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SUMMARY

Antineutrino detectors have matured signi cantly over the past two decades. They have
demonstrated the capability to measure the operating status, power level, and fuel burnup
of nuclear reactors. Monitoring nuclear reactors with antineutrino detectors provide advan-
tages over current safeguards technology in that they can: operate remotely and unattended,
provide real-time information, remain non-intrusive and unconnected to internal plant sys-
tems, and reduce reliance on operator declarations. However, current anomalies lead to
mismatches between the theoretical and measured spectrum and are one of the factors in
preventing antineutrino safeguards implementation. The current Precision Reactor Oscil-
lation and Spectrum Experiment (PROSPECT) seeks to address these issues by making a
modern short-baseline measurement ofdk& spectrum and searching for neutrino os-
cillations. PROSPECT has constructed a ton-scale liquid scintillator detector to measure
the antineutrino ux from the High Flux Isotope Reactor (HFIR) at Oak Ridge National
Laboratory (ORNL) and has already recorded tens of thousands of antineutrinos attributed
to ssion events in HFIR.

To aid PROSPECT in its high-precision measurement, reactor simulations are per-
formed to characterize the antineutrino spectrum from HFIR. Neutronic simulations using
MCNP and other nuclear engineering codes such as SCALE are used to quantify key reac-
tor parameters related to neutrino production. Modeling and simulation allowed for high-
delity quanti cation of ssion rates, fractions, and spatial distributions that all impact the
signal at a short-baseline detector. The design and missions of HFIR permit antineutrino
emissions from non-fuel sources; a methodology for identifying such sources is developed
and is evaluated for different materials in the reactor. Work on spent fuel, reactor power,
and simulations for theoretical antineutrino predictions are also discussed. All of these fac-
tors contribute to the measurement of the antineutrino spectrum from HFIR and advancing

antineutrino detectors as a viable safeguards technology.
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CHAPTER 1
INTRODUCTION

Nuclear reactors constitute a large part of the world electricity production. As of July
2018, there were 453 operable commercial nuclear reactors that produced 397 GW of elec-
tricity (GWe) [1]. An additional 57 commercial reactors are under construction around the
world to contribute another 57 GWe. This does not include the 227 research reactors in
more than 50 countries that are used for education, training, isotope production, neutron
experiments, and other purposes [2]. The worldwide energy demand and consumption is
increasing quickly, e.g. 2.3% in 2018 [3]. Nuclear energy provides an excellent opportu-
nity to meet some of these needs by producing electricity without contributing signi cantly

to the carbon emissions affecting climate change.

Meeting national and global needs for low-carbon sources of electricity requires the
deployment of new reactors as many current ones have retired or will do so in the coming
decades. Additionally, research reactors in the United States need to be modi ed and devel-
oped to maintain national science and security missions. Critically increasing demand for
nuclear reactors, whether of similar light water reactor (LWR) designs or advanced Gener-
ation IV designs [4], requires the proper scaling in instrumentation and the nuclear security
enterprise to maintain accordance with nonproliferation and safeguards agreements, e.g.
the Treaty on the Non-Proliferation of Nuclear Weapons (NPT). Many non-Organisation
for Economic Co-operation and Development (OECD) countries have expressed new or
renewed interest in nuclear power to meet their energy needs. The third pillar of the NPT
guarantees these countries the peaceful use of nuclear technology, which includes power
reactors for electricity and research reactors for other science and security missions. With
increasing demand for nuclear energy and its bene ts, the spread of peaceful technology is

inevitable.



The international community, under the NPT, has concerns over the proliferation of sen-
sitive nuclear material and information as they can also be utilized for military purposes,
i.e. nuclear weapons. The US, particularly the Department of Energy (DOE) and National
Nuclear Security Administration (NNSA), have a vested interest to “prevent, counter, and
respond to nuclear nonproliferation, counter-proliferation, and nuclear security threats” in-
volving any nuclear facilities and material [5]. The International Atomic Energy Agency
(IAEA) also has a vital role in applying safeguards to peaceful nuclear facilities for coun-
tries that have signed the NPT. The potential large increase in nuclear energy development
in non-OECD, developing states (which largely overlap with NPT non-weapons states)
raises concerns over safety and security of the material [5].

The inherent dual-use nature of nuclear technology comes with security concerns over
the accountability of nuclear and radiological material and necessitates the implementation
of safeguards processes. In the case of nuclear reactors, one of the key pieces of the nu-
clear fuel cycle process, the fuel material is of the most concern as ssile material itself
is necessary for a nuclear weapon. The IAEA identi es 25 kg of highly-enriched ura-
nium (HEU) and 8 kg of plutonium as a signi cant quantity, or the “approximate amount
of nuclear materials with the possibility of manufacturing a nuclear device cannot be ex-
cluded” [6]. Various actors have taken actions to mitigate the probability of proliferation
and potential weapons production of non-weapons states on constraining both the uranium
and plutonium path. The former has seen success in limiting the spread of enrichment
technology needed to make an HEU weapon and constraining the nuclear fuel fabrica-
tion process to only a few countries. The latter has relied on preventing proliferation of
plutonium-producing reactors and subsequent reprocessing capabilities, such as through
export controls within the Nuclear Suppliers Group (NSG).

Ultimately, the IAEA is responsible for enabling enforcement of international safe-
guards and ensures this primarily through material accountancy at nuclear facilities, e.g.

the commercial and research reactors under the NPT umbrella. It does so by forming com-



prehensive safeguards agreements (CSAs) with member states to ensure that all nuclear
material is used peacefully within a state. The Additional Protocol (AP) provides for fur-
ther abilities by the IAEA to increase its ef ciency and ensure absence of any undeclared
nuclear material production. The IAEA uses several types of technologies in parallel to
con rm the lack of nuclear fuel diversion to military applications and absence of clandes-
tine facilities (under the AP). Techniques include non-destructive analysis (NDA), destruc-
tive analysis (DA), unattended and remote monitoring, containment and surveillance, and
environmental sampling [7]. Each of these techniques pose unique challenges; for example,
environmental sampling and DA incur signi cant technological, timeliness, and personnel
costs while NDA may require advanced instrumentation or on-site inspectors to be present
at the facility. The IAEA utilizes all of these these technologies concurrently to ensure its
safeguards missions, but is continually looking to improve its capabilities through R&D
[8].

The IAEA is continuously searching for methods and technologies to enhance capa-
bilities to verify that states are meeting their obligations and to promptly detect misuse
of civilian nuclear material. The DOE/NNSA express full support in “modernizing nuclear
veri cation capabilities” and actively encourage technological maturation of new technolo-
gies [5]. Improvement in IAEA capabilities can increase ef ciency, reduce costs, and stan-
dardize implementation of safeguards throughout all facilities worldwide. The IAEA De-
partment of Safeguards outlined their desired technological capabilities in their Long-Term
R&D Plan 2012-2023 [8]. Among the thirteen long-term capabilities needed, some signif-
icant technological requirements include the “ability to make maximum ef ciency savings
by the use of remote monitoring of operators and unattended IAEA equipment” and the
“ability to safeguard new types of [facilities].”

For decades it has been suggested that antineutrino detectors (ADs) can be used to mon-
itor current and future nuclear reactors [9, 10, 11]. In the past several decades, they have

demonstrated capabilities to measure the operational status, power level, and ssile content



in real-time [11]. Antineutrino detectors can operate passively, remotely, and outside of
the reactor core. These features contrast with current methods that implement neutron ux
detectors, thermocouples, and pressure and ow sensors to measure operational parameters
of the reactor. These signals have low-tamper resistance, need to be connected to plant
systems within the core, and rely heavily on operator declarations. Antineutrino detectors
have the potential to measure signatures from the ssion rates in the core that do not have
such disadvantages.

The IAEA has expressed interest by hosting a focused workshop on AD application in
2008 [12] and concluded that safeguards integration of antineutrino detectors is possible
but at that time practical. Antineutrino detectors need to improve in cost, ef ciency, and
deploy-ability at a variety of reactor sites. Some of the reports suggestions include appli-
cation of antineutrino detectors in a wider set of environments (such as different reactors),
deployment at near-ground level, and a wider base of integrated simulation software to
decrease reliance of power and ssile content information on operator declarations.

The state of the art in antineutrino detection still stands to gain in the understanding
of neutrino physics to enable safeguards integration. Flux de cit and spectral deviations
observed by recent experiments (discussed in more detail in Chapter 2) show disagreement
between the theoretical predictions and experimental measurements at nuclear reactors.
However, the recent Precision Reactor Oscillation and Spectrum Experiment (PROSPECT)
seeks to address some of these anomalies by measuring the antineutrino ux at the High
Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). PROSPECT
seeks to advance the eld of antineutrino detection, which can potentially meet current
and future IAEA needs. Development can help safeguard new types of reactors, especially
ones that may need out-of-core instrumentation due to materials limits or need to verify the
inventory of long-lived cores.

With the current understanding of antineutrino spectra, high-precision measurements

are necessary to further development of ADs. PROSPECT seeks such a high-resolution



spectrum measurement to make de nitive statements about the antineutrino spectrum and
associated anomalies. It has been suggested that reactor modeling and simulation is still
necessary for understanding the measurement of antineutrinos from a nuclear reactor [12,
13]. Several works have examined the role of reactor modeling in understanding antineu-
trino spectra and uncertainties from current and future nuclear reactors [14, 15, 16]. Re-
actor modeling provides the capability to characterize the nuclear reactor as a source of
antineutrinos and understand systematic uncertainties that can increase precision on the
measured spectrum. The PROSPECT experiment needs more detailed understanding of its
spectrum from HFIR. Reactor modeling of operating and future reactors is a necessary tool
for the understanding of spectra and deployment of antineutrino detectors as a safeguards

technology.



CHAPTER 2
BACKGROUND

This chapter addresses background information that is necessary to understand research
performed. Section 2.1 introduces the concept of antineutrino physics and detection. Back-
ground on the PROSPECT experiment is then discussed in Section 2.2. Finally, design

information on the High Flux Isotope Reactor is presented in Section 2.3.

2.1 Antineutrino Physics

Neutrinos () are neutral, nearly massless particles that travel at close to the speed of light
and were instrumental in the creation of the universe. Hypothesized by Wolfgang Pauli
in 1930, neutrinos were the particle that account for the previously-unresolved missing
momentum in three-body beta decay to explain the continuous energy spectrum of resulting
electrons. According to the Standard Model, neutrinos come in three avors: elecgjon (
muon ( ), and tau ( ), each deriving from their respective partner lepton associated with
their creation. Each neutrino also has an associated anti-particle called an antineutrino (
The electron neutrino () is created in positron (") decay while the electron antineutrino
(Te) Is created in beta ( ) decay. Both of these are common products that are created in
nuclear reactions.

Nuclear reactors are a copious source of electron antineutrighsNeutron-induced
ssions that drive the nuclear chain reaction creates neutron-rich ssion products that are

prone to beta decay and emit an antineutrino:

XL 2aY +  + ¢ 2.1)

where an elemerX with an atomic number and mass numbek transmutes to the next



highest element along with an electron {), antineutrino {¢), and kinetic energy that is
carried away by the products. Nearly all of the energy is carried away by thend .
A typical commercial nuclear reactor with 1 GWe of power produces aboiit— per

second and 6, per ssion reaction [17].

2.1.1 AntineutrinoDetection

In 1956, Reines and Cowan con rmed Pauli's hypothesis with the experimental discovery
of electron antineutrinos at the P Reactor at the Savannah River Site in the 1950s [18].
It was discovered that antineutrinos can be detected with the inverse beta decay (IBD)
reaction using a ton-scale liquid scintillator detector. The experimental con rmation of the

neutrino earned the work a Nobel Prize in Physics in 1995. The IBD reaction [19] has a

1.8 MeV threshold for thee:

et1p! gn+ 7 (2.2)

Antineutrino detectors (ADs) operate by matching the coincidence of the prompt positron
annihilation (two 0.511 MeV 's) and delayed neutron absorption to verify an IBD interac-
tion. Most recent experiments have used liquid scintillator detectors to count the subsequent
photon and neutron interactions. ADs require signi cant background rejection to minimize
cosmogenic and accidental production of neutrino-like signatures. Due to the low cross-
section of the IBD reaction ( 10 ?°cm ?2), it is most bene cial to place an antineutrino
detector close to the reactor core as the signal falls off with the inverse square distance from
the reactor core, also called the baseline of the detector.

Figure 2.1 shows the emitted spectrum, IBD cross-section, and expected detected spec-
trum for —¢'s coming from a nuclear reactor. Thg spectrum is monotonically decreasing
with energy while the cross-section is monotonically increasing. The expected detected
spectrum, a product of the two, shows a characteristic peak in the 3-4 MeV range. The

distribution falls off heavily after 8 MeV, few reactor, are detected above this energy. It



Figure 2.1: Inverse beta decay reaction and spectrum from major isotopes in a commercial
reactor, reproduced from Ref. [17]

can also be seen that the yield and spectrum.afaries signi cantly with different parent
ssioning isotope.

Experiments have measured the ux and spectrum from nuclear reactors for several
decades [20, 21]. These experiments have taken place at a wide variety of reactor types and
baselines (meters to kilometers) from the reactor core; a summary of them can be found
in Table 2.1 [22]. Several have measured theux coming from more than one nuclear
reactor, and a majority of them have been at commercial nuclear reactors. Experiments
seek to constrain the mass splittingri?) and neutrino mixing angle { parameters that
help de ne the parameters de ning the Standard Model [23]. Several experiments have
made recent strides in fundamental understanding of the last unknown neutrino mixing
angle (13). These long-baseline experiments include RENO [24], Double Chooz [25], and
Daya Bay [26].

These experiments seek to gain understanding of the Standard Model from Teactor



Table 2.1: Summary of neutrino experiments at nuclear reactors, reproduced from Ref.
[22]

At a nuclear reactor, the emitted spectraSfollows as [27]:

@ (E-;t) X X dN;
redt = fi(t)Si(E-) = fl(t)E

(2.3)

where S is the reactor emitted source spectruim,is the ssion rate of isotope and
dN;/dE-, is the ¢ spectrum of that isotope. Equation 2.4 can also include a normaliza-
tion to reactor power if ssion fractions are used instead of ssion rates. Tlspectra are
typically presented per unit energy so that it can be integrated over various energy ranges.

Precise knowledge of the reactor ssion rates by isotope is necessary to characterize the



“e Spectrum from the reactor. Equation 2.4 has been modi ed to include additional terms
based on current knowledge and approximations [28]:
Tl Xi i) g6 (E-) + Ssue (Ei1) @4
wherec® is the contribution of non-equilibrium isotopes [29, 30] asyl is the
contribution of spent fuel.
The™ (or ) ux measured at the detector can be described by Equation 2.5 [28]:

®N(E ;t) _

. d2 .
Y N, 180 (E ) P(E ;L)d (E ;t)

4L 2 dE dt

(2.5)

whereN is the number of neutrinos detected in the active voludds the number of target
protons in the detector,gp Is the energy-dependent inverse beta decay cross-seetion,
is the oscillation survival probability from reactor to detector, &n$ the distance from
ssion site to detector segment. The last term accounts for the relative change in the emitted
spectrum from the source.

Equation 2.5 can be greatly simpli ed by integrating over the energy domain and en-

compassing all constants and detector-related terms into one fa@pr

dN
dt

== [1+k(t)]Pn (2.6)

wherePy, is the thermal power of the reactor akft) is a term that account for the time-
varying ssion rates in fractions in the reactor. The detected spectrum is proportional to

e physical and detector-related parameters, reactor power, and any time-varying term that

changes over a reactor cycle.

2.1.2 PredictedAntineutrinoSpectra

Theoretical predictions of reactog spectra rely on well-known spectra for each ssile

isotope. Thus it is important to quantify t@%\‘f term in Equation 2.4. Predictions can

10



be grouped into two categories: those using the summation method and those using the

conversion method.

Summation Method

The rst method is the summation method, also calledahénitio approach. This method
takes the aggregate spectrum by taking the sum of the spectra from each ssion product
weighted by its ssion yield [27]:

dN; X X i i
= Y(ZAt)  bi(Eg)P (E SEy Z) (2.7)

e n n;i

whereY is the yield of decaysn accounts for all the ground and excited states of the
daughterb is the branching ratio of the transitiok, is the endpoint energy, arf@l is

the normalized . spectrum for that transition. This method is straightforward intuitively,
however it comes with some issues.

It is evident that accuracy with this method depends greatly on the accuracy of transi-
tion, decay, and ssion yield data of thousands of ssion product nuclides and their sub-
sequent daughters. Much work has gone into understandingetpectrum from the
summation method and the associated electron spectrum to decrease uncertainties [27, 31,
32]. Many transitions, particularly those that are short-lived, are not included in the nu-
clear data. Therefore approximations have been made to account for missing transition
data. Summation method predictions have results with errors of approximately 10%. The

summation method predictions for these four isotopes is shown in Figure 2.2 [27].

Conversion Method

The second method is the conversion of reactor electron spectra. Problems with the
summation-predicted spectra have necessitated utilizing well-known beta spectra to predict

e Spectra. Because the daughter atom carries away a negligible amount of energy, nearly

11



Figure 2.2: Summation-predicted spectra of the primary ssile isotopes in a commercial
nuclear reactor, reproduced from Ref. [27]

all the kinetic energy is shared by the and™. In other words:

EO Ee + E (2.8)

whereE, is the same endpoint energy as in Equation 2.7.

This method relies on the inversion of reactorspectra to obtain the, spectrum. Vir-
tual  branches are used to convert the totalspectra from a reactor into a nite number
of approximate ts, usually around 30. This method requires several approximations and
assumptions. Some of these include corrections in several physical phenomena, the choice
of a regularization scheme, and neglect or other treatment of forbidden transitions [33].

The spectrathatis most widely used as an input to conversion procedures today was
measured at the Institut Laue-Langevin (ILL) High Flux Reactor (RHF) in the 1980s by
Shreckenbachkt al. [34, 35, 36]. This includes beta spectra for the three ssile isotopes:
235U, 22%Pu, andPtPu.

The most widely-used predictions for conversion-predictespectra are those by Hu-

12



ber [33]. He calculated the, spectrum from the electron spectraédiJ, 22°Pu, and*!Pu.
The spectra for38U, the only one of the four isotopes that undergoes ssion primarily
from fast neutrons, has been predicted in [29] with an updated version in [37]. However,

summation predictions are also commonly used¥i.

2.1.3 AntineutrinoAnomalies

Several recent experiments have made signi cant progress in monitoring nuclear reactors
with neutrino detectors, including Double Chooz [25], RENO [24], and Daya Bay [26].
Across these experiments and others, ux de cits and spectral deviations have been ob-
served in the e spectra compared to theoretical predictions. Recent experiments have
indicated a roughly 6% de ciency in detected ux. This phenomenon has been called

the “reactor antineutrino anomaly” and has been extensively studied in the past decade [38,
39, 40]. The anomaly across many experiments is shown in Figure 2.3. Analysis of the
anomaly has suggested the potential existence of a fourth type of neutrino, the “sterile”
neutrino that does not interact weakly as the other three neutrino avors do.

The other unexplained phenomenon in the spectrum is what is called the “bump” or
“shoulder” in the 5-7 MeV range of, energy. This phenomenon is more pronounced in
summation predictions. The Daya Bay experiment saw a several percent increase in this
range (Figure 2.3) [26]. This shoulder was initially not found in the electron spectra, but
some papers have found a similarly-shaped bump [31].

The anomaly and bump have been extensively explored by the neutrino physics com-
munity [41, 42]. Variations in the decay and ssion yield databases, such as JEFF-3.1.1
[43] and ENDF/B-VII.1 [44], provide complications that need to be resolved. The hypoth-
esis of the sterile neutrino still remains and has motivated short-baseline experiments to test
directly for its existence. Different studies have shown certain isotopes may be responsible
for de ciencies in the ux predictions themselves, most recently the Daya Bay result sug-

gested that**U may be responsible for the anomaly. Regardless of the source of physical
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Figure 2.3: “Bump” in the ¢ spectrum in the 4-6 MeV range (top) and de cit of experi-
mental to theoretical data (bottom), reproduced from Ref. [26]
anomalies, the disagreement between theoretical predictions and meassjpedtra need

to be studied further to accurately measure the ux from nuclear reactors.

2.2 PROSPECT

The Precision Reactor Oscillation and Spectrum Measurement (PROSPECT) [45] attempts
to answer remaining questions about thespectrum from nuclear reactors. It has two
main goals: 1) perform a precise measurement oftig —. ux and 2) search for sterile
neutrino oscillations at short baseline. The PROSPECT experiment is measuring the

ux at the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL).
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HFIR is a high-powered, compact research reactor fueled with highly-enriched uranium
(HEU). The HEU fuel of the reactor provides for a large contributio®®af) ssions with

little fuel isotopic evolution. The HFIR site also allows for the PROSPECT detector to
be located close to the reactor core; this setup is ideal for searching for sterile neutrino

oscillations. More details on HFIR will be discussed in Section 2.3.

2.2.1 DetectorDesign

PROSPECT has constructed a four-ton, segmefitédjoped liquid scintillator detector

[46]. The detector contains an array of 14 horizontal by 11 vertical segments (154 total),
each with a photomultiplier tube (PMT) at each end. A schematic of the detector and
segmentation is shown in Figure 2.4 The center of each segment is located between 7-10
meters from the reactor core center. Each segment is optically separated from the others
using an optical grid. The PMTs at the ends seek the gamma rays that are emitted from the

positron ( *) annihilation and neutron capture:

T+ 4+ (2.9)

gn+C8Li ! He+3H (2.10)

The®Li-doped liquid scintillator used is similar to the Eljen Technology's EJ-309 lig-
uid scintillator, which is widely used in the eld of radiation detection today. The scin-
tillator produces visible light when ionizing radiation interacts. In the IBD reaction, this
involves the gamma rays from the positron interaction (prompt) and neutron capture (de-
layed), which are shown in Figure 2.5. These signals can be correlated to differentiate
reactor IBD-like events from accidental rates from backgrounds.

One challenge with PROSPECT is background rejection. The detector is situated close

to ground level, with less than one meter of water equivalent overburden. Thus, the detec-
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Figure 2.4: Schematic of PROSPECT detector and shielding assembly [47]

Figure 2.5: Inverse beta decay (IBD) reaction showing the production of the prompt and
delayed signal
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Figure 2.6: Aerial view of the HFIR core during defueling

tor has to be able to reject ef ciently cosmogenic and reactor backgrounds. Cosmogenic
neutrons give the biggest challenge for the PROSPECT detector. The detector has vari-
ous levels of containment and shielding made of: aluminum, acrylic, and polyethylene.
Water and lead bricks are used to reduce the background from cosmogenic neutrons and

reactor-related gamma rays, respectively.

2.3 High Flux Isotope Reactor (HFIR)

The High Flux Isotope Reactor (HFIR) is a major research reactor with missions of neutron
scattering, isotope production, materials irradiation, and neutron activation analysis. It is
one of the few HEU fueled research reactors in the United States. HFIR is a compact reactor
that can attain high thermal neutron uxes, or 10" n/cn¥/s, in its central region. It
nominally operates at a power of 85 MWt for a cycle length of 23-26 days (1955 - 2210
MWd of operation). HFIR currently operates seven cycles annually Table 2.2 shows the
nominal core, fuel, and coolant parameters. The PROSPECT experiment has taken data for
much of cycles 478-482, the ve most recent cycles to date. An image of HFIR is shown

in Figure 2.6.
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Figure 2.7: HFIR experiment locations in the ux trap and beryllium re ector (top) and
loading of the ux trap in the representative model (bottom), reproduced from Ref. [48]
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Table 2.2: HFIR nominal design and operating parameters

Fuel
Composition U30g-Al
Enrichment 93%
Plate Thickness (cm) 0.127
Number of Plates 540
Core?®U Loading (kg) 9.4
Total 22°U+238U loading (kg)| 10.4
Core
Diameter (m) 0.435
Height (m) 0.769
Active Fuel Height (m) 0.508
Power (MW1) 85
Cycle length (days) 23-26
Peak Thermal Flux (n/cffs) | 2.5e+15
Moderator H,O
Re ector Be
Control Element Materials| Eu,Ta,Al
Coolant
Flow rate (gpm) 16,000
Inlet temperature (F) 120
Exit temperature (F) 156
Operating pressure (psig)| 468
Pressure drop (psi) 110

2.3.1 HFIR RegionDescription

HFIR is a versatile research reactor with a ux-trap style design. The ux trap style means
that it is designed to maximize or “trap” thermal neutron ux at the center annulus of the
core. The purpose of this is for maximizing neutrons available for materials irradiations
and isotope production purposes. The HFIR core can be grouped into four major neutronic
regions: the ux trap, fuel, control element, and re ector. Outside of these four major
regions are the pool, reactor vessel, and support structures. All of the design choices are

outlined in the HFIR Core Nuclear Design report [49].
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Flux Trap

The central region is the ux trap target (FTT) region. The FTT region contains a total
of 37 target positions, which include 30 interior positions, 6 peripheral target positions
(PTPs), and one hyrdraulic tube (HT). Figure 2.7 shows the experiment positions in the
core. The contents of the FTT vary from cycle to cycle depending on experimental demand
for isotope production and materials irradiation. The model with a representative loading
[48], for example, contains target materials composed of vanadium, nickel, molybdenum,
tungsten, selenium, niobium, iron, nick& i), and curium. The curium targets are used

to produce’®2Cf, which results in its spontaneous ssion and other neutron-induced ssion
of higher actinides. In more recent cycles since that report, experiments have included
previously mentioned isotopes as well as silicon carbide, steels, and other ferritic alloys.
These isotopes have more importance for PROSPECT since the implementation of the

detector at HFIR in early 2018.

2.3.2 Fuel

Radially outward of the FTT is the fuel region. The fuel is g34-Al dispersion fuel en-
riched to approximately 93% by weighU (5-6%238U and 1%?3°U) and manufactured

in the form of involute plates. The fuel meat region is contoured along the arc of the invo-
lute to minimize the peak-to-average power density ratio and allow for suf cient thermal
safety margin. The fuel meat thickness as a function of distance along a at fuel plate is
shown in Figure 2.8.

The fuel elements are grouped into two different regions, the inner and outer fuel ele-
ments (IFE/OFE). The IFE and OFE contain 171 and 369 fuel plates, respectively, arranged
in a symmetric fashion azimuthally. The ller material of all IFE plates combined contain
several grams of boron carbide, which contadftgthat acts as a burnable absorber to even
out the neutron ux distribution throughout the cycle, elongating the cycle and provid-

ing shutdown margin. The IFE and OFE plates are each separated by approximately 0.05
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Figure 2.8: Flat plate fuel meat thickness pro les for the IFE and OFE, reproduced from
Ref. [50]
inches in between which water ows to moderate neutrons and cool the fuel.

The IFE and OFE fuel plates are each attached into the sidewalls of their assemblies.
The IFE and OFE assemblies are independently manufactured, tracked, and inserted into
the core. A fresh IFE and OFE assembly are used in the core for every cycle, unlike most
commercial reactors in which fuels are irradiated in batches that remain in core for future

cycles contain plutonium.

Control Elements

The fuel regions are surrounded by two concentric control elements (CEs). Both control
elements are partially inserted at the beginning of cycle (BOC) and are gradually withdrawn
in opposite directions throughout the cycle. The inner control element (ICE) is the control
cylinder that withdraws downward throughout the cycle; the outer control element (OCE) is
a set of four safety plates, each of which can individually scram the reactor, move upward
throughout the cycle. Both control elements contain europium, tantalum, and aluminum
in their absorbing regions [48]. The end of cycle (EOC) occurs when both elements are
fully withdrawn and the reactor can no longer maintain criticality. Both the ICE and OCE

are replaced approximately every 100,000 MWd of reactor operation (approximately 50

cycles).
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The control element withdrawal scheme and approximate position as a function of
length in the cycle are shown in Figure 2.9. The control element moves at the highest
rate early in the cycle; its removal rate is more constant over the remainder of the cycle.
Typically for most analysis, day 15 is considered to be the middle of cycle from a neutron

ux perspective whereas day 13 is usually closer to the arithmetic average.

Beryllium Re ector

The most radially outward region is the beryllium re ector region which serves to moder-
ate neutrons to be transported down beam tubes and re ect them back into the core active
region to sustain the chain reaction. The re ector region is split up into three regions: the
removable (RB), semi-permanent (SPB), and permanent (PB) beryllium regions. The RB
is replaced every several years (83,700 MWd) while the SPB and PB are replaced every
few decades (167,400 and 279,000 MWd, respectively). The PB contains 22 vertical ex-
perimental facilities (VXFs), including inner small, outer small, and large VXFs. The four
horizontal beam tubes (HBs) penetrate the outer radial areas in order to support cold and
thermal scattering experiments, the primary mission of HFIR today. Recent cycles have
included NpQ targets to produc&®Pu for the National Aeronautics and Space Adminis-

tration (NASA) [51, 52, 53].
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Figure 2.9: Drawing of control element positions at different times in the reactor cycle
(top) and position as a function of time in the cycle according to the representative model
[48] (bottom)
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CHAPTER 3
OBJECTIVE AND APPROACH

The goal of this work is to perform high- delity modeling and simulation of HFIR for
the determination of its antineutrino ux and uncertainties associated with its operation.
Despite signi cant advancements in antineutrino detectors in the past several decades, un-
derstanding of the antineutrino ux from nuclear reactors is incomplete. It is important
to have understanding of the reactor as a neutrino source. Reactor simulations serve as
a method to quantify changes in reactor operating parameters and to calculate perturba-
tions without full experimental replication. The objective of this work is to tie the novel
task of employing modeling and simulation of a research reactor to quantify sensitivities of
antineutrino emission rates from a reactor with a unique experiment, PROSPECT.

There are three main focus areas of this work. They can be summarized through the

following research questions:

1. How does the antineutrino ux, spectrum, and baseline change throughout a cycle of

HFIR?

2. How much of an impact do reactions in aluminum structures, the beryllium re ector,

and target materials contribute to the antineutrino ux and spectrum?

3. How can the research reactor nature of HFIR be leveraged along with computational
tools to understand spent fuel, power determination, and theoretical antineutrino pre-

dictions?

The rst question addresses the precision to which the antineutrino ux can be calcu-
lated and measured. This includes the spatial and temporal distributions of ssion rates by

isotopic breakdown. This also includes the distance from the ssion site to detector seg-
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ments, which can be represented by several measures. Work that addresses this question is
discussed in Chapters 4-5.

The second question addresses a unique challenge speci ¢ to HFIR as a research reac-
tor. HFIR is driven by its missions of neutron scattering, materials irradiation, and isotope
production, several of which can have an impact on antineutrinos produced from non-fuel
related reactions in the core. This work develops a methodology for candidate selection
and analyzes the relevant isotopes to quantify their contributions. Work that addresses this
question is discussed in Chapters 6.

The third question addresses the broader impact of this work in advancing antineutrino
detectors to be implemented as a safeguards technology. Many previous antineutrino ex-
periments have taken place at power reactors. The unique nature of HFIR as a research
reactor in combination with modeling tools can be leveraged to help bridge the gap be-
tween simulation and experiment. Knowledge of the reactor facility is necessary to reduce
the uncertainty in analysis of the antineutrino spectra. Work that addresses this question is
discussed in Chapters 7-8.

In summary, the rst question seeks to characterize the antineutrino ux from HFIR.
The second question seeks to address a complication in the measurement due to unique de-
sign and operation of HFIR. The third question seeks to further identify other factors asso-
ciated with the spectrum measurement at HFIR that broaden the context of the PROSPECT

experiment in spectral predictions and safeguards application.

3.1 Computational Tools

3.1.1 MCNP

The Monte Carlo N-Particle (MCNP) code [54] is a three-dimensional continuous-energy
Monte Carlo transport code used for radiation transport and shielding calculations. It has
also grown in the past decade in its capabilities for criticality eigenvalue calculations. This

is the main code used for generating reaction rates and ssion distributions. The most
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Table 3.1: Typical HFIR reactor physics parameters for BOC, EOC, and their arithmetic

average from [48, 58]

Parameter| BOC EOC | Average
Q (MeV) | 200.51 | 200.92 | 200.71
0.00745| 0.00734| 0.00740

2.44 2.442 2.441

(s) 37.75 | 69.52 53.63

S (0¥ n/s)| 6.456 6.449 6.452

common version used in this work is MCNP 5 versions 1.51 and 1.60 [55], although some
work was also done in MCNP 6.1.1 [54]. The older version of the code is most frequently
used by HFIR staff for nuclear safety and experiment analysis.

The HFIR reactor models date back many years and have been used for simulation of
key reactor parameters for safety analysis. In 2004, a HFIR MCNP model was created
based off Cycle 400 of HFIR [56]. The model included representation of the as-built core
con guration with modi cations out through the beryllium re ector but with a homoge-
nized representation of the fuel plate and coolant channels. Various iterations of the model
have existed over the past several years. In 2015, a model of HFIR Cycle 400 was created
due to extensive documentation of the cycle [50]. The model was then improved upon in
2016 to include explicit modeling of the involute-shaped fuel plates and a representative
target loading [48]. The models exist for beginning- and end-of-cycle (BOC and EOC) and
in single day time steps for each day in the cycle; the isotopics for each day were calculated
in Ref. [48] with the VESTA depletion code [57]. Views of the MCNP models are shown
in Figure 3.1. Iterations of this most recent model is what will be used for this analysis,
with one exception in modeling plutonium targets. Table 3.1 shows some of the relevant

neutronic parameters for HFIR from various calculations.

Statistical Error

MCNP is a Monte Carlo code that comes with inherent statistical uncertainty in its cal-

culations. For most of the results, the uncertainty associated with each value may not be
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Figure 3.1: Top-down (left) and side (right) view of the HFIR core in the MCNP model
[48]

discussed directly. In almost all cases, the MCNP statistical uncertainties were no more
than 0.1-0.3% for neutron ux spectra. Depending on the speci ¢ reaction, tallies for reac-
tion rates tended to have higher uncertainty, sometimes in the range of 1-3%, but often it
was lower than that and on the same order of magnitude as the ux spectra uncertainties.
The listing and propagation of these uncertainties is not discussed explicitly in every sec-

tion. It is noted that these uncertainties are often too small to bias the results signi cantly.

3.1.2 SCALE

SCALE [59] is Oak Ridge National Laboratory's comprehensive modeling and simulation
suite with many applications in nuclear science and technology. The COUPLE [60] and
ORIGEN [61] modules were most frequently used in this work. The COUPLE sequence

iS a cross-section processor that generates cross-section data based on user input neutron
ux spectra or otherwise calculated cross-sections. The Oak Ridge Isotope Generation
(ORIGEN) code is a depletion module that can be used for neutron activation analysis,

actinide transmutation, ssion product generation, and source term analysis.
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3.1.3 ADVANTG

The Automated Variance Reduction Generator (ADVANTG) [62] is a software also de-
veloped by ORNL to decrease statistical uncertainty in MCNP tallies using weight win-
dows and source biasing. ADVANTG uses the three-dimentionsal discrete ordinates trans-
port solver Denovo. ADVANTG employs the Consistent Adjoint Driven Importance Sam-
pling (CADIS) and Forward-weighted (FW-CADIS) methods to provide space- and energy-
dependent weight windows for each individual tally. ADVANTG is used in combination
with MCNP to increase precision on tallies. Currently, ADVANTG is only suitable for use

with MCNP5 version 1.60 in xed source (i.e. not criticality) mode.

3.1.4 HFIRCON

Recent work at ORNL has gone into developing HFIRCON, an automated and integrated
code package used for quick analysis for HFIR-speci ¢ neutronics calculations [63]. The
development of HFIRCON allows for rapid simulations of multi-cycle depletion and anal-
ysis. The HFIRCON driver module utilizes several existing tools: ADVANTG [62], ORI-
GEN [59], and ORNL-TN, which includes modi cations to the MCNP5 version 1.60
source code and data processing from MCNP6.2. HFIRCON was originally developed to
solve problem types involveing: cycle length calculations, single-cycle target depletions,
and multi-cycle target depletions.

The HFIRCON code contains many user-friendly functionalities that help simulate one
or more HFIR cycle(s) with user-input time steps. It allows for fast geometry initialization
and stochastic volume calculation using LAVAMINT for any input [64]. It dynamically
searches for the critical rod position for each time step. The code creates HDF5 les for tal-
lies and cell information that can easily be post-processed with a viewing utility or Python
interface. These functionalities improve greatly in time and headache from many current
methods of HFIR depletion simulations.

It produces relevant nuclide concentrations, reaction rates, and neutron ux for any
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user-de ned energy group structures. The code can also deplete target materials and calcu-
late reaction and heat generation rates, which can be used for safety analysis. The current
default setting for HFIRCON allows for tracking of 2237 isotopes and can generate tally
cards in fuel and target materials. The default for ssion and capture tallies includes 82
and 422 nuclides, respectively. Overall, the code provides the opportunity to perform quick

neutronic transport and depletion simulations.

3.1.5 NeutrinoSpectraGeneration

As previously described, spectra are primarily generated in two different ways. The main
method has been the conversion of measured electron spectra, which has parametrized data
for 235U, 238U, and?*°*Pu from Huber [33] and*®U data from Mueller and Haag [29, 37].
This data is arranged into 250 keV bins. The second method used in this thesis is the sum-
mation method using the Oklo nuclide modeling toolkit [65]. Oklo generates summation-
predicted from Evaluated Nuclear Data File (ENDF) ssion yields and Evaluated Nuclear
Structure Data File (ENSDF) beta decay and transition data.

The two major methods are compared prior to use in generagisgectra from HFIR
ssion rates. Figure 3.2 shows the spectra from Huber/Mueller spectra aftithspectra
compared to the Oklo-generated data. The Oklo data tends to agree well with the Huber
data for most of the energy ranges except for energies less than 4 MeV. The advantage with
the Oklo data is that it is available in 10 keV bins; the Huber data is only published for 250
keV bins. As previously mentioned, each ssion produces approximatelyp&r ssion.
Only a fraction of these are above the IBD threshold of 1.8 MeV. Table 3.2 compares these

values for both methods.
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Figure 3.2: Huber/Mueller, spectra (top) and the relative difference between Huber and
Oklo 25U data with Huber total statistical uncertainty for comparison (bottom)

Table 3.2: Average number of. emitted per ssion above IBD threshold according to
Oklo-generated data and the standard Huber model
Isotope| Oklo | Huber [66]
2y | 1.841 1.974
238y | 2.265 2.535
239py | 1.497 1.501
241py | 1.827 1.885
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CHAPTER 4
FISSION RATES AND ANTINEUTRINO SPECTRUM

In this chapter, the isotope-dependent ssion rates and fractions are quanti ed for a typical
HFIR cycle. It is necessary to calculate the ssion rates and fractions to understand how
much the neutrino spectrum will change as a function of burnup, or, in other words, fuel
evolution. These rates are used to calculate and generate antineutrino spectra from state-
of-the-art methods.

Various neutronic models are used to generate these rates. The main model used is
a variation of the MCNP representative model, and an input is ran for each day in the
cycle. Each of these is run as a static (time-independent) criticality calculation. The day-
by-day models contain isotopics in fuel materials based on the VESTA depletion code [57]
and updated control element positions; this is heavily outlined in the description of the
depletion simulations of the representative model [48]. ADVANTG is used to generate
energy-dependent weight windows for the fuel cells.

The models are primarily run in MCNP5 version 1.60. This version of the code is
the primary one used for neutronic analysis at HFIR for safety calculations because it has
been passed through the software quality assurance (SQA) approval process. MCNP5 is
currently the only version that has been consistently effective at running the representative
model; MCNP6 sometimes experiences segmentation faults or lost particle errors when
running the models successfully ran with MCNP5. The one exception achieved in this
work was at running the model with perturbation cards (PERT) added, a new capability in
MCNPG6, which is discussed in Section 4.4.

First, ENDF/B-VII cross-sections are used for all isotopes. For each day in the cycle,
MCNP is run with 100,000 source patrticles, 50 skipped cycles, and 500 active cycles. The

kets for the simulations as a function of day in the cycle is shown in Figure 4.1. The 1
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Figure 4.1: Criticality eigenvalue with 1lerror from the MCNP calculations for each day
in the cycle

error was in the range of 10-20 per cent mille (pcm) or less.

4.1 Fission Rates and Fractions

As previously discussed, the source is produced from the byproducts of ssion, previ-
ously displayed in Table 3.2. The spectrum can be calculated using the ssion rdtes
and ssion fractiond= of a ssile isotopei:
S(E-it) = Xi (g = ) Xi RO g (4.1

The HFIR fuel contains about 9.4 kg &U, or over 10 kg of total uranium metal,
distributed between the IFE and OFE fuel regions. The HFIR fuel assembly is replaced
every cycle, such that each cycle starts with fresh fuel elements in both the IFE and OFE.
The replacement of the elements means that, contrary to traditional commercial reactors,
the HFIR core starts each cycle with no plutonium in the fuel contributing to the ssion
rate and therefore zero ssion fraction. Thg ux is derived from those that are generated
through the ssion process, primarily via the beta decays of neutron-rich ssion products.

Because the, yield and spectrum differs among the main ssile isotopes common in

nuclear fuel, isotope-dependent reaction rates are required to generate predsgedtra
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coming from HFIR. The current version of MCNP [54] does not possess the functionality
to output isotope-dependent ssion rates, therefore tallies with phantom materials have to
be added. A phantom material is one that may not Il a particular cell of the problem but
whose reaction multiplier (such as cross-section) can be used in a ux tally to generate
reaction rates in that cell for that material alone. A phantom material for each relevant
ssile isotope is created to get the desired reaction rates. The total reactioR eate
reaction rate of isotope(R) can be calculated from MCNP F4 and FM4 cards and the

number density\:

R=N =N F4 FM4 (4.2)

Ri=N; i=N; F4 FM4 (4.3)

whereF M 4; is the phantom material. Equation 4.2 would calculate the total ssion rate
of all isotopes while Equation 4.3 calculates the reaction rate of the primary actinides.
Post-processing Python scripts are used to multiply the tally results by the time- and cell-
dependent concentrations for each isotope.

The tally results can be used to calculate core absolute reaction rates of each isotope
using the power normalization factor (PNF), also called the neutron sourceStetmwn

in Equation 4.4.

P
Kert Qfiss

The ssion fractions are calculated as the sum of ssion rates of each isotope over the

PNF (neutrons=seqQ = S = (4.4)

total ssion rate of all isotopes, as shown in Equation 4.5 Equation 4.5 can be calculated
from simulation results without normalization to the absolute power, but it is needed to
obtain an absolute emission rate of antineutrinos. This normalization can be done with the

power normalization factor (PNF) that is a function of simulation outputs and/or nominal
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Figure 4.2: Total core isotopic ssion rates from MCNP representative model
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reactor parameters [67, 68]. Equation 4.4 shows the PNF, also called the neutron source
termSas a function of reactor powé, the neutron multiplicity , the effective criticality

Ketf , and ssion energy relea¥®siss . As shown in Table 3.1, the PNF, often called the
source terng this factor increases by less than 0.3% from BOC to EOC.

R
F=p peNi(®) (F) d*rdE 5

L eNi(P (P ry dBPrdE T

R

R (4.5)

j
Table 4.1 shows the ssion rates and fractions from simulations of the representative
model. The?®*U fraction decreases with time as tHéPu fraction linearly increases with
cycle time. The?*8U and 236U fractions remain roughly constant throughout the entire
cycle. Table 4.1 also includes the cycle average for all of the isotopes studied and those
normalized to the primary 4 isotopes typically considered for reactanalysis. The
ssion fraction of 23°U stays above 0.995 for the entire cycle. The average value is above
0.997, and higher if it is only normalized to the other three primary isotopes.
Figure 4.2 shows the ssion rates for the seven-largest contributing isotopes. The pri-
mary four isotopes are in the top ve on an average b&s¥) is the third largest contrib-
utor to the total ssion rate on a cycle average basis. The avefdgefraction is greater
than?%®U and?*'Pu. The buildup and subsequent ssion?fU can be explained by the
initial inventory and neutron capture é#U consistently throughout the cycle; this makes
sense because the capture cross-sectiGfPofis only about an order of magnitude less
than that of ssion. The*®U ssion rate still pales in comparison to t#&U ssion rate

by a factor of 1000.

4.1.1 FissionFractionUncertainty

As a Monte Carlo code, the ssion rates and uncertainties inherent statistical uncertainties.
Parallelization on computer clusters allows the statistical uncertainty of these calculations
to be drastically reduced. The uncertainty of the ssion fractions is important for under-

standing the variation in the, ux.
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Table 4.1: Fission rate and fractions for each day in the cycle from MCNP representative
model, with cycle average for all isotopes and the four-isotope only calculation

Day (1§§tl-e|z) 2351 2381 239py, 241py, 2361 2341 238N
0 2.644 | 0.99967| 0.00016| 0.00000| 0.00000| 0.00003| 0.00014| 0.00000
1 2.644 | 0.99962| 0.00016| 0.00003| 0.00000| 0.00005| 0.00014| 0.00000
2 2.645 | 0.99954| 0.00016| 0.00009| 0.00000| 0.00007| 0.00014| 0.00000
3 2.645 | 0.99942| 0.00016| 0.00019| 0.00000| 0.00009| 0.00014| 0.00000
4 2.645 | 0.99928| 0.00016| 0.00032| 0.00000| 0.00011| 0.00014| 0.00000
5 2.645 | 0.99912| 0.00016| 0.00046| 0.00000| 0.00012| 0.00014| 0.00000
6 2.645 | 0.99896| 0.00016| 0.00061| 0.00000| 0.00014| 0.00014| 0.00000
7 2.646 | 0.99878| 0.00016| 0.00077| 0.00000| 0.00016| 0.00014| 0.00000
8 2.646 | 0.99860| 0.00016| 0.00093| 0.00001| 0.00018| 0.00014| 0.00000
9 2.646 | 0.99841| 0.00016| 0.00110| 0.00001| 0.00019| 0.00014| 0.00000
10 2.646 | 0.99821| 0.00016| 0.00127| 0.00002| 0.00021| 0.00014| 0.00000
11 2.646 | 0.99802| 0.00016| 0.00143| 0.00002| 0.00023| 0.00013| 0.00001
12 2.647 | 0.99783| 0.00016| 0.00160| 0.00003| 0.00024| 0.00013| 0.00001
13 2.647 | 0.99764| 0.00015| 0.00177| 0.00004| 0.00026| 0.00013| 0.00001
14 2.647 | 0.99744| 0.00015| 0.00193| 0.00005| 0.00027| 0.00013| 0.00002
15 2.647 | 0.99725| 0.00015| 0.00209| 0.00006| 0.00029| 0.00013| 0.00002
16 2.648 | 0.99706| 0.00015| 0.00225| 0.00007| 0.00031| 0.00013| 0.00002
17 2.648 | 0.99687| 0.00015| 0.00241| 0.00008| 0.00032| 0.00013| 0.00003
18 2.648 | 0.99668| 0.00015| 0.00257| 0.00010| 0.00034| 0.00013| 0.00004
19 2.648 | 0.99649| 0.00015| 0.00272| 0.00012| 0.00035| 0.00013| 0.00004
20 2.648 | 0.99631| 0.00015| 0.00286| 0.00013| 0.00036| 0.00013| 0.00005
21 2.649 | 0.99612| 0.00015| 0.00301| 0.00015| 0.00038| 0.00013| 0.00006
22 2.649 | 0.99594| 0.00015| 0.00315| 0.00018| 0.00039| 0.00013| 0.00006
23 2.649 | 0.99576| 0.00015| 0.00329| 0.00020| 0.00041| 0.00013| 0.00007
24 2.649 | 0.99558| 0.00015| 0.00342| 0.00022| 0.00042| 0.00012| 0.00008
25 2.649 | 0.99541| 0.00015| 0.00354| 0.00024| 0.00043| 0.00012| 0.00009
Average| 2.647 | 0.99769| 0.00016| 0.00169| 0.00007| 0.00024| 0.00013| 0.00002
4 Only 2.647 | 0.99809| 0.00016| 0.00169| 0.00007
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The uncertainty of ssion fractions can be calculated from error propagation shown in
Equations?? and??. For the ssion ratesf() and ssion fractions [f) of N isotopes, the

uncertainty () can be calculated as:

Fi:pr' = (4.6)

+ fi 2 fi frota  fiifiotal (47)

k=1 f total fif total

The rst term inside the square root, the relative uncertainty of the ssion rate of a
particular isotope, tends to be comparable for all ssile isotopes but linearly increases with
thermal ssion cross-section. The summation in the second term is dominated Hyuhe
term in HFIR as the magnitude of the absolute errgy, , is the largest in the numerator
due to the ssion rate being considerably larger. The last term in the square root is a
negative term also dominated by tA®U ssion rate and uncertainty. The correlation
coefcient ¢ ., IS unity because the ssion rate of a particular isotope has a direct linear
relationship with the total ssion rate.

The results of the error propagation calculation show that the uncertainty in the ssion
fraction is near zero fof>°U and for most of the cycle fot*°Pu, less than 1% after its
buildup over the rst two days of the cycle. Because the ssion rateS%f, 24'Pu, 234U,
and?*%U are of much smaller magnitudes, their relative ssion fraction uncertainty is nearly
100% due to the dominant middle term from the absofét® uncertainty, ¢,,.. These
ssion fractions are dominated by the uncertainty in A% ssion rate uncertainty, i.e.
the statistical precision of thté°U rates are near the same order of magnitude as the ssion

rates of these lower-contributing actinides.
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4.1.2 Comparisorof ENDF/B-VII.1 andENDF/B-VII CrossSections

Here, the effect of different neutron cross-section libraries is considered. The model is
updated to use ENDF/B-VII.1 cross-sections when available. The ENDF/B-VII.1 release
[69] states that most major actinide cross-sectidis)( 238U, and?*°Pu) were not modi ed

but other minor actinides were modi ed. However, there were changes in thermal reactions
on ssion products and absorber materials (Eu, Sm, Mo, Mn, Cd, Gd) and resonance matrix
analyses of light isotopes (He, Li, Be). In the HFIR model, all cross-sections were updated
to ENDF/B-VII.1 with the exception of two elements, V and Zn, which required isotope
concentration breakdown. These elements had cross-sections available in ENDF/B-VII
but were not isotope dependent. Instead of assuming their isotopic dependence at various
points in time in the core, the ENDF/B-VII were used for the element. The $(ards
remained the same r both cases.

Table 4.2 shows the ratio of the ENDF/B-VII.1 to ENDF/B-VII ssion rate for the
isotopes contributing most to the ssion rate in HFIR. The ratios are almost all near unity
within uncertainty. The results suggest that the changes to cross-sections in minor actinide
ssion, neutron absorbers, materials in the ux trap, and light materials in the beryllium
re ector do notimpact the ssion rates and fractions signi cantly. g remained about

the same between using both cross-seciton libraries.

4.2 Antineutrino Spectrum and Evolution

The antineutrino yield and spectrum varies with each ssile isotope produced. At a com-

mercial power reactor, the ssion rate changes throughout the cycle, and more importantly
the ssion fraction changes greatly. At a single power reactor, the ssion fraction can start

or evolve to be above 30% depending on the fuel loading at the beginning of cycle and
batch scheme. HFIR is different in that its HEU fuel results in a Ki§b ssion fraction,

greater than 99.5% throughout the cycle as calculated in the previous section. The goal of
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Table 4.2: Ratio of ssion rates using ENDF/B-VII.1 to ENDF/B-VII data in MCNP sim-
ulations. Note that the uncertainty in the ssion rates i9:1%.

Day 235U 238U 239Pu 241|:)u 236U 234U
1.001| 0.998 0.999| 0.999
1.001| 1.000| 1.001 1.001| 1.000
1.001| 0.999| 1.000 0.999| 0.999
1.000| 0.999| 1.000 1.000| 1.000
0.998| 0.998| 0.999 0.996| 0.998
1.001| 0.999| 1.001| 1.000| 0.999| 0.999
0.999| 0.999| 0.999| 0.997| 1.001| 0.999
1.001| 1.000| 1.000| 0.999| 1.000| 1.000
0.999| 0.998| 0.999| 0.998| 0.999| 0.998
1.001| 0.999| 1.000| 1.000| 1.002| 0.999
10 | 1.000| 0.999| 0.999| 0.998| 0.999| 0.999
11 | 1.000| 1.000| 0.999| 0.998| 1.000| 1.000
12 | 1.000| 0.999| 0.999| 0.999| 1.000| 0.999
13 | 0.999| 0.999| 1.000| 1.000| 1.000| 0.999
14 | 0.999| 0.999| 0.999| 0.998| 1.000| 0.999
15 | 0.999| 0.999| 0.999| 0.999| 1.000| 0.999
16 | 0.999| 0.999| 0.999| 0.999| 1.000| 0.999
17 | 0.999| 0.999| 0.999| 0.999| 1.000| 0.999
18 | 1.000| 0.999| 1.000| 0.999| 1.000| 0.999
19 | 0.999| 0.998| 0.999| 0.999| 0.999| 0.999
20 | 0.999| 0.999| 1.000| 1.000| 1.001| 0.999
21 | 1.000| 0.999| 0.999| 0.999| 1.001| 0.999
22 | 1.000| 1.000| 1.001| 1.000| 1.002| 1.001
23 | 1.000| 1.000| 1.000| 1.000| 1.001| 1.000
24 |1 0.999| 1.000| 1.000| 1.000| 1.000| 1.000
25 |1 0.999| 1.000| 1.000| 1.000| 1.001| 1.000

o

O©CoOoO~NOUITh WNPE

39



this section is to examine the changes inthspectrum at HFIR from the high-precision
calculations of ssion rates and fractions.

Here, the ¢ spectrum for HFIR are generated from the ssion rates and fractions using
the two main methods described previously. The conversion method relies on the Hu-
ber/Mueller [33, 29] data from the measured spectra. The summation method relies on
the summation of ENDF ssion yield and ENSDF transition data in the Oklo code [65].
The ssion—¢ spectra is calculated from the ssion fractions and total ssion rate from the
PNF (Equation 4.5).

The™ spectrum per ssion is calculated from the ssion fractions of each isoE(®

and the ¢ produced per energy bin for each isotope:

@N

X
S-.(E;t)= Fi(t)@z

(4.8)

whereN; is the energy-dependent numbergfemitted MeV ). The value olN; can be

obtained from either the conversion or summation method.

4.2.1 ConversiorMethod

The conversion method takes the standard Huber/Mugllspectra for3°U, 238U, 23°pu,
and?*Pu. These are the standard isotopes that account for more than 99% of ssions in
most thermal nuclear reactors. Because these are the only isotopes with widely-referenced
data, only the ssion rates for these isotopes are calculated with this method according to

the 4-only fractions in Table 4.1.

4.2.2 SummatiorMethod

The summation method utilizes the Oklo code [65] that generates.thpectra for each
isotope. The current available version of Oklo on Github comes with the available ssion
product yield data for only*°U, 238U, 2*°*Pu, and®*'Pu. The ssion product yield infor-

mation is obtained from the ENDF/B-VII database [44]. The spectra are compared to that
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Figure 4.3: Calculated ssion, spectra from the Oklo code relative to tHéU spectrum.
Solid lines represent the standard four isotopes that ssion in a nuclear reactor.

of 225U, the dominant contributor in HFIR. Figure 4.3 shows the spectra for many isotopes
that were added. Other than the previously mentioned four top isotopesé?thand3°U

have the highest ssion fractions*%U has a higher yield whilé3*U has a lower yield

compared td*U. The ssion fractions for all isotopes in Table 4.1.

4.2.3 Evolutionof AntineutrinoSpectrum

The —¢ spectrum for both methods as a function of time is shown in Figure 4.4. As sug-

gested by the high*®U ssion fraction, the spectrum is similar to that &U by Huber on

a per ssion basis. The summation-generated spectra have lower yields for all isotopes.
Therefore the spectra for each method is compared to the retétivegenerated from

its own method. Figure 4.5 shows the relative change.irux by energy bin for several
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Figure 4.4: Difference from BOC, yield for multiple days in the cycle for the conversion

(C) and summation§) methods

points of time in a cycle relative to the nominal pdfeU — spectra. The emitted spectra
calculated by the two methods follow similarly to their differences as shown in Figure 3.2,
i.e. lower prediction by Oklo$) below 5 MeV and higher prediction by Oklo in the 5-7
MeV range. For each of the methods described, the spectrum changes negligibly from BOC

to EOC, with only a 0.3% change in the higher energy bins at EOC predicted by Oklo.

4.2.4 FissionFractionUncertaintyPropagation

The uncertainty of the ssion rates and fractions is to be propagated through for each energy

bin with the Huber/Mueller data. The uncertainty can be propagated from Equation 4.8:
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Figure 4.5: Difference from BOC,yield for multiple days in the cycle for the conversion
(C) and summations) methods
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Table 4.3: Description of ssion fraction uncertainty propagation

Reference Change in Isotopes Changed
Spectra Fi (+/-)
Average +2 + (38U,2Pu) / - V)
Huber 1 - (3%8U,241Pu) | + EU)
Average +2 + (Z8U,24Pu?iU,20U) [ - (BPU)
Oklo 1 _ (238U,241PU,234U,236U) | + (235u)
X
S.(E;t)=  Fi(tNi(E) (4.9)
|
S X
s = ENZ+F2 R (4.10)

where the rst term in the square root contains the uncertainty of the ssion fraction and
the second term contains the uncertainty inthepectrum, whether that be predicted from
the summation or conversion method.

The goal of this section is to understand how the uncertainty in ssion fraction can be
compared to those of the theoretical predictions. As stated in Section 4.1.1, the uncertain-
ties for2*U and?**Pu ssion fractions are nearly zero while the rest of the isotopes are
100%. Cases of, spectra are created from the two methods combined with theand
+2 uncertainty of their ssion fractions to create binding cases of the propagatguec-
trum, i.e. the rstterm in Equation 4.10. Thel sigma is created as opposed t@ for
the minor actinides because their relative uncertainty is 100% and ssion fractions cannot
be negative.

The cases are outlined in Table 4.3. In these cases, when the ssion fractions are in-
creased/decreased from the rféMd isotopes, th&3°U fraction alone is assumed to de-
crease/increase to make the total of the ssion fractions equal to unity.

In both of the average Huber and Oklo cases, thession spectra changed negligibly

from the nominal spectrum with cycle-average ssion fractions. All bins had a deviation
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from the nominal of 1%, which is almost negligible. The highest deviation was in the
highest energy range, near 8 MeV for Huber and Oklo data. The propagation of ssion
fraction uncertainty shows that the fuel evolution and the uncertainty in its modeling is not
a large issue for the measurement of the HFIRpectrum.

Due to the small statistical uncertainty with the Monte Carlo generated rates and frac-
tions, the errors were much smaller than those associated with the theorgtsgadctra.
Theoretical uncertainties for the Huber model are in the range of 2-7%*drand about
the same or higher for the plutonium isotopes. The summation-predicted Oklo spectra have
higher uncertainties due to the lack of suf cient nuclear data. Attempts at addressing this

will be discussed in Chapter 7.

4.3 HFIRCON: Code Testing

Some recent work at ORNL has gone into the development of HFIRCON [63], an auto-
mated and integrated parallel performance-tuned depletion tool for HFIR analysis. The
functionality of HFIRCON allows for relatively quick calculations of ssion rates with de-
pletion. With MCNP alone, it takes much more time to gain relevant statistics of actinides
with lower ssion fractions. HFIRCON is therefore used to check the MCNP generated
rates, to more easily examine the ssion rates from minor actinides, and to test more of the
functionality of HFIRCON. This work also serves to benchmark HFIRCON for a different
purpose than for what it was originally intended.

The HFIRCON main driver le is a controller JSON le to input user parameters along-
side an MCNP input le. It outputs HDF5 les that can be processed with an HDF5 viewer
or Python post-processing scripts. The current default setting for HFIRCON tracks of 2237
isotopes and automatically generates tally cards in fuel and target materials using phantom
materials as discussed previously. The default for ssion and capture tallies includes 82
and 422 nuclides, respectively.

First, a version of the Cycle 400 model, based on [50], was modi ed to be run in
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Figure 4.6: Total core isotopic ssion rates from MCNP representative model run in HFIR-
CON

HFIRCON. The full core depletion model with 5 time steps (day 1, 5, 10, 15, 25) was
used for testing. This run took approximately 12 hours using the CADES platform at
ORNL. The analysis involved post-processing scripts to read and analyze the HDF5 les
for reaction rates and isotopic concentrations. Eventually, an explicit model with some
slight modi cations was run for 1-day time steps in HFIRCON. The modi cations involved
changing cell and material numbers to satisfy de nition limitations in HFIRCON.

The ssion rates for the explicit model run in HFIRCON are shown in Figure 4.6. It
can be seen that the ssion rate evolution is slightly smoother than that shown in Figure
4.2. The ssion rates are all comparable to those predicted in MCNP. Small differences
between MCNP and HFIRCON ssion rates can be attributed in part to the use of VESTA

vs. ORIGEN and the fact that HFIRCON requires a user input value for the average energy
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released per ssion (Q in Equation 4.4By. The value for this parameter slowly increases
from 200.51 to 200.92 MeV in HFIR due to the small buildup of plutonium; the value used
in HFIRCON is the suggested value of 200.71.

The ssion fractions are also compared. The ranking of the isotope's ssion fractions
is the same as it is for MCNP. The relative differences for the same six isotopes discussed
previously, four uranium and two plutonium, are shown in Table 4.4. It shows a small
increase in thé*U and decrease iff'Pu. HFIRCON shows a quicker buildup &fPu
that explains its large relative differences. Due to the increase in ssion fractiéiif

HFIRCON would predict a, spectrum even more consistent with that$t.

Table 4.4: Relative difference (%) between HFIRCON and MCNP ssion fractions relative
to MCNP for the six largest ssion contributors in the representative model

Day 235U 238U 239Pu 241Pu 236U 234U
0.22 | 0.08 0.02| 0.10
0.22] 0.12| -1.27 0.29| 0.16
0.34] 0.21| -0.34 0.53] 0.22
0.28| 0.22 | -0.11 0.71] 0.27
0.21| 0.27 | -0.07 0.67 | 0.27
0.45] 0.28| 0.11 | > 100| 0.81 | 0.29
0.20| 0.34| -0.09| > 100 | 0.99| 0.34
0.52| 0.32| 0.11 | > 100| 0.79]| 0.31
0.34] 0.32| 0.05 | 53.02 | 0.95]| 0.31
0.40| 0.24 | -0.05| 36.16 | 0.93| 0.25
0.36| 0.33| -0.14| 26.73 | 0.87 | 0.32
0.39| 0.30| -0.14 | 23.21| 0.83| 0.29
0.26| 0.37| -0.25| 20.26 | 0.94 | 0.32
0.26| 0.35| -0.20| 17.87| 0.97| 0.34
0.20| 0.41| -0.42| 16.34 | 1.00| 0.35
0.20| 0.48| -0.37| 15.41 | 1.07 | 0.40
0.18| 0.47| -0.37| 14.47| 1.02| 041
0.17] 0.46| -0.40| 13.51| 1.09| 0.39
0.17| 045| -0.43| 12.70| 1.11| 0.38
0.16| 0.49| -0.46| 12.12 | 1.09| 0.42
0.22] 0.51| -0.31| 11.70 | 1.15| 0.43
0.26| 0.53| -0.35| 11.24 | 1.29| 0.45
0.28| 0.57| -0.35| 10.77 | 1.18| 0.47
0.27] 0.64 | -0.30| 10.39 | 1.27| 0.52
0.19| 0.67| -0.32| 10.07 | 1.30| 0.55
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4.4 Fuel Density Perturbations

New capabilities in MCNP6 [54] allow for the user to de ne perturbations through the
PERT card. The PERT card uses Taylor series approximations to calculate the response of
an MCNP tally [70]. The card calculates the rst and second moments of some response
from the change in a multiplicative constant to a tally, often a cross-section. The options on
the card allow for the changing of a cell's density or the changing of an isotope's relative
concentration to affect its macroscopic cross-section in the material.

Fuel density perturbations are performed for HFIR to understand the effect of fuel load-
ing uncertainty as well as to test the model in MCNP6 with new capabilities. These runs
were performed on the Teller cluster at Georgia Tech to test the new capability, but to the
author's knowledge runs with the explicit HFIR models on MCNP6 have not been success-
ful on an ORNL cluster.

The PERT cards are added for a single fuel cell at various percent changes for two
cases, cell density arf@®U relative concentration. The fuel cell chosen is an OFE fuel cell
near the center at BOC to maximize the chang& ssion rate. It is recommended that
the number of PERT cards be kept to a minimum [54], hence only one cell is chosen. Both
the rst and second order terms are calculated using separate perturbation cards.

Figure 4.7 shows the change in the ssion rate as a function of perturbed density of the
fuel cell. It can be seen that the relationship is nearly linear with changjélirconcentra-
tion or cell density. This signi es that there is little self-shielding of #&J when adding
a marginal amount more in the cell. For comparison, the uncertainty of gram loading of
235U in a fuel plate is 1%. The increase or decrease in density could become an issue
from a power peaking perspective, however internal procedures at HFIR have requirements
in place to signal if a plate does not meet certain standards in fuel plate homogeneity. How-
ever, this is not seen to be an issue. HFIR also has ample safety margin to allow for a small

change in fuel density.
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Figure 4.7: Perturbed ssion rate from input density perturbations

The main purpose of this section was to test out a new functionality in MCNP6 and
to test its applicability to HFIR fuel. The study of this capability showed linearity and
therefore little self-shielding in the uncertainty bands of fuel loading. Furthermore, local
changes in power density would be mitigated by the total thermal power of the reactor,
which to a greater extent quanti es the core ssion rate and fractions that are signi cant to

predicting the ™ spectrum. The effect of power level will be discussed in Chapter 8.

4.5 Summary

The ssion rate in HFIR is dominated b$?°U. Within uncertainty, the ssion fraction
is over 99.5% throughout the entire cycle. T4&Pu is the second highest contributor

which steadily increases throughout the cycle. ¥{& was found to be the third largest
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contribution on a cycle average. The rates are compared and found to have small differences

between using different cross-section libraries and a newer code HFIRCON.
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CHAPTER 5

FISSION DISTRIBUTION AND EFFECT ON BASELINE

PROSPECT is able to test the sterile neutrino hypothesis with a short baseline from the

detector to the reactor core. The PROSPECT detector sees a variation in spatial- and

energy-dependent. ux in the detector due to high frequency oscillations. The experi-

ment relies on the compact core to produce a constant distribution tof the detector.

The PROSPECT detector is segmented into a grid of optical segments, 14 horizontally and

11 vertically. The baseline of the individual segments of the detector vary in baseline be-

tween 6.7 and 9.2 meters from the center of the core, as shown in Table 5.1. It is important

that the baseline not change much over the course of a cycle for time-independent oscilla-

tion analysis. Calculating ssion rate distributions aids in ensuring that the baseline to the

detector segments does not change signi cantly throughout the cycle.

Table 5.1: Baselines (m) for each individual detector segment to the center of the reactor

ynx 0 1 2 3 4 5 6 7 8 9 10

13 [8.262 8339 8419 8501 8584 8.669 8.755 8.843 8933 9.024 9.116
12 [ 8.140 8219 8.300 8.382 8.467 8553 8.640 8.729 8.820 8.912 9.006
11 [ 8.019 8.099 8.181 8.265 8.350 8.437 8.526 8.617 8.709 8.802 8.897
10 | 7.898 7.980 8.063 8.148 8.235 8.323 8.413 8.505 8.598 8.692 8.788
9 | 7.779 7.862 7.946 8.032 8.120 8.210 8.301 8.394 8.488 8.584 8.681
8 | 7.660 7.744 7.830 7.918 8.007 8.098 8.190 8.284 8.380 8.477 8.575
7 | 7543 7.628 7.715 7.804 7.895 7.987 8.081 8.176 8.273 8.371 8.471
6 |7.426 7.513 7.601 7.692 7.783 7.877 7.972 8.069 8.167 8.266 8.367
5 | 7.311 7.399 7.489 7.580 7.673 7.768 7.865 7.962 8.062 8.163 8.265
4 | 7197 7.286 7.377 7.470 7.565 7.661 7.758 7.858 7.958 8.060 8.164
3 | 7.084 7.174 7.267 7.361 7.457 7.555 7.654 7.754 7.856 7.960 8.064
2 | 6.972 7.064 7.158 7.253 7.351 7.450 7.550 7.652 7.755 7.860 7.966
1 |6.861 6.955 7.050 7.147 7.246 7.346 7.448 7.551 7.656 7.762 7.869
0 | 6.752 6.847 6.944 7.042 7.143 7.244 7.348 7.452 7.558 7.666 7.774
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5.1 Fission Rate Distribution

The ssion rate distribution represents the volumetric ( ssionsitsnfuel ssion rate spa-

tially in the reactor. The ssion rate distribution can be calculated from the tallies that
were calculated in Chapter 4. The version of the HFIR representative model used is dis-
cretized into several axial and radial zones. The IFE and OFE contain 21 and 14 wpadial (
regions, respectively; both fuel elements are discretized into 19 axiadions. Each cell

in rz uses a single fuel material that is individually depleted, however this does not include
azimuthal angular dependence around the core. While individual plates are explicitly mod-
eled, utilizing one material for several radial and axial zones in each plate would be too
memory-intensive with current tools and clusters.

The ssion rate distribution is calculated for each day in the cycle. Figure 5.1 shows
the relative volumetric ssion rate distribution at the beginning-, middle-, and end-of-cycle
(BOC, MOC, EOC). At BOC, the rates peak at the outer edge of the IFE and inner edge
of the OFE near the axial center (i.e. midplane) with a max-to-average value of 1.6. The
distribution attens out throughout the cycle, with no cell deviation greater than 20% of the
average volumetric ssion rate at EOC. The withdrawal of the control rods explains the low
relative rate at the outer edge of the OFE at BOC, but the full withdrawal of the neutron
absorbing regions by EOC brings these values closer to the average. The distribution for

each day in the cycle is shown in Appendix A.

5.2 Fission Epicenter

One of the advantages in using HFIR for PROSPECT is that it has a relatively compact

core. Often in~, calculations for such a small core, the reactor is treated as a point source.

The average location of, production is important for oscillation analysis. In this section it

is tested to see if the center of the core is the location of the ssion epicenter, or the average

location of all ssions.
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Figure 5.1: Relative ssion rate distribution for BOC, MOC, and EOC
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Detailed MCNP FMESH tallies are used to calculate ner ux and ssion distributions.
FMESH tallies can discretize coordinate systems into a much ner mesh than what is capa-
ble with traditional tallies, which are only for calculations within user-de ned surfaces or
cells. The calculation time increases signi cantly with the incorporation of more cells, but
to a lesser degree with more meshes in an FMESH tally. Here, the fuel meat is split into 100
meshes per dimension inz; , totaling toO(10°) meshes. This provides the capability to
calculate neutron uxes and ssion rate in a ner distribution than what was calculated in
the previous section.

The FMESH tallies are used to calculate the average ssion location in HFIR across
multiple dimensions. The average location of ssion can be calculated as integrating the

ssion rate over all active fuel geometry, shown in Equation 5.1:

R
E‘I‘f (r)df

Favg = f(H)dr (5.1)

In discretized cells or meshésthe average ssion location is calculated as shown in

Equation 5.3:

pifhi (5.2)

Favg = f
[

i
Here ther is the centroid of the cell or mesh. The uncertainty associated with this ap-
proximation is assumed to be negligible as the meshes are relatively small; in the fuel cells,
the meshes along the fuel plate vary between 0.5 at the axial end to 5 cm [48]. The covari-
ance between the numerator and denominator of Equation 5.3 is assumed to be small as
the magnitude of the ssion rate has little effect the location of the average ssion location.
Assuming these are true, the uncertainty can be calculated in a single scalar dintension

(which can ber, x, Y, 2):

P+ pil (5.3)



Figure 5.2 shows the average axial and radial location as a function of time in the cycle.
This is shown using both the cell ssion rates from last chapter and the mesh ssion rates
using FMESH. The two methods are in good agreement, and the FMESH method has lower
relative errors. The average axial location is near the midplane, up to 0.25 cm above the
midplane. The reason for this is the loading of more neutron-absorbing targets in the lower
half of the ux trap, resulting in slightly higher ssion rates in the upper half of the fuel.
Additionally, the black region of the outer control element is located in the upper half of
the core while the black region of the inner control element is located in the lower half of
the core. An example of this can be seen in the side view of Figure 2.9. The average radial
location occurs between 0.5 and 1 cm into the OFE fuel meat. This makes sense as the
OFE contributes to a higher fraction of the ssions in total, but not always volumetrically.

The ssion axial epicenter remains only 0.25 cm above the core midplane. Therefore
the average ssion location is at the core centerline just above the midplane. Because the
HFIR fuel elements are annular, the average ssion location in Cartesian coordinates will
be near the core centerline, whereas the average radial location will be in/near the fuel

meat, approximately 15 cm as shown in Figure 5.2.

5.3 Azimuthal Fission Dependence

The calculation of the ssion distribution in the representative model has no azimuthal
dependence in the fuel cells as it uses materials independent of angle during depletion.
The mesh method provides the opportunity to obtain angle-dependent ssion rates. To
accomplish this, the fuel regions are split up into 2 degree increments to get ner precision
than in the previous section.

Figure 5.3 shows the relative ssion rate azimuthally around the core. The ssion rates
include an average over all axial and radial segments in that angular slice. Relative errors
were approximately 0.07%. The relative ssion rate peaks at 2.5% above the average in

the angles that correspond to the gaps between the control element plates. The angle of the
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Figure 5.2: Average axial (top) and radial (bottom) ssion location in the HFIR represen-
tative model as a function of time
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Figure 5.3: Radially- and axially-averaged relative ssion rate as a function of angle around
the reactor, showing control element (CE) gaps and the direction of the PROSPECT detec-

tor

PROSPECT detector is shown for reference as well.

5.4 Baseline

The baseline is the distance from the reactor to detector, i.e. the location of ssion to the
location to the detection. The baseline is important for two reasons. First, the number
of ~. detected is inversely proportional to the square of the baseline. A shorter baseline is
optimal for—e ux at the detector. Second, the oscillation probability changes as a function

of baseline and, energy, as shown in Figure 5.4. The proportionality can be described by
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Figure 5.4: Flavor fraction of 4 MeV oscillation as a function of baseline from the
reactor, reproduced from Ref. [17]

Equation 5.4:

d>N(E ;t) P(E ;L)
dE dt 4L 2

(5.4)

A precise quanti cation of the baseline is important for PROSPECT because it relies
on a short baseline from the HFIR core. Because the PROSPECT detector is segmented,
the baseline for each segment is different. The values of the baselines vary between 6.7 and
9.1 meters from the center of the reactor core. The average baseline for a segmentis 7.9
0.5 meters, where all segments fall within &f the average value.

The ssion rate distributions from the previous section are used to calculate the distance
from the ssion location to the detector. Here it is assumed that the ssion products do not
diffuse signi cantly through the fuel, i.e. the location of the ssion is also wheregeare
emitted. The reactor to detector center-to-center distance is used to calculate the average
baseline to the center of the detector for different points in the cycle. The center-to-center
distances from reactor to detector are shown in Figure 5.5.

Figure 5.6 shows the baseline from HFIR to the PROSPECT detector at BOC, MOC,
and EOC. It can be seen that the baseline distribution attens out slightly over the course

of the cycle. This agrees with the attening of the ssion distribution from BOC to EOC
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Figure 5.5: Center-to-center baseline from HFIR core to PROSPECT detector

as shown in Figure 5.1.

5.5 Fission-Weighted Baseline

A more precise metric is desired to understand the change in expected signal for each
detector segment. A concept called the “ ssion-weighted baseline” is created to understand
this change relative to the physical baseline and change within a cycle. The goal of this
metric is to quantify the average distance that &avels to each detector segment. In this

calculation, the coordinate system is oriented such that the reactor center is the origin. The

scalar baselin8 of a particular segmentfrom the ssion sitel is calculated as:

Bj =ifi=if 1] (5.5)

For a simple approximation of a compact core like HFIR, the reactor could be considered
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Figure 5.6: Distribution of center-to-center reactor to detector baselines
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Figure 5.7: Example illustration of the difference between the physical, center-to-center
baseline with the ssion-weighted baseline

asa point source:

Beenter to center = jfcore;center 'F]J = J'F]J (5-6)

This valueBcenter 1o center 1S the distance between the center of the reactor to the center of
detector segment The ssion-weighted baselinB; accounts for the ssion rate in each

cell including for the solid angle between the ssion site and detector segment:

Ne E

e

Bj = 5 - (5.7)
T % 7

Figure 5.7 shows an example of what the different between the basé&jneagd
ssion-weighted baselineg|) could look like for a particular segmejt
The baseline of each physical segment varies from 6.75 meters at the lower, adjacent

corner to 9.12 meters at the upper, opposite corner. The difference between the physical
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baseline and ssion-weighted baselirig,

B;, is shown in Tables 5.2 and 5.3 for BOC

and EOC, respectively. Note that the values in Table 5.1 are in meters but the values in

Tables 5.2 and 5.3 are in centimeters. Note that the errors for the values listed in Tables 5.2

and 5.3 are relatively small. If one considers the difference between the values presented

in Tables 5.2 and 5.3, the change within a cycle would be even smaller, i.e. subtracting

values in Tables 5.2 and 5.3 would decrease to nearly zero. In any case, the baseline for

any particular segment is less than 1 cm.

Table 5.2: Segment-dependent difference between center-to-center baseline and ssion-
B;, at BOC (cm)

weighted baselineB;

yoéx 0 1 2 3 4 5 6 7 8 9 10
1305 05 06 06 06 06 06 06 06 06 06
12 |05 05 06 06 06 0.6 06 0.6 06 0.6 06
11 |05 06 06 06 06 0.6 06 0.6 06 0.6 0.7
10 |05 0.6 06 06 0.6 0.6 06 0.6 06 0.6 0.7
9 |05 06 06 06 06 06 06 06 06 07 0.7
8 |06 06 06 06 06 06 06 06 06 07 07
7 |06 06 06 06 06 06 06 06 07 07 07
6 |06 06 06 06 06 06 06 06 07 07 07
506 06 06 06 06 06 06 07 07 07 07
4 |06 06 06 06 06 06 06 07 07 07 0.7
3 /06 06 06 06 06 06 07 07 07 07 07
2 |06 06 06 06 06 06 07 07 07 07 07
1|06 06 06 06 06 06 07 07 07 07 0.7
0O |06 06 06 06 06 07 07 07 07 07 07

5.6 PROSPECT Solid Angle

The solid angle of the detector is important for the magnitude.dhat reach the detec-

tor. The solid angle is inversely proportional to square of the reactor-to-detector distance

(1=4 L ?). Using the HFIR and PROSPECT detector geometries, a solid angle factor is

calculated so that it can be used for future calculations. This factor is conceptualized as the

geometrical solid angle of the active volume of the detector with respect to the reactor not

accounting for oscillation.
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Table 5.3: Segment-dependent difference between center-to-center baseline and ssion-
weighted baselindg; B;, at EOC (cm)
yox 0 1 2 3 4 5 6 7 8 9 10
13|04 04 04 04 05 05 05 05 05 05 05
12|04 04 04 04 05 05 05 05 05 05 05
11 |04 04 04 05 05 05 05 05 05 05 05
10|04 04 05 05 05 05 05 05 05 05 05
04 04 05 05 05 05 05 05 05 05 05
04 04 05 05 05 05 05 05 05 05 05
04 05 05 05 05 05 05 05 05 05 05
04 05 05 05 05 05 05 05 05 05 05
04 05 05 05 05 05 05 05 05 05 05
05 05 05 05 05 05 05 05 05 05 05
05 05 05 05 05 05 05 05 05 05 05
05 05 05 05 05 05 05 05 05 05 0.6
05 05 05 05 05 05 05 05 05 05 0.6
05 05 05 05 05 05 05 05 05 05 0.6

OFRL NWPRKOUUIO N OO

A simple voided MCNP model is created to calculate the approximate solid angle of
the detector, as used in stochastic volume calculations [55]. This voided model assumes
the geometry of the detector [46] and its distance according to Figure 5.5. The distribution
of the ssions in the reactor and actual dimensions of the active volume of the PROSPECT
detector. The number calculated is found to be consistent with the solid angle using the

simple formula.

1
4 L?

=1:283 10 ‘cm ? 0:18% (5.8)

5.7 Summary

The results of this section show that the ssion distribution changes negligibly throughout
the cycle for the purposes of PROSPECT detector analysis. The ssion distribution peaks
most drastically at BOC and slowly attens out over the cycle. The ssion epicenter is
only 0.25 cm away from the geometrical center of the reactor, although this can change

with target loading in the ux trap and VXFs. The ssion-weighted baseline concept is
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created and found to be consistent with the other measures as it is less than 1 cm from the
reactor center. These results do not account forthgrobability of oscillation, which are
accounted for in PROSPECT analysis. These results show that the baseline does not change
signi cantly for the whole detector and for individual segments. Therefore the oscillation

probability should be negligibly impacted as well.
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CHAPTER 6
NON-FUEL SOURCES OF ANTINEUTRINOS

Antineutrino detectors seek to measure the antineutrino ux coming from the beta decay

of ssion products to obtain information on the reactor spectrum. The measurement of

ssion rates from an antinuetrino detector depends on the correlation between ssions and
antineutirnos produced. However, other neutron-induced reactions produce antineutrinos
via beta decay. Therefore the detected antineutrinos are a con uence of the ssion-derived
and non- ssion-derived antineutrinos. As previously described; thgroduction rate has

been assumed to be linearly related with the reactor power, which is proportional to the

ssion rate:

dN
dt

== [1+k(t)]Pn (6.1)

dN .=dtis the expected detection rateis a constant that re ects the size, location, and
ef ciency of the detectork(t) is a term that takes into account the burnup of the fuel, and
Py, is the thermal power of the reactor. It has been shown that theki@)ris negligible for
HFIR, therefore making the detection rate directly proportional to the power of the reactor.
Both of these quantities should be time-independent.

ADs rely on the direct correlation of the power and ssion rate to the tatapectrum.
The presence of non-fuel sourcesghave the potential to disrupt this linear relationship if
produced in a large enough quantity. From theoretical models, the dete@eslassumed
to come from the decay of neutron-rich ssion products only. However, other neutron-

induced reactions can produce unstable isotopes that are prone to underg@asition.
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One such reaction is neutron capture, also called neutron activation:

PXHgnt 20X 1Y + 0+ . 6.2)

The™, produced from this reaction is not taken into account for mgspectrum calcula-
tions and measurements.

Others have identi ed non-fuel sources as a potential explanation for anomalies in the
e Spectrum at commercial reactors [41, 71]. This theory has mostly been ruled out due to
the lack of suf cient transitions above IBD threshold. However, it has been discovered that
there are some differences between theoretical spectrum compared to that from ILL due to
the difference in irradiation time [30, 29]. Some isotopes have &alf-life that take over
12 hours to build up. This contribution is commonly called the non-equilibrium effects and
are mostly due t6°°Tc, 1%4Rh, and'“?Pr [30]. These isotopes are still ssion products and
are taken into account as an additional uncertainty termgfoneasurements.

This portion of the analysis seeks to understand the contribution of non- ssion-derived
antineutrinos from HFIR. In other words, thg sources cannot be derived from ssion
or ssion product decay chains. The HFIR design and missions result in the presence of
many materials in the high- ux regions which can transmute tedecaying isotopes via
activation and other reactions. This analysis does not include the previously-mentioned
non-equilibrium isotopes.

One part of the uniqueness of HFIR is the capability to intentionally irradiate numer-
ous elements as well as unintentionally irradiate the gamut of materials already existing
in the reactor due to its design. Typical commercial reactors, e.g. pressurized water re-
actors (PWRs), contain few materials in the core other than the fuel, cladding, moderator,
and neutron poisons. In commercial PWRs, the largest components are typically made of
zirconium (e.g. zircaloy cladding) or stainless steels in their support structures. Previous
analyses have found that the contribution of these materials in typical reactors are negligible

[41, 72].
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While ssion reactions typically produce multiple antineutrinos due to the ssion prod-
uct decay chains, the number@affrom a candidate is directly proportional to the activity

of the beta-decaying parent. In other words:

N-(Hz) = A (Bq) (6.3)

Each beta-decay of a non- ssion-derived neutron reaction will produce exactly one an-
tineutrino at a rate equal to the activity of the daughter product.

The main code used to generate antineutrino spectra from beta spectra is the Oklo
nuclide toolkit [65]. The Oklo code reads in the Evaluated Nuclear Structure Data File
(ENSDF). The ENSDF contains information on the beta decay information of isotopes and
energy levels of the daughter. Because of the nature of the three-body decay, the maximum
antineutrino energy is limited by the beta endpoint energy. The beta endpoint energy de-
pends on the energy level of the daughter isotope, which is the energy released (Q-value)

less the energy of the gamma from the excited state.

E=Q E (6.4)

The antineutrino energy needs to be above the IBD threshold of 1.8 MeV in order to pro-
duce a detector signal. Therefore the beta endpoint (maximum) energy also must be higher

than 1.8 MeV.

6.1 Selection of Antineutrino Candidates

The unique missions, operation, and design of HFIR allow for a large number of materials
to be present and irradiated during a given cycle. In searching for candidate isotopes that
could contribute to the spectrum, all areas of the reactor discussed in Section 2.3 are
considered. This includes isotopes in the materials that make up the structural, control

element, and re ector regions in addition to the large variety of target materials that are
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typically irradiated in the FTT positions or VXFs in the re ector region.

The isotopes that would be of most concern for predicting an accurate Ssispec-
trum would be isotopes that contribute largely to the antineutrino ux coming from the
core materials in excess of those from ssion. Absorption reactions release signi cantly
less heat than ssion reactions, therefore they contribute insigni cantly to the power level.
e production that is not tracked via the power level disrupts the predicted linear relation-
ship between detectedand power level [73]. Selecting candidate isotopes can then be
thought of as selecting the “worst case scenario” isotopessfmoduction as excess con-
tributions to the ssion spectrum as they negatively affect the predictability of the power
level from the™detection rate. These potentially highly-contributingsources are what
will be referred to as “antineutrino candidates.”

To contribute signi cantly to the spectrum, the combination of parent and daughter
isotopes of the neutron reaction must ful Il several criteria. Again, this criteria serves to
nd the maximized potential contributors to the antineutrino ux. Each isotope does not
necessarily need to ful Il all the criteria, as there are some trade-offs in the factors. Table
6.1 contains a summary of the isotopes considered, with criteria described in the following
paragraphs.

First, an antineutrino candidate must have a relatively high concentration in the core.
It cannot be contained in trace amounts or be an isotope that is not routinely irradiated in
the HFIR experiment regions. In addition, a high abundance in the core relative to other
isotopes with the sam&is ideal. All the isotopes in Table 6.1 are considered to be present
at a suf cient quantity in the core, and the natural isotopic abundance is listed.

Second, the neutron-induced reaction must have a non-negligible neutron cross-section
to produce the daughter. Because the neutron-induced reaction rate (R) is a product of

the concentration and energy-dependent cross-section and ux, it is necessary to have a
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maximum of this product:

Z
R=Ni(t) (E;t) i(E)E (6.5)
For example, aluminum has a relatively high atomic concentration in the core but a low
cross-section, while the poisons in the CEs have the inverse. Both of these can still be
considered as.candidates. All of the cross sections listed in Table 6.1 are the ENDF/B-
VII.1 [44] thermal neutron cross-section (0.0253 eV), unless otherwise noted.

Third, the daughter product must decay with a low half-life relative to the cycle of
the reactor such that the daughter generates a large enough activity. If the half-life is too
long, it will not decay with a high enough frequency, i.e. to produce a signi cant amount
of —.. The relative magnitude of half-life to cycle length will determine how quickly, if at
all, the activity will reach secular equilibrium with its production rate. Isotopes with half-
lives of up to several hours are considered such that they would reach a large enough value
early into the HFIR cycle, i.e. within a day of operation, and therefore have a considerable
contribution for much of the cycle duration.

Fourth, the transition must release enough energy lesser the excited state of its
product (or the endpoint energy) to be greater than the IBD threshold of 1.8 MeV.
The antineutrino will not be detected without meeting this requirement. The energy re-
leased and nal state energy are retrieved from the Evaluated Nuclear Structure Data File
(ENSDF) database [74] maintained by the National Nuclear Data Center (NNDC). Some
of the daughter isotopes in Table 6.1 have several nal states; only the ones that generate a

endpoint energy above the IBD threshold are considered.

The activity of the antineutrino candidate, i.e. Ttgproduction rate, as a function of
time follows its creation rate, usually (1), in the reactor minus its decay rate:

Z
Ail(t)=Ni(t) 1 e’ (E;t) i(E)dE (6.6)
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If the half-life of the product is small enough relative to the irradiation period, the decay
term quickly declines and the activity becomes time-independent. The third criteria allows
for the exclusion of time-dependence for most isotopes.

Candidate isotopes included materials that were found in the representative model [48].
Table 6.1 shows a non-comprehensive list of the main isotopes considered. The potential
candidate isotopes with atomic mass number are shown in the left-most column. The rst
two criteria are displayed in columns 2-3 to see if the isotope meets the abundance and
cross-section requirements. The third criteria is displayed in columns 4-5 to examine if the
isotope meets the transition and half-life requirements according to ENSDF data [74].
The fourth criteria is displayed in columns 6-8 and shows if the the isotope transition that
results ina  endpoint above 1.8 MeV. A hyphen in the table means that the candidate
does not meet the criteria and is therefore no longer considered. Therefore the screened
antineutrino candidates can be seen by the non-empty elds in the last column of Table 6.1.
All isotopes with a value above 1.8 MeV in the last column are examined for this analysis.

The next step for the antineutrino candidates is to calculate the reaction rates and
spectra for the candidate isotopes. Thedecays of antineutrino candidates that are to be
considered include three main regions. The rst is structural, which incléthds >°Cr,

%Cu, and?’Mn. The second is the beryllium re ector, which includdse andéLi. The
last is the target materials, which inclugf®/ in the FTT and two actinide targets, curium

in the FTT and neptunium in the VXFs.

6.2 Calculation Process

The calculation methodology for obtaining the yield and spectra is shown in Figure

6.1. MCNP is used to generate the ux spectrum and magnitude. The ux spectrum in all
cells containing each candidate is obtained in 44-groups as this is a collapsed version of
the SCALE standard 238-group ux and is commonly used in activation problems. The

252-group ux is also obtained for several cases as this is used more commonly in the most
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Figure 6.1: Calculation methodology for candidate spectra generation using MCNP,
SCALE modules COUPLE and ORIGEN, anglspectra
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recent release SCALE 6.2.3. The ux is calculated in MCNP for each day in the cycle, for
days 0 through 25.

The ux s plugged into the SCALE COUPLE module to generate an ORIGEN library.
COUPLE generates a binary format data library that calculates weighted multi-group cross-
sections that are problem-dependent. COUPLE modi es ORIGEN libraries and updates
cross-sections and ssion yields to become problem-dependent based on the transport cal-
culation in MCNP. Only the neutron cross-sections are updated. The result is an ORIGEN
library for each cell containing a candidate for each day in the cycle.

The ORIGEN library is used for an ORIGEN reactor-on input for each cell. A full cycle
input is generated with the library for each day in the cycle. The absolute ux magnitude
is used from each day in the cycle using the PNF (Equation 4.4). This ux magnitude
is assumed to be cycle-independent, meaning it was only calculated for each day in the
representative model.

For certain candidates, the shutdown time needs to be factored in for multi-cycle anal-
ysis. The decay time leads to the destruction of isotopes depending on how long of a shut-
down is required for HFIR. The most prominent region for this is the beryllium re ector,
where the poison concentrations change as a function of decay time.

Finally, the daily- and cycle-dependent rates are plugged into Oklo to generate the
“e Spectra. The probability density function (PDF) of thespectra for the non- ssile
candidates are shown in Figure 6.2. The PDF is analogous to the numhgeeritted per
unit energy (MeV) as each decay emits ore The only isotopes with an endpoint above
3.5 MeV isBLi.

The spectra of each candidate is compared to the nearly’flifespectra from HFIR.

The ratio of . from the candidate versd®U can be considered an “excess” in that energy

range.

cand(E) _ 2X(n;capture) N .x (E)
tuel (E) ~ 23U(n; fission ) N . 235, (E)

(6.7)
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Figure 6.2: Oklo-generated spectra for candidate isotopes
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whereN- is the number of ; produced above the IBD threshold per reaction. Because the
ssion rate is evidently the most frequent neutron-induced transmutation in a reactor and
the fact that ssion always produces morgthan a single decay, both ratios will always

be less than one. The result will be a fraction, or excess, @bove threshold produced

by the candidate versus those from ssion.

6.3 Structural Candidates

The most prominent structural materials in HFIR include aluminum, iron, copper, chromium,
and manganese. Aluminum is included in the form of Al-6061, Al-1100, and several oth-
ers. Aluminum was selected initially in the design of HFIR due to its low fabrication and
reprocessing costs [49]. It also has a lower neutronic penalty than other structural materi-
als; the only exception is zirconium which is much more expensive but typically used in
commercial reactors. Copper, chromium, and manganese have much lower quantities in

the core than aluminum.

6.3.1 Aluminum

Aluminum is the most prominent structural material in HFIR. The natural abundance of
aluminum is 100%6Al. In the FTT region, aluminum makes up dummy targets, target
rod rabbit holders (TRRH) in the target positions, and capsule bodies. In the IFE and OFE,
it is the largest atomic contributor in thesOg-Al fuel and constitutes most of the ller
material, which is the non-fuelled region located within the aluminum cladding [50]. The
un-fueled regions of the fuel plates and side walls of the IFE/OFE are also predominately
composed of aluminum. It exists in all regions of the control elements, although absorption
is dominated by neutron poisons. Some of the re ector and HB tube cells are of relevance,
although aluminum reactions are less dominant due to the lower neutron ux in these outer
regions.

The reaction of interest for aluminum3&Al(n, )?®Alwitha  transition to*®Si [75].
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The transition releases 4.642 MeV and results in an excited st&fSat 1.779 MeV;
therefore the endpoint energy is 2.864 MeV [75]. The half-life ¥l is 2.245 0.002
minutes, therefore it is assumed #i&l production reaches equilibrium with its production

quickly into the cycle.

ZIAl+5in! B A (6.8)

AL S|+ + o +2:86MeV (6.9)

6.3.2 Activity of 28Al

The activity of?8Al is calculated from tallies in MCNP alone according to Equations 4.2-
4.3. In the explicit representative HFIR MCNP model, aluminum is contained in 1967 cells
and the mass totals to 250 kg. A phantom materiaPféM is created to get its isotopic
absorption rate. Again, th&Al activity is assumed to be equal to the capture rate (i.e.
27AI(n, ) Aal 2g8). The uxis also tallied in both 44-group and 252-group for input into
the SCALE module COUPLE for library creation.

Figure 6.3 shows the results of th&Al activity for the different methods. The relative
error in the MCNP ux and reaction rates was 0:3%. The inclusion of COUPLE and
ORIGEN tended to produce different results towards EOC. The MCNP methods grows
to a higher EOC value d5:48 10! Hz while the 44-group ORIGEN case extended to
4:85 10 Hz. However, the average value of the MCNP-predicfad activity is about
2.6% higher than the COUPLE+ORIGEN prediction.

The breakdown of some of the most prominent cells in the MCNP model with alu-
minum captures are shown in Table 6.2. The re ector container has the highest contribution
at over 5% of the totad®Al activity. Some of the other sturctures with the highest contri-
butions include the sidewalls of both the IFE and OFE, white regions of the outer control

element, and structures in the ux trap. Aluminum captures in the fuel meat and ller is a
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Figure 6.3:28Al activity for the MCNP-only method and the ORIGEN depletion for two
different energy bin schemes. The 252-group used the middle-of-cycle spectra with daily
ux magnitudes, therefore displaying a more average value. The values are compared as a
ratio to the core average ssion rate on the right y-axis.
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lower contribution ( 12% total) due to the dominance of t&U cross-section and the

relatively thin ller region.

Table 6.2: Listing of top 20 most-contributing cells in the representative model t§Ahe
core activity

Cell | Rate (L0* Hz) | Fraction Cell Description
4120 2.72 5.84% | Beryllium Re ector Container
3111 1.88 4.29% White region of ICE
50016 1.24 2.96% OFE Sidewall
2500 1.18 2.89% OFE Sidewall
4010 1.12 2.83% Beryllium Re ector Clad
10023 0.95 2.46% IFE Sidewall
9121 0.88 2.34% HB Tube
2300 0.82 2.24% OFE Sidewall
50001 0.82 2.30% OFE Sidewall
10001 0.71 2.02% IFE Sidewall
2200 0.69 2.01% IFE Sidewall
50150 0.68 2.04% OFE Sidewall
10150 0.55 1.66% White region of OCE

804 0.54 1.66% White region of OCE
3511 0.54 1.69% White region of OCE
3811 0.53 1.70% White region of OCE
3711 0.53 1.73% IFE Sidewall
3611 0.52 1.74% Target basket
1660 0.49 1.64% HB Tube
9588 0.48 1.63% Al holder of Pu targets
Total 17.9 47.66%

The reaction rates can then be converteddspectra according to Equation 6.7. The
excess of . from 28Al versus those front**U ssion according to Oklo predictions are
shown in Figure 6.4. The ratio is between 6-8% in the 0.5 MeV above IBD threshold. The
ratio drops sharply after this point to 2-3% at EOC due to the energy approaching the
endpoint of8Al. The ratio is largest at the lower energies due to this being near the peak

of its spectrum.
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Figure 6.4: Ratio of . from 28Al via 2’Al(n, ) to those fron?*U(n, ssion) based on the
44-group ORIGEN activities and Oklo spectra

Differences between MCNP and ORIGEN Models

It is clear that there are some difference between the MCNP and ORIGEN generated results
for 28Al (Figure 6.3). One of the possibilities is the depletion of aluminum could cause a
decrease in the reaction rate. To examine this, the EOC concentratidAsafe compared

to those from BOC. The results shown in Figure 6.5 are the EOC/BOC ratios. The closer
to unity the value, the less the fractional depletion of the cell. Aimost all cells depleted less
than 0.2%. The main exceptions are the IFE and OFE ller and clad material. The IFE
clad and ller cells deplete between 2-6% while the same for the OFE range from 2-10%.
While these values are higher than expected, the IFE and OFE are replaced every cycle.
Additionally, the clad and ller cells have some of the lowest contributions percentage-wise
to the overalP®Al activity. Therefore the depletion of these from cycle to cycle should not
have much of an impact on tRéAl capture rate intG8Al activity.

Next, the cross-sections for each method are compared. In COUPLE, it calculates and
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Figure 6.5: EOC/BOC concentration Gl

updates the 1-group cross-sections based on the input ux when generating an ORIGEN
library. In MCNP, the one-group cross-section can be calculated from the F4 and FM4
tallies (similar to Equation 4.3):

_ Rdg (E) (E) _ _ F4FM4

dE (E) F4 (6.10)

Table 6.3 shows the calculated 1-group cross-section ffédfor the re ector con-
tainer, the cell with the largest contribution to &l activity. The higher cross-section is
calculated with MCNP, about 10% higher than that those calculated with COUPLE using
either the 44-group or 252-group structure. This difference is consistent for almdgtlall
bearing cells, displaying calculation differences that are independent of cell. The relatively
large difference in these cross-sections can help explain the difference in incre&%ds of

activity that is displayed in Figure 6.3.
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Table 6.3: One-group cross-section f6Al(n, ) for three different methods calculated for
the re ector container at MOC

Method (barns)

MCNP 0.186
COUPLE 44g 0.169
COUPLE 252g| 0.169

Because the MCNP and COUPLE cross-sections disagree for the same ux spectrum,
the available cross-sections in the databases are compared. Table 6.4 shidWbttie-
mal capture cross-section retrieved from ENDF/B-VII.1 and JEFF-3.3 alongside that from
the 252-group activation library available in SCALE. That from the 252-group library is
9.2% higher than either un-collapsed library. This excess is likely the cause for the differ-

ent reaction rates calculated using MCNP and MCNP with COUPLE and ORIGEN.

Table 6.4: Thermal (0.0253 eV) neutron capture cross sectioff Abrfor the ENDF/B-
VII.1 and JEFF-3.3 databases and JEFF 252-group activation library in SCALE

Case Ratio to ENDF/B-VII.1
ENDF/B-VII.1 0.233463 1.000
JEFF-3.3 0.233463 1.000
JEFF-252g (SCALE) 0.255036 1.092

Comparison of Aluminum Activation with NBSR

It was discovered that the, contribution from?’Al activation in HFIR has a signi cant
contribution. HFIR shares a similar design and missions to other high-performance re-
search reactors around the world. To check the aluminum results, a similar reactor is chosen
to calculate and compare the activation rates.

One such similar reactor is the National Bureau of Standards Reactor (NBSR) at the
National Institute of Standards and Technology (NIST). The NBSR has similar fuel design
to HFIR [76]. The NBSR is a similar user facility that is also dedicated to neutron scattering
experiments, including a cold source. The fuel is a 93% enrich&} dluminum powder

dispersion fuel in involute plate form. As opposed to having two concentric fuel elements,
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Figure 6.6: Aerial view of the NBSR core model (left) with a close-up of the assemblies
and fuel plates (right)

Figure 6.7: Top-down view of NBSR fuel element with 17 fuel plates (left) and MCNP
representation (right)
the NBSR has 34 plates in assemblies split into upper and lower regions.

The NBSR also has a well-benchmarked model of its core in MCNP [77]. This model
was made available for both BOC and EOC. Figure 6.6 shows the NBSR reactor model and
the representation of its assemblies and fuel plates. It can be seen that the NBSR model also
represents structures and facilities far from the reactor core, including sample irradiation
locations, beam tubes, and thermal shielding. The major difference is that the plates are not
modeled with curvature. Figure 6.7 shows a top-down drawing of an NBSR elements and

its representation in MCNP.
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Table 6.5 compares the nominal parameters between HFIR and NBSR. Signi cant dif-
ferences include the moderator, core size, operating power, cycle length, and con guration
of the fuel elements/assemblies. The HFIR fuel is less spatially distributed. It contains
two concentric fuel regions in which each element's separation is nearly 0.1 cm. While the
spacing of fuel plates in the NBSR is similar, the fuel elements themselves are spread apart
more than two orders of magnitude further apart than those in HFIR. As a consequence of

this, the NBSR is not able to achieve a higher thermal ux despite similar loadif§0f

Table 6.5: HFIR and NBSR nominal reactor parameters

HFIR NBSR
Fuel
Composition U30g-Al | U3Og-Al
Enrichment 93% 93%
Plate Thickness (cm) 0.127 0.051
Number of Plates 540 1020
Core?®®U Loading (kg) 9.4 10.5
Core
Diameter (m) 0.432 0.74
Height (m) 0.76 1.12
Power (MW) 85 20
Cycle Length (days) 24 38.5
Peak Thermal Flux (n/cffs) | 2.5e+15| 1.5e+14
Moderator H,O D,O
Re ector Be D,0O
Control Element Materials| Eu,Ta,Al | Cd,Al

The same process is used with HFIR to generatéthkcapture rates in the NBSR.
Here, only MCNP is used to generate the reaction rates. The F4 and FM4 tallies are again
used for the BOC and EOC models of the NBSR. Table 6.6 shows the reaction rates cal-
culated in MCNP for HFIR and NBSR and their ratio to each core's respective ssion rate.
The NBSR experiences a much larger ratio to the ssion rate, by a factor of 3-4. The NBSR

experiences more parasitic absorption by aluminum than in HFIR. Studies of the neutron
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Table 6.6: Comparison 8f Al activation rates for HFIR and NBSR at BOC and EOC

Reactor| Time | ?’Al(n, ) (Hz) | Ratio to®**U(n,f) (%)
HEIR BOC| 414 10Y 15.6

EOC| 548 10Y 20.6

BOC| 377 10Y 60.1
NBSR EOC| 379 10Y 60.4

energy were examined to see if the moderator difference had an impact. The average en-
ergy of a neutron causirgAl capture is only slightly higher for HFIR, 0.04 eV, than it is

for NBSR, 0.03 eV. This suggests that the spectral effects from the different moderators is
not the main contributor to the factor of 3-4 difference in the reaction rate.

Because the reactors are of similar design, the reactor regions containing aluminum
are grouped into rough categories according to their function in the reactor. The fraction
of aluminum captures in these regions is calculated relative to the core total rate. The
structural components are largest for both reactors. NBSR has a 56% contribution in its
structural elements while HFIR is lower at 40%. HFIR has much high@&rcaptures in
the beam tube and re ector regions, areas that are further away from the fuel meat than
other regions. HFIR also has a much higher contribution in the fuel, while the NBSR has
more captures in its ller and clad material. The smaller core and beryllium re ector result
in a more spatially varying distribution Al compared to NBSR relative to their own

sizes.

Table 6.7: Fractional contribution (%) of aluminum activation rates by category in HFIR
and NBSR cores at the beginning of cycle (BOC)
Structural Category HFIR | NBSR
Core Structural | 39.92| 56.19
Beam Tube 18.81| 9.24

Re ector 17.47| 5.67
Control Elements| 10.88| 13.23
Fuel 7.42 | 1.96

Fuel Filler/Clad 5,50 | 13.70

The — spectrum for the NBSR from its ssions arg@Al contributions are calculated.

Figure 6.8 shows the ratio of, from 28Al to those fron?**U ssion. The amount from the
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Figure 6.8: Ratio of ¢ from aluminum activation to those from ssion in HFIR and NBSR

NBSR is upwards of 25% in the low energy range. This is a much larger contribution and
would give larger uncertainties in@ measurement at NBSR.

The key takeaway from this section is that HFIR and NBSR have similar fuel design and
missions, yet their reaction rate ratios?6AI(n, )/?2°U(n, ssion) are vastly different. The
main differences are attributed to the wider spacing of fuel elements, larger core, and harder
neutron spectrum in NBSR. The effects?®Al activation would have been exacerbated if

the NBSR was chosen for a PROSPECT-like experiment.

6.3.3 Chromium,CopperandManganese

Chromium, copper, and manganese are also structural material candidates. Most of these
are included in the steel of the TRRH-bearing capsules, the stainless steel ends, and trace
amounts in Al-6061 materials in HB tubes and IFE/OFE sidewalls. For these particular
elements, only the EOC reaction rates are calculated in MCNP. Due to the fact that the

ux in most core regions is higher at EOC than BOC and that most non-fuel materials
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are not depleted signi cantly from BOC to EOC, these calculations are considered to be a
conservative over-estimate of their averag@missions.

5Cr is produced from the (n) reaction or?*Cr, which has the lowest abundance and
cross-section of its four naturally-occurring isotopes. The half-lif@©6f is 3.497 minutes,
which is low compared to the cycle length of HFIR. The transition releases 2.603 MeV.
Although®°Cr decays to several excited state$fn, the most probablex 99:5%) is the
ground state [78]. The endpoint energy is thus assumed to be 2.603 MeV. Chromium is
contained in 221 cells of the model, totalling 16 grams. The E&IZ production rate is
found to bel:6 10" Hz, which is lower than the ssion rate by a factor 0f°10

%Cu is produced from the (n) reaction orf°Cu, which has the lower abundance and
cross-section of its two naturally-occurring isotopes. The half-liféGfi is 5.120 minutes,
which is again low compared to the cycle length. Thetransition releases 2.640 MeV.
The only transition to the ground state®%Zn, the only transition that has a endpoint
energy above IBD threshold, occurs approximately 90.77% of the time [79]. Copper is
contained in 869 cells of the model, totalling 161 grams. The E&EL production rate
is1:13 10" Hz. This is approximately 0.04% of the ssion rate. This results in a peak
excess ratio in any energy bin of no more than 0.02%.

2"Mn is produced from the (n) reaction or?>Mn, which is the sole naturally-occurring
isotope. The half-life of’Mn is 2.578 hours, relatively low compared to the cycle length.
The transition releases 3.695 MeV. The main transition of interest fivin to >°Fe
is to the 0.846 MeV excited state, which occurs 56.6% of the time [80]. Thendpoint
energy for this transition is therefore 2.849 MeV. Manganese is present in 226 cells of the
model, totalling 109 grams. The EG@Mn production rate i$:16 10" Hz.

In summary, the copper, chromium, and manganese isotopes of interest result in EOC
activities listed in Table 6.8. Th&Cr activity is too small compared to the ssion rate.
The %8Cu and?’Mn have activities on the same order of magnitudd Gtless than the

sion rate. These both result in. contributions that are negligible compared to those from
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Table 6.8: EOC activities of non-aluminum structural products

Isotope| EOC Activity (Bq)
55Cr 1:60 10
56Cu 1:13 10%°
2"Mn 5:16 10%®

ssion and even those frorffAl. Therefore these three structural isotopes are no longer

considered as, candidates for HFIR.

6.4 Beryllium Re ector

The primary purpose of the beryllium re ector is to moderate neutrons to thermal energies
and re ect them back into the core to maintain criticality of the reactor. This region also
contains the many experimental facilities at HFIR, such as the horizontal beam tubes and
vertical experiment facilities (VXF). The re ector also contains some coolant holes to allow
for suf cient cooling of experiments.

The beryllium re ector is split up into three regions, the removable (RB), semi-permanent
(SPB), and permanent (PB). The RB is replaced approximately every few years (83,700
MWd) while the SPB and PB are replaced after more than one decade (167,400 and 279,000
MWwd, respectively). All regions, when fresh, containd9% atomically’Be. HFIR is ex-
pected to have a long outage in the mid-2020s to replace the PB. The re ector regions
extend axially an extra two inches on the top and bottom of the fuel meat region. The
ux in many beryllium re ector regions increases as the the control elements are gradually
withdrawn throughout the cycle.

The dominant reaction ifBe for all neutron energies is elastic scattering, as shown in
Figure 6.9. The (n,) reaction follows the M behavior, but its cross-section is approxi-
mately three orders of magnitude less at 0.025 eV. In the fast region, the (n,2n) and (n,
threshold reactions are between 1-2 orders of magnitude less than that for scattering at
0.0253 eV. These two fast-region reactions produce two beta-decaying products of interest

for antineutrino generation as well as gaseous products and neutron poisons that are im-
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Figure 6.9: Cross-sections e

portant for HFIR safety and performance. Figure 6.10 shows the transmutation chain and
relevant isotopes of interest.

The rst product of interest i$He, which is a short-lived gaseous product formed di-
rectly from the (n, ) reaction or’Be. It has a half life of 0.81 seconds and decays to the
ground state ofLi. This transition releases 3.507 MeV of energy, which is also the
endpoint energy [81]. Its short half-life results in its complete decay just seconds after the
reactor shuts down. Therefore, it would only contribute to the antineutrino signal while the

reactor is on.

Be+in+0:59%eV! “He+°He (6.11)

°He! °Li+ + .+3:51MeV (6.12)

The second product of interest $hi, which has a half-life of 0.84 seconds, similar
to that of®He. Its decay releases 16.004 MeV, resulting in a 3.03 MeV excited state of

8Be, which quickly decays into two particles. Therefore the endpoint of thé’Li is
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approximately 12.97 MeV. This is a high endpoint which results in a harder spectrign of

compared to that of ssion.

Li+3n! 8L (6.13)

8Li! 8 Be + + (+12:9MeV (6.14)

The precursor ofHe does not change much from cycle to cycle, i.e. the beryllium does
not deplete signi cantly.8Li is produced by two subsequent neutron capture$lLonthe
daughter of théHe  decay. ThéLi concentration in the re ector regions builds up over

the rst few cycles of a fresh re ector region [82, 83].

(n,) 3.51 MeV, (n,) 0.02 MeV,
9Be 6He 0.80 sec 3H 12 yrs
@\

(n,) 16 MeV

8L| 0.84 sec SBe

Q Neutron poisons

Gaseous products

—_— Fast neutron reactions
—_— Thermal neutron reactions
— Beta decays above threshold ¢andidates

Figure 6.10: Isotopes and reactions in the beryllium re ector

6.4.1 Multi-Cycle Model

The approach to generating activities®éfe andeLi involved the generation of ux using

neutron transport in MCNP followed by depletion in ORIGEN/SCALE, as shown in Figure
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6.1. The multi-cycle model is necessary to account for the buildup of neutron poisons with
increasing irradiation of a fresh re ector. The effect of this will be discussed later.

The MCNP model has an updated discretization of the beryllium re ector regions com-
pared to the representative model. The discretization contains 17 radial regions and 21
axial regions (357 total), shown in Tables 6.9-6.10. In the RB and SPB regions, the model
includes the water gaps in between the different regions. Therefore the inner radius of those

regions does not equal the outer radius of the previous region.

Table 6.9: Radial discretization of beryllium re ector regions

Region| Number| Outer R (cm)| Inner R (cm)
1 25.1155 24.1211
RB 2 27.3202 25.1760
3 30.1198 27.3710
SPB 4 33.3077 30.3327
5 34.2875 33.3375
6 35.2875 34.2875
7 36.3375 35.2875
8 37.4375 36.3375
9 38.6375 37.4375
10 39.9375 38.6375
PB 11 41.3875 39.9375
12 42.9875 41.3875
13 44,7875 42.9875
14 46.7875 44,7875
15 49.0875 46.7875
16 51.6875 49.0875
17 54.61 51.6875

The preferred energy grouping for neutron activation applications in the current SCALE
6.2 release is 252-group structure, however the 44-group has been used in the past for
activation problems. The two energy-binning groups are compared to determine which
may be more viable. The 252-group structure is preferable but more challenging to obtain
the necessary statistics in each group. Figure 6.11 shows the comparison of ux for the
innermost RB cell (40211) at the midplane with the 44-group and 252-group Befoss-

section obtained from SCALE libraries [59]. Because neither method is evidently superior
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Table 6.10: Axial discretization of beryllium re ector regions

Segment Number Top (cm) | Bottom (cm)
1 30.48 27.5
2 27.5 24.5
3 24.5 21.5
4 21.5 18.5
5 18.5 15.5
6 15.5 12.5
7 12.5 9.5
8 9.5 6.5
9 6.5 3.5
10 3.5 0.5

11 (midplane) 0.5 -0.5
12 -0.5 -3.5
13 -35 -6.5
14 -6.5 -9.5
15 -9.5 -12.5
16 -12.5 -15.5
17 -15.5 -18.5
18 -18.5 -21.5
19 -21.5 -24.5
20 -24.5 -27.5
21 -27.5 -30.48
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Figure 6.11: Flux at MOC for the innermost RB cell at the midplane compared with the
44-g and 252-g cross-section for Be(hin SCALE libraries [59]

to the other, the 44-group method is primarily pursued due to the higher statistics gained in
the lower energy groups.

The process outlined in Figure 6.1 is used to calculate concentrations of isotopes in the
beryllium re ector. The 44-group ux is calculated in MCNP for all 357 regions for each
day in a representative cycle. The group uxes and magnitudes from proper normaliza-
tion (Equation 4.4) are used for each region for each day in the cycle. An assumption is
made that the neutron ux spectrum and magnitude changes negligibly with the buildup of
poisons in the re ector. Since the concentration ofthieand 3He is relatively small com-
pared to that of beryllium, this assumption is believed to be justi ed. The HFIR cycle is
assumed to be 25 days, followed by a 25 day shutdown (the effect of this will be discussed
later). This pattern is repeated for at least 10 cycles.

Figure 6.12 shows the calculated 1-group cross-sections fdi+aeroduction from
the Be(n, ) reaction. These can be used to calculate®te production rate more easily
in the future. It can be seen that the cross-section is the highest in the inner regions of

the re ector and decreases with each successive radial region due to the softening of the
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Figure 6.12: ORIGEN-calculated 1-group Be(h¢ross-section for each region of the re-
ector using a 44-group structure at middle of cycle. The region number proceeds from the
top- and innermost-cell, moving downward rst and then outward.

Table 6.11: Fraction ofBe(n, ) and®He activity by region of the re ector
Region| Fraction (%)

RB 69.2
SPB 11.0
PB 19.2

spectrum with increasing radius. It also shows a higher cross-section in the higher regions

of the RB than their axial counterparts at the bottom of the RB.

6.4.2 Helium-6

®He is produced directly from the (n) reaction or’Be. It is the precursor reaction to the

production of both neutron poisons. The half-lifé’bfe is 0.806 seconds. The released and
endpoint energy are both 3.507 MeV as®alke decays to the ground state®f [81].

The®Be(n, ) rate during the cycle in the entire re ector ranges fr8r@0to 4:.05 10

Hz, shown in Figure 6.13. This increase is largely driven by the control rod withdrawal

because more fast neutrons traverse to the axial ends of the re ector and induce }jhe (n,

reaction.
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Figure 6.13: Activity ofHe for rst 10 cycles of irradiation if all regions are assumed
fresh, with buildup ofLi shown to negligibly impact the rate

The distribution by re ector region is shown in Table 6.11, with the RB contributing
almost 70% of the total rate due to the radial drop-off of fast ux further into the re ec-
tor. This rate is found to be relatively cycle independent. 8k decays quickly upon
shutdown and th&Be does not deplete signi cantly. The buildup &fi if all regions are
assumed fresh decreases to total core Be(mte by less than 1%.

The®He activity can be translated tQ spectra assuming the production rate equals its
activity. The ratio of . from ®He to those from ssion is shown in Figure 6.14. The ratio
peaks around 0.75% around 2.5 MeV. Similar to the spectrum #éinthe spectrum falls

off sharply as the energy approaches theendpoint energy.

6.4.3 Lithium-8

The8Li contribution is found to vary as a function of time. While thiei reaches equi-
librium as a function of irradiation time, thd.i does not; it continues to climb from with
increased exposure. Therefore the multi-cycle model is increased from 10 cycles to 50

cycles. This calculation is conservative due to the RB being replaced approximately every
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Figure 6.14: Ratio of from ®He via®Be(n, ) to those fron?3°U(n, ssion) based on the
44-group ORIGEN activities and Oklo spectra
40 cycles instead of 50. Figure 6.15 shows the activitfLofwith irradiation time in the
re ector region. Three cases are considered due to the replacement frequency of the re-
ector regions: only the RB is fresh, the RB and SPB are fresh, and all regions are fresh.
The regions that are not fresh have reached their equilibrium concentratfan iof all
radial and axial regions. All cases converge toward a value of approxintatefy0'2 Hz.
This value is nearll0° lower than the ssion rate. The buildup 8Ei decreases théHe
activity by approximately 1%, which shows its buildup has a relatively negligible on the
SHe activity.

The ~ spectra and magnitude féki is shown in Figure 6.16. The data is compared
to the Oklo spectra fof*®U because there are not theoretical predictions foabove 8
MeV with the Huber data. Th&Li has little signi cance up until the high energy range. Its
contribution above 10 MeV is as high as 20-30%, howeverfggvare detected above that
energy. Because of its low magnitude and low rate rate compar&éltossion, 8Li can
be safely ignored as a candidate due to the natural buildup in the re ector. However, the

intentional loading of lithium to generat&i —'s is discussed in Section 8.3.
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Figure 6.15: Activity ofLi as a function of irradiation time for 50 cycles with assumptions
of no®Li in all re ector regions (fresh)®Li having reached equilibrium in the PB, aPidi
having reached equilibrium in the SPB and PB

Figure 6.16: Cycle-average emissions shown for the Oklo-predict&dU and®Li con-
tributions
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6.4.4 PoisonConcentrationandShutdownLength

It has been discussed that the two isotopes of interest in the re ectog foontributions

are®He and®Li. The effect of°He is signi cant and is relatively independent of shutdown
length. ThéPLi contribution is negligible due to its low order of magnitude. In either case,

the reactions of interest do produce neutron poisons, as shown in Figure 6.10. While this
is not discussed here due to the lack of impactgproduction, the impact of shutdown
length on the poison concentrations, primafije, is discussed in Appendix B. Buildup of
poison concentrations have an impact on reactivity penalty of an irradiated re ector, while
gaseous buildup leads to increased stresses and reduced thermal conductivity. Both of these

are important for nuclear safety analysis of HFIR.

6.5 Target Materials

6.5.1 Vanadium

Vanadium is a target material that is primarily irradiated in the FTT region. The repre-
sentative model [48] contains many vanadium-bearing targets. Many of these targets are
not solely composed of vanadium as a target material; the representative model contains
many generic homogeneous targets to obtain representative loading of elements. The FTT
region also has some vanadium capsules in the PTPs and TRRHs that make up part of its
composition. Since PROSPECT has begun taking data, the loading of vanadium inthe FTT
region has not changed drastically.

The amount of vanadium in the ux trap typically varies between 200 and 300 grams.
This number is tracked for reactivity changes associated with changing mass of elements
in the FTT for the estimated symmetric critical control element position (ESCCEP) calcu-
lation. Table 6.12 shows the gram-loading of vanadium in the ux trap for the previous 5
HFIR cycles; the values range from 228.2 at a minimum to 274.0 at a maximum. The data

is obtained from HFIR calculations of the ESCCEP performed prior to each cycle startup
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[84].

Table 6.12: Gram loading of vanadium in the ux trap for the previous 5 HFIR cycles
Cycle | Vanadiumin
Number| FTT (grams)

478 | 274.0 Max

479 | 260.0
480 | 228.2 Min
481 | 248.0
482 | 234.3

52V is produced from the (n) reaction orP'V, which is the main naturally-occurring
isotope. The only other naturally-occurring isotope9¥, which constitutes 0.25% of
vanadium in nature and is not a candidate. The cross-section for neutron captiivei®n
approximately an order of magnitude higher than thatwf Capture tallies in vanadium
materials showed that the ratio of capture$®™ to >V roughly follows this product of
abundance and cross-section, i¥V(n, )V(n, ) is approximately 2.5%. Therefore,
assuming natural abundance, over 97% of the neutron captures in vanadium still occur in

51V despite the higher cross-section®8Y.

. 52
Sy 4+ ¥ Ty (6.15)

it

. . B2
s2y P4 TR or 4+ 4 +2:54MeV (6.16)

The half-life of %2V is 3.743 minutes, again low compared to the cycle length. The

transition releases 3.974 MeV. The main transition is to a 1.434 MeV excited state
of 2Cr, the only transition that has a endpoint energy above IBD threshold, occurs
approximately 99.2% of the time [85]. The endpoint energy of this transition is 2.540
MeV.
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Calculation Process

To calculate approximate, rates fronmP?V, several loadings of vanadium-bearing generic
targets are loaded into several positions in the ux trap; these targets contain vanadium
in a similar concentration to that in the V+Ni targets in the representative model [48].
Several cases are created with full-axial vanadium targets loaded into between 1 and 10
FTT positions. The loading in the simulation cases created here have vanadium masses of
between 150 and 370 grams, which includes the range of values listed in Table 6.12.

The capture rates 8tV (and>°V) are calculated on a per-gram basis for the various
cases at both BOC and EOC. Linear regression is performed for the capture Yafeasf

a function of grams in the FTT region for both BOC and EOC:

Ay = aMy + b (617)

whereA, andM, are the activity and mass of the vanadium loading in the FTT. Taen,
andb are the slope and intercept of the linear t. TR& > 0:99 for both the BOC and
EOC ts.

The number of grams from the 5 cycles can be used to calculate approxivade-
tivities from the linear regression, as shown in Figure 6.17. The rates range from 1.58 to
1:82 10 Hz for the minimum gram loading and from 1.701®5 10 Hz for the
maximum gram loading of the previous 5 cycles at BOC and EOC.

The fractional increase in the spectrum for the lower and upper loadings of vanadium
is calculated in the 1.8 - 2.54 MeV range from the two separate linear regressions created
from BOC and EOC simulations. Thg spectrum increases in that range from 0.26-0.51%.
The increase from BOC to EOC can be explained in a similar fashion to that fétAhe
with the thermal ux increase in most regions of the core and particularly the ux trap.
Although depletion of the targets from BOC to EOC is not performed, this is suspected to

negligibly change the results.
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Figure 6.17: Activity of°?V as a function of grams loaded into the core for the six cases.
A linear t of the data with 1 error is shown with associated error. The red lines show the
minimum (dashed) and maximum (solid) loadings of vanadium in the previous ve cycles
[84].

Figure 6.18: Excess, from %2V for the maximum and minimum loading of vanadium in
the FTT with actual loadings in previous ve HFIR cycles
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6.5.2 Curium

Targets made of curium oxide (CmO) have been irradiated in the FTT region to produce
252Cf in many recent cycles. The CmO targets take up the full length of the active fuel
region. Although the primary acitinide composition in the targets is curium, they also
contain smaller concentrations of plutonium and americium [48].

Calculations of CmO ssion and heat generation rates have been performed at HFIR
for safety analysis. The cycle-dependent ssion rates of the CmO targets is obtained and
analyzed. The ssion rates in the targets is dominated by the ssigf°@m and?*’Cm,
which account for over two thirds of the CmO ssion raté8Pu anc?®!Cf also contribute
at the 5-12% level each. The ssion yield data is not availableft@m in ENDF or other
databases.

Five CmO targets were in the FTT starting in cycle 479. The same targets were sub-
sequently irradiated during the next 3 cycles (through 482). The ssion rate of the total of
the ve targets is shown in Figure 6.19. The rates decrease with each subsequent cycle, i.e.
the ssion rate is the highest in cycle 479. The peak of the ssion rate is approximately
2 10" Hz near at BOC.

During the rst irradiation cycle, the ssion fraction is over 80%°Cm, which drops
towards 50% at EOC. Th&’Cm fraction increases from 5% to 15%. THePu fraction
slowly increases to about 12%. These EOC1 ssion fractions remain roughly constant for
these three isotopes with tRe'Cf fraction building to slowly increasing to 10%. This
rounds out the majority of isotopes, with other Cm isotopes having percent-level contribu-
tions.

The maximum isotope contributdf°Cm, has a ssion rate of less tharla 10'° Hz.

This is less than 0.01% of the fuel ssion rate. The relatively small differences between
isotopic™ emissions combined with this ssion rate ratio suggest that irradiation of curium

targets will not impact the HFIR, spectrum.
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Figure 6.19: Total ssion rates in CmO targets and comparison to fuel ssion rate

6.5.3 Neptunium/Plutonium

Neptunium oxide (Np®) targets have been irradiated in several past cycles to produce
for the National Aeronautics and Space Administration (NASA) [53, 52]. The targets are
irradiated in the VXFs in the PB nominally for three cycles; the same targets are irradiated
in successive cycles. The PROSPECT experiment took data during threeifguddation
cycles. Nine VXFs were lled with Np@targets starting in Cycle 479 and continued into
Cycle 480. Cycle 481 contained zero targets with Np/Pu. Cycle 482 continued with the
targets' third and nal irradiation cycle to date. This is summarized in Table 6.13.

Previous work has quanti ed ssion and heat generation rates in order to support safety
analysis of the Np®targets [86, 87]. These models used the homogenized representation
of the fuel, cladding, and coolant as in the representative model [48]. Two VXF positions,

VXF-3 and VXF-15, are fully axially lled with an array of Np@AI pellets. These two
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Figure 6.20: Top-down (left) and side (right) view of the HFIR core in the homogenized
MCNP model with NpQ targets in VXF-3 and VXF-15 [86, 87]

locations are chosen because they typically have the lowest and highest neutron ux level
of the inner small VXFs. The representation of the Npg&rgets from a top and side view

are shown in Figure 6.20. The pellets are irradiated for three cycles with a shutdown length
of 25 days in between. These previous models are the basis for this calculation.

Table 6.13: Number of VXFs fully-loaded with Np(pellets for the previous 5 cycles
arranged by their Nth cycle of irradiation

Operation Dates Cycle Number
Cycle (2018) 11213 a Total
478 2/20-3/16 [0|1|2]| 1 4
479 5/1 - 5/25 9/0|3| 0 12
480 6/17 - 7/6 090 1 10
481 7124/ -8/17 |0|0|0| O 0
482 9/4 - 9/28 0([0|9| O 9

The ssion rates are calculated for the three-cycle irradiations of Np@he two VXF
positions. The ssion rates in the NpQargets are dominated by two isotopé¥Pu and
238Np. Figure 6.21 shows the ssion rates in the two targets over three cycles* e
dominates for the rst 2 cycles, arfd®Pu becomes the dominant contributor in the third
cycle.

Figure 6.22 shows the ssion rates using an average value of the ssion rates in VXF-
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Figure 6.21: Fission rate with irradiation time of fully-loaded Nyt@rgets for 3 cycles in
VXF-3 and VXF-15 for?*8Np and?*°Pu (top) and both combined (bottom)
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Figure 6.22: Fission rate of NpQargets for cycles 478-482 based on their loading from
Table 6.13 and ssion rates in Figure 6.21

3 and VXF-15 for the number of targets and the cycle during which they were irradiated
according to Table 6.13. Cycle 482 had the highest contribution due to nine VXFs with
fully-loaded targets being in their third irradiation cycle. Cycle 479 was comparable as it
had nine VXFs with fully-loaded targets in their rst irradiation cycle and three in their
third irradiation cycle.

To calculate the impact of the ssion rates of the targets onthepectrum, an as-
sumption has to made regarding their heat generation as it impacts total heat power of the
core. Because the total core power is conserved to 85 MW, the total ssion energy released
needs to be conserved. The small difference in energy release per ssion due to the differ-
ent isotopes is relatively small. Therefore the increase in ssion rate in the p@ets is
assumed to decrease the ssion rate in the fuel by the same amount.

Figure 6.23 shows the relative difference to the nomfiall —. spectrum with the
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Figure 6.23: Fission rate of NpQargets for cycles 478-482 based on their loading from
Table 6.13 and ssion rates in Figure 6.21

inclusion of the neptunium targets. The BOC/EOC curves re ect the impact of the inclusion
of nine VXFs with fully-loaded targets in their rst, second, or third irradiation cycle. This
includes the contributions due to the increased ssion rat&tp and?*°Pu from the
summation method (Oklo). The nal series with “Huber-Pu” is almost the same calculation
using the conversion data from Huber. However, because only.tepectrum forP*8Np

is not available, only thé**Pu ssion rate is considered. The BOC/EOC1, BOC/EOC?2,
and BOC/EOCS3, are analogous to Cycles 479, 480, and 482, respectively. Cycle 482 sees
the largest decrease in thg spectrum due to the highi®Pu ssion rates from the targets
being in their third irradiation cycle. According to Huber model predictions, the drop in

the spectra increases with energy from 0.1% to 0.4%.
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Increase in Helium-6 Contribution

The irradiation of ssile targets in the re ector has a drastic impact on the local ux and heat
generation rates. The increase in plutonium ssions hardens the spectrum in the re ector
areas surrounding the VXFs bearing these targets. FMESH tallies are used to calculate
the relative increase in fast ux and ti8e(n, ) reaction rate with the presence of NpO
targets.

Figure 6.24 shows the relative increase in the axially-averdBe¢h, ) rate radially
and azimuthally near the targets. The relative increase in these reaction rates locally is as
high as 25-30% just outside the target basket. In the model, this increase is almost all in
the second and third radial regions of the PB, shown in Table 6.9. Considering the PB
regions account for just under 20% of thide activity, this effect will be less than 5%.
The expected number will be much lower due to the targets only increasing the ux in the

nearest 5 cm around the target.

6.6 Water

Water also has the potential to be @acandidate from its (n,p) reaction. Water activation

from this reaction is the primary production mechanism for radiation in the primary coolant

system of commercial nuclear reactors. Extra shielding is required from the high-energy
's that is created from the subsequent decay. This reaction creaté®N, which

decays with a half-life of only 7.13 seconds [88].

¥o+in! N +1p (6.18)

BN T %0+ + +10:42MeV (6.19)

Note that the 10.42 MeV is the release energy, however it results in several potential excited

states off®O. The three most prominent result in endpoint energies of 4.289 (66.2%),
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10.419 (28.0%), and 3.302 MeV (4.8%) [88].

Water tallies are added to the representative model to calculat®Qlw p) reaction rate
at BOC and EOC. The tallies that calculate the reaction rate are analogous to the activity
due to the short half-life 0*N. The activity of*®N is calculated to b8:19and9:13 10'2
Hz for BOC and EOC, respectively. The relative error for both was 0.7%. This activity is
comparable to théLi activity and ve orders of magnitude less than th€U ssion rate.

This reaction for the purpose of HFIR is safely ignored.

6.7 Note on LWR Comparisons

A vast majority of "¢ measurements have taken place at large-scale commercial nuclear
power plants, mainly light water reactors (LWRs). The natural question arises of how non-
fuel —¢ production may impact the spectrum for a commercial LWR compared to HFIR.
While a full analysis of all of the products is not done here, some insight can be provided
based on this analysis. The larger core size and lack of signi cant experimental facilities of
commercial reactors results in less neutron leakage to non-fuel elements and fewer relative
neutrons activating non-fuel materials (i.e. potentiatandidates) in the core. Commercial
LWRs also have a small variety of materials that are contained in the core. The primary
non-fuel materials that exist in commercial LWRs include zircaloy as a cladding material
and variations of stainless steels.

All of the main LWR isotopes of iron and zirconium would be ruled out by the
candidate selection process (Section 6.1, Table 6.1); the only exceptf@m,ithe isotope
of zirconium with the lowest natural abundance (2.8%). Y& (n, )°'Zr transition has
only one, albeit dominant, transition that results in aendpoint (1.915 MeV) slightly
higher than IBD threshold [89]. It has a half-life of 16.749 hours, which is not negligible
but much larger than many of the isotopes considered in this work. The endpoint of 1.915
MeV is only slightly larger than the IBD threshold of 1.8 MeV which means that relatively

few would be detected due to the endpoint being at the tail end of the distribution.
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Similarly, chromium only has one isotope that ful lls the selection criteria>>Cr,
which was previously discussed for HFIR. It also has a low natural abundance, similar to
97Z7r, and a half-life and endpoint similar to that offAl. The chromium composition in
stainless steels is expected to be small and not an issue for LWRs.

Detailed studies of isotopes such %H&r and those of chromium are not performed
here due to the lack of available data of exact composition and the hypothesis that the
effects are small. Further studies can be done to examine the activation of zirconium and
chromium composition in steels. Furthermore, this effect is hypothesized to be small due
to the signi cantly larger ssion rate in a power reactor and the lack of large quantities of

chromium in the higher ux regions of the core.

6.8 Summary

This rigorous approach involved examining many isotopes which could contribute to the
~e Spectrum above the IBD threshold. A methodology was developed for investigating
the most problematic, candidates that are most problematic in quantity for systematic
uncertainties. The three largest-contributing isotopes ##de °He, and®?V. Most of the

other isotopes had a much smaller or negligible effect. The one exception was the NpO
targets that had as high as a 0.8% effect on the ssion rate, but this has a small effect on the
~e spectrum because tR&Np or23°Pu ssion rates are not high enough to perturb it.

The average values for the top three isotopes are used to calculate average excess con-
tributions for a nominal cycle. For aluminum and helium, this means the cycle average as
their activities were calculated as a function of length into the cycle. For vanadium, the
average value from the loading cases was taken. Figure 6.25 shows the excess contribu-
tions as a step function by energy range for the three largest contribufféisontributes
over 8% in the low-energy range and all thre isotopes combine to over 9%*®Ahkad

by far the largest contribution between 1.8 and 2.86 MeV, itendpoint. ThéHe has a

peak contribution of 0.5-0.75% effect around 2.5 MeV but drops off towards its endpoint
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of endpoint of 3.5 MeV. Thé&?V contribution peaks at about 0.5%.

Figure 6.26 shows the most updated PROSPECT results according to its recent Physical
Review Letter [90]. The contribution of from t€Al and ®He can be seen in the upper
panel of the gure, below the 2.5 MeV in reconstructable energy. The results show that
there are some disagreements between the Huber model and the PROSPECT data in two
energy ranges. This will not be discussed further here, but Ref. [90] can be viewed for

more information.
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