and triples detection lessbable. Lastly, the
addition of the ¢, n) neutron source component complicates the oewignature by
decreasing the value of the neutron singles anohgadoss talk to neutron doubles.

Equation 8-3 defines th&%Puy mass relative to the even plutonium isotopes
mass, for the FNMC with 1 cm of lead shielding. Tduefficients are similar to those
defined for’He systems that use moderation and detect therenatams (Eqn. 7-1). The
coefficients for the FNMC system were determinedsiyulating individual built-in
sources £&%u, **%Pu, and*?Pu) in MCNPX-PoliMi and comparing the detected desb
rates to those simulated fofPu. Including the 1 cm lead shield in these sinmet had
an effect on the coefficients, showing the depeoéesf neutron doubles on shielding
configurations. This is important to consider agisitnents are made to the multiplicity

counter.
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Fig. 8-11. The origin of neutron emission for a) tb two MOX samples of identical isotopic
composition, b) the two PM samples of similar isofgic composition, c) the Pu@#1, d) the
PuO, #2, e) the Pu@#3, and f) the PuQ #4.
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20Py e = (2.51) ?*°Pu + **°Pu + (1.67) ***Pu (8-3)

8.3.1.Simulated Neutron Multiplicity

To study the effect #*®Pu mass on neutron singles, doubles, and triples,rate
one PM sample (PM #2) and one BUBuUQ #4) sample were simulated with varying
mass ranging from the true sample mass to 70 gré&ig-12 shows the simulated trends
of singles, doubles, and triples rates Wit¥u.s mass for PM and PyOThe figures also
include the same response for simulations wherenidterial matrix of the PM and PyO
was voided, to show the effect of matrix attenuagmd multiplication. The simulations
correspond to a six hour measurements, where magligtatistical uncertainty is seen for
higher-order multiples, such as triples.
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Fig. 8-12. Simulated singles, doubles, and triplder fictitious PM and PuO, samples of
increasing®%u.; mass and consistent isotopic composition, based dRC standards.
Simulated results are also included for models witlroided material matrices to study the
effect of matrix attenuation and multiplication.

The singles trends for both materials studied ex@afl, but increase at different
rates. The?**Puy relationship is based on doubles and does notuatcir single
neutron sources. Therefore, a Bu@mple with the sam&®Puy as a PM sample is
expected to have a larger singles rate due to ititgdesneutron sources fromu,(n)
reactions on oxygen. The singles rates for the,Ru and without the material matrix
are nearly identical while the effect of inducesdsion is seen in the PM. The neutron
doubles are expected to be more similar than thgles between the two plutonium-

containing materials before effects of the mateamakrix come into play, because their
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primary source difference is in the, (n) neutrons that emit only one neutron. For the
voided cases, the spontaneous fission neutron iemisssimilar for both cases and thus
the doubles trends are also expected to be sirmldact, a difference is seen between the
two sample types due to more cross-talk events tieeng, n) component of the PyO
leading to the slightly higher voided doubles valtiean the PM. The effect of cross talk
on doubles rates is dependent on the frequencyngfesneutron emission, which is
elevated for the PuOsamples with the addition oé,(n) neutrons. When the material
matrix is taken into account, the increasing mudtgiion of the PM becomes apparent,
while the Pu@ experiences the same increase on a smaller &akmnaller masses,
where the present studies were focused, the trebdtlo materials is linear and similar in
slope.

Triples rates can be used to study the multipicatof the sample. The triples
immediately begin to have a non-linear trend fa& BM samples and much larger rates
than those of the PyGsamples which have lower material multiplicatidme linear
trend of the voided simulations confirms that thedyatic shape for triples versi&®u.q
mass is due to multiplication. In the small samplleat were studied here, matrix
attenuation is not a dominant feature. In matefli&s MOX, this effect could be more

prominent.

8.3.2.PSD Performance

The measurement system used at the JRC was desedHder in the chapter and
was initially tested at UM withf>Cf and **'Cs. At the JRC measurements of the
background?“Cf, and**'Cs were repeated. TH&'Cs measurement was performed to
compare to the photon misclassification rate thas discussed earlier in this Chapter. A
pulse-pileup-cleaning level of 8% of the pulse heigbetween the 10% and 5%
previously discussed) was used and the photon assifilcation rate was between 2-3

misclassifications out of 1000 photon events.
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PuG, PM, and MOX are shown in Fig. 8-13. At a 70-keMkeeshold (approximately
650-keV energy deposition in the liquid scintillgtogood separation is seen. Lower
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Fig. 8-13. Shows the optimized PSD discriminationre for 200,000 waveforms from the four

measured material types with 1 cm of lead shieldinga) *°Cf, b) PuQ,, c) PM, and d) MOX.
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Tail and total integral lengths were chosen to gewptimal PSD as described in
Sect. 4.3. The discrimination curve was determimgananually slicing the distributions
in Fig. 8-13 perpendicularly to the neutron digitibn, using Gaussian fitting to
determine the minimum between the two distributioasd fitting the minima to a
polynomial. Examples of slices from*¥Cf measurement are shown in Fig. 8-14. This
method of PSD works best if a large number of mukse taken into consideration, so
that slices of the distribution can be very thiauléing in more points for the polynomial
fit. With detectors assemblies that are well gaatahed, one polynomial can be used for
all detectors. A CAEN A1536N high-voltage supplysassed and the gain settings were
stable over the five day measurement campaign.
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Fig. 8-14. Slices of the PSD tail versus total di#fbutions plotted along the slice to find the
minimum between the photon and neutron distributiors.

8.3.3.Neutron Background Detection

Neutron detection techniques benefit from low emminental neutron background
detection that can be misinterpreted as signaltrideunultiplicity counters benefit to an
even further extent considering neutron doubleples, etc. suffer less and less from
neutron background as true neutron multiples ateerpected. Some chance of truly
coincident neutron multiples occur when high-energytrons cause spallation in high-Z
materials. This effect is expected to be small smlarge amounts of high-Z materials are

present. Fig. 8-15 shows the measured neutron pticitty for a 2.5 day background
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measurement at the JRC laboratory. For the enhifd@® prototype, only 0.03 neutron
doubles events and 0.0001 neutron triples per skeene measured.
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Fig. 8-15. Neutron multiplicity measured from a 2.5day background measurement, values
on the plot represent the singles, doubles, and ples rates from background alone.

The weakest measured Pusample (Pu@#1) can be studied with and without a
neutron background subtraction. Even with the smalitron emission from Pu@&1, the
neutron background is still small enough to hanegligible effect on doubles and triples
rates: it comprises 17% of singles, 3% of douldesl, 0.4% of triples. These background
rates are slightly higher than the values measatddM, which is expected due to the
increase in neutron sources at the facility. Th& JRboratory is an active nuclear
laboratory with many neutron sources in use throughthe vicinity, producing a
relatively high neutron background that comparesl with a nuclear facility that

requires safeguarding.

8.3.4.Measured Neutron Multiplicity and Simulation Valid@on

For the nine measurement scenarios, singles, dgulaled triples rate are
compared versu8’Pu mass. Simulation results of these experimentinateded in the
comparison for validation and understanding of iemsured results. Figure 8-16 show
the doubles rates as a functionf8Pu mass and is the focus of this research. Figure 8-

16 shows also the singles and triples rates.
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Fig. 8-16. Neutron singles (a and b), doubles (c @nl), and triples (e and f) rates as a
function of *®Pu.y mass measured with the FNMC with 1 cm of lead sHiging for three
material types: PuG,, PM, and MOX. Two viewpoints are shown for each awe in order to
focus in on the small Pu@and PM samples.
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The simulation multiplicity values were comparedhe measured values for the
nine plutonium measurements. The percent differascéhen valuable to study to
understand the ability of the simulation tools tawrately reproduce multiplicity results
for SNM measured with a FNMC. Table 8-4 summarites percent differences seen
between simulation and measurement results fotesndoubles, triples, and quadruples.
As seen previously in this work the MOX measuredhat JRC has questions as to its
density and configuration within its stainless ktmntainer; it is not a surprise that the
disagreement is quite large, around 30% for marth@alues compared. The density of
the MOX sample will affect the neutron singles amlibles quite differently. Neutrons
from (a, n) reactions with oxygen are a big contributomeutrons singles events. The
density of the sample will dictate the emissior(cgfn) neutrons, leading to low neutron
emission if the sample is either too dense (thbaalparticle was stopped before finding
oxygen) or not dense enough (the alpha particlepest the sample before being
stopped). Specific activity values [8] used to difgrthe number of ¢, n) neutrons
created in the simulated samples are only for @ipd?uQ, density and may not be

accurate for the MOX powder sample that is measured

Table 8-4. The percent difference between simulateehd measured neutron multiplicity for
the nine plutonium measurement configurations and>*Cf.

n (%) nn (%) nnn (%) nnnn (%)

PM #1 -49 -25 -39 -40
PM #2 -40 -19 -17 -27
PuQ #1 -26 13 3 -40
PuQ, #3 -8 7 0 -35
PuQ #4 -9 5 -1 6

PuQ, #2,3 -10 2 -8 -9

PuQ, #1,2,3 -11 0 -10 -4
MOX #1 -21 20 24 15
MOX #2 -26 27 51 34

The PM samples (PM #1 and #2) also had poor alescltnparisons between
simulation and measurement. One contribution taltkegreement is the high photon-to-
neutron detection ratio (over twice the ratio R@&Dd three times the ratio of the MOX),
leading to more severe misclassification. Takingp iaccount the percentage error
expected for misclassification based on the PM'st@hto-neutron detection ratios

(approximately 20 %), the remaining differenceimikr to the worst cases for Pu@nd
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MOX. Next, the knowledge of sample placement wittiie container was not clearly
known and therefore the placement within the cawig far from exact and may not be
replicated properly in simulations. However, sintigia tests of small placement

variations found this to be a small effect.

The measured doubles data points can be fit by hotar and quadratic
relationships for doubles rate versd®u. Both fits are shown in Fig. 8-17. From the
simulations in Fig. 8-12, it is known that at suatv mass values (less than 5¢8Pu)
the trend will appear linear, but as masses coathouincrease, the quadratic trend is
apparent as previously discussed. Large enougheséssietermine this quadratic trend
were not available for measurement and therefooeder to avoid extrapolation, a linear
fit is used. The linear and quadratic trend linelsere the doubles rai2 is a function of
4% mass in grams, are defined in Egn. 8-4 and 8-6.cBmposition of MOX is quite
different than the PufOsamples due to the significant uranium conteng essult matrix
attenuation is more common. Such samples will regthieir own calibration curve. To

truly calibrate an FNMC system a wider range of RuPM, and MOX would be

necessary.
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Fig. 8-17. Linear and quadratic fits to the PuQ doubles rate versug*°Pu.; mass data with
R? values of 0.9945 and 0.998 respectively.
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D [counts per second] = 2.51 X 240Pueff[g] (8-4)

D [counts per second] = 0.07 X 24°P1,Leff[g]2 + 2.26 x 240Pueff[g] (8-5)

The driving force for the choice of organic sciatibrs in a safeguards
measurement system is the fast response of thetoleteleading to practically non-
existent accidentals counts, resulting in the bt get good statistical uncertainty in
small measurement times. Using the linear fit fouloles rates, the statistical uncertainty
for doubles counts can be translated directly fi%u mass. Figure 8-18 demonstrates
the measurement times that would be needed to \&chset levels of statistical
uncertainty (5% and 10%) fd*%®Puy mass. For these small masses, 10% statistical
uncertainty can be achieved in less than one midudeieving 5% statistical uncertainty
only takes a couple of minutes. When safeguardiNylSthe key is to look for the
diversion of “significant quantities” of materialhese amounts are defined as: 8 kg of
plutonium, 25 kg of uranium-235 in highly enrichedhnium, 75 kg of uranium-235 in
natural or low enriched uranium [35]. Therefore, ewhmeasuring large plutonium
samples, it is necessary to have very srffdus mass uncertainty on the result to
ensure a significant quantity has not been remo€edsidering that the time needed to
measure at a set level of uncertainty decreasédlyapith the increase in mass (Fig. 8-

18), materials high in mass can be measured withliext statistics in a very short time.
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Fig. 8-18. The measurement time necessary to achie5% and 10% uncertainty on***Pug
mass determination with the FNMC prototype.
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There is a straight-forward method to estimatestystematic error for the mass
characterization technique developed from thisaedata. Four of the five PyQdata
points can be used to develop th%®u. mass quantification curve and the fifth point can
be used as a test to get an idea of systematic Ergure 8-19 shows the four points used
for the linear fit, which results in a slightly sfger slope of 2.52 neutron doubles per
gram of**%Pu mass, and the fifth measured point. The measueattan doubles rate
from the Pu@ #3 sample predictsAPu mass of 1.49 + 0.01 g. The true mass value is

1.56 g, leading to a systematic error of 4.71%.
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Fig. 8-19. Linear fit to four of five PuO, doubles rates versud*®Pu.s mass data points and
the fifth point that is used for systematic uncertinty analysis.

The best way to compare a traditional multipli@bunter to the FNMC prototype
is to compare the uncertainty iffPu mass determination for a set measurement time.
For a solid comparison, both systems would neednéasure a similar sample. A
comparable®He multiplicity counter would be the high-level men coincidence
(HLNC) counter. The HLNC contains eighteen modet&tée detectors and advertises
17.8% efficiency [36]. For oxide samples of theeardf grams, the HLNC counter is
expected to quantiff*®Puys mass with 0.5% statistical uncertainty in apprcatiely 2
hours and 45 minutes [37]. Similarly, MOX powdemgdes on the order kilograms
reaches 0.3% statistical uncertainty in approxitgdiéteen minutes. When studied for
the same measurement times as the HLNC, The FRTL; mass uncertainties were
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0.4% and 0.3% for gram-level Pué@nd kilogram-level MOX samples respectively. The
two systems use different detection mechanismsldhg mediums, data analysis
methods, and detector configurations, but perfatemtically with respect to statistical
uncertainty on plutonium mass quantification.

The samples measured at the JRC with the FNMC walste measured with the
JRC Drum Monitor. This Drum Monitor system is neta@mparable to the FNMC as the
HLNC considering it has 14#e tubes and a large cavity designed to fit wastend.
With a large number oiHe tubes and significant polyethylene shielding, sstem has
high detection efficiency. For the Pp@4 sample, the JRC Drum Monitor system
achieved 0.52% statistical uncertainty on the pliwimn mass characterization performed
in 1 hour and 40 minutes. Similarly, using the FNM@asurement, tH8%Puw mass was

predicted with 0.56% statistical uncertainty in Hsne measurement time.

8.3.5.FNMC Detection Efficiencies

Detection efficiency is a valuable parameter tadgtin order to optimize and
improve an FNMC measurement system. It is not hewexery useful to directly
compare FNMC andHe system efficiencies, as they use their detestiondifferent
ways to achieve the end result: an estimate of*#ffaLs mass. For this reason, the
approach used in Sect. 8.3.4 above was preferrgdre=8-20 shows the absolute fission
detection efficiency using®’Cf for the FNMC with 1 cm of lead shielding. Tal8e7

summarizes the measured and simulated values.
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Fig. 8-20. The probability of a single, double, tple, or quadruple detection event pef°*Cf
fission event.
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Table 8-7. The absolute total neutron detection dffiency and the absolute fission detection
efficiency for singles, double, triples, and quadrples.

2ict Etot €1 €2 €3 &4
Measurec 0.047 £ 0.002
Efficiency (%) 528+0.06 17.48+0.33 1.10+0.01 0.001 0.000
Simulatec 0.055 + 0.002 +
Efficiency (%) 481+0.05 1544+0.28 1.23+0.01 0.001 0.000

Increasing the efficiency of the system leads taalln measurement times
required for a set level of plutonium mass charazd@on uncertainty. There are
numerous ways that the FNMC could be altered toease the detection efficiency. The
HLNC has a 17 cm diameter cavity, half the diametehe FNMC, the FNMC detectors
can easily move in to rapidly increase the effickerAdding a neutron scattering material
between the detectors will scatter some neutrook iao the detectors that were on the
path to escape the system. Simulations were peefbptacing polyethylene sheets in the
empty space between detectors and th&f neutron doubles rates increased
approximately 20%. The measurement threshold cdovieered, down to 40 to 50 keVee
at this point in time, while still maintaining saffle PSD for most samples. The general
shape of the neutron PHDs can be described by expafly decreasing curves,
therefore a lower threshold greatly increases nautvents and consequently efficiency.

The above suggestions could be easily implementedhe current FNMC prototype.

8.3.6.Characterization with PHDs

The measurements showed that different types ¢dmpilum-containing materials
require different FNMC calibration curves to usethbmeutron doubles or triples to
characterize®*Pu mass. In Sect. 4.5.1 it was shown that PHDs cdeldused to
characterize material types. In the FNMC, PHDs witlod statistics can be collected in a
short measurement time by combining all detectgnads. Figure 8-21 shows the
measured neutron PHDs normalized to their intefmaplutonium-containing samples
that were measured during this measurement campaign

The shape of the PHD could be used to determineuhe chosen to quantify the
4%« from both doubles and triples rates. Isotopic reusources such as Am-Be and

other (1, n) sources could also immediately be detectedhawn in Sect. 4.5.1.
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Fig. 8-21. Normalized PHDs for seven of the plutonm measurement configurations,
showing oxide versus metal characterization abiliés.

8.3.7.Proposed Future Work

As mentioned throughout this Chapter, there areemaos ways to improve the
current prototype multiplicity system. Starting Wwitletector system efficiency, several
further modifications in the geometry and data &itjan can be made to increase the
efficiency. These modifications include decreasewitg dimensions, addition of a
scattering medium around detectors, decreasedtideteébreshold, and optimization of
lead shielding.

Measurements need to be performed on a broadee @ngjutonium containing
materials to fully characterize the FNMC system. Byasuring more well-defined
samples the simulations can be further validatedl arfull calibration curve can be
developed for both neutron doubles and triples.

There are data analysis techniques that couldnesded to improve the accuracy
of multiplicity results. Initially, the quality athe neutron multiplicity results relies on the
PSD performance, as seen with the PM measurenigasg charge integration methods
were used here to discriminate photons and neytres methods can be tailored to
specific pulse-height regions to improve the PSIxoAimprovements in high-quality
photomultiplier tubes, digitizer sampling frequesx;i and electronic noise will have an

impact on the performance. Secondly, cross tatk leen mentioned throughout this
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work and has the potential to affect the abilitytlog system to quantify plutonium mass.
If the neutron energy distribution among sourcagsstelatively constant, then the effect
of cross talk across a range of masses is constamtonly increases the system
efficiency. However, when neutron energy distribng differ (fission neutrons versus (
n) neutrons for example) the contribution of crtadk to doubles and triples rates will not
be the same. The prevalence of cross talk is engeggndent, and the probability of
detecting the same neutron in two separate dete@horeases with neutron energy.
Additionally, the effect of neutron cross talk oouthles depends on the frequency of
neutron singles events. One way to practically ielate this issue is to reject coincidence
events from neighboring detectors, as they are aféstted by of cross talk events.
Progress is being made within the DNNG to perforatadanalysis and mass
determination algorithms on-the-fly with improvengin the size of FPGA’s available
in multi-channel digitizers. Multi-trigger logic, utse-height identification, accurate
timing determination, and PSD are all being impleted on-board. Recently available
digitizers and digitizer crates will allow all algtihms to be stored on the digitizer and
time synchronization between digitizers to be ieher With new computer connectivity
abilities, such as USB 3.0, data transfer capaslitvill increase dramatically. The
current prototype is limited by count rates becaaltevaveforms are transferred to the
computer and analyzed offline. When combining aeHtls data analysis and improved
connectivity, count-rate limitations will not be &8sue as the measurement system will
process all relevant information directly on thgitizer's board and will provide the

guantities of interest.

8.3.8.Summary and Conclusions

A prototype fast-neutron-multiplicity counter wasined, constructed, and
tested in two measurement campaigns. The first agmpwvas at UM using tw6>°Cf
sources and the second at the JRC in Ispra usm@lwtonium metal samples, four PuO
samples, and two MOX samples.

The FNMC results showed a linear trend betweenraeutioubles rates from
PuQ samples an&*®Pu¢ mass. By using doubles raté¥Pus mass could be quantified
to 5% uncertainty in measurement times of the oadaninutes. Plutonium metal and
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PuQ fit on the same calibration curve f6f%Puy masses less than 5 grams, but
simulations show that the two types begin to sepashortly after that. Independent
calibration curves would be needed for the two sypematerial and the knowledge of
which curve to use can be learned from the shapieeafieutron PHD.

This work proves the potential of an FNMC and pdeég some avenues for future
work. Throughout this work, the importance of malgtails became apparent in the use
of liquid scintillators for neutron detection. Ueé a digitizer with a fast enough data-
sampling frequency and vertical resolution are irtgodt to PSD. Another key aspect to
the success of a system such as an FNMC is nottbalgata acquisition and analysis,
but the choice of high quality electronics inclugliast and robust photo-multiplier tubes.
These details, as well as numerous more, playeaimahe successful implementation of
an FNMC.
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Chapter 9. Summary and Conclusions

The number and complexity of nuclear facilities arereasing and new
technologies are needed to maintain successfulrnetienal safeguards efforts.
Specifically, new radiation measurement systemsntarlear safeguards are needed to
provide accountability of nuclear materials in fiieis around the world. Previously-
developed systems relied dHe as the detection medium. These systems usetbneut
moderators prior to neutron detection. This thesiplores the use of fast neutron
detectors in a new safeguards instrument: the FNM@. use of fast neutron detectors
such as the liquid scintillators used here provisla®ie advantages over the previously-
used®He detectors.

Organic liquid scintillators are a valuable toot &iudying SNM characteristics.
They are especially compatible with neutron multip} counting techniques for material
characterization. These detectors are sensitiveetdrons at an appropriate range of
energy for neutron detection within this applicatiomeutrons from spontaneous and
induced fission. The organic scintillator coupledthwfast photo-multiplier tubes,
electronics, and algorithms lead to excellent tgmproperties providing nanosecond
accuracy on detection timing. Organic scintillatars sensitive to photons, but liquids
offer the capability to apply PSD processing teqgbes on measured data to distinguish
between neutrons and photons. Alternatived-® multiplicity systems are being sought
after. This work proposes an option that uses sixieguid scintillators and one cm of
lead shielding to measure neutron doubles ancsifg quantify?*Pus mass.

A number of experiments and simulations were peréat to show the feasibility
of the FNMC system. Passive neutron coincidencesareaments of plutonium were
performed to measure correlated neutrons from speous and induced fissions. Within
this study, the detection system was able to captbhe time, energy, and angular
distributions of neutron emission from the sampl@stive-interrogation methods of
uranium characterization were investigated to detes the ability of the liquid
scintillators to detect induced-fission neutrongha presence of active neutron sources.
Detection timing techniques were used to identifyal differences in enrichment and

mass. A partial FNMC system was used to performialniests of the multiplicity
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sensitivity of the system to changes fPws mass. With the knowledge and tools
developed in the measurements with the partialesysta full FNMC system was
designed and used to quantify plutonium mass.

In parallel to measurement campaigns the physibsneneutron detection and
methods for data analysis were studied using MCN@KMi simulations. The
simulations helped design measurement system gaemand predicted the success of
chosen data analysis techniques. After measuread wiate collected and analyzed the
results were used to validate the simulation melogy. Throughout this work
simulation validations were successful in improvthg simulation tools and in the end
the simulations were used to design the full FNM&surement system.

An optimized and efficient FNMC was shown to beeafol characterize materials
in fast measurement times because little to nodaatal counts are collected during its
acquisition. Because each coincident detectioninsctlly used, the efficiency of the
system can be at a lower level and the system t#nagive at low statistical
uncertainties on th&%Pu in fast measurement times. The measured absoutzom
detection efficiency was 5.28 + 0.06 %. The absofigsion detection efficiency for the
neutron doubles was 1.10 + 0.01 %. The FNMC cansoreagram levels df'%®Pu to
5% statistical uncertainty in measurement timeshenorder of a couple of minutes. The
presented FNMC could produce a system that woulet sred exceed the performance of

traditional®He technology, but at a fraction of the cost.
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Appendix A — MCNPX-PoliMi Input Files

FNMC PuO, Simulation

c DNNG CBNML (70)

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c Cells

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c EJ- 309 Detectors

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
101 1 -0.957 -11 i mp: N, P=1
102 1 -0.957 -12 i mp: N, P=1
103 1 -0.957 -13 i mp: N, P=1
104 1 -0.957 -14 i mp: N, P=1
105 1 -0.957 -15 i mp: N, P=1
106 1 -0.957 -16 i mp: N, P=1
107 1 -0.957 -17 i mp: N, P=1
108 1 -0.957 -18 i mp: N, P=1
109 1 -0.957 -19 i mp: N, P=1
110 1 -0.957 -20 i mp: N, P=1
111 1 -0.957 -21 i mp: N, P=1
112 1 -0.957 -22 i mp: N, P=1
113 1 -0.957 -23 i mp: N, P=1
114 1 -0.957 -24 i mp: N, P=1
115 1 -0.957 -25 i mp: N, P=1
116 1 -0.957 -26 i mp: N, P=1

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c Tabl e

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
201 5 -2.7 -31 i mp:n, p=1
206 5 -2.7 -32 i mp:n, p=1
207 5 -2.7 -33 i mp:n, p=1
208 5 -2.7 -34 i mp:n, p=1
209 5 -2.7 -35 i mp:n, p=1
215 5 -2.7 - 36 i mp:n, p=1
216 5 -2.7 - 37 i mp:n, p=1
218 5 -2.7 - 38 i mp:n, p=1
219 5 -2.7 -39 i mp:n, p=1
220 5 -2.7 -40 i mp:n, p=1
221 5 -2.7 -41 i mp:n, p=1

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c Detector Structure

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
300 5 -2.7 -90 11 19 i mp: N, P=1
301 5 -2.7 -91 11 19 i mp: N, P=1
302 5 -2.7 -92 12 20 i mp: N, P=1
303 5 -2.7 -93 12 20 i mp: N, P=1
304 5 -2.7 -94 13 21 i mp: N, P=1
305 5 -2.7 -95 13 21 i mp: N, P=1
306 5 -2.7 -96 14 22 i mp: N, P=1
307 5 -2.7 -97 14 22 i mp: N, P=1
308 5 -2.7 -98 15 23 i mp: N, P=1
309 5 -2.7 -99 15 23 i mp: N, P=1
310 5 -2.7 -100 16 24 i mp: N, P=1
311 5 -2.7 -101 16 24 i mp: N, P=1
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116 5 RPP 22.3176 24.2224 -10. 0333 10. 0333 -17.25 -15. 345
117 5 RPP 22.3176 24.2224 -10. 0333 10. 0333 11.445 13.35
118 6 RPP 22.3176 24.2224 -10. 0333 10. 0333 -17.25 -15. 345
119 6 RPP 22.3176 24.2224 -10. 0333 10. 0333 11.445 13.35
120 7 RPP 22.3176 24.2224 -10. 0333 10. 0333 -17.25 -15. 345
121 7 RPP 22.3176 24.2224 -10. 0333 10. 0333 11.445 13.35

TRL 00O 0.7071 0.7071 O -0.7071 0.7071 O 0 0 1
TR2 000 0 1 0 -1 0 0 0 0 1
TR3 000 -0.7071 0.7071 O -0.7071 -0.7071 O 0 0 1
TR4 000 -1 0 0 0 -1 0 0 0 1
TR5 000 -0.7071 -0.7071 O 0.7071 -0.7071 O 0 0 1
TR6 000 0 -1 0 1 0 0 0 0 1
TR7 000 0.7071 -0.7071 O 0.7071 0.7071 O 0 0 1
TR8 0 0 -17.25

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

¢ Physics

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
MODE n p
PHYS: N J 20
PHYS:P 0 1 1
CUT:P 23 0

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c Source

SDEF cel =701 pos=0 0 -0.21 axs=0 0 1 rad=dl ext=d2 erg=d3
SC1 Source radius (inner outer)
SI1 0 0.73
SC2 Source hei ght
SI2 0 0.364
SI3 L 34 38 39 40 41
SP3 0.2230 0.0430 0.2372 0.0723 0.0666 0.3579
IPOL 991 21J 1 16 101 102 103 104 105 106 107 108
109 110 111 112 113 114 115 116
NPS 4635000 $ 9270000 = Number of reactions in 3600 sec (aged CBNW
FI LES 21 DUWN1L
DBCN
PRDVP 2J 1

¢c EJ-309 liquid scintillator
c (Eljen Technol ogi es, EJ-309 Fact Sheet)

mlL nli b=60c plib=04p
1001 0. 548
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Air, Dry (near sea level) d=-1.205E-3
(Mat. Conpendi um PNNL)

m2 nlib=60c plib=04p

6000 -0. 000124
7014 -0. 755268
8016 -0. 231781

18000. 42c -0.012827

Pol yet hyl ene d=-0. 9300

(Mat. Conpendi um PNNL)

md  nlib=60c plib=04p
1001 -0.143716
6000 -0.856284

nb nlib=60c plib=04p

13027 -1
Concrete (Mat. Conpendi um PNNL) d=-2.3
(Mat. Conpendi um PNNL)

m6 nlib=60c plib=04p

1001 -0. 022100
6000 -0.002484
8016 -0.574930
11023 - 0. 015208
12000 -0. 001266
13027 - 0. 019953
14000 - 0. 304627
19000 - 0. 010045
20000 -0. 042951

26000. 42c -0. 006435
PuO2 CBNM Sanpl e d=-10.94

( CBNM 70)

n7 94238. 42c -0. 00669
94239. 60c -0.71672
94240. 60c -0.17839
94241. 60c -0. 01412
94242. 60c -0. 02031
95241. 61c -0. 05027
08016. 60c -0. 01350

Steel d=-7.92

c (Mat. Compendi um PNNL)



OO0

OO0 000

m8  26000. 55¢ -0. 6950
24000. 50c -0. 1900
28000. 50c -0.0950
25055. 51c  -0.0200

Tallies
det ectors

F31:n

E31 0 0.5 0.7 29i
C31 01

F4l:p 11.3

E41 0 999i 10
41 01

1 899i

10 100

11.3 12.3 13.3 14.3 15.3 16.3 17.3 18.3 19.3
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Ispra PuO, Pellet Simulations with the Partial FNMC

c DNNG Measurenent 1 PuQ2 pellets

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c Cells

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c EJ- 309 Detectors

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
101 1 -0.916 -11 imp: N, P=1 $ detector
102 1 -0.916 -12 imp: N, P=1 $ detector
103 1 -0.916 -13 imp: N, P=1 $ detector
104 1 -0.916 -14 imp: N, P=1 $ detector

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c Tabl es

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
200 5 -2.7 -21 inmp:N,P=1 $ Al um num surface
202 5 -2.7 -22 inmp: N, P=1 $ Al uni num rectangul ar support
203 5 -2.7 -23 inmp: N, P=1 $ Al uni num rectangul ar support
204 5 -2.7 -24 inmp: N, P=1 $ Al unmi num rectangul ar support
205 5 -2.7 -25 imp: N, P=1 $ Al umi num rectangul ar support
206 5 -2.7 -26 inmp: N, P=1 $ Al unmi num support, PMI and table
207 5 -2.7 -27 inmp:N,P=1 $ Al um num support, PMI and table
208 5 -2.7 -28 inmp: N, P=1 $ Al unmi num surface, source table
209 5 -2.7 -29 imp: N P=1 $ Al umi num rectangul ar support
210 5 -2.7 -30 imp: N P=1 $ Al umi num rectangul ar support
211 5 -2.7 -31 imp: N P=1 $ Al umi num rectangul ar support
212 5 -2.7 -32 imp: N P=1 $ Al umi num rectangul ar support

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

¢ G ound

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
401 6 -2.3 -91 -41 im:N,P=1 $ concrete floor

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c Lead Shi el di ng

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

501 3 -11.34 -51 52 53 -54 55 imp: N, P=1 $l ead shield

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
701 7 -4.27 -71 imp:N,P=1  $pellet #6
702 7 -4.25 -T2 imp: N, P=1  $pellet #7
703 7 -4.23 -73 imp:N,P=1  $pellet #8
704 7 -4.26 -74 imp:N,P=1  $pellet #9
705 7 -4.26 -75 i mp: N, P=1 $pel | et #10
706 7 -5.35 -76 i mp: N, P=1 $pel | et #20
707 7 -5.70 -77 imp:N,P=1  $pellet #21
708 7 -5.70 -78 i mp: N, P=1 $pel | et #22
709 8 -5.24 -79 imp:N,P=1  $pellet #30
801 9 -7.92 -81 71 i mp: N, P=1 $cont ai ner #6
802 9 -7.92 -82 72 imp: N, P=1  $contai ner #7
803 9 -7.92 -83 73 imp: N, P=1  $contai ner #8
804 9 -7.92 -84 74 imp: N, P=1  $contai ner #9
805 9 -7.92 -85 75 imp:N,P=1  $contai ner #10
806 9 -7.92 -86 76 imp:N,P=1  $contai ner #20
807 9 -7.92 -87 77 imp:N,P=1  $contai ner #21
808 9 -7.92 -88 78 i mp: N, P=1 $cont ai ner #22
809 9 -7.92 -89 79 imp:N,P=1  $contai ner #30

1

=
N



901 2 -1.205E-3 -91 #501 41
11 12 13 14 21 22 23
24 25 26 27 28 29 30
31 32 81 82 83 84 85

86 87 88 89 imp: N, P=1
999 0 91 i mp: N, P=0
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
¢ Surfaces
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
¢ EJ-309 Detectors
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
11 1 RCC 20 0 O 7.62 0 O 3.81
12 2 RCC 20 0 O 7.62 0 O 3.81
13 3 RCC 20 0 O 7.62 0 O 3.81
14 4 RCC 20 0 O 7.62 0 O 3.81
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
c Tabl es
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
21 RPP -47.5 47.5 8.45 53.95 -17 -15.5 $ Al umi num surface on
t he

22 RPP -57 47.5 8.45 12.95 -21.5 -17.01 $ Al umi num
rect angul ar

23 RPP -57 47.5 49.45 53.95 -21.5 -17.01 $ Al um num
rect angul ar
24 RPP -57 -52.5 12.96 49.44 -21.5 -17.01 $ Al um num
rect angul ar
25 RPP 43.5 47.5 12.96 49.44 -21.5 -17.01 $ Al um num
rect angul ar
26 RPP -47.5 47.5 31.2 40. 2 -15.49 -11 $ Al um num
rect angul ar
27 RPP -47.5 47.5 35.7 40. 2 -10.99 -2 $ Al um num
rect angul ar
28 RPP -82.5 82.5 -42.55 7.45 -21 -20.6 $ Alum num surface
29 RPP -82.5 82.5 -42.55 -38.05 -25.5 -21.01 $ Al um num
30 RPP -82.5 82.5 2.95 7.45 -25.5 -21.01 $ Al um num
31 RPP -82.5 -78 -38.04 2.94 -25.5 -21.01 $ Al um num
32 RPP 78 82.5 -38.04 2.94 -25.5 -21.01 $ Al um num
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
¢ Ground
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
41 PZ -99 % Floor leve
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
c Lead Shi el di ng
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
525 C 20
52 5 CZ 19.75
53 Pz -5
54 Pz 5
55 PY 7
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
c Pu2 Pellets
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

71 RCC 1.768 -1.768 -0.75 0 0 0.4 0.7
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72 RCC 2.5 0 -0.75 000.4 0.7
73 RCC 1.768 1.768 -0.75 0 0 0.4 0.7
74 RCC O 2.5 -0.75 000.4 0.7
75 RCC -1.768 1.768 -0.75 0 0 0.4 0.7
76 RCC -2.5 0 -0.9 00O0.8 0.7
77 RCC -1.768 -1.768 -1.0 0015 0.7
78 RCC O -2.5 -1.3 003.0 0.7
79 RCC O 0 -1.7 00 3.4 0.7
81 RCC 1.768 -1.768 -6.8 007.95 0.75
82 RCC 2.5 0 -6.8 007.95 0.75
83 RCC 1.768 1.768 -6.8 007.95 0.75
84 RCC O 2.5 -6.8 00 7.95 0.75
85 RCC -1.768 1.768 -6.8 007.95 0.75
86 RCC -2.5 0 -6.8 008.2 0.75
87 RCC -1.768 -1.768 -6.8 00 8.8 0.75
88 RCC O -2.5 -6.8 0 0 10 0.75
89 RCC O 0 -6.8 0 0 10 0.75

91 RPP -500 500 -500 500 -500 500

TRL 00O 0.815 0.5790 0O -0.5790 0.815 0 001
TR2 00O 0.313 0.9499 0 -0.9499 0.313 0 001
TR3 000 -0.313 0.9499 0 -0.9499 -0.313 0 001
TR4 0 0 0 -0.815 0.5790 O -0.5790 -0.815 0 001
TR 0 -2.00

Physi cs

MODE n p

PHYS: N J 20

PHYS:P 0 1 1

Cur:p 23 0

Sour ce

SDEF pos=0 0 -1.7 axs=0 0 1 rad=Dl1 ext=D2 erg=D5 cel =D6 eff=1e-4
SC1 Source radius (inner outer)

SlI1 0 3.2

SC2 Source hei ght

SI2 0 3.4

SI5 L 3 4 -38 -39 -40 -41

SP5 0. 3782 0.0235 0.0403 0.1418 0.1129 0.3033

SI6 L 701 702 703 704 705 706 707 708 709

SP6 0. 024 0.024 0.024 0.024 0.024 0.060 0.120 0.240 0.460
IPOL 991 21J 14 101 102 103 104

NPS 1.26585E7 $ 14065 rxn/sec, 1 hour neas is 50634000, use 4 seeds
FI LES 21 DUWNL

DBCN

PRDVP 2J 1



Material s
EJ-309 liquid scintillator
(El'j en Technol ogi es, EJ-309 Fact Sheet)
mlL nli b=60c plib=04p
1001 0. 548
6000 0. 452
Air, Dry (near sea |level) d=-1.205E-3
(Mat. Conpendi um PNNL)

m2 nlib=60c plib=04p

6000 - 0. 000124
7014 -0. 755268
8016 -0. 231781

18000. 42c -0. 012827

Pol yet hyl ene d=-0.9300

(Mat. Conpendi um PNNL)

md  nlib=60c plib=04p
1001 -0.143716
6000 -0.856284

nb nlib=60c plib=04p

13027 -1
Concrete (Mat. Conpendi um PNNL) d=-2.3
(Mat. Conpendi um PNNL)

nm6 nlib=60c plib=04p

1001 - 0. 022100
6000 - 0. 002484
8016 -0. 574930
11023 -0. 015208
12000 -0. 001266
13027 -0. 019953
14000 - 0. 304627
19000 -0. 010045
20000 -0. 042951

26000. 42c -0.006435

n7 8016. 60c -0.1174
94238. 42c - 0. 0005
94239. 60c - 0. 7466
94240. 60c -0. 1151
94241. 60c - 0. 0027
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94242. 60c -0. 0023
95241. 61c -0.0153
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
c Pu® pellet 30
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
nmB 8016. 60c -0.1164
94238. 42¢c - 0. 0007
94239. 60c -0. 6026
94240. 60c -0.2282
94241. 60c - 0. 0057
94242. 60c -0.0124
95241. 61c - 0. 0340
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
c St ee
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
nm® 26000. 55¢ -0.6950
24000. 50c -0. 1900
28000. 50c - 0. 0950
25055.51c -0.0200
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

F31:n 11.3 12.3 13.3 14.3

E31 0 0.5 0.7 29i 1 899i

C101

10 100
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Ispra Mixed-Oxide Fuel Example

Detail ed | spra Model Setup

c
c CELLS

c

c MOX Source 2

C ~~~~~~~~~~~~~~~~~

601 0 -73 87 -82 i mp: n, p=1 $vacuum on top of powder
602 1 -0.7 -73 81 -87 i mp:n, p=1 $MOX powder

603 10 -7.92 73 -74 81 -82 inmp:n,p=1 $inner steel cylinder

604 10 -7.92 -74 80 -81 i mp:n, p=1 $steel inner bottom

605 10 -7.92 -74 82 -83 i mp:n, p=1 $steel inner top

606 0 74 -75 80 -83 inp:n, p=1 $surroundi ng vacuum
cyl i nder

607 0 -75 79 -80 i mp: n, p=1 $bottom vacuum

608 0 -75 83 -84 i mp:n, p=1 $top vacuum

609 0 -72 84 -85 i mp: n, p=1 $anot her top vacuum

610 10 -7.92 75 -76 79 -84 inmp:n,p=1 $outer steel cylinder

611 10 -7.92 -76 89 -79 i mp:n, p=1 $steel outer bottom

612 10 -7.92 72 -77 84 -85 inmp:n,p=1 $steel cylinder top

613 10 -7.92 -77 85 -86 i mp:n, p=1 $steel outer top

614 0 -71 88 -89 i mp: n, p=1 $vacuum i nsi de al -support
615 0 71 -72 88 -89 inmp:n,p=1 $Al cylindrical support

c

c EJ-309 Detector 1

C ~~~~~~~~~~~~~~~~~

1 2 -2.70 1-2 -9 i mp: N, P=1 $ Al endcap

3 2 -2.70 2 -32 8 -9 i mp: N, P=1 $ Al external wall
4 2 -2.70 3 -5 9 -12 i mp: N, P=1 $ Al wall

c5 6 -0.001 2 -3 7 -8 i mp: N, P=1 $ nitrogen chanber
6 5 -0.916 2 -32 -8 i mp: N, P=1 $ detector

7 7 -2.23 32 -5 -9 i mp: N, P=1 $ pyrex w ndow

8 2 -2.70 4 -14 12 -13 i mp: N, P=1 $ Al ring

9 2 -0.001 5-31 -10 i mp: N, P=1 $ PMT big

10 4 -0.001 5-31 10 -11 i mp: N, P=1 $ air around PMI
11 8 -8.747 5-21 11 -12 i mp: N, P=1 $ mu netal wal
18 2 -0.001 31 -27 -34 i mp: N, P=1 $ PMI snal

19 4 -0.001 31 -21 19 -11 i mp: N, P=1 $ air around PMI
21 8 -8.747 15 -27 19 -20 i mp: N, P=1 $ mu netal wal
22 4 -0.001 21 -27 34 -19 i mp: N, P=1 $ air around PMI
13 4 -0.001 27 -17 -19 i mp: N, P=1 $ air/A in tube
14 2 -2.70 16 -27 20 -35 i mp: N, P=1 $ Al wal

23 2 -2.70 27 -17 19 -35 i mp: N, P=1 $ A wall

15 2 -2.70 17 -18 -35 i mp: N, P=1 $ Al endcap

16 4 -0.001 21 -15 19 -28 i mp: N, P=1 $ air around PMI
17 8 -8.747 21 -15 19 28 -29 imp: N, P=1 $ mu netal wall
c

c EJ- 309 Detector 2

C ~~~~~~~~~~~~~~~~~

101 like 1 but trcl=2
103 like 3 but trcl=2
104 like 4 but trcl=2
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c 105

106 like
107 like
108 li ke
109 like
110 li ke
111 like
118 1i ke
119 like
121 1ike
122 1ike
113 li ke
114 1ike
123 li ke
115 |ike
116 like
117 i ke

301 like
303 like
304 like
c 305 |Ii
306 |ike
307 like
308 like
309 like
310 like
311 like
318 li ke
319 like
321 like
322 like
313 li ke
314 |ike
323 like
315 li ke
316 li ke
317 like
c

c

401

403

like 5 but trcl=2

6 but trcl=2
7 but trcl=2
8 but trcl=2
9 but trcl=2

10
11
18
19
21
22
13
14
23
15
16
17

but
but
but
but
but
but
but
but
but
but
but
but

trcl =2
trcl =2
trcl =2
trcl =2
trcl =2
trcl =2
trcl =2
trcl =2
trcl =2
trcl =2
trcl =2
trcl =2

EJ- 309 Detector 3

1 but trcl=3
3 but trcl=3
4 but trcl =3

ke 5 but trcl =3

6 but trcl=3
7 but trcl=3
8 but trcl=3
9 but trcl=3

10
11
18
19
21
22
13
14
23
15
16
17

but
but
but
but
but
but
but
but
but
but
but
but

trcl =3
trcl =3
trcl =3
trcl =3
trcl =3
trcl =3
trcl =3
trcl =3
trcl =3
trcl =3
trcl =3
trcl =3

EJ- 309 Detector 4

like 1 but trcl=4
like 3 but trcl=4
404 like 4 but trcl=4

c 405

406 like
407 like
408 i ke
409 like
410 like
411 like
418 like
419 like
421 like
422 like

like 5 but trcl=4

6 but trcl=4
7 but trcl=4
8 but trcl=4
9 but trcl=4

10
11
18
19
21
22

but
but
but
but
but
but

trcl =4
trcl =4
trcl =4
trcl =4
trcl =4
trcl =4
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413 |i ke 13 but trcl=4
414 |i ke 14 but trcl=4
423 li ke 23 but trcl=4
415 |i ke 15 but trcl=4
416 li ke 16 but trcl=4
417 li ke 17 but trcl=4

C Lead Bricks

500 9 -11.34 (40 :-41 )-42 43 (-44 .45 )-46 47 48 -49 i mp:n, p=1
501 like 500 but trcl=2
502 |ike 500 but trcl=3
503 like 500 but trcl=4

c Tabl e

C ~~~~~~~~~~~~~~~~~

200 2 -2.7 -50 inp:n,p=1 $ Surface
201 2 -2.7 -51 inp:n,p=1 $ Surface
202 2 -2.7 -52 inp:n,p=1 $ Surface
203 2 -2.7 -53 inp:n,p=1 $ Support
204 2 -2.7 -54 inp:n,p=1 $ Support
2056 2 -2.7 -55 inp:n,p=1 $ Support
206 2 -2.7 -56 inp:n,p=1 $ Support
207 2 -2.7 -57 inp:n,p=1 $ Support
208 2 -2.7 -58 inp:n,p=1 $ Support
209 2 -2.7 -59 inp:n,p=1 $ Support
210 2 -2.7 -60 inp:n,p=1 $ Support
211 2 -2.7 -61 inp:n,p=1 $ Support
213 2 -2.7 -62 inp:n,p=1 $ Support
214 2 -2.7 -63 inp:n,p=1 $ Leg

215 2 -2.7 -64 inp:n,p=1 $ Leg

216 2 -2.7 -65 inp:n,p=1 $ Leg

217 2 -2.7 -66 inp:n,p=1 $ Leg

218 2 -2.7 -67 inp:n,p=1 $ Leg

219 2 -2.7 -68 inp:n,p=1 $ Leg

220 2 -2.7 -69 inp:n,p=1 $ Leg

221 2 -2.7 -70 inp:n,p=1 $ Leg

c

c FI oor

800 3 -2.35 -97 inp:n,p=1
c
¢ Environent

990 4 -.001225 -99
50 51 52 53 54 55 56 57 58 59 60 61 62 $ Tabl e
63 64 65 66 67 68 69 70 97 i mp: n, p=1
$ 76 -84 89 (77:-89:86) imp:n,p=1 $ Floor
991 4 -0.001225 -98
#1 #3 #4 #6 #7 #8 #9 #10 #11 #18 #19 #13 $ Det 1
#14 #15 #16 #17 #21 #22 #23
#101 #103 #104 #106 #107 #108 #109 #110 $ Det 2
#111 #118 #119 #113 #114 #115 #116 #117
#121 #122 #123
#301 #303 #304 #306 #307 #308 #309 #310 $ Det 3
#311 #318 #319 #313 #314 #315 #316 #317
#321 #322 #323
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#401 #403 #404 #406 #407 #408 #409 #410 $ Det 4

#411 #418 #419 #413 #414 #415 #416 #417

#421 #422 #423 #500 #501 #502 #503

(-89:76:84) (77:-84:86) #613 i mp:n, p=1 $ Lead Bricks
999 0 99 98 i mp: n, p=0

c

c

c MOX Sour ce Cont ai ner

C ~~~~~~~~~~~~~~~~~

71 6 cz 2.1 $Support cylinder inner

72 6 cz 5.1 $Support cylinder outer and upper enpty space
73 6 cz 4.14 3$inner contaner cylinder inner wall
74 6 cz 4.445 $inner container cylinder outer wal
75 6 cz 5.2 S$outer container cylinder inner wall
76 6 cz 5.4 $outer container cylinder outer wall
77 6 cz 6.75 $top steel cylinder

c 78 6 pz -17.5482 $top of support, bottom of container

79 6 pz -16.5482 $outer container - BOTTOM
80 6 pz -16.3482 $inner container outer surf
81 6 pz -15.8482 $inner container inner surf
82 6 pz 10.9518 &inner container inner surf
83 6 pz 11.4518 &inner container outer surf
84 6 pz 11.6518 $outer contai ner

85 6 pz 13.6518 $outer container

86 6 pz 15.6518 $outer contai ner

87 6 pz 10.9517 $top of PuO powder

88 6 pz -17.5

89 6 pz -17.5482 $ top

c

c EJ- 309 Detector

C ~~~~~~~~~~~~~~~~~

C Surface cards for detector

11 PX 0

2 1 PX  0.16002

3 1 PX 11.8

4 1 PX 12.6

32 1 PX 12.67

5 1 PX 13.35

c7 1 CX  5.2303

8 1 CX  6.33998

9 1 CX 6.5

10 1 CX 6.35

C Surface cards for the PMI

111 CX 6.8984

12 1 cX 7

131 CX 8.2

14 1 PX 14.6

311 PX 21.95

151 PX 32.2

16 1 PX 34.7

27 1 PX 35.4

17 1 PX  37.63998
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1 PX 37.8
1 CX 4.2
1 CX 4.3984
1 CX 4.5
1 CcX 4.7
1 PX 29.3
Surface cards for the table
1 PY -8.54238
1 PY -8.29438
1 PX -95.6
1 Pz -38.1
1 Pz 38.1
1 PX 56. 8
27 1 CX

1 KX 37.3 0.743162901 -1
1 KX 37.42 0.743162901 -1
Lead Bl ocks
5 P -55.125 0 56.25 275.625
5 P -55.125 0 -56.25 0
5 PX 0
5 PX -5
5 P 27.5625
5 P 27.5625
5 P -55.125
5 p -55.125 0 -56.25
5 P 27.5625
5 P 27.5625

Tabl e
BOX -100 -50 -0.5
BOX -50 -100 -0.5
BOX 50 -50 -0.5
BOX -100 -50 -4.9
BOX -100 -45.6 -4.9
BOX -100 45.6 -4.9
BOX -50 -100 -4.9
BOX 45.6 -100 -4.9
BOX -45.6 -100 -4.9
BOX -45.6 95.6 -4.9
BOX 50 -50 -4.9
BOX 50 45.6 -4.9
BOX 95.6 -45.6 -4.9
BOX -100 -2.2 -4.9
BOX -50 -2.2 -4.9
BOX 45.6 -2.2 -4.9
BOX 95.6 -2.2 -4.9
BOX -50 -100 -4.9
BOX 45.6 -100 -4.9
BOX -50 95.6 -4.9
BOX 45.6 95.6 -4.9

Fl oor

Surface cards for the conica

A SIAD
cNeoNeoloNoNoNoNoNe]
cNolololoNoNoNeNe]

-28.125 0 175.594
28.125 0 -316.41
0 56.25 1403. 438
-1127. 81
-28.125 0 -454.22
28.125 0 316. 406

4.
20

N
o
o

b
N

[N

cNeoNeoloNoNololololoNoNoNololoNoNoNoNoNeNe)
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part of the PMI

T PREERAEAAAIOOO
(3110 N N NI N N N N N NI NG WS S

1 1 1 1 1 1 1
CO 00 0O 00 CO 00 €O
agoaoaoao
GRGEG LRGSR NS
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Surface
Sur f ace
Sur f ace
Suppor t
Support
Suppor t
Support
Suppor t
Suppor t
Suppor t
Suppor t
Suppor t
Suppor t
Leg
Leg
Leg
Leg
Leg
Leg
Leg
Leg



97 BOX -300 -300 -120.9 600 0 O O 600 O O O 30.5

c
c Envi r onent

C ~~~~~~~~~~~~~~~~~

98 BOX -350 -350 O 700 0 O 0 700 O 0 0 150

99 BOX -350 -350 -150 700 0 O 0 700 O 0 0 150

000 $ Mve the Lead
0 17.5484 $ Move t he MOX

MODE n
PHYS: N J 20.
PHYS:P 0 1 1
CUT:P 23 0

sdef pos=0 0 0 axs=0 0 1 rad=dl ext=d2 TR=6 erg=d3
scl Source radius (inner outer)

sil 0 4.14

spl -211

sc2 source hei ght

si2 -15.8482 7.9228

sp2 -210

si3 L 34 38 39 40 41

sp3 0.3736 0.0455 0.0682 0.0902 0.1404 0.2822
IPOL 99 1 21J 146 106 306 406

NPS 33656840 $ 52337 rxn/s, 14 hr meas is 3029115600 rxn/s, 90 seeds
FI LES 21 DUWN1

DBCN

PRDVP 2J 1

c Mox Fue
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~ml 8016. 60c -0.16443 94238.42c -0.00024 94239. 60c -0. 11062
94240. 60c -0. 04650 94241.60c -0.000183 94242.60c -0.00334
95241. 61c -0. 00490 92235.60c -0.00474 92238. 60c -0. 66330

c Al umi nium p=-2.7

ng 13027. 70c -0.9653
12000. 60c -0. 0100
26000. 55¢ -0.0070
14000. 60c -0. 0060
29000. 50c -0.0028
30000. 42c -0. 0025
24000. 50c -0.0020
25055. 70c -0. 0015
22000. 51c -0.0015

c concrete (ordinary with ENDF-VI) ,d=-2.35 , PRS 374

n8 1001. 60c -0. 005558 8016. 60c -0.498076 11023.60c -0.017101
12000. 60c -0. 002565 13027. 60c -0.045746 14000. 60c -0. 315092
16000. 60c -0.001283 19000. 60c -0.019239 20000. 60c -0.082941
26054. 60c -0. 000707 26056. 60c -0.011390 26057. 60c - 0. 000265
26058. 60c - 0. 000036

c air (US S Atmat sea level) d=-.001225 , HC&P 14- 19

n4 7014. 60c -0. 755636 8016. 60c -0.231475 18000. 59¢ -0.012889

c EJ-309 liquid scintillator d=-0.916

nb 1001 0. 548 nlib = 60c
6000 0. 452 nlib = 60c

c

c Ni t rogen d=-0.001

C ~~~~~~~~~~~~~~~~~

c nb 7014 1 nlib = 60c

c

c Pyr ex d=-2.23

C ~~~~~~~~~~~~~~~~~

nv 5011 -0.040064 nlib = 60c
8016 -0.539562 nlib = 60c
11023 -0.028191 nlib = 60c
13027 -0.011644 nlib = 60c
14000 -0.377220 nlib = 60c
19000 -0.003321 nlib = 60c

c

c MJ- Met al d=-8. 747

C ~~~~~~~~~~~~~~~~~

nB 28000. 50c 0.8
42000 0. 05 nlib = 60c
14000 0. 005 nlib = 60c
29063 0. 0002 nlib = 60c
26056 0. 1448 nlib = 60c

c

c Lead g=-11. 34

123



no 82000. 50c 1
c St ee

nio 26000. 55¢c -0. 6950
24000. 50c -0. 1900
28000. 50c -0.0950
25055. 51c -0.0200

C

C

c TALLI ES

C

C

c Face of Detector 1
C ~~~~~~~~~~~~~~~~~
Fll:n 2

E11 0.640 100

Cil1 01

FS11 -9

F21:p 2

E21 0 99i 10

Cc21 01

FS21 -9

c

c Face of Detector 2
C ~~~~~~~~~~~~~~~~~

F31:n 101002
E31 0.640 100
C31 01

FS31 -9

F4l:p 2

E41 0 99i 10
41 01

FS41 -9
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INL Mixed-Oxide Fuel Example

Sanpl e 127 Aged --

¢ CELL CARDS

¢ MOX Fuel Can
4 2 -2.7

¢ MOX Fuel Rods
5 3 -9.45068
6 4 -6.5
7 LI KE 5 BUT
8 LI KE 5 BUT
9 LI KE 5 BUT
10 LI KE 5 BUT
11 LI KE 5 BUT
12 LI KE 5 BUT
13 LI KE 5 BUT
14 LI KE 5 BUT
15 LI KE 5 BUT
16 LI KE 5 BUT
17 LI KE 5 BUT
18 LI KE 5 BUT
19 LI KE 5 BUT
20 LI KE 5 BUT
21 LI KE 5 BUT
22 LI KE 5 BUT
23 LI KE 5 BUT
24 LI KE 5 BUT
25 LI KE 5 BUT
26 LI KE 5 BUT
27 LI KE 5 BUT
28 LI KE 5 BUT
29 LI KE 5 BUT
30 LI KE 5 BUT
31 LI KE 5 BUT
32 LI KE 5 BUT
33 LI KE 5 BUT
34 LI KE 5 BUT
35 LI KE 5 BUT
36 LI KE 5 BUT
37 LI KE 5 BUT
38 LI KE 5 BUT
39 LI KE 5 BUT
40 LI KE 5 BUT
41 LI KE 5 BUT
42 LI KE 5 BUT
43 LI KE 5 BUT
44 LI KE 5 BUT
45 LI KE 5 BUT
46 LI KE 5 BUT
47 LI KE 5 BUT
48 LI KE 5 BUT
49 LI KE 5 BUT
50 LI KE 5 BUT
51 LI KE 5 BUT
52 LI KE 5 BUT
53 LI KE 5 BUT

90 pins --

-71 72

-82
-81 82
TRCL=1
TRCL=2
TRCL=3
TRCL=4
TRCL=5
TRCL=6
TRCL=7
TRCL=8
TRCL=9
TRCL=10
TRCL=11
TRCL=12
TRCL=13
TRCL=14
TRCL=15
TRCL=16
TRCL=17
TRCL=18
TRCL=19
TRCL=20
TRCL=21
TRCL=22
TRCL=23
TRCL=24
TRCL=25
TRCL=26
TRCL=27
TRCL=28
TRCL=29
TRCL=30
TRCL=31
TRCL=32
TRCL=33
TRCL=34
TRCL=35
TRCL=36
TRCL=37
TRCL=38
TRCL=39
TRCL=40
TRCL=41
TRCL=42
TRCL=43
TRCL=44
TRCL=45
TRCL=46
TRCL=47

40 cm-- 2 in Pb shielding

I MP: N, P=1

| MP: N, P=1 $ fuel core
IMP:N,P=1 $ fuel cladding
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54
55
56
57
58
59
60
61
62
63
64

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

88
89
90
91
92
93
94
95
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE

OO0 oTonoIoToToIoITooToToITToToToTo1 010101 0101010101 01010101 A1

BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT

BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT

BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT

BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT

TRCL=48
TRCL=49
TRCL=50
TRCL=51
TRCL=52
TRCL=53
TRCL=54
TRCL=55
TRCL=56
TRCL=57
TRCL=58
TRCL=59
TRCL=60
TRCL=61
TRCL=62
TRCL=63
TRCL=64
TRCL=65
TRCL=66
TRCL=67
TRCL=68
TRCL=69
TRCL=70
TRCL=71
TRCL=72
TRCL=73
TRCL=74
TRCL=75
TRCL=76
TRCL=77
TRCL=78
TRCL=79
TRCL=80
TRCL=81
TRCL=82
TRCL=83
TRCL=84
TRCL=85
TRCL=86
TRCL=87
TRCL=88
TRCL=89
TRCL=1

TRCL=2

TRCL=3

TRCL=4

TRCL=6
TRCL=7
TRCL=8
TRCL=9
TRCL=10
TRCL=11
TRCL=12
TRCL=13
TRCL=14
TRCL=15
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121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177

LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE
LI KE

[oNoNoNo N NoNoNoNo NN NN NN N NN N N NN No NN NN NN NN N No e Nl o o el oo e )Nl e o o) Nerler o) ler e e lerNer Mo N eI e))

BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT

BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT

BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT

BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT
BUT

TRCL=16
TRCL=17
TRCL=18
TRCL=19
TRCL=20
TRCL=21
TRCL=22
TRCL=23
TRCL=24
TRCL=25
TRCL=26
TRCL=27
TRCL=28
TRCL=29
TRCL=30
TRCL=31
TRCL=32
TRCL=33
TRCL=34
TRCL=35
TRCL=36
TRCL=37
TRCL=38
TRCL=39
TRCL=40
TRCL=41
TRCL=42
TRCL=43
TRCL=44
TRCL=45
TRCL=46
TRCL=47
TRCL=48
TRCL=49
TRCL=50
TRCL=51
TRCL=52
TRCL=53
TRCL=54
TRCL=55
TRCL=56
TRCL=57
TRCL=58
TRCL=59
TRCL=60
TRCL=61
TRCL=62
TRCL=63
TRCL=64
TRCL=65
TRCL=66
TRCL=67
TRCL=68
TRCL=69
TRCL=70
TRCL=71
TRCL=72
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178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
Ar
201

Air
203

Ar
204

Det ector active

LI KE 6 BUT TRCL=73
LI KE 6 BUT TRCL=74
LI KE 6 BUT TRCL=75
LI KE 6 BUT TRCL=76
LI KE 6 BUT TRCL=77
LI KE 6 BUT TRCL=78
LI KE 6 BUT TRCL=79
LI KE 6 BUT TRCL=80
LI KE 6 BUT TRCL=81
LI KE 6 BUT TRCL=82
LI KE 6 BUT TRCL=83
LI KE 6 BUT TRCL=84
LI KE 6 BUT TRCL=85
LI KE 6 BUT TRCL=86
LI KE 6 BUT TRCL=87
LI KE 6 BUT TRCL=88
LI KE 6 BUT TRCL=89

i nside MOX fuel can
5 -0.001205 -74

#13 #14 #15
#23 #24 #25
#33 #34 #35
#112 #113 #114
#122 #123 #124
#132 #133 #134

i nside MOX fuel can
5 -0.001205 -73 74

#50 #51 #52

#60 #61 #62
#145 #146 #147
#155 #156 #157
#165

i nside MOX fuel can
5 -0.001205 -72 73

#74 #T75 #76

#84 #85 #86

#94 #95 #166
#174 #175 #176
#184 #185 #186
#194

301 1 -0.964 -31
302 1 -0.964 -32
303 1 -0.964 -33
304 1 -0.964 -34
Shi el di ng (| ead)

401 6 -11.34 -41
402 6 -11.34 -42
403 6 -11.34 -43
404 6 -11.34 -44
405 6 -11.34 -45
406 6 -11.34 -46
407 6 -11.34 -47
408 6 -11.34 -48

Tabl e (pl ywood)

501

7

-0.4785 -51

5 59999999 P99

(within the inner three rings of pins)

#5  #6  #7 #8  #9 #10 #11
#12 #106 #107 #108 #109 #110 #111
#16 #17 #18 #19 #20 #21 #22
#26 #27 #28 #29 #30 #31 #32
#36 #37 #38 #39 #40 #41 #42

#115 #116 #117 #118 #119 #120 #121
#125 #126 #127 #128 #129 #130 #131
#135 #136 #137 #138 #139 #140 #141
(within the second to last ring of
#43 #44 #45 #46 #A4T7 #48 #49
#53 #54 #55 #56 #57 #58 #59
#63 #64 #65 #66 #142 #143 #144
#148 #149 #150 #151 #152 #153 #154
#158 #159 #160 #161 #162 #163 #164

(within the outer ring of pins)
#67 #68 #69 #70 #71 #72 #73
#77 #78 #79 #80 #81 #82 #83
#87 #88 #89 #90 #91 #92 #93

#167 #168 #169 #170 #171 #172 #173

#177 #178 #179 #180 #181 #182 #183

#187 #188 #189 #190 #191 #192 #193

liquid volunes (EJ-309)

MP

zzZzzZZ
T TV TV

I
PR RR

22222222
T UTTUTUTUTUTUT

L T T U | T T 1
PRRRRPRRPEPP

| MP: N, P=1
pi ns)

I MP: N, P=1

I MP: N, P=1



502 7 -0.4785 -52 | MP: N, P=1
503 7 -0.4785 -53 | MP: N, P=1
504 7 -0.4785 -54 | MP: N, P=1
Source stand (styrofoan

601 8 -0.016 -61 | MP: N, P=1
Boundi ng sphere

999 5 -1.205E-3 -99 31 32 33 34 41 42

43 44 45 46 47 48

51 52 53 54 61 71 | MP: N, P=1
Qut si de uni verse
9999 0 99 | MP: N, P=0
END CELL CARDS- BLANK LI NE FOLLOWS
SURFACE CARDS
Det ector active volunes (det 1,2, 3,5)
31 RCC 40 0 0 12.7 0 0 6.35
32 RCC -40 0 0 -12.7 0 0 6.35
33 RCC O 0 -40 0 0-12.7 6.35
34 RCC O 0 40 0 0 12.7 6.35
Shi el di ng bl ocks
41 RPP 34.42 39.50 -10.16 10.16 -10.16 10.
42 RPP  -39.50 -34.42 -10.16 10.16 -10.16 10.
43 RPP  -10.16 10.16 -10.16 10.16 -39.50 -34.
44 RPP  -10.16 10.16 -10.16 10.16 34.42 39.
45 RPP 29.34 39.50 -15.24 -10.16 -10.16 10.
46 RPP  -39.50 -29.34 -15.24 -10.16 -10.16 10
47 RPP  -10.16 10.16 -15.24 -10.16 -39.50 -29
48 RPP  -10.16 10.16 -15.24 -10.16 29.34 39.
Tabl e
51 RPP 0.00 152.40 -15.875 -15.24 -43.
52 RPP  -152.40 0. 00 -15.875 -15.24 -43.
53 RPP -43.18 43.18 -15.875 -15.24 -195.
54 RPP -43.18 43.18 -15.875 -15.24 43.
Sour ce stand
61 RPP -7.62 7.62 -15.24 -7.77875 -7.62 7.
Can contai ning fuel rods (1/16in thick)
71 RCC 0 -7.77875 0 0 17.78 0 5. 56
72 RCC 0 -7.62 0 0 17.4625 0 5.40
73 RCC 0 -7.62 0 0 17.4625 0 4.23
74 RCC 0 -7.62 0 0 17.4625 0 3. 26626
MOX Fuel Rods
81 RCC 0 -7.62 0 0 15.24 O 0.47624
82 RCC 0 -7.58952 O 0 15.179 O 0. 424577

Boundi ng sphere
99 SO 250

END SURFACE CARDS- BLANK LI NE FOLLOWS

DATA CARDS

TR1 0. 9525 0. 00000 0
TR2 0.47625 0. 00000 0. 824889
TR3 -0. 9525 0. 00000 0
TR4 -0. 47625 0.00000 0. 824889
TR5 0. 47625 0. 00000 -0.82489
TR6 -0. 47625 0.00000 -0.82489
TR7 1. 786963 0.00000 0.478815
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42
50
16
16
34
50

18
18
58
18

62

43.18
43.18
-43.18
195. 58



TR8

TRO

TR10
TR11
TR12
TR13
TR14
TR15
TR16
TR17
TR18
TR19
TR20
TR21
TR22
TR23
TR24
TR25
TR26
TR27
TR28
TR29
TR30
TR31
TR32
TR33
TR34
TR35
TR36
TR37
TR38
TR39
TR40
TR4A1
TR42
TR43
TR44
TR45
TR46
TR47
TR48
TR49
TR50
TR51
TR52
TR53
TR54
TR55
TR56
TR57
TR58
TR59
TR60
TR61
TR62
TR63
TR64

1.
0
-1
-1
-0
1.
1
0.
-1
-1
-0

2
2

0

-2
-2

-0
2
2

0
-2
-2

308148
478815
. 78696
. 30815
. 47882
786963
308148
478815
. 78696
. 30815
. 47882

2.79
621742
137264

1.395
484478
-2.79
. 62174
. 13726
-1.395
. 48448
621742
137264

1.395
484478
. 62174
. 13726
-1.395
. 48448
. 71792
. 46455
. 97508
. 28286
. 43506
. 48947
. 71792
. 46455
. 97508
. 28286
. 43506
. 48947
. 71792
. 46455
. 97508
. 28286
. 43506
. 48947
. 71792
. 46455
. 97508
. 28286
. 43506
. 48947
. 71000
. 60708
. 30280
. 81047

[eNeojeoolololoNoloololooololoNeoololoNolooololoolololoNeololoololeolololololololololoNolololololoNoelolNolNeNe o)

. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000

1. 308148
1. 786963
0. 478815
1. 308148
1. 786963
-0.47882
-1.30815
-1.78696
-0.47882
-1.30815
-1.78696
0

0. 954236
1. 793377
2.416211
2.747614
0

0. 954236
1. 793377
2.416211
2.747614
- 0. 95424
-1.79338
-2.41621
-2.74761
- 0. 95424
-1.79338
-2.41621
-2.74761
0. 48947
1. 43506
2.28286
2.97508
3. 46455
3.71792
0. 48947
1. 43506
2.28286
2.97508
3. 46455
3.71792
0. 48947
-1. 43506
2.28286
2.97508
3. 46455
3.71792
0. 48947
1. 43506
2.28286
2.97508
3. 46455
3.71792
0. 00000
0. 97926
1. 91573
2.76847
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TR65 3.15161 0.00000 3.50021
TR66 2. 35500 0.00000 4.07898
TR67 1. 45547 0.00000 4.47948
TR68 0.49233 0.00000 4.68420
TR69 -4.71000 0.00000 0.00000
TR70 -4.60708 0.00000 0.97926
TR71 -4.30280 0.00000 1.91573
TR72 -3.81047 0.00000 2.76847
TR73 -3.15161 0.00000 3.50021
TR74 -2.35500 0.00000 4.07898
TR75 -1.45547 0.00000 4.47948
TR76 4. 60708 0.00000 -0.97926
TR77 4.30280 0.00000 -1.91573
TR78 3.81047 0.00000 -2.76847
TR79 3.15161 0. 00000 -3.50021
TR80 2. 35500 0.00000 -4.07898
TR81 1. 45547 0. 00000 -4.47948
TR82 0. 49233 0. 00000 -4.68420
TR83 -4.60708 0.00000 -0.97926
TR84 -4.30280 0.00000 -1.91573
TR85 -3.81047 0.00000 -2.76847
TR86 -3.15161 0.00000 -3.50021
TR87 -2.35500 0.00000 -4.07898
TR88 -1.45547 0.00000 -4.47948
TR89 -0.49233 0.00000 -4.68420
C

C------- SOUFrCE------- s s mm e e e e e o
C

MODE N

NPS 1. 25E8

SDEF ERG=D1 CEL=D2 POS=0 0 0 AXS=0 1 0 RAD=D3 EXT=D4 EFF=le-4
Sl L 3 4 38 39 40 41

SP1 0. 3624 0.0090 0.0583 0.2183 0.1082 0.2439

SI2 L 5 7 871 95

SP2 0.01111 89R

SI 3 0 5.4
Sl 4 -7.62 7.62
SP4 0 1
C
C------- POl iM-cmmme e e e o o
C
| PCL 99 1 2 1J 1 4 301 302 303 304 $M xed source
RDUM 0. 001 0.001
FI LES 21 DUWNL
DBCN
PRDVP 2J 1

¢ Anal og physics
PHYS:N J 20
PHYS:P 011
CUT: N 23 0
CUT: P 23 0
PRI NT 10 40 50 110 126 140
¢ MATERI ALS SPECI FI CATI ON
c Liquid scintillator EJ-309
ML PLIB=02p NLIB=60c
1001 0.5554
6000 0. 4446

131



Al um num

M2 PLIB=02p NLIB=60c
13027 1.0

Aged Pu-O fuel core

MB PLIB=02p NLIB=60c

92235 -0.00168 92238 -0. 74774 92234
93237 -0.00002 94238 -0.00009 94239

. 01528

- 0. 00002
-0. 11416 94240

94241 -0.00049 94242 -0.00022 95241. 04p -0.00181 08016

.11846
Fuel pin cladding
M4 PLIB=02p NLIB=60c
26056 -0.695319 24052 -0.
25055 -0.012833 14000 -O0.
42000 -0.000565 29063 -0.
13027 -0.000323 6000 - 0.
15031 -0.000161 4009 -0.
Air
Mb PLIB=02p NLIB=60c
7014 -0. 755000 8016 - 0.
Lead
M6 PLIB=02p NLIB=60c
82208 1
Pl ywood
M7 PLIB=02p NLIB=60c
14000 0.3289 15031 0.0899
17000 0.0112 19000 0.1044
24052 0.0037 22000 0.0025
26056 0.0049
St yr of oam
MB PLIB=02p NLIB=60c
1001 1 6000 1
TALLY SPECI FI CATI ON

185391
004681
000565
000242
000081

232000

28058
27059
22000
73181
16000

18000

16000 0. 0949
20000 0. 3015
25055 0. 0581

- 0. 096529
-0.000888
-0.000484
-0. 000161
- 0. 000081

.42c -0.013000

FC11 Neutron fluence crossing the detector faces

F11:N 31.3

E11 0 999i 10 19i 20 100
c11 01

FQI1 EC
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