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ABSTRACT

A significant amount of energy is released in nuclear fissiontadajority of that
energy is in the form of kinetic energy of the fission fragments.tdta¢ kinetic energy (TKE)
releasd by neutron induced fission of actinides is typically on the order of 180dvd is well
represented by a normal distribution with a typical full-width Inadiximum of 25 MeV. The
averag€el KE of fission events within a specific neutron energy range has been shpast
studies to have a dependence on incident neutron energy and although it hasllbeeasured
at thermal energyt has not been well characterizedagt energies. In this work, properties of
fission inTh-232 and U-233 were studied at the Los Alamos Neutron Science QeS8 CE)
at neutron energies from thermal to 40 MeV. Fission fragments eleserved in coincidence
using a twin ionization chamber with Frisch grids. Prompt neutrasseon was determined
based on novel applications of the General Description of Fissionv@bes (GEF) fission
model. The averageKE released from fission and fragment mass distributions were atddul
using the double energy (2E) analysis method based on conservation of massreardum.

The results showed an overall decrease in avardgewith increasing incident neutron
energy for both isotopes at a rate similar to other actinidss, &lis experiment confirmed a
region below 5.5 MeV of increasing average TKE for Th-232 observed bexastiments. The
fragment mass yield results revealed a bimodal distribution withaaeasing prevalence of
symmetric fission with increasing neutron energy for both isotopésuglh the symmetric
component was more pronounced for Th-232. These results were compargidetqpaments
at limited energy ranges and reasonable agreement was found. Eissswith symmetric
mass splits were found to be associated with lower average fidKeha increasing prevalence
of these events at higher energyhe primary driver of the overall decrease in average TKE.

Accurate experimental measurements of these parameterscassary to better
understand the fission process in isotopes relevant to the thoriugyélelin which Th-232 is
used as a fertile material to generate the fissile isd#ep83. This process mirrors the uranium
breeder process used to prodBee239 with several potential advantages including an inherent
nuclear weapons proliferation resistance and reduced actinide prod&ctidhese reasons,
there is increased interest in the thorium fuel cycle to fé@te energy demands and improve
safety and security while increasing profitability for the nucpeaver industry.
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CHAPTER1
INTRODUCTION

Nuclear fission is the primary reaction of interest in nuclegimeering due to the large
amount of energy that can be released from a small amount of muekedor some actinides,
the total kinetic energy (TKE) released by neutron induced fissioreeah 180 MeV on
average and is well represented by a normal distribution wythieat full-width half-maximum
of approximately 25 MeV [1, 2, 3]. The ability of this reacttorbecome self-sustaining in some
isotopes through a neutron chain reaction allows for this energyhiarbessed for either
electricity production or in nuclear weapons. Fission can occur spontgnasymart of
radioactive decay or it can be induced via neutron bombardment. Thétynafjdihe energy
released, approximately 85%, is generated as kinetic energyddayribe resultant fission
fragments and free neutroris f]. The averagd@KE released has been well characterized for
several actinide isotopes for incident neutrons at thermal energgyvaowhere are few
measirements at fast neutron energies. A study was published in 2006 oratipedotpt energy
release from fission, and its dependence on incident neutron eneriplyeomajor isotopes, U-
235, U-238, and Pu-239 as shown in figlire[5]. This study found that the energy released
showed a clear dependency on incident neutron energy, however, that deperadence w
inadequately understood. Estimations for average TKE at high neutron sveegeeoverly
reliant on model dependent interpolations and extrapolations made frormrexgel results
from incident neutron energies at 9 MeV or lower. Additional erpents were needed to fill in
the gaps and validate the models. To address this need, new expienvere commissioned to
measure fission at the Los Alamos Neutron Science Center$CA&) which houses a white
neutron source, meaning that neutrons are available at reasonablykigheit a broad
spectrum of energies. Incident neutron energies at LANSCE rangetitmthhermal to
approximately 600 MeV for different experimental areas at ttiétja

This work expands on those experiments to include two additional isoldp@82 and
U-233, the fission process of which is even less well charaetef6]. Measurements were made
of fission fragment energy using an ionization chamber with two bas#dio volumes capable
of detecting two fragments in coincidence. The samples wehedeposited on a thin carbon
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Figure 1.1 Neutron induced fission average total kinetic energy fetauted isotopes as
reported in a 200fetaanalysis by Madland [5, 7, 8, 9,]10

foil target mounted on a central cathode in the detector whiclpegisoned in the neutron
beamline. As fission was induced in the target isotope, fragmemnésemitted into both volumes
of the detector. The angle of emission of fragments was detefmangg signals from Frisch
grids. The angle information was used to make angle dependent eneggyians to the anode
pulse heights to account for differences between the two volumes. diffesences included the
momentum transfer of the incident neutron, the energy lost by the inag¢raneeling through the
target material and carbon foil, and small differences in threayathe preamps for each anode
signal. After accounting for a pulse heiglefect caused by non-ionizing collisions in the gas
the anode pulse heights reealibrated to energy to determine the energy of the fission
fragments and the total kinetic energy. Correlated measureofdnégment energy were used
to calculate the fragment mass distributions based on conservati@ssfand conservation of
momentum using the double energy (2E) analysis method. Using the whitennsaurce at
LANSCE, these measurememisere made across a broad range of incident neutron energies on a
continuous spectrum. This work presents measurements of thkinetat energy and fragment
mass distributions of Th-232 and U-233 and characterizes how thesgepersachange with

incident neutron energy from thermal to 40 MeV. Accurate expateheneasurements of these



parameters serve as valuable inputs for modeling and simulation chmsigé¢ems whichre
necessary for the development of future nuclear reactor designs.



CHAPTER 2
BACKGROUND

Thorium was studied extensively as a potential basis for a campletear fuel cycle
starting in the 19600s [11]. Despite multiple successful demansirafithorium based nuclear
fuel concepts, these efforts were largely abandoned in the 1988@s iof liquid metal fast
breeder reactors utilizing a uranium-plutonium based fuel cyckecknt years the thorium fuel
cycle has been the subject of renewed interest in part becaarsenafeased demand for new
advanced reactor concept designs with enhanced safety charactiénastadso improve on the
economic use of fuel B requirements which thorium fuel based designthbagotential to
meet. Furthermore, speculation of worldwide growth in demand for mymbeaer in general has
sparked an interest in establishing an alternative fuel souredidi thorium is the primary
candidate, to alleviate potential strains on uranium ore supplywichgrimary isotopes of
interest in the thorium fuel cycle are Th-232 and U-233. So, any eestor designs or fuel
handling facilities designed to take advantage of thorium fuel vgllire accurate measurements
of key parameters of fission for these two isotopes, primantia} kinetic energy released and
the fragment mass distributions. This serves as the primaryatioti for this work as well as
being part of a larger effort to obtain accurate measuremefission in a number of actinides

of interest for national security and nuclear deterrence applications
2.1 Thorium Fuel Cycle

The thorium fuel cycle uses Th-232 to genefla233, the fission of which provides the
primary source of energy in this fuel cycle. This is made possdslause Th-232 is a fertile
material, meaning that it can be converted into fissile nataa neutron capture and
subsequent nuclear decay. U-233 is a fissile material, which rtresrnsis a material which
readily undergoes fission by absorbing thermal or sub-thermal neutroasafhbe seen by the
high cross section for fission at low incident neutron energy, shown i fRjyrsimilar toboth
U-235 and Pu-239. In addition to being fissile, U-233 has a high overadl 2o8on for neutron
induced fission and exhibits a neutron multiplicity sufficient to sasianeutron chain reaction
making it a straightforward alternative for both energy production aagpaves. The Th-232
fission cross section has a threshold of approximately 1 MeV and neeg&rabove 1 barn even
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Figure 21 The cross section for neutron induced fission of U-233 is sinailtdrat of U-235 and
Pu239. Also pictured is the fission cross section for Th-232, usectéal hJ-233.

at high incident neutron energy making it only a minor contributor tortbegg production in
the thorium fuel cycle and not viable as a fuel source in its @t However, the purpose of
using thorium is to serve as a fertile material whereby nuti@asmutation occurs via neutron
absorption into Th-233, followed by a doublelecay successively infea233 and finally into
U-233. The two intermediate isotopes, Th-233 and Pa-233, hdvivka of approximately 22
minutes and 27 days respectively.

(- L0 O (0%1530*)’, 670%530*);,8 (2.1)
This process mirrors the uranium-plutonium breeder process used to prad@d8 from U-238
with several potential advantages including comparative greater aburadi@hcgum, higher
conversion efficiency, inherent weapons proliferation resistance gdnded actinide

production.
2.1.1 Abundance of Thorium

Thorium is 3 to 4 times as abundant as uranium and exists in ainost entirely as a
single isotope which simplifies processing into fuel by eliminatingree®d for isotope
enrichment [6]. It is also more widely distributed across thbegband is therefore a potentially
strategic option for countries without appreciable uranium deposi¢soiitiook for nuclear



power in general has been improving around the world with improvemepgiating
performance of existing nuclear power plants. With 60 new nucleaorsaurrently under
construction, and over 300 more proposed, the nuclear share of glob&tigtexutput is
projected to grow by 0.9% by 2025 to 438 GW as nuclear power gains recogsitiareliable
carbon-free energy source [12].1Growth has been particularly strong in Asia with increasing
interest in China, India, South Korea, and the United Arab Emir@igina alone increased its
nuclear power generation capacity by nearly 30% in 2017. Because g@fawi$, the thorium
fuel cycle has gained increasing interest as complimentary taioraaihelp ensure the long-
term sustainability of nuclear fuel as demand for nuclear powegases and to offset against
potential spikes in the cost of uranium ore.

2.1.2 Proven Technology

The thorium fuel cycle is a proven technology in a variety of nucksator designs
going back to the 19500s during the early days of nuclear power. Thorium-232eh&®n
absorption cross section of 7.4 barns, nearly three times ther@s/dfdJ-238. Therefore, as a
competitor to the U-Pu breeder fuel cycle, thorium is a supiertle material allowing more
efficient transmutation to fissile material. Since nattinatium does not contain any fissile
isotopes, such as in natural uranium with approximately 0.7 atoranéye235, thorium based
fuels have often been designed in combination with some amount of firsggeial. Thorium-
uranium oxide and thorium-uranium carbide fuels were successfully usagerimental high
temperature gas cooled reactors (HTGR) and light water reagiarntil the mid 19700s. Also,
thorium-tetrafluoride in combination with uranium-tetrafluoride haanb®uiccessfully
demonstrated in a molten salt breeder reactor (MSBR). Furbherthorium oxide has been
successfully employed for neutron flux flattening during startup iressprized heavy water
reactor (PHWR) and as a blanket material in a liquid nfasalbreeder reactor (LMFBR). The
proven application of thorium based fuels in this wide array of sedetsigns serves to highlight
the importance of better characterizing the fission process in he232 and U-233 over a wide
range of incident neutron energies.

The thorium fuel cycle has other advantages over the U-Pu fuel sycleas the high
average number of neutrons emitted from the fission of U-233 over aavige of incident
neutron energies. This means that the thorium fuel cycle can beegpertt fast, epithermal, or
thermal neutrons while the U-Pu breeder process requires ad@stmgpectrum. Furthermore,



ThO, has advantages in storage and handling since it is largely chigrmeal as compared to
UO_ which readily oxidizes to 4Ds or UGs.

2.1.3 Proliferation Resistance

Another advantage of thorium based fuel is that it has intrinsic cepitiferation
characteristics. During the production of U-233, the creation ofdeels of U-232 contaminant
is unavoidable due to (n, 2n) ahdlecay reactions in Th-232, Pa-233, and U-233. This isotope
of uranium has a relatively short half-life of 68.9 years andsiéa daughter products, such as
Rn-224, Bi-212, and TI-208, that emit high energy gamma radiation. Thisdoazaradiation
necessitates the use of special remote handling equipment and pre¢equotect personnel
from overexposure and therefore serves as an intrinsic prolerateventative by complicating
potential theft and making covert rerouting easily identifiable byateashi monitors.

Furthermore, the thorium fuel cycle produces much lower quantitigsitoinium and other
long-lived minor actinides, such as neptunium, americium, and curiundties the U-Pu fuel

cycle, which helps reduce the radiotoxicity of spent fuel simplifgtogage and disposal.
2.2 Need for Experimental Measurement

The average total kinetic energy released from fission has been shtave an incident
neutron energy dependency in a variety of actinides. To be utilizectieéfly this dependency
must be well characterized across a wide range of energleaeeiirate experimental
measurements in both Th-232 and U-233, the two major isotopes of therthoel cycle. The
existing literature on average TKE for Th-232 shows differencegleet experiments beyond
the reported uncertainties and does not include measurements beyond 5aS Sewn in
figure 2.2 [14, 15, 16, 17, 18, 19, 20, 21]. The literature on average di&&sed from fission of
U-233 relies heavily on measurements made at thermal neutron ersengylich
extrapolations are made to higher energies based on theoreticas fitddiel this work,
experiments are performed to measure the dependency of averageld@&ded from fission on
incident neutron energy for Th-232 and U- 233. This is performed BSGQE where
measurements can be made over a broad range of neutron energigsditbrarmal up to 600
MeV [22]. These measurements are made using a twin-chambered ioncretiober with
Frisch grids and a digital data acquisition system. The signalstfremrisch grids allow for the

extraction of fragment emission angle information which, in conjunetiimconservation of
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Figure 22 The existing literature on the average TKE from fission of Ths2@Rvs
disagreement between experiments greater than the reported umtgartdia lack of any
measurements beyond 5.5 MeV. Also shown are results from the GBescaiption of Fission
Observables (GEF) model from the OECD Nuclear Energy Agengy [23

mass and conservation of momentum, allow for the calculation ghéagmass distributions
and how that distribution evolves over a broad range of neutron energoesdiig to a 2005
study published by the International Atomic Energy Agency (IAEA) on the patdygnefits

and challenges of the thorium fuel cycle, the lack of availableeaudata on the fission of both
Th-232 and U-233 from experimental measurements was presented astialpas& to further
development [6]. The experimental measurements made in this dandgsa and significantly
reduce that risk.

2.3 Fission Data Campaign

This experiment was performed as part of a larger effohieatds Alamos National
Laboratory to acquire several accurate experimental measuremeestsary to better the
understanding of the fission process and obtain data necessary forticejariticality. Other
related efforts include the fission time projection chambesi@id PC) and the spectrometer for
ion determination (SPIDER). The fissionTPC is a MICROMEGA&cter with two volumes
and position sensitive anodes on either side of a central actirgeé fais operated by the
neutron induced fission fragment tracking experiment (NIFFTE) collibardt measures

fission cross sections with high precision with a goal of lessdha&qual to one percent



uncertainty [24]. Tracks of ion pairs generated by ionizing radiation,asifibsion fragments,
particles, and recoils from neutron scattering, in a gaslfédhamber are drifted across the two
back to back volumes of the chamber. A Townsend avalanche amplifigsatige prior to
collection on finely pixelated pad planes. This makes it possbiecbnstruct the full three
dimension tracks of each ionizing particle which is utilizedpiticle identification and greatly
reduces the systematic uncertainty in cross section measuremen®8PIDER experiment
utilizes a two arm spectrometer with a central fissitgét. The goal is to determine fission
fragment mass distributions with a resolution of better than emeé@mass unit (u) using the
double energy double velocity (2E2V) method, however, it is limiteckbgmely low
efficiency. The fragment mass distributions found in the experipresented in this work are
complimentary to those found with SPIDER, despite being lower resoj@ince they are
performed at much higher efficiency. Complimentary measurementswideultiple
instruments under the same experimental conditions serve to providienoa to the

measurements and add to the understanding of the fission process.



CHAPTER 3
THEORY

Nuclear fission is a reaction in which an atomic nucleusssplio two or more lighter
nucleireferred ¢ as fission fragmentg&issionis often associated with the release of free
neutrons and gamma rags well as @onsiderable amount of energy, primaabkinetic energy
in the fragments. It can occur as a part of radioactive decayra sare heavy isotopes, such as
Cf-252, and in theseass is referred to as spontaneous fission. Othenigson is often the
result of a bombardment reaction in which subatomic particles sunbusrons collide with the
nucleus. Nuclear fission is the basis of nuclear weapons arsbithal reaction utilized by
nuclear reactors to generate heat which in turn is used to gesbetricity in a nuclear power
plant. This is most commonly achieved by generating pressurized stdamthen does
mechanical work on the rotating output shaft of a steam turbine.

3.1 History

Nuclear fission was discovered experimentally at the K&i8krelm Institute for
Chemistry in Berlin by Otto Hahn and Fritz Strassman in Déeerh938 and explained
theoretically the following month by Lise Meitner and Otto Friscbweden [25, 26]. Building
on the discovery of the neutron by English physicist James Chadwick in 1932cadéslef
research into the science of radioactivity, Hahn and Strassmfannped an experiment in which
they bombarded uranium with neutrons and found that one of the products was béeitner
and Frisch proposed the explanation that the uranium nucleus becomes \aiewfstr the
absorption of the neutron and as a result splits apart, a prbegssamed fission after the
biological process of cell fission.

The mass of the original nucleus is greater than the compositeahtne fragments and
the difference is released as energy according to the egl@eian; *. The difference comes
from the binding energy between nucleons. The energy release camiagegsfrom the
difference in the U-238 binding energy per nucleen and that of daughter nuclei with half the

mass<;) which can be found from the plot in figurel3
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For isotopes at 119 u the binding energy per nuclesp is= 8.5 MeV/u and for U-238, - =
7.7 MeV/u. The total energy released is approximated according falltheing equation.

> ? <,- @G\BCD9 EFGMeV (3.1)
Once it was realized that such a large amount of erveagyeleased for each reaction, fission
immediately became the subject of intensive research for both geweration as well as
military weapons applications. The first human-made self-sustamiclear chain reaction was
achieved in 1942 at the Chicago Pile-1, an experiment led by Enrico & part of the
Manhattan Project to develop nuclear weapong [A71951, the Experimental Breeder Reactor
EBR-1 in Arco, ldaho became the first nuclear reactor to productieigcby illuminating four
light bulbs and in 1954 the APS-1 in Obninsk, Russia became the firstiopal nuclear power
plant with a net output of 5 MW. Since then, nuclear power has spaédiwide in a variety of
unique reactor designs. As of April 2017 there were 451 nucleaorgagterated by 30 different
countries generating over 391 GW of power making up approximately 16% totahe
electicity produced worldwide [28]. Nuclear power has also been extendedribme
propulsion in submarines, aircraft carriers, and arctic icebreakel has been explored as a
potential power source for future spacecraft designs. Nuclear powtnues to expand in

several countries with 60 new nuclear plants currently under constructi®ncountries. The



enduring importance and expansion of nuclear technology has continued to fest inte

research in nuclear fission and the nuclear fuel cycle.
3.2 Neutron Induced Fission

Neutron induced fission occurs after a target nucleus absorbs amineedéron
resulting in an excited compound nucleus. Then, the combined system unciames
deformation and, depending on the target isotope and the energy of demimzutron, it is
possible for this to cause the nucleus to rupture into typicallyragments. The moment of
rupture is referred to as scission, and once separated, dheefits accelerate away from each
other due to Coulomb repulsion. The fragments, normally neutron-reehjghly excited and
initially decay by neutron emission or, if the excitation energy igredt enough to overcome
the neutron separation energy, by gamma emission. This promptamnussurs on a timescale
of 10 D 10 seconds, after which fragments will commonly decay bynission. Some of
these daughter products then undergo additional neutron emission. Thesé delday@ns make
up a minority of the neutrons released in fission and occur on a taleeafc10* B 10" seconds
This is several orders of magnitude later in the fission prdabhassprompt emission, however,
delayed neutrons play a key role in controlling fission in a nuclearare® schematic of the

neutron induced fission process is shown in figue 3

Z,A-1

Figure 32 A schematic of neutron induced fission. The neutron, shown in gseieigjdent ora
target nucleus, shown in blue, and absorbed. The excited combined ayskeroes shape
deformation and then scissions into two distitsgion fragments which accelerate away from
each other due to Coulomb repulsion. The excited fragments emippnautrons and gamma
photons. Subsequehtdecay leads to delayed emission.
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Neutron bombardment is the most common method of generating powelidston f
since it can be achieved and controlled as part of a selftsagtahain reaction. This is possible
because some isotopes, such as U-233, will readily fissioraafterbing a neutron even at very
low energy. The neutrons released from that fission reaction thentgacause additional
fissions creating a chain reaction that can be controlled in a nuebeor using neutron
absorbing materials to regulate the neutron population.

Fission typically produces two fragments of unequal esessd the majority of the
energy released is transferred into the kinetic energy of tregménts, typically 160 B 180
MeV [29, 30] The partitioning of energy between the fragments is dependent oratisesn
according to conservation of momentum with the lighter of the twgiogroff a greagr share
of the energy. The sum of the kinetic energies of the fragnetits total kinetic energy, the
variation of which follows a normal distribution with a full-widthfrelf-maximum of
approximately 25 MeV [1, 30The average TKE released varies with the energy of the incident
neutron, however, this dependency has only been measured for a small oLadberdes and
typically only at incident neutron energies below 8 MeV [4, Z8ere is a need forraore
thorough characterization of this relationship for new isotopes amdtetr neutron energy for
both civil and defense applications and this serves as the pnnairyation for the research in
this work.

3.3 Fission Fragment Mass Yields

Nuclear fission is a process governed by many parameters atiagethisoretical models
are unable to fully characterize this complex reaction. The yalsls of fission fragments serve
as one of the most important empirically observable parametiérswwich to benchmark the
performance of any nuclear fission model. Furthermore, knowledge ofaseyields is
intrinsically important since fission fragments accumulate &ctags during operation and affect
performance. Some isotopes generated from fission can adtesaerteutron source, potentially
causing temperatures to rise to dangerous levels, or as a ngoison, such as Xe-135, that can
have a large enough effect to cause a nuclear reactor to shutatcsewdral hours. Mass yields
also directly affect procedures required to handle spent nucleairfaelthe particular chemical
characteristics as well as decay heat from fission fragnmaptects safety and storage
requirements for the first 50 B 80 years after extraction &oeactor [3]L



At low excitation energy, fission of actinides typically producgsrmasetric mass
distribution in the resultant fragments. This asymmetry is thdtref nuclear shell effects which
favor special energy minimizing nucleon configurations [32]. This tegsulell-defined heavy
and light fragment peaks in the mass yield with little to ngrfrants between the two. As
incident neutron energy increases, thereby increasing the excitatioe@dmbined system, a
symmetric fission mode becomes increasingly prevalent whichiélsalley between the two
mass peaks. The manner in which this occurs varies by isotope amwd thorough

understanding of this process helps to drive the development of fissionsmodel
3.4 Fission Models

Immediately following the discovery of fissipan explanation of the reactioras
provided by treating the nucleus as a dense drop of charged incompreggiblEhils came to
be known as the liquid drop model and although it does not account for deste sfich as
nuclear shell structure, it continues to provide a useful pictutteedissioning nucleus to this
day. In this theory, the nucleons are held closely together by theintmiee, similar to the
molecules in a droplet of water, which helps explain the sphestiegle of most nuclei. Fission
occursasthe nucleus overcomes a potential energy barrier when the deforwfatt@nucleus,
caused by the addition of energy by an incident particle such as a neetromes great enough
to allow Coulomb repulsion between the protons to ok -the attractive nuclear force between
all nucleons. This is illustrated in figure33aken from ref [3B

The next stage in the development of nuclear fission theory wasrthempirical mass
formula developed by Carl Friedrich von WeizsScker which built upoligtkid drop model and
incorporated some experimental observations. This formula estithatbs1ding energy of a
nucleus expressed as the sum of five factors: the volume energytionmogddo the mass, a
surface energy term, Coulomb repulsion, asymmetry energy, and a peéfieicigoetween like
nucleons. This formula provides a good approximation for atomic rsasslbas explains some
factors observed in nuclei unresolved by the liquid drop model. Thesesfautiude the
inequality between protons and neutrons in heavy isotopes and why an even numaloéraufs
tends to be more stable than an odd number.

These models were inadequate to explain some basic propertieéeosoab as the
predominantly asymmetric division of mass in fission fragments d$ymmetry is caused by
single particle effects as described by the nuclear shell mdueth \&ccounts for quantum
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Figure 33 A schematic of the liquid drop model of fission [33] (a) Rb& energy contours for
a fissionable nucleus as a function of multiple deformation paeasadthe dashed line

represents the minimum energy path to fission. (b) The potentigyealeng the minimum
energy trajectory for increasing elongation.

effectsfrom the wavefunctions of individual nucleomdodern fission theory incorporates both
macroscopic properties of the nucleus as a whole as well assgopic properties of individual
nucleons. This has given rise to potential energy surface models mvagbut multiple fission
channels and can predict fragment energy and mass distributionspke sdrane of thee

models is shown in figure.8taken from ef [34] which shows different fission modesabt>-

236 nucleus. Development of these models is based both on theory and extaérim
measurements. Saddle points in the surface are of particeersnsince these map out the most
probable fission channels. Monte-Carlo simulations are run on theesunfadels to determine
the probable outcomes of fission under various conditions. Extending thdsésrima large

range of incident neutron energies introduces uncertainty and new expatidata is necessary

to adjust parameters to improve the predictive capability of thelmode
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Figure 34 A potential energy surface model for fission of a U-236 nuckome essential

features of the full five dimensional potential energy model arershole red crosses indicate
locations of key saddle points [34].

3.5 Frisch Gridded lonization Chamber

The detector used in this experiment was a twin chambereationmzhamber which
provides high intrinsic energy resolution up to approximately 200 keV, coeary a # solid
angle, and can detect fission fragments in coincidence which regits noise caused by
particles from radioactive decay [35]. Furthermore, each volurtteeabnization chamber was
equipped with a Frisch grid which can be used to deduce the angléssiognof each fission
fragment which allows for angle dependent energy corrections to beduadg analysisThis
is possible because the charge induced on the grid relative to the onahe anode is relative
to the angle of emission

For each fission event fragments are emitted from the targethmtdetector volume on
both sides of the cathode. As the fragments travel through the voluynenitiergo ionizing
collisions with the molecules in the fill gas creating a streaaped cloudfeelectron-ion pairs
along their path. The ions drift toward the cathode and the elettwwasd the anodeés
shown in ref [3§in the ideal case the total charge induced on the catfjodethe result of the
charge from both positive ions and from the negative electrons along itleetiek length
given by the following equation.
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H9..J? .*JKNOPQSQ . +JKE? NOPQS (3.2
Here,. « is the total initial number of electron-ion pairs produder, the fundamental chargs,
is the distance between the cathode and the gricR @the angle from the normal to the
cathode. The distance from the origin point of the fragment on the targey particular ionized
pair isL and the average distance to all ionized paif¥vgich corresponds the center of the
electron cloud. The grids act as a charge shield for the anodds pveivents the ions from
inducing any charge on them. This shielding is imperfect and is tedlréar during the analysis.
Under the ideal case, the charge on the anode is from electrgreftentthey pass through the
grid and given more simply as:
Hr9 ?..J (3.3)
Since charges are produced in the ionization chamber as pameggite/e and positive
components cancel each other out for a total chargerofThe charge on the grid, can then
be found using the following relationship.
H - H- H 9 G (3.4)
After the electrons have passed through the grid, the remaining dmatige grid is the resuiff
the charge induced by the ions still present in the gas since theltinaough the volume on a

much slower timescale. From the previous equations, this cbargpe grid is found to be:
M
Hy 9 .. JKSOP@S (3.5)
Since this experiment uses charge integrating preamplifierputbe heights on the anode and
grid, V andWrespectively, are proportiont the charge induced on them. This proportionality
together with equation 3.5, gives the following relationship.

w M
gVl 3.6
v Xy OP@ (3.6)

The ratio between the grid and anode pulse heights can thereforallie determine the angle
of emission of each fission fragment by normalizinglN which is determined
experimentally as detailed in section 5.4.2 using the method &fnfi37, 38]. This relationship
is essential to making angle dependent corrections to the anode pulseécdagbtmine the
energy of the fission fragments. A schematic ofdffiect offragment emission angle on ttieme
dependent charge induced on the grid is shown in figére 3



Grid Signal

I'IOE -

Q()
o

cosO =1
cos® =05 | |
cosO =0

Time

Figure 35 The time dependent induced chaky&@on the grid shown for three different
fragment emission angle®P® = 1 shown in blueDP@ = 0.5 in green, an@P® = 0 in orange.
Fission occurs at timg and all electron ion pairs are produced nearly immediatelycé&hier
of the electron cloud passes through the grig] and all electrons pass througtZat



CHAPTER 4
EXPERIMENT

This experiment was performed using two target isotopes and artimmizdamber with
twin back to back volumes capable of detecting fission fragmentsrinidence. The targets
were irradiated via a white neutron source powered by the 800 M&r hioeelerator at the Los
Alamos Neutron Science Center (LANSCE). Two samples werk ose of Th-232 and the
other U-233, which were deposited onto a carbon foil backing thin enougbwofisbion
fragments to transmit into both volumes. The target was mountbd mitldle of a central
cathode positioned in the neutron beamline and as fission was induced loy heuttbardmen
on the target, fragments were emitted into either volume afdtextor. The fragments deposited
their energy in the detection volume by undergoing ionizing collision Wwihrtolecules in the
fill gas. The resultant electron ion pairs generated signaheiddtection surfaces of the
ionization chamber including the cathode, two anodes, and two FrischTgretse signals were
captured by a waveform digitizer, which utilized a series of trggtgeensure that fission events
were observed, and stored the raw signals for later processingalpsia

4.1 Facility

This experiment was conducted at the Los Alamos Neutron Scienter JeANSCE) a
linear particle accelerator (linafgcility at the Los Alamos National Laboratory (LANL). The
linacis capable of accelerating both negative hydrogen ions and protons up to 8G0dWeig
it one of the most powerful linear accelerators in the woitheé. dperation of this facility begsn
with two injector systems, one for each of the two types of cgrgdicles H* and H. Both
injector systems utilize a 750 keV Cockcroft-Walton generatorgdedito produce a high DC
voltage from a low AC input, paired with an ion source. The chgrgditles are then subjected
to a series of oscillating electric potentials along a lipadéin designed to greatly increase their
kinetic energy. After leaving the ion source the charged particdesjacted inta 201.25 MHz
drift tube linear accelerator bringing them up to 100 MeV. Thegbestthen travel 700 m down
the third and longest stage of the linac through an 805 MHz side-coaligg Imear
accelerator which delivers particles at a spectrum of ersengi¢o 800 MeV. The charged
particles are then separated and directed into one of five exgreainfiacilities, each of which
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houses several flight paths and experimental areas, allowing nféergml types of experiments
to be conducted simultaneously. Sh&arious experimental areas and user facilities provide the
scientific community with an intense source of neutrons enablingisg@s in support of both
civilian nuclear technology as well as national security research.

Two experimental areag LANSCEwere used to take measurements, the Weapons
Neutron Research (WNR) facility and the Lujan Neutron Scatt€anger. Each utilizes a
spallation source for neutron production and are white neutron sourcespndtcite neutrons
on a continuous spectrum of energy. WNR produces neutrons at fast anéittpe Lujan Center
produces them from sub-therntalepithermal energy. By combining measurements at both
facilities, this experiment obtadd measurements across a full spectrum of neutron easrgy
shown in figure 4.1. This figure shows the fission yield of U-235 atvibeexperimental areas
used in this research which includes flight path 12 at the LujaniCshtavn in black, and the
90-Left flight path at WNR, shown in red. This energy range spansldverders of magnitude
with approximately 100 keV overlap between the two facilities tiaguin a continuous
spectrum from sub-thermal to hundreds of MeV. The apparent discontinuftg spectrum just
below 0.1 eV, which corresponds to a time of flight of 6 ms at 2@ the result of a
downscaling component used in the trigger logic due to unnecessarily highatdatbelow that
energy.

O N Sy S e | — Lujan FP12 (100 bin/decade) |73
i : ' ' ' ' : ' {| — WNR 90L (50 bin/decade) |1

[ ] 1 1 ] ' 1 1
TV PSS N S AN L — S — R e E——
F ] ' ' ] ' ' ] 1 : 1 3

Counts

10° | f f | f f e R e

) : : : : : : : : : : :
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50000 9150 1445 250 46 1.45 0.16

Time of Flight at 20 m (us)
Figure 4.1 Fission yields at WNR 90L, shown in red, and Lujan c8igfler path 12, shown in
black, as a function of incident neutron energy. Also shown is thesponding time of flight
for a neutron to travel the length of a 20 m flight path. Evertts avtime of flight greater than 6
ms are downscaled by a factor of 20 due to high data rates [39].

! 20



At WNR the high energy proton beam is directed onto an unmoderated tungste
spallation target which generates neutrons from 200 keV to approkir6@teMeV. Spallation
occurs as protons from the linear accelerator impinge upon the he@ggen nuclei forcing
them to disintegrate and undergo transmutation. As the heavy nucleapaaéla large number
of fragments, referred to as spall, are produced which then ede@olarge number of neutrons
into the target area. At WNR, the proton beam is deliverddrgtet 4, a large cube shaped
shielding area which contains the tungsten spallation target. The negjgrotesl during
spallation are then collimated down one of seven flight paths atugaangles towards each of
the WNR flight paths, resulting in a unique neutron energy spectugath aredl he
experimental area used at WNR for this experiment was thef@@ight path, so called because
it is positioned 90 degrees to the left from the direction of th@piotamline. Figure 4.2 shows

a schematic layout of the WNR flight paths.

//

protons

Side View

I protons

Figure 4.2 Schematic of the WNR facility. This experimeas wonducted in the 90L flight path
in the lower left of the graphic. The inset at the top right sreogide view of the proton beam
incident on the spallation target which is a small cylinder of tengsuspended within a large
cube shaped shielding area known as Target 4.



The 90L experimental area is a 3.4 8.2 m area surrounded by concrete shielding and
housed within the WNR superstructure. The neutron beam enters througgatheort, located
on the wall at one end of the experimental area and exitsaagrapugh the beam dump on the
opposite wall. The beam dump is a 0.5 m diameter hollow metathmapés 25 m long. The
length of the beam dump serves to minimize backsealterutrons in the experimental area.
The ionization chamber used in this experiment is positioned in thdibedratween the beam
port and the beam dump. This experiment shares the 90L flight gatthevifissionTPC, amall
time projection chamber, positioned in the beamline upstream hismxperiment and
approximately 1 m from the beam port. The neutron beam passes throtighitimd PC before
reaching the ionization chamber. The energy loss of the neutrons phssungh the
fissionTPC, as well as through the detector window, is negligbl@lacing these experiments
in the beamline together does not affect the quality of the measaoteTwo concrete walls in
90L are positioned to protect personnel in an adjacent data acquisaiorfrom the radiation
hazard generated by the neutron beam. The beam port is equipped witera whith can be
closed to stop neutrons from entering 90L thereby allowing experimeafesccess to the
flight path even while the linac is in operation. The shuttelss @quipped with permanent
sweeping magnets to remove charged particles emitted from thetispaiarget. Steel inserts in
the shutter are used to further collimate the neutrons resutaengeam diameter of
approximately 4 cm. The layout of the 90L experimental area is simofigure 4.3.

For measurements below 200 keV of incident neutron energy, this egpéemas
moved to the Lujan Center, adjacent to the WNR, where the protanibekelivered to the 1L
Target area. Figure 4.4 shows a schematic layout of the LANi®€ar accelerator with the
Lujan Center shown in the lower right. Here, protons strike a\glter cooled split tungsten
spallation target to generate neutrons with a flux trap and bateksogtmoderator system. A
light water moderator is used to generate thermal neutrons aqudchHydrogen moderator
generates sub-thermal neutrons. These low energy neutrons have easitipifonger time of
flight than those generated at WNR, so to provide a suitable tstingture for time of flight
measurements a proton storage ring compresses 625 ps pulses flioacthmto 290 ns before
delivery to the spallation target. This compression has the addedt leémetreasing peak

power by three orders of magnitude resulting in a higher neutron flux.
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Figure 4.3 Schematic layout of the WNR 90L experimental asaaewed from above.
Dimensions are approximate. The neutron beamline, shown in greers e experimental
area via the beam port and passes through the fissionTPC detéatenrbaching the ionization
chamber used in this work and then finally exits 90L via the beanp.dinb concrete barriers
shield the data acquisition area located just outside the flight path
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Figure 4.4 Layout of the LANSCE linear accelerator and agsocéxperimental areas. This
experiment is conducted at the Lujan Center flight path 12 and WNR 90L.
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The proton beam from the linear accelerator is not constanty raiheulsed, which in
turn causes the neutrons to be generataguised timing structure as well. This makes it
possible to determine the energy of the neutron that causes eamh é&gent by measuring the
time difference between the accelerator pulse hitting the 8pallarget and the fission reaction
in the detector, or the time of flight (TOF) across the flggth. This enables experiments to
measure the energy dependence of fission properties in a single expdéeh The timing
structure of the beam consistsaderiesof pulse trains, referred to as macropulses, made up of
shorter micropulses. Each micropulse is nominally 125 ps long and thepared by 1.8su
The macropulses are delivered at 40 Hz and are approximately @a8husesulting in about
375 micropulses per macropulse. The 1.8 pus micropulse spacing isetdhéte lower limit for
measurable incident neutron energy at 90L of approximately 200 keV suncenseof any

lower energy would have a time of flight that exceeds the microppksang.
4.2 Detector

Properties of neutron induced fission of both Th-232 and U-233 were meastlrisd
experiment using an ionization chamber with two volumes and Frisch §hddarget isotopes
were deposited on carbon backings thin enough to allow transmittanssiof firagments so
that fragments could be detected in coincidence in both volumes oftdotodeThe chamber
was fed with a continuous supply of P-10 fill gas, 90% argon and 10% methainéained at
constant pressure by a pressure controller on the inlet while hlhastxate was monitored by a
flow meter. The detector had five output signals, two each frbrareanode and grid and one
from the cathode. All five signals then fed into nearlgams. The preamp from the cathode
was mounted directly onto the outside of the chamber to prevent arof lowgng resolution in
connecting cables. From the preamp, the cathode signal was sémitogdilter amp and
finally on to the data acquisition system. All other signals weettly from the preamp to the
data acquisition systeas well asa timing reference signal from the linear accelerator. The
electrodes of the ionization chamber were biased by external higlyeg®tiM power supplies
which were connected to the detector through the preamps while thevgrelgrounded via a

terminator. A schematic layout of the detector setup is shofgure 4.5.
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Figure 4.5 Schematic layout of the detector system including treatem chamber and
supporting hardware. The P-10 gas was fed into the experimergdt@mea bottle located
outside the flight path. A pressure controller permitted gas todwinuously while
maintaining constant pressure. Exhaust flow was monitored by a féder.nbetection signals
exitedthe backside of the ionization chamber into preamps for the cathqdb€@nodes (A0
and Al), and the grids (GO and G1). The appropriate voltage biagessercomponentsere
applied via the preamps. Signals were then passed to the datatiacgsystem, shown in this
schematic as a single component.

4.2.1 lonization Chamber

The detector used in this experiment was a steel bodied egéhamization chamber
with two detection volumes and Frisch grids. The electrodes were atiastearallel plates and
the two detection volumes weepositioned back to back on axis along the beamline. Each
volume had a circular anode with a Frisch grid and a shared cathosebéhewo. Two Ortec
495 high voltage power supplies provided the bias with the anodes at +1000h¢ @athbde at
-1500 V while the grids were grounded via a terminator on the preampclihigle target was
supported at the center of the cathode allowing fission fragmentstton® either volume as
shown in the schematic in figure 4.6. The anodes and cathode eachadagsaf 6 cm while
the Frisch grids had an inner radius of 4.5 cm. The Frisch gads eemposed of 0.05 mm
radius wire with 1 mm grid spacing. The distance from the catiooei¢her grid was 3 cm while
the grids were separated from the anodes by 0.7 cm. Figure 4.7 thleosetector electrode and
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A0 GO C G1 A1
Figure 4.6 A schematic of the ionization chamber used in thisimgrer The different
components are labeled as AO and GO for the anode and Frisch gradufoie zero, A1 and G1
are the anode and grid for volume 1, C is the shared cathod®ramesents the angle of
emission of the fission fragments measured from the centsahbprg the neutron beamline.

Figure 4.7 Photo of the interior of the detector. The largeleircomponent at the base is one
of the end caps of the ionization chamber pressure vessel. Mounted aretthie two anodes
with nearby Frisch grids for either volume and the cathode in the mAldienium target is
positioned at the center of the cathode.

grid assembly removed from the pressure vessel. Also shown is senergessel back end cap
which supports the signal feedthroughs.

The ionization chamber itself was supported on a steel stan@dnvétjustable mounting
apparatus which permitted precise changes to the position and helightdeftector without
moving the entire assembly. This made it possible to fine tune theoloof the detector to



ensure that the target was positioned in the center of the beafijuse4.8 shows the full
detector assembly, along with adjacent CAMAC crate, gas supgyprassure control unit, in
the 90L flight path. A second stand of the same design was placeghirpfith 12 at the Lujan
Center so that the detector could be moved between facilities pvederving the original

position of the stand.

. s
Figure 4.8 Photo of the detector set up in the WNR 90L experivaeta The cylindrical
ionization chamber was positioned at the top of an adjustable stdndttaiched gas lines and
preamps. The pressure controller is visible in the lowerdsting on the stand base. The crate
on the right housed the high voltage biases and the timing filteaachjt supplied the low
voltage power for the preamps.

4.2.2 Targets

The cathode supportékde sample target material which was positioned at the center of
the cathode normal to the beamline. There were two samplesubesi experiment, one
containedlh-232 and the other U-233. Both samples were supported on a thin1D0@/cn?
carbon foil backing which was itself secured to the cathode by aitbular aluminum ring. The
samples were deposited on one side of the carbon foil resultingumpdesside and a backing
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Figure 4.9 The targets used in this experiment consisted af altiminum ring 4 cm in
diameter with a thin carbon foil in the middle with a 2 cm di@amddeposited on one side of the
carbon foil was one of two target isotop&s-232 or U-233.

side of the target as shown in figure 4.9. Fission fragmentseeinfiidtm the backing side must
travel through the carbon foil before reaching the detection volurakingsin additional energy
loss. Both targets were made by the nuclear chemistry reggargh at Oregon State University
led by Dr. Walt Loveland [40

The thorium sample consisted of a full circle deposit of 603.6f jigptopically purerlh-
232 with 192.1 pg/charea density and was prepared by thermal volatilization. Thetpact
this sample was 2.449 Bq with a hidé of 14.05 billion years and decayed 'bgmission to
radium-228. The uranium sample was also a full circle depositdmsined 226.1 pg of
uranium which was isotopically greater than®&om percent U-233. This sample fzadarea
density of 72 pg/crhand an activity of 8.38 10* Bg. The half-life of U-233 is 159.2 thousand
years and decays Byemission into Th-229. Constant current density molecular plating was
used to create this sample [40]. The plating solvent used in dusgs, an isopropanol-
isobutanol mixture, has been shown to result in a residual layesiaifedt solvent molecules on
the surface of theatget referred to as crud [41]. Fission fragments ted/rough this solvent
layer resulting in energy loss due to scattering interactions.efleigy loss was corrected for in
the same way as energy loss caused by fission fragments tratetingtt the backing and target
material itself.

4.2.3 Gas System

The ionization chamber uses P-10 fill gas which is 90% argon and 1@%&maeThe
argon is chemically inert and when an ionizing particle, such iasiarf fragment or ah

particle, enters the volume it collides with and ionizes the acggating a positively charged



argon atom and a newly disassociated electron, referred taas @@ear. As the ionizing particle
travels further through the fill gas it undergoes additional collistoeating a trail of ion pairs
along its path. The quantity of ion pairs produced in the gas is propottiotie energy of the
ionizing particle as the particle eventually deposits all ofriesgy in the gas. An electric
potential difference between the cathode and the anodes causestitomgland ions to drift
apart in opposite directions. The ions are detected in the cathodeprbicdes the timing
signal and the electrons are detected in the anodes which providethg signal. The methane
acts as a quench gas which reduces the occurrence of spurious malsas lay free electrons
liberated from the cathode surface when the argon ions neutraéze@ing into contact with
the cathode. The chamber was pressurized to 95 kPa with aatlwwfriess than 100 sccm using
a Druck DPI1 530 pressure controller located on the inflow side afetextor. This pressure is

slightly higher than atmospheric pressure at the altitude wheexpeeiment was conducted.
4.3 Data Acquisition

Data acquisitiowasread from six channels, two from each of the two anodes, two from
the Frisch grids, one from the cathode, and the final signal wagtietimear accelerator. The
accelerator delivered a pulse signal when the proton beam rahehteiigsten spallation target
and therefore served as the start signal for the neutron tirhghtf The signal from the cathode
was created by electrons moving away from ions in the gas and was usedsteyt signal for
the neutron time of flight. The anode signals were used to determeie@érgy of the ionizing
particle in the gas and the signals from the Frisch gvets used to determine the angle of
emission of the particle.

All four signals from the anodes and grids were fed outside the tmmzzhamber
pressure vessel by BNC connectors and shielded cables. Each cighesethen passed
through a Mesytec MPR-1 charge integrating preamplifier prior tozhgon. The cathode
signal was passed through a CSTA 2HV charge sensitive preampbifierized for fast sub-
nanosecond timing resolution. This preamp was mounted directly onto tidemftthe
chamber pressure vessel to prevent any loss of timing resolutiondroreation cables and the
timing output signal was used which had a short decay constant. FigustawBXhe backside
of the ionization chamber which displays the BNC feedthroughs and psedime cathode
signal was then fed through a timing filter amplifier, Ortec nhddd, which increased the
amplitude of this bipolar signal by a factor of 10 from approxim&élynV to 500 mV. This
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Figure 4.10 Photo of the backside of the ionization chamber withugasignal and gas line
connections. Anode and grid signals were connected to preamps mountedetec¢he stand
as pictured with yellow casing, by BNC connectors and cables. Tinedeapreamp, with silver
rectangular casing shown at the top of the photo, was mounted directiheritackside of the
detector by BNC connector.

increase in amplitude allowed for more accurate characienzatt the onset of the signal. The
time difference between the cathode pulse and TO from the linegleestor was used to
measure the time of flight of the incident neutron which was substguesed to calculate the
neutron energy for each fission event. The low voltage power for albfeeamps and the timing
filter amplifier was supplied by a Phillips Scientific model 708MAC crate located adjacent to

the detector in the flight path.
4.3.1 Waveform Digitization

The acquisition hardware consisted of a CAEN VX1720 VME 12-bit veawretligitizer
mounted in a CAEN VMEB8100 crate which provided power, ventilation, aritithted contral

This digitizer provided a sample rate of 250 MS/s which wasssacg to accurately measure the



rapid rise time of the pulse from the proton beam when it stheckpallation target which was
used as a time reference referred to as TO. The TO sigealev@ed down using a Mini-Circuits
BBLP-39 23 MHz flat time delay low pass filter to allow for a m@ccurate characterization of
the leading edge and signal rise time. Other inputs to the digndaded the four anode and
grid signals from each respective preamp, the cathode signalifeotiming filter amp, and a 1
Hz external trigger used as a timing reference. Once adliginalswere digitized they wee
transferred by an LC connector fiber optic cable to a CAEN A3&1&Rpress CONET?2
controller mounted directly onto a x8 PCI express slot in a comfautbrgh speed data storage
for later analysisThe channel mapping of the waveform digitimeshown in table 4.1.

Table 4.1. Channel Map of the Waveform Digitizer.
Channel Input
Linac (TO)
Empty
Anode 0
Anode 1
Grid O
Grid 1
Cathode
Empty
External Trigger | 1 Hz Trigger

~No ok WwDNNE O

4.3.2 Signal Processing

A linear function was fit to a region of each waveform precedintgtiding edge of the
signal to determine the baseline. Thasdetermined individually for each event by applying a
derivative filter to the raw digitized waveform. The leading edigthe signal was found using
the second derivative of the digitized wavefo8][ A sample of the digitized waveform from
thefastcathode along with the derivative filter can be seen in figure #Hd timing of the
leading edge of the cathode signmalative to the beam time reference, was used to calculate the
neutron time of flight.

In contrast to the cathode, the signal from the anode had a setne with a long
exponential decay, as shown in figure 4.12, due to the differenlee preamplifier circuitry

The anode waveform has a characteristic small leading edgeqtina true leading edge of the



signal as shown in the inset. This is the Frisch grid ineffaiethe amplitude of which is
measured from T1 and T2 shown in the figure. It impairs the anogedirectly measuring the
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Figure 4.11 Sample of a digitized cathode waveform used for timeagurement. The second
derivative, shown in red, was used to locate the leading edge adnia s
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Figure 4.12 Digitized sample waveform of the anode signal. A dimévBiter, shown in red,
was used to locate the leading edge of the signal. The Frisdneffidiency, shown in the inset,
must be taken into account when calculating energy.

energy of the fission fragment or other ionizing radiation in the deteegtlume. It is the result
of imperfect shielding of the anode by the grid from the primamtreles generated from ion
pair production in the gas. It is an induced signal, rather thaea dollection of electrons,
generated as the electrons drift through the volume prior to reatieingid. Thiseffectwas a
small percentage of the total signal, approximately 3%; howevagst be taken into account to
obtain an accurate energy measurement. The derivative filtarsedgo find the leading edge of
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the signal and the grid inefficiency region was located by fixed/sletdative to the reference.
The effect of the inefficiency on the anode can be extractedtfrerdigitized waveforms and
the magnitude of the correction was calculated using the method duiiirtehriachkov et al.
[42] which was found to be 3.1350.05% The main anode signal was generated by a Townsend
electron avalanche generated when the free electrons fromittoé iva pairs created by the
ionizing radiationdrifted past the Frisch grid. This electron avalanche was useful betause
increased the amplitude of the signal measured at the anode wWhwehdalor better energy
resolution in the measurement of the ionizingipk. The height of the anode pulseswa
determined using exponential fitting and was measured relatitie tzaseline at the beginning
of the waveform. The extracted anode pulse height was correctid forid inefficiency by
using the summing technigue described by Al-Adili and GS3k [43, 44] governed by the

following equation.

V? I1V- WO
Vb 9 —&57 (4.1)
Here! is the grid inefficiencyy is the extracted anode pulse height, Afid the grid pulse

height.

A sample of the digitized waveform from the grid signal canelea #n figure 4.13. The
height of the grid signal, as determined by the difference in thértear regions on either side,
was used to calculate the emission angle of the particle. Ttheignal was not resultant from
charge collection, ratherwas induced by moving charges in the detection volume. The grids
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Figure 4.13 Sample of a digitized waveform of the grid signal fréissemn event. The height
of the signal, measured as the difference between the twodegans on either side, is used to
calculate the emission angle of the ionizing patrticle.
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were grounded via a terminator on the preamp. Electron-ion pairspnaiiaced in the gas when
fission fragments were emitted from the central targeially the ions and newly freed
elections were adjacent to each other and their charges, as seen bg,tbengeled each other
out. As they began to drift apart in the electric field, tleetebns moved much faster than the
ions and began to induce a negative charge in the grid. This wouldogefestas the electrons
got closer to the grid, an effect which eventually reversetf @s the electrons passed through
the grid and were collected on the anode plane. This creat&atdbedipolar region in the
middle of the grid signal. On this time scale the ions haat@fdy remained stationary and the
remaining charge on the grid was entirely induced by the ions. Thpulsiel height wa
measured as the difference between the two linear regions onegithand was used to
calculate the emission angle of the fission fragment.

As mentioned previously, a 23 MHz low pass filter was applied t® @rggnal, which
arrived from the linear accelerator as a logic pulse. Thi®ved high frequency components
from the signal and allowed for better characterization of thierigaedge for better timing
resolution. This timing resolution was important for this expentsince the TO signal was used
as a timing reference for all events. Taken in conjunction Wweltathode signal it was used to
determine the neutron time of flight and subsequently the incident neaagyeA sample of

the digitized waveform from the TO signal can be seen in figure 4.14
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Figure 4.14 Digitized waveform of the signal from the lineaekrator used as a timing
reference to calculate the neutron time of flight and incidentoreenergy.




4.3.3 Triggers

The data acquisition system used a combination of triggers bothahéerd external to
the waveform digitizer. Firstly, the TO channel was sehtiependently self-trigger whenever a
TO signal arrivedThe second trigger was supplieddseries of standard NIM modules
including leading edge discriminators, gate generators, and a coincidedoée. These were
used to determine if both fission fragments were detectedsiogke fission event. Coincidence
was determined using signals from the Frisch grids. The grid sigreatsamplified and split by
an Ortec dual fan-out model 336 with the first output connected lgitedhe waveform
digitizer, as shown in table 1, to preserve the structure of the grid waveforms. The second
output served as the input to a pair of NIM based leading edge disatarg, LeCroy model
821, and gate generators, LeCroy model 222, which generated 600 ns gaepathds
through a coincidence module, LeCroy model 364 AL, which generated gpldgetrigger
when both volumes of the detector were found to be in coincidencew&bisonnected as an
external trigger to the digitizer which was used to identify @edfission events. This
experiment recorded waveforms for each event with 1024 samples fathioele and grid
signals, 1280 samples for the anodes, and 56 samples for the TO signal.

Each channel generated an independent firmware event in the wadgjdrrer,
however, the triggers were used to identify fission events diegerdicated that both the beam
was on and that fission fragments had been detected in coincidencsefiied to filter out
background noise su@sevents caused Byparticles from decay, fission induced by room
return neutrons, or electronic noise. The waveform information &&chchannel for every
event was paired with a trigger timestamp generated by the éidigsed on an internal ADC
clock. This provided a common timing basis for all channels and alléovesvent
reconstruction. However, the timestamp generated by the digitezeas2 bit number that
rolled over every 17 seconds and data in this experiment was acquireédeogeurse of several
hours ata time To obtain a unique timestamp for each event, and thereby enablet@eanda
robust event reconstruction, the timestamp was up-converted to av@uit This was done
using a 1 Hz external trigger which allowed the generation of distmestamg despite clock

rollover.



4.3.4 DataHandling

The total raw data geneeatand processed by the data acquisition system while the
experiment was running was approximately 3 GB/s, far exceedirdathdransfer rate limit
from the waveform digitizer to the computer of 80 MB/s. Howethe trigger logic used in this
experiment and zero suppression were used to achieve significaredlatiion by three to five
orders of magnitude depending on the fission rate. The data tranefesritgen to diskat DL
was approximately 400 kB/s and 3 MB/s at the Lujan Center. Thipasssble due to the ability
of the digitizer to temporarily store waveform informatioropto transfer to disk. This on-board
memory allowed each channelstore 1024 events per channel before reaching saturAtion.
circular memory buffer was utilized such that when no triggerre@sived the memory \8a
continuously overwritten. Once a trigger was received, the datarstras immediately
switched to a new buffer and the prior avas stored for transfer and further analysis. If this
onboard memory were to become exhausted due to a very high datavaikliresult in dead
time in the digitizer. An analysis of the data stream during the erpat showed that the
memory of each channel reached a maximum of 7% use at any on&hnefore, dead time in

the digitizer had no effect during this experiment.



CHAPTER 5
ANALYSIS

The data recorded in this experiment was analyzed to detetimeie@ergy and mass of
the fission fragments hiswas done, firstly by ensuring that fission events were actually being
recorded by aligning the target in the neutron beamline and direcdyvatng signals that
indicated fission in coincidence in both volumes. Next, the energy afi¢cltent neutron was
found using the time of flight method based on the timing of the catmobiEGssignals. The
energy of the fragments was found based on the anode signals which hadnetied for
differences between the two volumes before a calibration to eneuly be made. These
differences included the momentum transfer of the incident neuttergyeloss by fragments
traveling through the sample and backing materials, and the gainpretmaps. Prompt neutron
emission both before and after scission was determined using thead2escription of Fission
Observables (GEF) model of fission. The 2E analysis method wasisked to determine the
masses of the fragments based on an iterative calculation basaasernvation of mass and
momentum. The average total kinetic energy from fission and tge&at mass distributions
were then evaluated based on the results for energy and mass of thentisafpneach fission

event.
5.1 BeamAlignment

The initial steps of this experiment involved confirming thatdéector was set up
properly and that fission events were being observed. First, theadetes aligned in the flight
path by ensuring that the target was within the neutron beam. Thowasising a neutron
imaging film, which was attached to the back face of the itinoiz&hamber while two metal
screws were attached to the fréextesuch that the points met at the center of the sudtae
right angle. Then the shutter was opened and an image was capttires@fitron beam
revealing the interior of the ionization chamber and the target.iftaiging revealed that the
neutron beam was not circular or uniform, rather, the shape of éhe deresponded to the
shape of the spallation target which wasrall elongated cylinder similar to a soda can. The
position of the detector was adjusted on a trial and error basishentilghest concentration of
the beam was aligned with the center of the target as showgune .1 The screws were
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Figure 5.1 Neutron film image showing the interior of the ionizatimember used to align
detector in the beam. The darker tone corresponds to a higher neukrohdan be seen that the
neutron beamvas not uniform. The highest neutron concentration was aligned wittether of
the detector. The outlines of the metal screws used to point cedritex of the detector are
barely visible in the dark region.

also visible which helped to orient the detector despite the lamutes of the neutron image.
They served to ensure that the face of the detector was positioneal tmthe beamline by
confirming that the screw tips met at the same point on the iastges center of the target.

5.2 Raw Signals

The signals from the detector feeding into the data acquisiticensygére observed
directly using an oscilloscope. Observing signals from multiple chaimet¢sncidence
indicated that fission events were being observed as shown in figuiehts image shows the
cathode signal at the top in dark blue and the two grid signals ltelblae onset of all three
signals occurring in coincidence implies that this is an observatiafiggion event.
Additionally, similar waveforms were intermittently observed thei volume out of
coincidence regardless of whether or not the beam shutter was ops@.spbeious events were
likely due to" particles from radioactive decay and were filtered from the skt by the trigger

scheme of the data acquisition system.



Figure 5.2 Oscilloscope image
signals. The two coincident grid signals indicate that this Wwasian event.

5.3 Neutron Time of Flight and Energy

In this experiment it is necessary to determine the energy ofdigent neutron for each
detected fission event. This is done using the time of flight methede a precise measurement
of the flight path length is combined with the time it takes therpa to transit the flight path to
find the kinetic energy. The neutron energy is calculated by raf@tikinetic energy expressed

as

g L& o s

%9 B (5.1)
where: g is the mass of a neutron 939 Me¥//cis the speed of light B 1 m/s, and® is the
velocity of the neutron divided by the speed of light which can alsofressed in terms of the

flight path length_and the time of flighZ

"90-9 % (5.2)
This kinetic energy calculation is very sensitivé tand so it is important to have a precise
measurement of the flight path length. The titne calculated by the difference between the

timing of the cathode pulse and the reference time TO from tleéeaator. A histogram of these

values results in an uncalibrated neutron time of flight spectrushasn in figure 5.3.
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Figure 5.3 Uncalibrated neutron time of flight measured usinghk232 sample at WNR 90L.

For data collected from the Th-232 sample, a few apparent featamebe identified. The
small sharp peak at the shortest times, around 80 ns in figuie &Bsed by gamma induced
fission from photons released from the spallation target. This groexeots is referred to as the
photofission peak and is useful for calibrating the neutron timegbitfipectrum since the
photons that caused these events have a known speed. The photofissiofitpesk mormal
distribution, the mean of which is taken to be the arrival tingghofons and the full-width half-
max of which is taken to be the timing resolution of the detector.

The sharp change in counts around 380 ns in figure 5.3 is theorized sob@tasl with
a sudden rise in the Th-232 fission cross section which is the oéseltond chance fission
where a neutron is emitted from the combined nucleus prior tosti$%r Th-232 the onset of
second chance fission occurs at 6.10 MeV incident neutron energy. Ehdiffienence between
the photofission peak and the onset of second chance fission is usexlitateahe flight path
length based on kinetic energy.

E E
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On the right side of this equation, velocity has been substitutedhfygthlever time and;, is
time of flight of the incident neutron. We tagZto be the difference betwe&pand the time of

arrival of the gammag, and substitute faf, in the previous equation.
+

E
%90 o % -_czS (5.4)

By then substitutingy with length over the speed of light the equation takes the follolwnng

+

f (5.9)
=-¢Z

This equation can be solved fomwhich is used to calculate the flight path length.

E
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cZ
-0 ngiocﬁ (5.6)
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This process is repeated based on two other smaller feattinesuncalibrated time of flight
spectrum located near 685 ns and 710 ns which were correlatedharphfsatures in the Th-232
cross section for fission at 1.58 and 1.7 MeV respectively. lighe path length is taken as the
average of the three resultant length calculations, all of winectvighin 5 mm of each other, and
is found to be 11.885 0.002 m. This value is in agreement with a rough physical measureme
taken in the flight path using a tape measure which came to apptelyirhd.9 m. Using this
length measurement the time of flight spectrum can be calibrased ba the speed of light and
the position of the photofission peak. The calibrated time of figattrum from the Th-232
target is shown in figure 5.4.

The full-width half-max of a normal distribution fit to the photafisspeak can be used
to determine the timing resolution of the detector, shown in figd;eshce it can be assumed
that all of the photons for a given beam pulse should arrive at apprekirtteg same time. The
timing resolution was found to be 1.3 ns which is typical for this ofmketector.

Neutron energy can be calculated from the equation for relatikisttic energy
described earlier using the flight path length and the calibratetbndirme of flight. Since this
experiment is concerned with neutron induced fission, the eventsaasdosith gamma induced
fission in the photofission peak are filtered from the dataseté@roceeding. The resultant
spectrum of incident neutron energy can be compared directly to tloa ftisess section as
shown in figure 5.6. There is an overall trend in increasing evesdsured at lower neutron
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Calibrated Neutron Time of Flight, Th-232
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Figure 5.4 The neutron time of flight spectrum is calibrated baisele calculated flight path
length and the position of the photofission peak.
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Figure 5.5 The mean of a normal distribution fit to the photofspeak, along with the
calculated flight path length, is used to calibrate the neutrandfrflight spectrum. The full
width half max is used to determine the timing resolution of thetete
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Figure 5.6 The neutron energy spectrum, shown in blue, is compahedrtetitron induced
fission cross section, shown in purple, for Th-232.

energy. This is due to the increased flux of neutrons at loweg\erkhe rise in the cross section
associated with second chance fission at 6 MeV is seen to corregploradrise in fission
events. A close up view of this spectrum reveals that snialiéures in the cross section, such as
those between 1 and 3 MeV as seen in figurealso correspond well with features in the
neutron energy spectrum.

A separate method was used to calculate the flight path lengtiefdata collected with
the U-233 sample installed. A small block of natural carbon, appedgly 3 cm by 3 cm by 5
cm, was mounted on a stand upstream from the detector dirediy lieamline. Natural carbon
has an isotopic abundance of approximately 98.9 atom percent C-12 whgltahaspike in the
neutron scattering cross section at 2.078 MeV. This featueéarsed to as the carbon notch,
which prevents a large percentage of neutrons at that energy frammgethe detector. The C-
12 neutron scattering cross section is shown in figure 5.8. Sincarthen notch is such a
narrow feature at a®ll-defined energy, it serves as an ideal calibration point, alomgthat
photofission peak, for the neutron time of flight spectrum. Indeed Wigeancalibrated neutron
time of flight spectrum for U-233 is compared with and without tmbarafilter in place the
carbon notch is readily apparent as seen in figure 5.10 at apprelyir6@0 ns.
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Figure 5.7 A close up view at lower energy shows a good correlativedreteatures in both
the neutron energy spectrum and the cross section. The neutronHilgixas at lower energy
which accounts for the increased number of counts at lower energy.
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Figure 5.8 The neutron scatter cross section for C-12. The carbdnisiatsharp well defined
spike in the cross section at 2.078 MeV used to calibrate neutremtifiight.
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Figure 5.9 The uncalibrated neutron time of flight spectrum 288 without the carbon filter in
place.
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Figure 5.10 The uncalibrated neutron time of flight spectrum-288with the carbon filter in
place. The carbon notch results in the sharp drop in counts around 6Q@Berse@tures in this
spectrum that differ from the spectrum without the carbon notchlsarbe correlated with
features in the C-12 neutron scatter cross section.



The carbon notch and the photofission peak in the neutron time of fhettrsm for U-
233 can be used in the same manner as were the fission crazs feadtires for Th-232 to
calculate the flight path length. This length was found to be 1%&3302 m which differs from
the Th-232 length measurement by less than 3 mm. This differencebsodle to a small
movement caused by removing and replacing the ionization chamber when changreg out
targets or it could simply be due to the timing resolution of thecttgtel' he strong agreement
between the calculated flight path lengths using the two methodsbeéelserdicates that this
calculation was performed accurately. Using this length, the imcraitron energy could be
calculated for each fission event from the U-233 target fromebé&on time of flight. The U-
233 neutron energy spectrum, with the neutron induced fission cross siscsloown in figure
5.11. In this spectrum, most events follow the increasing neutroaftfloxver energy, however,
there is a discernable increase in events at approximately @iaeorresponds with the onset

of second chance fission in the cross section.
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Figure 5.11 The neutron energy spectrum, shown in blue, is compahedeutron induced
fission cross section, shown in purple, for U-233.



5.4 Energy of the Fission Fragments

The next stage of the analysis centers on examining the anodedsg)gais to
determine the energy of the fission fragments. Firstly, mgortant to confirm that the anode
pulse height spectra are behaving as ebguisince they represent correlated data between the
two volumes. The anode pulse heights are representative of the endrgyisdion fragments,
however, there are several corrections that must be determifoee &ealibration can be
applied to convert waveform digitizer units to energy. These cayrectire necessary to account
for small differences between the upstream and downstream vohitiesdetector. They
include the incident neutron momentum transfer, energy loss due taisgdtiehe backing and
target materials, and differences in the gain of the preddapis.the momentum correction and
the energy loss correction are dependent on the angle of emissiorfissithrefragments so it is
necessary to determine this for each event. Once these iorsdtave been applied, the two
anode pulse height spectra should line up with each other sinceekddés will have been
accounted for between the two volumes. In this way, the anode pulsedpsgtia serve to
verify if the energy corrections were determined accurately.

5.4.1 Anode Pulse Height Spectra

The anode pulse heights from the two volumes show a bimodal distributloa warrow
feature at higher energy and a broader feature at lower energgcfovolume. These
distributions for data from the Th-232 target are shown in figure 5i%&ion is most likely to
produce two fission fragments with unequal masses [1, 26]. The ni@abtwe seen at higher
energy is generated by the lighter of the two fission fragments thiadighter fragmetnwill
carry away a greater share of total kinetic energy fronohgs6]. The lower energy feature is
generated by the heavier of the two fragments. The data are saiieédween the two volumes.
An event in the light fission fragment region in one volume should theallgtcorrespond with
an event in the heavy fragment region in the opposite volume. By comparimgptlielumes, as
shown in figure 5.13, this is indeed the case. The counts are coteeinta two regions, in one
the heavy fragment went into the upstream volume, denoted as voluntetBedight fragment
into the downstream side, volume 1. Meanwhile, this is reverdibe iother region.

The anode pulse height spectra from the U-233 target were examihedseime waylt
was confirmed that they exhibited similar behavior with a narrgl Bhergy feature, a broad
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Figure 5.12 Spectra of anode pulse heights from both volumes of theodatemeasured using
the Th-232 target. The uncalibrated waveform digitizer units alongodeesaa correspond to
energy.
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Figure 5.13 Anode pulse heights for either volume of the detector faBZ lare compared
against each other. The concentration of events into two clustemyotifat a low anode pulse
height event in one volume corresponds with a high anode pulse height everdthrethe
volume.



low energy feature and good correlation between the two volumes as ishiogunes 5.14 and
5.15. In the U-233 measurement, the upstream and downstream voluragsdenoted

volumes 0 and 1 respectively.
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Figure 5.14 The anode pulse height spectra for both volumes from288 target data.

The anode pulse heights for the two volumes exhibit a similar bind@tebution,
however they are not exactly aligned and the correlated comparisaggrasfs.13 and 5.1&re
not symmetric. The differences between them are due to differéeteeen the two volumes of
the detector. The first difference is that before the fissiagnfients can enter one of the volumes
they must pass through both the target sample material and the lbadkorg while in the other
volume fragments need only pass through the target material Fiseginents will therefore lose
some of their energy due to scattering interactions in both volumesy&oWagments passing
through the backing will lose much more energy than those that do not. Xthffezence is
due to the difference between the laboratory reference framéewdrter of mass reference
frame. The incident neutron carries with it an appreciable anodumbmentum which then
drives the energy distribution into its direction of motion in the laboyaeference frame
resulting in an increased deposition of energy in the downstream voluine détector. This
can be corrected for by converting to the center of mass refdranoe based on the energy of
the incident neutron and conservation of momentum. Another differencedretiie volumes
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Figure 5.15 The anode pulse heights of the detector volumes shown irrisompaeach other
for U-233. The bimodal distribution confirms that a high energy event iva@oee
corresponds to a low energy event in the other.

which must be corrected for is that the gains on the preamps throughtivlisignals pass and
are amplified are very close to one another, however, they aexaxity the same. This is
corrected for by a linear calibration of one volume to the other by agptiyio Gaussian fits to
the two features, for both light and heavy fragments, for the anodehpitght distributions of
each volume. Once these corrections have been calculated and apphiedddgulse height
distributions of the two volumes should overlap one another.

5.4.2 Angle of Emission

The calculation of angle of emission is based on a relationshipdled that the ratio of
the grid pulse height to the anode pulse height is proportional to thechrglession by the

following relationship, which is derived in section 2.5.

=t (5.7)
v NP |

In this equatiotWis the grid pulse height/ is the anode pulse heighYlis the average distance
from the point of fission on the target to the ion pairs producdtkidetection volume\ is the

length from the cathode to the Frisch grid, &1d the angle of emission as measured from



normal to the plane of the cathode. This proportionality can be aeddbr the Th-232 data by
comparing it to the anode pulse height as shown in figure 5.16.
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Figure 5.16 Data from the Th-232 target are shown. A ratio @rttieulse height to the anode
pulse height is proportional to the angle of emission. This hag/mgaaffect on the energy of
the fission fragment which can be seen as the trend in the anodé&uglsevaries across
different angles. This effect must be corrected for before pdowpéo further analysis.

This visualization allows for the identification of the differeffiects that the light and
heavy fragments cause on the grid and anode. The signals from heavy afnddiglents can be
seen in the two different concentrations, one broad and low energthdrenarrow andt
higher energy. Thidterm varies with fragment mass since the heavier fragméihtsave a
shorter mean track length than the light fragments since théystawith less energy. This
variation can be seen to increase with increasing anode pulse tseightraaximum value of
IMNOOP@® also increases. This maximum value corresponds to the condition thbexegle of
emission equals zero since that is the condition under which a ammamount of energy is lost
in the backing or target material. Sif@@Q is one at an angle of zero, this maximum value can
be taken to equdWN. By identifying the point at which this maximum occurs it becomes
possible to normalize the spectrum in figure 5.184%d which leaves only anode pulse height
and angle of emission thereby sidestepping any need to determine theatv@oflM/N.

The points used for normalization are identified by applying a derivhiteeto the spectrum of
IMNOOP@® values from a subset of events over a narrow bin of anode pulse hSiyhts.

broadening in the grid and anode pulses leads to a broadening in the meaisuoéme
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IMNODP@®. Therefore, the point selected for normalization is not takénestsue maximum, but
rather the point of steepest decline in the spectrum which congspm the minimum value of
the derivative of the spectrum. An example of the derivativer figt shown in figure 5.17. The
result is a series of points along the top of the spectrum thvahsecond order polynomial
function is fit. The line of this fit is used for normalizaticer@ss the spectrum and is shown in
figure 5.18. Once the normalization is applied, this spectrunft is leerms of anode pulse

height and angle of emission as shown in figure 5.19.
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Figure 5.17 A sample spectrum of a subset of the data from Weys@lot based on a bin of
anode pulse height. Several of these anode pulse height slicdecararnd evaluated
individually. The derivative filter finds the minimum value of a dative of the spectrum which
is taken as the value N OP® used for normalization.
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Figure 5.18 The points found using the derivative filter are usetlasécond order polynomial
to be used as the line of normalization across all anode putgad)eshown here for Th-232.
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Figure 5.19 The resultant normalized spectrum is used to find the @ngiission of fission
fragments for Th-232.

The angle of emission for the U-233 data was found in the same hayl€efivative
filter analysis was applied to the anode pulse height plotted atfdiNSDP®. The resultant
normalized spectrum representing the angle of emission of the fragimshbwn in figure 5.20.
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Figure 5.20 The spectrum of anode pulse height against a ratia giuige height to anode
pulse height normalized to determine fragment angle of emissidah233.
5.4.3 Angular Resolution

The angular resolution of the detector is determined using the ¢attalagles of

emission and subtracting t#P® of volume 1 from that of volume 0, as shown in figure 5.21.
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Figure 5.21 The angular resolution of the detector is determined bpculy the cosine of the
polar angle in the lab frame of either volume.



This produces a normal distribution with a full width at half mraxin of 0.156 which is typical
of this type of detector [37, 38, 45, 46]. The frequency of eventbearen to taper off at higher
angles such as whé&@P@ is less than 0.2 and this effect is increased on the backingfgiue

target.
5.4.4 Incident Neutron Momentum Transfer

The fission parameters determined in this work are calcutased on the conservation
of mass and momentyrso it is necessary to account for the transfer of momentum of the
incident neutron. This correction has additional dependency on fragmesiognangle,
compound nuclear mass, and fragment mass. Since no neutron emis&otiorhave yet
been applied to the data, it is useful to restrict this stageeainalysis to events with an incident
neutron energy d&.5MeV or less which allows for the assumption of first chance fisJibis.
eliminates complications introduced bwlti-chance fission such as pre-scission neutron
emission. For this reason, parameters for the energy lossteamreyain correction, and energy
calibration are determined using this subset of the data whicherapplied to the full dataset.

To account for the momentum transfer of the incident neutremégessary to convert
from the laboratory reference frame to the center of nedissence frame. The masses of the
fission fragments prior to prompt neutron emissiqy) are related to the mass of the combined
nucleus g by the following relationship.

Thioc C i 90 ke (5.8)
Since the data at this stage of the analysis is restrictedttohance fission, the mass of the
combined nucleus is assumed to be the mass of the target actusidieepmass of the incident
neutron: ¢ = 1.0087 uThese values are related to the energy ofwlodragment<p;,

according to theerelationships:

90 g L0020l (5.9)
T % % T % - % '

The energy and mass of the fragments are not yet known at thi®sthgeanalysis, so
provisional quantities are introduced. Approximations of the energgdsaged on the anode

pulse heights which are used to obtain the provisional migses

V,: V,:
k/9 +- 1& /- 1&

RVA and ky9 Cm (5.10)



The correction for the neutron momentum transfer is expressed lyynapible following
transformation formulas to the provisamuantities as described in ref [38].
gkl 1 BT

. k/'
% 9 %o B — OP@/I ——rog™

(5.11)

For thex symbol in this equation, addition is used for the upstream volume anddiidbtris
used for the downstream volume. Similarly, the angle of emissiobe#&ansformed using the

provisional quantities according to a method outlined in ref [47].

o/mTn
OP@!, 9 pE? WqE? rs *R7 (5.12)

A comparison of the raw anode pulse heights to the neutron momentunticonsgshown in
figure 5.22 for events with an incident neutron energy of 5.5 MeV sr les
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Figure 5.22 Comparison of the anode pulse height spectra for Th-232rieft)-233 (right)
before and after applying the correction for neutron momentum trasktexn as line and solid
histograms respectively, for events corresponding to first chastefiwherég # 5.5 MeV.

5.4.5 Energy Loss in the Sample and Backing

Fission fragments lose energy as they travel through the targetesaaterial and the
carbon foil backing due to the non-zero thickness of both. The effdusadrtergy loss is visible
in figures5.19 and 5.20 as mean anode pulse height decreases with dectgz®inghen
fission fragments are emitted from the target normal to #reepdf the cathode they pass



through a minimal amount of the backing and target material anddhetese a minimal
amount of energy. The farther from normal to the plane that fragraenesnitted the higher the
probability that they will undergo a greater number of scatteringactiens before escaping into
the detection volume. The correction for the energy loss in the backtagial is therefore
dependent on the angle of emission. A schematic representation effebtss shown in figure
5.23. In this schematig- is the distance that fission fragments on the sample side tair et

travel through the sample material before reaching the gaRang is the angle of emission
with respect to the normal of the cathode. Similaslyis the distance fragments emitted into the
backing side travel through the target material plus the carbon &iingaandR,jwxeu 1S the
angle of emission. Fission can occur at any depth in the sample susdltematic represents an
event in which fission occurs halfway through the thickness representbd bistance . The
total thickness of the targetBZ andZ is the thickness of the backing. The distance traversed

by the fragment through the salmp. can be expressed by the following relationship.
Z

U« 9 —— 5.13
OP® 1ihmi (5.13)

éCathode

Vol 0 Vol 1
esamplﬁ
Neutron ebaCkmg
Beam
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Figure 5.23 Schematic representation of a fission event occunrthg interior of the target
material.Fragments emitted out of either side lose energy passing through thle saaterial
while fragments emitted out of the backing side lose additionadygime the backing material.



The energy loss of the fragments is proportional.tand so the anode pulse height from the
sample sid&/,jnm is reduced by this value from an idealized anode pulse héjght, if the

sample thicknessaszero.
Z
OP® 1ihmi

Similarly, for the backing side the distance traveled through botlathet material and éh

Vitihmi 9 Viyitm ? (5.14)

backingu, is represented by the following equation.
Z- 4
OI:)Qﬂlwx&u

The anode pulse height for the backing digg.xsu IS calculated in a similar manner as

u 9 (5.15)

equation 5.14 for the sample side, but replacing the expression ¥ath that ofu, . To

determine the average energy loss of the fragments in the tadjeaeking material, the anode
pulse height in both volumes is plotted as a functidBY&P® as shown in figure 5.24. Some
data points precede the linear fit regwinich correspond to events with a calculated angle of
emission outside the range of what is physically possible accordihg tetmalization method
used. This is caused by a large values fogtltepulse height, some of which is expected due to
the angular resolution of the detector. However, many of these pougsltaid pulse height

much higher than what can be explained by angular resolution and areddeure the result
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Figure 5.24 Average anode pulse heights as a functiBM@P & for Th-232 on the left and U-
233 on the right with linear component fit lines. The majority of pg@neseding the linear fit
region are eventually culled from the data set by an angle cut.
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of noise most likly from" particles. The events preceding the linear fit region in figl4 &re
excluded from the final data set by applying an angle cOR® { EE

The average anode pulse height decreases linearly for vala¥©BR greater than one
reflecting the increasing energy loss with geeaingle of emission. These data, which are based
on an average across all fragment energiedijt with a straight line where the y-intercept
represent¥,irm and the slope represents a constant of proportiojalised to correct for the
effect of the target and backing material by applying it to indiviflssibn events. This is done
using the equation of a line in the forn® :» - € where the y-value is the experimentally
measured anode pulse heiyht, , the slope i$ , the x-value i€£YOP®, and the y-intercept is

the anode pulse height corrected for energy\Vgpssfor each individual fission event.

Vin 9} Vimi (5.16)

E
orP@
This can be rearranged to the following form to solve for the eresgycorrected anode pulse
height.

}
Vim| 9 Vi.h 7 O—PQ

These data represent the average anode pulse height within a reargevofOPR

(5.17)

regardless of fragment mass. This is therefore a correctde fy averaging across all
fragment masses despite the fact that the energy loss in heaghamcagments is not expected
to be the same. Introducing individual corrections for light and heagynfents does not bring
significant improvement since the target and backing matermigeay thin.

The difference in the values W, in figure 5.24 between the sample and backing side
is due to the difference in the gain from the preamp, which ieaed for in the next step of the
analysis. For the Th-232 measurement, the sample side of thewasg® the upstream volume
and the backing was downstream. In the U-233 measurement, thisrgecewdich is the reason
why the positions of the y-intercepts are consistent but switchédg@ample and backing sides
between the two experiments. In both cases it can be seehdlii@gments lose more energy on
the backing side and that the energy loss is slightly different betivedwo targets as shown by
the differences in the slopes of the lines. This is due td siffarences in the thicknesses of the
sample and backing materials. Also, the energy loss on the sadgfershe U-233 target is
greater than for the Th-232 target, likely due to the crud layeaiegul earlier in section 4.2.2
resultant from the production method.



5.4.6 Gain Correction

A correctionwas made for the difference in the gain of the preamps for the twonesl
This is done by calibrating the anode pulse height spectrum of the baickarig that of the
sample side. Unlike previous corrections, the gain correction depandent on angle of
emission The angle dependent corrections are more reliable at smalsangte fission
fragments emitted at large angles have a higher probability to unskargral scattering
interactions. Therefore, a cut can be made in the analysid basangle of emissiat OPR $
0.5 to include only those events with a reliable energy loss camedine gain calibration is
then assumed to be linear according to the following relationship.

Vitm 9 WV, @ W, (5.18)

In this equatio¥ andW, are linear calibration parameters based on the means of twalnorm
distributions fit to the two features of the anode pulse height speichoth volumes. This
extracts the center of the peaks from the light and heavy fragamehis shown in figure 5.25.
The means of each of these fits are then plotted to calitvateacking side to the sample side
and given a linear fit. The slope and intercept are then takéhasd\Wy, respectively. These fits
are shown in figure 5.26 and the value$\pfandW, are listed in table 5.1.
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Figure 5.25 Anode pulse height spectra for Th-232, shown left, and U-233) slybty with
normal distribution fits used for preamp gain corrections.
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Figure 5.26 Gain calibration linear fits of backing side anode gt to sample side anode
pulse height for Th-232, shown left, and U-233, right.
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5.4.7 Energy Correction for the Full Dataset

The anode pulse height corrections for differences between thelwoes determined
in the preceding sections, including neutron momentum transfer, enesgy tbe target, and
differences in gain, were found based on a subset of the data negtigseof first chance fission
events. These events represent the simplest case scenanaigatt the complications of pre-
scission neutron emission. These correction parameters, ligeaarb.1, are then applied to the
full dataset. The altered anode pulse height to angle of emigmotra for each volunere
shown in figure 5.27 for Th-232.

These spectra have been corrected for differences betweerotlieltines making them
appear as vertical bars. This straight shape demonstrateselaaiode pulse height no longer
exhibits an angular dependence. The feature at lower anode pulse siggintriated by heavy
fission fragments and the feature at higher anode pulse height iatgenay lighter fission
fragmens. Energy loss corrections are more robust at smaller anglesfisigogents emitted at
large angles will undergo a larger number of scattering interacttomthermore, events appear
to drop off at large emission angles due to the increased likelihd@s$ioh fragments losing all
of their energy in the target material. Therefore, an anglef@P® $ 0.5 is applied to the full
dataset as a quality control measure to ensure events hawabkeretergy loss correction. Once
all correction parameters have been applied to the full datiasetnode pulse height spectra of
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Figure 5.27 Anode pulse height and emission angleBH¥&32 fission fragmentwith energy
loss, momentum transfer, and gain corrections applied. Thesetmrseaccount for differences
between the two volumes and remove the angular dependence on anode pulsedugtigigt in
the straight shape.

the two volumes should line up on top of each other. This is demonstrdigure 5.28 and
serves as verification that the corrections have been appliecsatgulhe correction
parameters found from the subset of U-233 data were also appliedud tataset for that
target. The resultant altered anode pulse height to angle of engpsicina for each volume are
shown in figure 5.29 and the overlaid anode pulse height spectra are sHaunerb.30.

This verification step reveals that there is a gap betweemvthspectra at low energy at
approximately 200 digitizer units, which suggests an imperfect clamdorr differences
between the two volumes. A possible explanation for this discrepan@sdoom the threshold
on the NIM modules which is necessary to accurately detect canmceid€hese thresholds were
set equal to each other for both volumes and high enough to discriminak@oce coincidence
from" particles. However, the gain is slightly different for theapngs, therefore, an equal
threshold in anode pulse height results in a slightly unequal thresholdtiotepamergy. This
would lead to a small gap at low energy once the gain correctidrebagaken into account.
Another possible source of this discrepancy is that the data frodowestream volume
includes some neutron beam induced non-fission related events such as imelutced'
particles from the aluminum ring. These would appear at low emetg downstream volume

but be absent from the upstream volume, resulting in a gap. Thisgasents less than one



percent of all events in the dataset and so it is assumed tomigneesmall effect on the final

result.
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Figure 5.28 The anode pulse height spectra for both detector voliamethé Th-232 data
corrected for all differences between volumes. The spectd@dietly on top of each other which
indicates that the correction factors have been appropriately dpplie
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Figure 5.29 Anode pulse height and emission angles for U-233 fissioneinéggmith energy
loss, momentum transfer, and gain corrections applied.
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Figure 5.30 The anode pulse height spectra for both detector volumethé U-233 data
corrected for all differences between volumes. The spectnadidy on top of each other
indicating that corrections factors have been appropriately applied.

5.5 Pulse Height Defect

The anode pulse height is representative of the energy of the fissgoneints, but only
that energy which is deposited in the detection gas resulting in ioprpduction. It is possible
for the fragments to lose energy through non-ionizing collisions in therdasion pairs to
recombine before they are detected. Both of these result in erdehgyfssion fragment that
goes undetected. This is referred to as the pulse height 8edadtits magnitude varies with the
mass of the fission fragment [48]. The pulse height defect wasurexl using a Cf-252 source
which has a known fragment mass and energy distribution from spontanemus ¥¢igh this
information, the only unknown is the pulse height defect so the diffebsteeen the measured
values and the known fragment energy across all fragment matse=sniss the pulse height
defect for this gas and pressure [38]. This defect, which iaoesapproximately 2.6 to 4.6
MeV as shown in figte 5.31, is added to the energy deposited in the det&gtardepending on

the fragment mass, to determine the actual energy of the fisagment.
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Figure 5.31 The pulse height defect as a function of fission fragmessd taken from ref [38]

5.6 Energy Calibration

Once the corrections for differences between the two volumedlkeawveapplied and
verified, it is possible to calibrate the anode pulse height t@gé the fission fragmestPast
experiments, which utilized mono-energetic neutron souacessed to find the most probable
mass and energy of the fission fragmentg.[E&ch measurement from previous experiments
provides two data points, one for the light fragment and another for akrg fragment. From
these, a linear fit can be made to calibrate for allgesr The past experiments that were
selected for calibration for this experiment were chosen betlaegeeported the most probable
kinetic energy of both the light and heavy fragments as well asdeeprobable masses of these
fragments [16, 17, 30, 49Fission fragment masses and kinetic energies of the light and heavy
groups of Th-232(n,fvere:  =89.3+0.2u,: =141.5+0.2u,% = 96.86+ 0.02 MeV, and
% =64.17+ 0.08 MeV respectivelat%, = 3.1+ 0.15MeV where the subscriptsand...
denote the light and heavy fragments][For U-233(n,f) these values were reported to he=
94.36+0.23 u,; | =139.64+ 0.23 u% =101.38t 0.72 MeV, and = 68.78+ 0.34MeV at
thermal neutron energy [SGfurthermore, data from both targets were compared to experiments

that used thermal neutron induced fission of U-235 measurementslasoarieaenergy



calibration which provides a common basis for both targets using aheetcterized fission
reaction. The reported uncertainty of the energy of the mono-eicengatron source was used
as a range to create a subset of the data from this experirheright and heavy fragment
features in the anode spectra from these subsets were fiissi@adistributions in the same
manner as was used to make the gain correction. The meansittibeitions between each
volume were extremely close to each other because of the gaicticorisgep, however, they
were not exact so the average was taken between the two. These @ both the heavy
fragment peak and the light fragment peak, were taken as the nexgy or fragments in
arbitrary waveform digitizer units. However, before a calibrattan be made to energy, the
pulse height defect must be accounted for. The anode pulse height adisréfe fragment
energy deposited in the detector amdissing the pulse height defect, which is mass dependent.
This is why it is necessary to have not only the energies of thedragrior calibration, but also
the masses. These masses are used to find the pulse heightdskst on the curve in figure
5.31, which is then subtracted from the energies of the fragnfdr@ulse height defects for
the Th-232 data were found to @e= 3.35+ 0.05 and5, =4.36+ 0.03 for the light and heavy
fragments respectivelyror U-233 thesaverefound to bes; = 3.56+ 0.05 and5, =4.40+ 0.03.
The pulse height defect is then subtracted from the energies oagmeeits to obtain an energy
used to find the calibration for the detector and uncertaintiesdalex in quadrature.
%rm 9 0%+ EG%t ? 6QG6@ (5.19)
The calibration for the detector is a linear fit betweenitife hnd heavy groups for both
isotopes with the following form.
%inh 9tV @ " (5.20)
This is similar to the calibration used for the gain correctiothis equatiorvy is the anode
pulse height with all of the correction factors applied as disdusghe preceding sections and
%in is the energy of the fission fragment deposited in the deteckteVh This energy is not
the full energy of the fission fragments as it does not include ise paight defect. The pulse
height defect, which is mass dependent, is added back in once fragassas are better
characterized. AlsG,t and™ , are the slope and y-intercept calibration parameters resggcti
from a linear fit for Th-232 and U-238shown in figure 5.32 and listed in table 5.1.
The calibration parameters for energy along with those for ehesgyorrection and

gain calibration arésted in table 5.1. The values fpr and}, correspond to the correction for
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Figure 5.32 Linear calibration for anode pulse height in waveformzgigiinits to energy in
MeV for Th-232, left, and U-233, right.

Table 5.1. Calibration Parameters.

do | O | Ga | Go | Ca | Co
Th-232 | -20.057| -60.776| 0.9 | -20.503| 0.1813| 1.044
U-233 | -45.802| -31.498( 0.989( 32.677| 0.1820| 1.037

energy loss in the target and backing materials for volumes 0 anpettresly. These values
are expected to vary for each sample depending on the exacatadd®cking thicknesses.
Furthermore, the relative magnitude of these values are revetsextbdhe two isotopes
because for the Th-232 measurement the backing side was in the downsth@me and for the
U-233 measurement the backing side was in the upstream volume. Uiag feslf andW,
correspond to the correction factor for gain differences in thenp®al he change in sign fidy,
between the two isotopes is the result of the backing side switeblmgnes for the two
measurements. The values Tgrand™ , correspond to the energy calibration and are in

agreement between the two isotopes as expected.
5.7 Prompt Neutron Emission

The fission fragment masses and energies found in this expeanserdlculated using
the 2E analysis method which is based on conservation of mass andtonomeherefore, it is
important to have an accurate understanding of the mass of the gygdtebefore and after
scission, which is the point at which the elongated fissioning nuaeesssinto two distinct



bodies. In the simplest view, the mass before scission is tse shéhe incident neutron plus the
target nucleus. After scission the fragments are some divisihiatohitial combined mass.
From there, fragment masses are calculated from the ced@&aérgy measurements of the
fragments based on conservation of momentum. However, reality is swaghtforward since
all fission events are associated with some amount of neutrosi@mwghich alters the
distribution of mass in the fragments and therefore the distributioroofentum as well. The
majority of neutrons emitted in fission, over 99%, are releasedthjifrom the fission event and
occur within 16" seconds [49, 51Compared to the timing resolution of the detector, which
was measured to be 1.3 ns, these neutrons can be thought of ad iaktasdy from fission.
These are referred to as prompt neutrons and are the key taisgstlae neutron chain reaction
that makes nuclear energy and nuclear weapons pos3ioiee additional neutrons, referred to
as delayed neutrons, are emitted from fission fragments asattienctively decay, however,
this occurs orders of magnitude later compared to prompt neutronomiéhesnitting withas
long as a 0.23 second half life. Delayed neutrons are not consideénezlerperiment since they
are emitted after the fragments have already been detecteslionization chamber.

The average number of both prompt and delayed neutrons is isotope dependent and
increases with increasing incident neutron enedgyow incident neutron energy, the majority
of neutrons emitted come from the fragments occurring aftesi@aislowever, as energy
increases, the share of neutrons emitted prior to scissiortfimoombined nucleus steadily
increases. Prompt neutron emission both before and aftepsaisast be accounted for to
accurately calculate the fragment energies and masses.

5.7.1 Mass of the Combined Nucleus

The mass of the system immediately prior to scissionesresf to as the mass of the
combined nucleus g andit is based on the mass of the target nucleuplus the mass of the
incident neutron . However, this value varies with energy of the incident neutron dihe to
onset of second and higher chance fission reactions in which one oneutrens are emitted
prior to scissionlin this experiment it is not possible to measure the number aonswmitted
from the combined nucleus, denotsd, , SO it is necessary to use the cross sections for multi-
chance fission to estima¥#g, based on the energy of the incident neutron. From thggecan

be estimated based on the following equation.



e 9 - e? N> 2@ (5.21)
For any single fission event in this experimigm$ not possible to determingg exactly,
however, by determining a meang for a particulafg, the error generated by overestimating
the mass in one event is offset by underestimating the mass inragmghée First chance fission
dominates below 6 MeV in which no pre-scission neutron emission oésuenergy increases,
the probability of the combined nucleus to emit one or more neutrmmg@scission steadily
increases. This is reflected in the cross sections for-ohéhce fission as shown for U-233 in
figure 5.33.
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Figure 5.33 Evaluated cross sections for first, second, third, artth fdhance fission for U-233
[1]. The proportional probability of various fission chances varies montisly which is used in
this work to determine the mean mass of the combined nucleus.

The mean mass of the combined nucleus depends directly on the reialbtiabiltty of
these various multi-chance fission reactions. Previous experisigmlkar to this work typically
segmented the cross section into regions of various probabilitie$feyedt fission chances and
determined a mean mass of the combined nucleus based on those prab]itiewo
isotopes examined in this way include U-235 and U-238, the multi-chasaanficross sections
of which are shown in figures 5.34 and 5.35. These past experimetithase data to create

large bins of neutron energy with approximations for the mggn For example, below 6 MeV
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Figure 5.35 Cross sections for first, second, third, and fourth elisson for U-238 [1].

first chance fission was assumed to occur in 100% of events dibspftect that the onset of
second chance fission occurs slightly below 5 MeV for both isotopes. dlsewspnd bin for
neutron energy 6 B 13 MeV assumed a 50% chance for second chancenfigsgg8iand a
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35% chance in U-235. The mear,, was then assumed to be a weighted average based on these
probabilities of the masses from the two fission modes, namely @38r3J-238 and 235.65 u
for U-235. This method is extended into higher energy with increasioghplex weighted
averages. This same general concept for calculating the:mgas appliedto Th-232 and U-

233 in this work except that instead of using large energy bins thisagodknts for the
continuously changing relative probabilities of all fission chances.rébidts in a more accurate
estimate for the mean g particularly at higher energy. This method has also been appligd to
235 and U-238 so that it may be compared to the methods used in previdarsesiperiments
asseen in figures 5.36 and 5.37. The method used in past experiments,ishmed/in these

plots, provides a useful approximation, however, the method used ixpkisneent, shown in
blue, provides an estimate of the meag which more accurately reflects the continuously
varying nature of multi-chance fission cross sections. This méthaqgplied to Th-232 and U-

233 for this experiment as shown in figures 5.38 and 5.39.
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Figure 5.36 The mean mass of the combined nucleus for U-235. Thedwsed in this work is
shown in blue and is compared to a typical method used in similagysiments shown in red
[45]. The method used in past experiments provides a good approximationghaive
continuously varying value used in this work more accurately refleetntlti-chance fission
Cross sections.
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Figure 5.37 Mean mass of the combined nucleus in U-238 as determirveal dijférent
methods [4h
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Figure 5.38 The mean mass of the combined nucleus for Th-232 ustuntheiously varying
method demonstrated for U-235 and U-238 in figures 5.36 and 5.37 respectively
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Figure 5.39 The mean mass of the combined nucleus for U-233 usirgnthreiously varying
method demonstratedrft)-235 and U-238 in figures 5.36 and 5.37 respectively.

5.7.2 Prompt Neutron Emission from Fission Fragments

The 2E analysis also requires the mass after scission vgiich mass of the fission
fragments. Fragments emit a small number of neutrons immedadttetyscission which reduces
their mass. The number of prompt neutrons emitted from the figsigments, denotely ,
varies by isotope, fragment mass, and energy of the incident nelitere. is a dearth of
experimental data for this parameter for most isotopes inclddi232 and U-233. Therefore,
this value is found using tHeEF model which uses primarily empirical observations as well as
incorporating some theoretical ideas to predict nuclear fission piegfat a wide array of
fissioning systems [23]. Each iteration of the 2E analysisteesul new estimate for the mass
of the fission fragment and therefore the neutron emission, whihss dependent and must
therefore be determined for each iteration. It is not pradticaln the GEF code for each
iteration, so it is run beforehand over the full range of incidentoregnergies from 0.5 b 40.5
MeV at 0.5 MeV increments for both isotopes as well as teriadal runs from 0 B 100 keV

for U-233to dharacterizéso atlower energy. The output of a sampling of these analysis runs is
shown in figure 5.40. The results fg& varies with fragment mass in a jagged sh&pelar to

that of other better characterized isotopes such as U-235 and Usg88paly referred to as the
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Figure 5.40 Mean number of neutrons emitted fidw232(n,f) reaction by fragment mass at
various incident neutron energies

neutron sawtooth [52]. The over#4 increases across all masses with increasing incident
neutron energy with the majority of the increase coming from hetaigments whicls
consistent with theory [30T his is shown by inspecting the most probable fragment masses
which for Th-232(n,f) are approximately 90 u and 141 u for the light ang/Hesgments. At 90
u on figure 5.40%q« does not vary much &4, increases, while at 141%4 increases
significantly. The large dip around 132 u, which creates theosdélwshape, is also consistent
with theory which attributes this feature to nuclear shell gsirac A common double magic
fission fragment is Sn-132 which has a very low probability to evapargt@rompt neutrons.
From this collection ofe curvesasurface plot is interpolated across all masses and energies.
Then, when the iterative analysis is performed, this neutrorsiemisurface is referenced rather
than running the GEF code over again which would be prohibitively computatiernpbysive

By doing this, the GEF code, which is Monte Carlo based, can be rad aheme with large
enhancement factors for improved counting statistics. Each incideinbmenergy for both
isotopes was run for 100 million trials for a total of 17.4 billiotaktrials simulatedn GEF over
the course of three months. The resultant neutron emission spidgoer heat map, is shown in

figure 5.41. By referencing this neutron emission heat map duvenigetrative 2E analysis,
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Figure 5.41 Fission fragment neutron emission curves at variousrnhaoigigiron energies e
combined to create a neutron emission surface plot shown as a pedimsgermits faster
computation during iterative analysis.

rather than cycling through the GEF code for each iteration, thedfse can be performed
quickly while simultaneously taking advantage of high counting statistibeiGEF simulation.

This same analysis was carried out for U-233 with siméaults. The mean neutron
emission curves by fragment mass for a sampling of evaluatednhaielgtron energies is
shown in figure 5.42 and the neutron emission heat map is shown in fig@re 5.

5.7.3 Total Prompt Neutron Emission

There is a lack of experimental data on neutron emission befafeeoscission, since it
is difficult to experimentally determine if neutrons detected ffigsion were released from the
combined nucleus or if they came from the fragments. Thereforestineates made for neutron
emission in this experiment were verified against experirhdata using the total prompt
neutron emission instead. The total prompt neutron emi%giois found by adding the pre- and
post-scission neutron emission. This is shown in figure 5.44 for Thf282otal prompt
neutron emission is observed to steadily increase with increasidgmhcieutron energy.
Neutrons from the fragments are the only contributor to the to@vagnergy while the onset of

second chance fission is readily identifiable at approximately\é Wieere the combined
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Figure 5.42 Mean number of neutrons emitted from U-233(n,f) redayitragment mass at
various incident neutron energies.
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Figure 5.43 Mean neutron emission curves by fragment mass for Uf238¢combined to
create a neutron emission surface plot across a range of inoglgrdn energies.



nucleus begins to contribute to neutron emissiorfgAmcreases, the share of neutrons coming
from the combined nucleus steadily rises. The total prompt neutrosiemis compared to
experimental data in figure 5.45 and is shown to be in good agreement.

This same analysis was performed for U-233. The results obtddegptompt neutron
emission are shown in figure 5.46 and the comparison to experimesuéikris shown in figure
5.47. The models used in this experiment to estifig@atand%s are combined to finébp
which was compared to empirical evidence from past experiniedmse were found to be in

good agreement for both isotopes.
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Figure 5.44 Prompt neutron emission T¢¥232(n,) from the combined nucleus before
scission, the fission fragments, and the total.
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Figure 5.45 Total prompt neutron emissfonTh-232 model verified against past experiments
[14, 53, 54].
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Figure 5.46 Prompt neutron emission for U-233(n,f) from the combinedusuoéfore scission,
the fission fragments, and the total.
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Figure 5.47Total prompt neutron emission for U-233 model verified against pastiser@s|1,
55, 56].

5.8 The 2E Analysis Method

In this experiment the 2E analysis method is used to calcbafeagment masses from
correlated measurements of fragment energy detected in coincitlsig the energies of the
fragments in the center of mass reference frame, the fragnmesses are determined from
conservation of mass and of linear momentum according to the folloalatgpnshipsas
derived in reference [38].

o
. Ag - ,&%—&%\ (5.22)

RO g2 A (5.23)
Themasgsof the fission fragments prior to neutron emission are denofedhereS9 1 or 2
for either of the two fragmentalso, : ¢ is the mass of the combined nucleus &ids the
kinetic energies of the fragments prior to neutron emission in titeraef mass frame.
Complicating this picture are two correction factors for energudeg prompt neutron
emission and the pulse height defect.
Prompt neutron multiplicity from the fragmefg%,j: 2@s dependent on the energy of

the incident neutrofig, and the mass of the fragment prior to neutron emission. Neutron



emission carries away some fraction of the kinetic energyelisas massThe angle of emission
of prompt neutrons will also affect the kinetic energies of thgmfients, however, since prompt
neutrons are not detected in this experiment the angle of emissiohdetermined. Therefore, it
is assumed that prompt neutron emission is isotropic in the cémtess frame.
Consequentially, the average change in the kinetic energy of the fragrefores and after
neutron emission is due only to the loss of mass and is found by theifgjlrelationship.

%% | -
%9 % KE- M (5.24)

X
In this equatior®q and: , are the energy and mass of either fragment after prompt neutron
emission. The post neutron emission fragment mass is found by saltthetneutron
multiplicity.
D9 1 2? %% M@ (5.25)
The pulse height defe6f> ,@which is dependent on the post-neutron emission
fragment mass, results in a difference between the energgesadkein the ionization chamber
%" and the actual post-neutron emission kinetic energies of the fragment
%9 % - 6> @ (5.26)
At this stage of the analysi§" already incorporates all correction factors that account for the
differences between the two volumes of the detector as discassection 5.4.7.
Prompt neutron multiplicity and pulse height defect are dependent on fragmassés
yet to be determined hese masses are found using correlated energy measurementsyhoweve
corrections to these energies depend on the prompt neutron multipldithepulse height
defect. Therefore, a procedure is used that starts with &t guess for the fragment masses,
incorporates the mass and energy dependent corrections, and iterattaétulates the masses
until convergence is met in a method similar to that described bystdmet. al. [57]. An initial

guess for the fragment masses prior to neutron emission assummastsic fission.

- 1&
B
These initial guessfor the fragmenmassesalong with: ¢, %,, and%* serve as the inpsit

: f9 1 29 (5.27)
for the iterative calculation. The steps of the iteratioraarfollows:

1. Determine the value of the prompt neutron multipliGg%,j: 2@

2. Find the masses of the fragments after neutron emissid:: 2? %%j: 2@



3. Find the pulse height defe6t> ,@

4. Correct the detected energy of the fragment for the pulse hefght:869 %' - 6> @

5. Determine the post neutron emission energies of the fragmehésdanter of mass reference
frame: % >04j%@

6. Determine the pre neutron emission energies of the fragmehesdenter of mass reference
frame: %" >4 j%@

7. Recalculate the new masses of the fission fragments prieutcon emission: 294" j: o @
8. Check for convergence between the new pre-neutron emission fragassesrmand theame
masses fym the previous iteration. If the difference is greater tham @ot either fragment then
convergence has not yet been achieved and the newly calcutatedues serve as inputs into
the next iteration which starts over at step 1.

Once convergence succeeds, the newly calculafedhlues are taken as the true pre-
neutron emission fragment masses. Using thesssessteps 1 D 6 are cycled through one more
time to determine results for,, %' , and%§" .

Not all measured fission events from the dataset achieved convergdimg was set in
the algorithm to loop through the iteration no more than 100 timess llirnit was exceeded
then the event was determined to have faileddetconvergence. Convergence was
successfully met for 99.805% of the Th-232 dataset and for 99.793%d{288 dataset. Of
those events that met convergence, the maximum number of loops reqEatidfy the
convergence threshold was 25 iterations with most events requirieg ttean eightThose
events that did not meet convergence from the Th-232 dataset were dispnapelly associated
with low incident neutron energy, typically less than 500 keV, wethbehe ~1 MeV threshold
for fission. Since fission has a very low probability to occur in Th&38is low neutron
energy, this suggests that these events may have been the reda#t obincidence generated by
" particles. For those events that did not meet convergencelfeoth233 dataset, no such
pattern was discernable. Events that did not meet convergenceulledefrom the dataset for

subsequent analysis.
5.9 Angular Distribution Charge Correction

With the results of the 2E analysis, the fragment masses qalottexl against emission
angle as shown for the Th-232 data in figure 5.48. The two verticatbatered around 90 u



Figure 5.48 Emission angles and masses for Th-232 fission fragneéotts correcting for
nuclear charge.

and 140 u represent the concentrations of the light and heavy fragmenasiglbeg distribution
in this plot exhibits a small mass dependency shown as inwardlycskoiges foOP® values
close to ongeThis effect is the result of the fact that th&N analysis used up to this point to find
the angle of emission was performed assuming only a dependence on theoettexgy
fragments However, in actualityMalso has aveak dependence on the mass and charge of the
fragmentsas well.This is corrected for using the same method as described in sedtidro
correct for the energy dependency. The result of this an@éydi®wn in figure 5.49 where the
effect of fragment mass and charge on angle of emission has besstembfor. This plot shows
the final pre-neutron emission fragment masses and emission torglés232.

This same effect of fragment mass and charge on angle ci@misn be seen
on the U-233 data as shown in figure 5.50 visible as inwardly slanted &d{de®& values close

to one. The charge corrected spectrum is shown in figure 5.51.



Figure 5.49 Final emission angles and fragment masses prior tomeuntission for Th-232.

Figure 5.50Emission angles and masses for U-233 fission fragments before oayriect
nuclear charge.



Figure 5.51 Final emission angles and fragment masses prior tomeuntission for U-233.

5.10 Physics Calculations

The largest fraction by far of the available energy releaskskion goes into the kinetic
energy of the fission fragments calculated as the sum of the presmeumtission energies of the
light and heavy fragments in the center of mass frdie averagd KE is the mean value of a
distribution from individual fission event¥he TKE from fission events for a given incident
neutron energy range produce a normal distribution, a sample of whghbwn foiTh-232 in
figure 5.52.

The incident neutron energy spectrum was broken out into a series @y birex with
logarithmically increasing bin width. This retains high countingsites for each bin while
accounting for the higher neutron flux at lower energy. The TKE for fsstbn event within an
%, bin was input to a histogram and fit to a normal distribution whichwgad to find the mean,
sigma, and FWHM. These values are then used to characterizevboage TKE and the
standard deviation evolve over a wide rang&gofThis may be used to find clues about the
physical properties of the compound nucleus since the relationship betwaeyes in the
excitation energy of the compound nucléfs and the average TKE is still inadequately
understood.



Figure 5.52 A sample of the TKE values for Th-232(n,f) withinragrgy bin. Each distribution
is well characterized by a Gaussian which is fit to the weatketermine average TKE and
standard deviation.

Fragment mass yields are calculated both before and after netigsion from the
masses found in the 2E analysis. The yields are normalized tot0684t is assumed that there
are two fragments for each fission event.

As mentioned earlier in section 5.6, absolute energy cabbratithis experimenvas
based on the thermal neutron induced fission of U-235 prior to prompt neutissioemvhich
provides a common basis for both isotopes using a well charactasgied freaction. For Th-
232, this came from a weighted average oT k232(n,f) TKE measurements taken over a
series o, bins from 1.35: 0.02 to 5.3@ 0.11 MeV as reported by Trochon et. al. [17] which
used a U-235 target mounted on a rotating wheel for calibration. T483 dalibration is based
on the Orecommended® value for TKE at thermal neutron energyted Bp@/agemans in ref
[30] based on a meta-analysis of seven experiments all calilagaetst U-235(R,f). A
comparison of the calibrations used for the two targets is madephyiray the calibration used
for the Th-232 target to the U-233 data and evaluating the average Thétratl neutron
energy. This crosedibration is shown in figure 5.53 in comparison to the recommended value
from Wagemans, along with the seven experiments upon which the rendeunelue is based.
Also included is a theoretical value put forth by Viola et. al. 3ehd a weighted average of
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Figure 5.53 The average TKE for U-233(n,f) at thermal neutron easrdgtermined by
different methods. A weighted average was determined from severenmant experiments and
one theoretical model [3, 30, 49, 58, 59, 60, 61, 62,48 shown is a calibration from the Th-
232 experiment applied to the U-233 dataset as wellesommended KE value from an
independent assessment of each study as provided by ref [30]. The weighntepkacross
calibration, and recommended value are all in strong agreeméntéadh other.

these values for additional comparison. The Th-232 cross calibratios 8l 69.9% 0.9is in
good agreement with the U-233 recommended value of 7/@.3which lends confidence to

the energy calibration of both isotopes.
5.11 Uncertainty

A source of uncertainty in this experiment comes from the ctorefor prompt neutron
emission snce neutrons emitted during fission are not directly detected bgnimation
chamber used in this experiment. The prompt neutron multiplicity hnéffects both the mass
and energy of the systemvasestimatedbased on the results of the GEF model. The algorithm
written for this experiment to perform the 2E analysis wagyded to take advantage of high
counting statistics based on large enhancement factors used when rbar@tgR model, the
details of which are discussed in section 5.7.2. This mitiglagesrtcertainty due to promp
neutron emission, however, even infinite counting statistics cannogehhe fact that the

values ultimately usedrefrom a model rather than empirical measurements.



Another source of uncertainty in this experiment is the enerdyraadin. The calibration
for both isotopes is made against measurements from other expisroakbrated against
thermal neutron induced fission of U-23Hhis provides a common basis for calibration using a
well characterized fission reaction and a cross analysis ahth@ations used for both isotopes
showed good agreement. The final uncertainties of the energy comén&amdertainties in the
energy calibration fit parameters which incorporate uncertaintes the pulse height defect.

The final energy uncertainty is found using the following equation.

1§91 V- 1r 2BVgl/0/ (5.28)

The uncertainty was quantified by varying the calibration parametevgdbgigma and
rerunning the 2E analysis. Average TKE shifted by a maximum ofMe38which coreponds
with a 0.8% uncertainty. Uncertainties for ionization chambengasi to the one used in this
experiment are typically reported to be between 0.5% and 1%ndtastifission fragment
energies [64, 65, 66].



CHAPTER 6
RESULTS

The results of this experiment include an evaluation of averagekinétic energyf KE
and how it is dependent on incident neutron engéggas well aghe fission fragment mass
distributions from neutron induced fission in both Th-232 and U-233. Thesepamed both
before and after prompt neutron emission arelompared to past experiments as well as values
from simulation. The relationships between fission crosseseatid averagéKE, as well as
that with TKE standard deviatidn,g , are also shown. These results provide insigitsthe
nature of the combined nucleus and how the relationship between TKE arekaitation
energy TXE) changes with increasing neutron energy. These results can serpatasto
theoretical models addressing the nature of various fission chandets@tation energies
Also, changes in fragment mass distributions with incre@4ingrovide additional insight into
the fission reaction. Finally, fragment mass distribution andagectKE are evaluated in
comparison to each other with results presented on how this relatichsiniges across incident

neutron energies.
6.1 Average Total Kinetic Energy

The average TKE was evaluated as the mean of a normal disttibtiTKE values from
individual fission events within a neutron energy bin. Neutron energy l@res set to increase in
width logarithmically with increasingg, to mantain high counting statistics as neutron flux
drops off at higher energy. The average TKE results for Th-232 are shdwyuare 6.1 in
comparison to the values reported in past experiments frontuitenahichwereshownearlier
in section 3.2 figure 3. The results from this work, shown in dark blue, are in generally good
agreement with existing literature for the range of incident orwnergy evaluated by past
experiments. For most other actinides, it is typical for avef&deto decrease with increasing
%, across the range shown in figure 6.1, however, Th-232 is unusual theleterage TKE
initially increases witl¥4, up to approximately 5 MeV as observed by all but one of the past
experiments [15, 16, 17, 18, 67, 68]. The results from this work cotffiewistinct trend for
Th-232. They also appear to reproduce the small dip in average Taffpraiximately 2.1 MeV



Figure 6.1 The results of average TKE of Th-232(n,f) comparedstegperimental results.
The results from Holubarsch are an outlier, however, they exthidbgame trend of increasing
average TKE over thi¥, range and at a similar slope [1Bkcluded from this comparison are
the results of Smith et. al. [19] due to the large reported unagrees shown in figure 3.2.

observed by other works [17, 67, 68]. Importantly, the results fronexpisriment extend the
data on average TKE féf up to 40 MeV as shown in figure 6.2. The rising trend in average
TKE at lower energy is arrested at approximately 6 MeV and Uikdergoes a downward
correction before stabilizing into a steady downward trend simailéirat observed in other
actinides such as U-238, U-235, and Pu-239 [30, 38, 23, 45, 69, 70]. Forisomaa higher
neutron energy, these results are also shown in figure 6.3 alonysiaecsrage TKE predicted
by the GEF model. For this reaction, the model is primarily basexh extrapolation from
results reported by Kiesewetter et. al.][15

The results from this work and the values predicted by the modeshotha downward
trend in average TKE with increasifg, however, the results begin to diverge from the model
at higher energy. The bump in average TKE observed at approximatelg\2appears to be
predicted by GEF, however, there is clear disagreement withdatelnm the dip between 6 and
8 MeV. The GEF model for this reaction is primarily based darapglations made from
empirical results at low energy and this comparison reveals dlgolsiitation of this



Figure 6.2 The Th-232 average TKE results compared to past redeltsled to highér,.
This comparison excludes the results from two experimentsh®mial. [19] due to large
uncertainties and Holubarsch et. al.][Mhich is an outlier compared to the other datasets.

Figure 6.3Th-232(n,f) average TKE prior to neutron emission shown in comparistie to t
results predicted by the GEF model][23



approach. The results up to this point are presented as the enerdyg peutron emission; this
same analysis was performed for post neutron emission as shown @bfijuks expected, the
average TKE of the fragments post-neutron emission is slightly lihaarthe pre-neutron
emission values across all energies while displaying the samél aaf@e since prompt
neutrons carry off some kinetic energy. Also, the difference legtywee- and post-neutron

emission average TKE grows with increas¥ggas prompt neutron multiplicity increases.

Figure 6.4Th-232(n,f) average TKE after neutron emission shown in comparison teshks
predicted by the GEF model [23

To compare how average TKE correlates to multi-chance fissieshiblds, these results
are plotted with the evaluated cross section for neutron indusgshfisom ENDF/B VII.1 [1
as shown in figure 6.5. The drop in average TKE at approximatelWeideorrelated with a
sudden rise in the cross section which represents the onset of skanod fission. A possible
explanation of this feature is that initially, &g increases below the threshold, more energy is
input into the system and average TKE initially rises as fidsagments carry off the additional
energy. After this threshold is reached, additional energy statgopulated in the compound
nucleus and the energy is carried away by prompt neutrons and gammas ledle drop in

average TKEAs %, increases, additional fission channels open up, the effects di at@all



Figure 6.5Th-232(n,f) average TKE shown in comparison to the fission cross s¢tlion

overlain on top of each other and become difficult to discern individuliky aggregate effect
results in steadily decreasing average TKE.
The changing nature of the fission reaction as a functiéfy o further characterized by the
standard deviation in TKE. This is showith the fission cross section for Th-232 in figé:é.
There is a clear correlation between a drop4g and the onset of second chance fission visible
at 6 MeV. Meanwhile, there appears to be similar, althoughdisssct, behavior irh ..
correlated with third and fourth chance fission. The values farageelKE and .,4 for Th-232
both before and after neutron emission with associated uncertargiésted in appendix A
table A.1.

The average TKE and,g for U-233(n,f) was calculated using the same method as that
used for thorium. The results of the average TKE for U-233 are shtvithe predicted TKE
from the GEF model in figur®.7. The results show a trend of steadily decreasing avétage
with increasing incident neutron energy. This general trend andfrat@nge is similar to that
observed in other actinides such as U-238 and Pu-239 [30, 38, 69, 70]. Theamesuit
generally good agreement with the model in terms of absolute eneealjgWen up to highg,
values. However, the model predicts certain features, sucprasient bump at 7 MeV and

another at 14 MeV, that are not present in the results. Fudherthe model predicts a higher



Figure 6.6 The Th-232(n,f) TKE standard deviation in comparison tissgien cross section

[1].

Figure 6.7 U-233(n,f) average TKE prior to neutron emission showoniparison to the results
predicted by the GEF model [23

TKE value at thermal neutron energy than shown in these results os teaorted by all but

one of the past experiments for this reaction shown in figure 5.88tall of the average TKE at



low incident neutron energy is shown in fig@.& The average TKE appears to be generally
steady and decreasing at a low rate for%@wThe slope becomes increasingly negativé@s
increases. The average TKE post-neutron emission is compared3gfheodel in figuré.9.
The trend from both the model and the experimental results etielstame general shape for
post-neutron emission average TKE as for pre-neutron emission,dligh#élyy lower energy.
Again, the results are in generally good agreement with the ntadedver with the model
predicting features at 7 and 14 MeV that are not present indhkstelThe TKE results are also
shown in comparison to the U-233 cross section for neutron induced fissi&ENDF/B VII.1
[1] in figure 6.10 There is no obvious correlation between features in the cross saotidhe
average TKE results, largely due to the marked lack of promieatures in the average TKE
trend. The TKE standard deviation for U-233 was also evaluated ahdvsy with the cross
section in figure 6.11. In tHeyg comparison to cross section there appears to be some
correlation between features. A sudden ride.dg is correlated with the rise in cross section at6
MeV associated with second chance fission. Also, there is aneapplp in! .45 at
approximately 17 MeV, which deviates from an otherwise smoothly isiag#&end, that is

correlated with a local maximum in the cross section.

Figure 6.8 A detalil at lowg, of U-233(n,f) average TKE shown in comparison to the results
predicted by the GEF model [23



Figure 6.9 U-233(n,f) average TKE after neutron emission compatee GEF model
predicted results [33

Figure 6.10 U-233(n,f) average TKE shown in comparison to therfigsoss section [1



Figure 6.11 U-233(n,f) TKE standard deviation in comparison to $s®f cross section]f1

6.2 Wrap-Around Effect

The LANSCE linac delivers neutrons based on a pulsed timing seyetidiscussed in
section 4.1, which is useful for measuring the energy of the neutrced tas time of flight
measurement. However, some neutrons have low enough energy that theyimawvef &light
greater than the 1.8 us pulse spacing and therefore arrivetatgaelater than the high energy
neutrons from the next pulse. The waveform analysis method used expbisment mistakenly
associates fission events induced by these slow neutrons with a Tidreigna subsequent
linac pulse resulting in a very fast and incorrect time of fligeasurement. On the time of flight
spectrum, these events appear to wrap-around to the beginning ofdtnerapsppearing earlier
than the photofission peak. This effect is only observed in the U-233fifhght spectrum
since wrap-around neutrons have too low of energy to induce fission in w282 has a
threshold for first chance fission of approximately 1 MeV.

Some wrap-around neutrons from the U-233 dataset have low enough enetiggythat
bleed into the part of the spectrum with accurate time of fliggdsurements. The events with an
apparent time of flight less than the photofission peak are adsonbe wrap-around events
since it is physically impossible for neutrons to travel fasten the gamma rays. These events

are then used to characterize the magnitude of the wrap-aroucidbgfféting them with a
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decaying exponential. This fit is extended into the rest of therspgcas shown in figure 6.12
to estimate the magnitude of the wrap-around effect. The highesgjyeneutrons considered in
this work are 40 MeV which corresponds to a time of flight of 140.181tthis point in the
spectrum, the fit line is used to estimate that wrap-aroundamsuaiccount for approximately
3.0% of all events. The exact energy of these neutrons is unknown, hptlieyervould be
between thermal and 200 keV. The measured values for average Thdenaal and 200 keV
are very close to each other and within uncertainty, so the theatoe is used to approximate
the average TKE resultant from wrap-around neutrons. The measuwedaorahverage TKE at
40 MeV is 2.10t 0.06% less than the average TKE value at thermal neutron energgtorae
the wrap-around effect is estimated to have a maximum imp8dd@B8+ 0.024% on the TKE
measurement at 40 MeV and shrinks rapidly at lower neutron energp-atbund events are

therefore assumed to have a negligible impact on the average TlSHremaant.

Figure 6.12 The neutron time of flight spectrum for U-233 with fufittion used to
approximate the impact of the wrap-around effect.

6.3 Fragment Mass Yields

The fission fragment mass yields are evaluated both before andeditron emission
and are characterized as they chamguess different incident neutron energies. The mass yields
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are normalized to 200% since there are two fragments for esabnfievent and are presented
with a 5 u mass resolution which is typical for this type of deteand consistent with the
evaluation method used [29, 30, 38, 39, 45, 46, 64]. The fragmenymlassfor Th-232 are

shown in figure 6.13. The fragment mass yields exhibit a bimodalxdison at low energy with

Figure 6.13 The mass yield curves for variggidins for Th-232. The yield is normalized to
200% and is shown at 5 u resolution.



an increasing prevalence of symmetric fission with incred@gndhe pat-neutron emission
mass yield results are compared to the evaluations by Lam [@6]ehnd England et. al. [Y@at

5 u resolution. These are shown in figures 6.14 and 6.15 for twoethtfieported neutron
energy ranges including Ofission energyO, viere0.5 B 2 MeV, and at Ohigh ener§sG;

14 B 15 MeV. The results are in moderately good agreement exhdaitihg overall shape,
magnitude, and peak to valley ratio. Also, at high neutron energy, aefeapuesenting
symmetric fission is apparent in both data sets at approxinidtély. Differences between the
mass Yyield curves might be the result of differences in the tygetettion and evaluation
method used. For example, the England evaluation used radio-chemibabmto determine
chain yields and independent yields are found using a calculated charidpeititéd model [70].
The Lam et. al. evaluation deduced fragment masses from thesinagnergy and flight time,
however, assumed a constant prompt neutron emission [16]. A morecdingaarison can be
made to the mass yields reported by Simutkin [46], an evaluation whahtdized asimilar
ionization chamber as well as the 2E analysis method albeitjuéisi-monoenergetic neutrons.
These comparisons are shown in figures 6.16, 6.17, and 6.18 fordkalifferent neutron
energies observed by Simutkin. The results are in good agreemertiemvittass yields reported
by Simutkin for the specified neutron energies.

Figure 6.14Th-232 fission fragment mass yield post neutron emission comparisasiahfi
energy.



Figure 6.15Th-232 fission fragment mass yield post neutron emission comparison at high
incident neutron energy.

Figure 6.16 Fragment mass distribution results comparisérp,fer9 b 11 MeV.
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Figure 6.17 Fragment mass distribution results comparisér,forl6 B 18 MeV.

Figure 6.18 Fragment mass distribution results comparisér,fer24 b 26 MeV.

The mass yield is presented as a surface plot in figured® stbw how yield varies
across the full range of incident neutron energies. From thist gl ibe seen that asymmetric

fission dominates at low neutron energy while a symmetric fisaimthe becomes distinctly

visible at higher energy.
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Figure 6.19 A surface plot of the Th-232(n,f) fission fragment yiag$ shows how yield
changes witl4,. The small ripples in the surface plot are ljkgue to counting statistics.

The mass yield curves for U-233, shown in figure 6.20, were eadclin the same way
as those for Th-232. These exhibit the same characteristic bidlisttdlution at low energy as
observed in Th-232 as well as many other actinide8gAacreases, the two peaks become
decreasingly distinct. While there is an increasing prevalengevhestric fission, there is no
distinct symmetric feature such as that observed in Th-232. Téeyredd for U-233 at thermal
energy is shown in figure 6.21 compared to other experimental reBuétsesults from this
work appear to be in good agreement with past results measunednaaltenergy. The curves
exhibit similar peak heights and widths. The results from Mattial.ref [71] show a distinct
shape at the top of both peaks that is not observed in either thi®mtbie Bennett results [59]
This could possibly be due to the relatively low mass resolution oéxpisriment. The mass
yield is plotted as a surface plot in figure 6.22 to show the evolatmss the range of neutron
energies. This plot shows how the U-233 fission fragment mass yieltlsmtransitions from a
highly distinct to less distinct bimodal distribution with increasiegtron energy.
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Figure 6.20The mass yield curves for varioig bins for U-233. The yield is normalized to
200% and is shown at 5 u resolution.
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Figure 6.21 U-233 fission fragment mass distribution results coropaatshermal neutron
energy.

Figure 6.22 This surface plot of the U-233(n,f) fission fragmersisrggeld shows how yield
changes witl¥%4,.
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6.4 Mass-TKE Distributions

Finally, the fission fragment masses were compared to thekioéic energy to
characterize how this relationship changes with incident neutron efdrigyanalysis is used to
understand the how the distribution of kinetic energy into different feaggrdrives the net
decrease in average TKE. The fragment masses from Th-23btee pgainst TKE in figure
6.23. These plots show the distinctive bimodal mass distribution a&rlevgy while symmetric
fission is observed to fill in the center of the plofgsncreases. These plots reveal how
fragments from symmetric fission are on average correlatédoviter TKE. As%, increases,
the prevalence of symmetric fission increases, which drives thmalldecrease in average TKE.
The relationship between fragment mass and TKE is also evaluatednparing the average
TKE at individual fragment masses across different energmes.ig shown for Th-232 in figure
6.24. Only the heavier of the two fragments are plotted in thisffignd the scattering of the
data points at high fragment mass is likely due to lower countitigt&ts The highest average

TKE is associated with asymmetric fission where the matisedfieavy fragment is

Figure 6.23 Fragment mass and TKE distributions for Th-232 at vasrgies. A symmetric
fission component becomes increasingly prevalent at highand is associated with a lower
average TKE which drives the overall decreasing average TRf @asreases.
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Figure 6.24 Average TKE for Th-232 heavy fragments by fragment i@gassnetric and highly
asymmetric mass splits are associated with lower average s correlation becomes less
well-defined at highe?,.

approximately 130 u while symmetric and highly asymmetric fissiasssciated with lower
average TKE. This trend is more evident at fand begins to become less prominent at high
%,. The average TKE for fragments heavier than approximately 143 u dppeztrao be

affected by changes #4..

The fission fragment masses were compared to the TKE for d2@@Il, as shown in
figure 6.25. These plots reveal a similar trend as that observydd232 with an increasing
prevalence of symmetric fission with increasggand, on average, correlated with lower TKE.
Average TKE was also evaluated by individual fragment masses 288l&s shown in figure
6.26. This evaluation revealed a similar trend to that found for Thi23#ich asymmetric
fission is associated with the highest average TKE and symraattibighly asymmetric fission
is associated with lower average TKE. This is because morgyeineut is required for these
fission modes in order to overcome the higher potential barriergarlgercentage of the energy
of the system then goes into fR¥E which leaves less energy available for kinetic energy of the

fragments leading to an overall lower average TKE.
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Figure 6.25 Fragment mass and TKE distributions for U-233 at vanoig&ent neutron
energies. A symmetric fission component becomes increasingly preatlggherg, and is
associated with a lower average TKE which drives the overakdsiog average TKE &g
increases.
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Figure 6.26 Average TKE for U-233 heavy fragments by fragment i@gssnetric and highly
asymmetric mass splits are associated with lower average s correlation becomes less
well-defined with increasingg, .
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CHAPTER 7
CONCLUSION

This work has presented measurements of the average TKE gmefitamass
distributions from neutron induced fission of Th-232 and U-&3Bcident neutron energies
from thermal to 40 MeVThis was achieved using a twin volume ionization chamber with Frisch
grids and a target isotope mounted on the central cathode. This expgemaseperformed using
a white neutron source from the linear accelerator at the lassgs Neutron Science Center.
The angle of emission of fission fragments was determined usingisicl grid signals. This
information was used to make angle dependent energy corrections motleepailse height
which were then corrected for pulse height defect and calibratewktgyePrompt neutron
multiplicity was determined based on calculations made using thaw@gEl. Correlated
measurements of fragment energy along with neutron multiplicity and peight defect were
used to calculate the fragment masses based on conservation ahohassmentum using the
2E analysis method. This resulted in accurate measuremerdgsioffparameters that serve as
valuable inputs for the further development of fission models.

The results confirmed the trend of increasing average TKE for ThvB2ncreasing
incident neutron energy up to approximately 5.5 MeV observed by otherragpési This
experiment was novel in that it extended the range of measureddid&s to higher energy and
showed that beyond this energy, average TKE decreases with inci¥#asing rate similato
that observed in other isotopes. Results for U-233 also showed a danraasrage TKE with
increasing’,. Both the average TKE and the standard deviation exhibit structomelischance
fission thresholds. The measurement of fragment masses revdmheddal distribution at low
energy with an increasing prevalence of symmetric fission at high&oneznergy for both
isotopes, although the symmetric fission component was more pronouncédZ82TThis
characterization of fragment mass distribusiasimportantfor the nuclear power applications
since the composition of fission product buildup is an important design paraahall stages of
the nuclear fuel cycle. Fragment mass distributions were cothfraprevious experimental
results although only at limited neutron energy ranges. The resu#smweasonably good

agreement, especially for the results that used a similastdeféq. By comparing TKE to
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fragment masses at varioyg, it was shown that symmetric fission events were associatied w
a lower average TKE. The increasing prevalence of symmedsiofi at higheg, therefores
the driver of the overall decrease in average TKE.

The 2E analysis method used in this experiment is based on conseovatiass and
momentum, and so it is helpful to have an accurate value for tleeahd®e combined nucleus
prior to scission. The method demonstrated in this work to detetmgealue across a wide
range of neutron energies accounts for the continuously varying relative fitesati multi-
chance fission cross sections and represents a novel contributithrerfare, the prompt
neutron multiplicity from the fragments was determined using a 3Dareatnission surface
plot generated from a series of neutron emission curves, eachabf wéie in turn calculated
from 100 million Monte Carlo trials of the GEF code run over these of three months. By
referencing this surface plot, rather than rerunning the simul#tiwas simultaneously possible
to performfastiterative calculations while taking advantage of the reduced umtgnaovided
by large enhancement factors in the model.

Further experiments should be performed to obtain measurementgrohmaultiplicity
for both isotopes. The efforts detailedhis work using the GEF code provide an appropriate
substitute, however, empirical results of this parameter woulddeealuable additional insight
into the fission process for these isotopes. Also, it would be usedfiave experimental results
of fragment mass distributions with higher resolution to better identifyragofission
products. Experiments to measure these parameters would be thexbestéep to better
characterize fission in these isotopes. The results preseartad work, which includes the
average TKE and the fragment mass distributions from Th-232 and Wu238ssential to the
further development of the thorium fuel cycle and increase our undergjasfdhe fission
process.
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APPENDIX A

Table A1 The average TKE aridyg for Th-232 both before and after neutron emission.
Uncertainties are statistical. Add0.5% for systematic uncertainties in average TKE.

Pre Neutron Emission Post Neutron Emission
En [Mev] Avg TKE [MeV] %«ke [MeV] Avg TKE [MeV]  %«e [MeV]
1.09 + 0.09 162.07 + 0.28 8.69 +0.20 160.58 + 0.27 8.56 + 0.20
1.28+ 0.10 162.62 + 0.23 9.12+0.16 161.16 + 0.23 8.97 + 0.16
1.50 + 0.12 163.22 +0.12 9.21 +£0.08 161.74 +0.11 9.07 + 0.08
1.76 £+ 0.14 163.60 + 0.11 9.30 £ 0.08 162.10+0.11 9.15 + 0.08
2.06 £0.17 163.33+0.1C 9.50 £ 0.07 161.80 + 0.1C 9.33 + 0.07
2.42 +0.19 163.99 + 0.1C 9.43 £ 0.07 162.42 + 0.1C 9.26 + 0.07
2.85+0.23 163.70 £ 0.1C  9.47 £ 0.07 162.10 + 0.1C 9.31 + 0.07
3.34+£0.27 164.04 + 0.1C 9.52 +£ 0.07 162.40 £ 0.0¢ 9.36 + 0.07
3.92+0.31 164.62 + 0.1C 9.56 + 0.07 162.91 £+ 0.0¢ 9.39 +0.07
4.60 + 0.37 164.76 + 0.1C  9.67 £ 0.07 162.98 + 0.1C 9.51 + 0.07
5.40 £ 0.43 164.36 + 0.11 9.77 £ 0.08 162.53+0.11 9.59 + 0.08
6.34 £ 0.51 162.88 + 0.0¢ 9.37 £ 0.06 161.12 + 0.08 9.21 + 0.06
7.45 + 0.60 162.90 + 0.07 9.37 £ 0.05 161.15+ 0.07 9.21 +0.05
8.74 +£0.70 163.65+ 0.0¢ 9.86 £ 0.06 161.80 £+ 0.0¢ 9.70 + 0.06
10.27 £ 0.82 163.27 +0.1C 9.81 £ 0.07 161.29 + 0.1C 9.65 + 0.07
12.05 + 0.96 163.29 + 0.12 10.00 + 0.08 161.11 +0.11 9.85 + 0.08
14.15+ 1.13 162.80 + 0.12 10.39 + 0.08 160.50 + 0.12 10.24 + 0.08
16.61 + 1.33 162.54 + 0.11 10.06 + 0.08 160.23 +0.11 9.93 + 0.07
19.50 + 1.56 161.77 +0.11 10.53 + 0.08 159.34 + 0.11 10.42 + 0.08
22.89 +1.83 162.11 + 0.0¢ 9.85+ 0.06 159.70 £ 0.0¢ 9.77 + 0.06
26.87 £ 2.15 161.41 + 0.1C 10.57 + 0.07 158.78 + 0.1C 10.47 + 0.07
31.55 + 2.52 161.20 + 0.0¢ 10.47 + 0.07 158.47 + 0.0¢ 10.37 £ 0.07
37.04 + 2.96 160.90 + 0.0¢ 10.67 + 0.07 158.04 + 0.0¢ 10.57 £ 0.06
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Table A2 The average TKE aridyg for U-233 both before and after neutron emission.
Uncertainties are statistical. Add0.5% for systematic uncertainties in average TKE.

Pre Neutron Emission Post Neutron Emission

En[Mev]  Avg TKE [MeV]  %xe [MeV]  Avg TKE [MeV]  %x«e [MeV]
0.12+0.12 170.13+0.00/ 13.33+0.003 168.24 + 0.004 13.13 + 0.003
0.25+0.02  170.16 +0.05 13.42+0.04  168.25+0.05 13.22 + 0.03
0.29+0.02  170.07+0.05 13.51+0.03  168.16+0.05 13.31+ 0.03
0.34+0.03  170.18+0.04 13.46+0.03  168.26+0.04 13.26 + 0.03
0.40+0.03  170.22+0.04 13.49+0.03  168.30+0.04 13.29 +0.03
0.47+0.04  170.15+0.04 13.47+0.03  168.23+0.04 13.27 +0.03
055+ 0.04  170.15+0.04 13.45+0.02  168.23+0.03 13.24 + 0.02
0.64+0.05  170.19+0.0: 13.36+0.02  168.27 +0.03  13.15+ 0.02
0.75+0.06 17016 +0.03 13.42+0.02  168.24+0.03 13.21 +0.02
0.87+0.07  170.14+0.0: 13.39+0.02  168.22+0.03 13.18 + 0.02
1.02+0.08  170.11+0.02 13.35+0.02  168.20+0.03  13.15 + 0.02
1.19+0.09  170.14+0.02 13.42+0.02  168.22+0.03 13.21 + 0.02
1.40 £ 0.11 170.09 + 0.0 13.36+0.02  168.17 £0.02  13.15+ 0.02
1.63+0.13  170.06 £ 0.0 13.43+0.02  168.12+0.03 13.22 + 0.02
1.91+0.15  170.13+0.02 13.42+0.02  168.13+0.03 13.21 + 0.02
2.23+0.17  170.11+0.02 13.45+0.02  168.09+0.03 13.23 + 0.02
2.61+0.20  170.00+0.02 13.49+0.02  167.95+0.03 13.27 +0.02
3.05+0.24  170.02+0.0: 1351+0.02  167.93+0.03 13.28 +0.02
356+0.28  169.91+0.03 13.53+0.02  167.78+0.02 13.30+ 0.02
416 +0.32  169.90 + 0.0 13.62+0.02  167.74+0.02 13.40 + 0.02
4.87+0.38  169.67+0.05 13.55+0.02  167.46+0.02 13.32+ 0.02
569+ 044  169.47+0.04 13.74+0.03  167.23+0.04 13.51+0.03
6.66+0.52  169.25+0.02 13.57+0.02  167.01 +0.03 13.34 + 0.02
7.78+0.61  169.10+0.04 13.66+0.02  166.77 +0.03 13.43 + 0.02
9.10+0.71  168.84+0.04 13.79+0.03  166.36+0.04 13.56 + 0.03
10.63+0.83  168.72+0.04 13.87+0.03  166.10+0.04 13.63 +0.03
12.43+0.97  168.07+0.05 13.95+0.03  165.37 + 0.05 13.71 + 0.03
1453 +1.13  167.70+0.05 14.00+0.03  164.94+0.05 13.77 + 0.03
16.99 + 1.32  167.61+0.05 13.93+0.04  164.81 +0.05 13.70 + 0.04
19.86 + 1.55  166.85+ 0.06 14.23+0.04  163.91 + 0.05 13.99 + 0.04
23.22+1.81  166.96+0.06 14.34+0.04  163.89+0.06 14.08 + 0.04
27.15+2.12  166.66+ 0.06 14.40+0.04  163.46 +0.06 14.13 + 0.04
31.74+2.47  166.43+0.06 14.28+0.04  163.13+0.06 13.99 + 0.04
37.11+2.89  166.40+ 0.06 14.38+0.04  162.97 +0.06 14.09 + 0.04
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