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Detection systems used to monitor reactor operations are of significant interest 

as tools for verification of operator declarations. Current reactor site safeguards are 

limited to visual inspections and intrusive monitoring systems. The recent 

development of antineutrino detectors may soon allow real-time monitoring from an 

unobtrusive location. Antineutrinos are produced through beta decay of fission 

products in the core. The lack of charge and small mass of the antineutrino ensures an 

extremely low interaction probability with all matter, effectively making the particle 

impossible to shield. As the fuel isotopic composition changes with burn-up, the 

primary fission source changes from 235U to 239Pu. Since differing antineutrino energy 

spectra are produced by each fissionable isotope, the antineutrino flux will also 

change as a function of burn-up. Supported by reactor simulations from nuclear 

codes, antineutrino detectors may provide a window into the reactor core and provide 

inspectors with tools to verify legitimate operations. 



This thesis is focused on the antineutrino rate produced by CANadian 

Deuterium Uranium reactors (CANDU) during startup. A CANDU fuel bundle model 

was created with the TRITON module from the SCALE6.1 code to calculate isotopic 

antineutrino rates for a single bundle. A full core CANDU model that incorporates 

refueling was also created for the first 155 days of operation after startup by using a 

Python 2.6 script to handle pre- and post-calculations. All simulations were calculated 

using operational data from Point Lepreau Generating Station produced by 

proprietary codes for the forthcoming fresh core startup. 

Dependence of the antineutrino rate on power and bundle replacement was 

analyzed, with a ±10% change in power causing a ±10% change in antineutrino rate, 

and the CANDU detector effectively measuring a 10% decrease in power within 9 

hours of collection time. Bundle refueling was shown to only slightly modify the 

antineutrino rate, requiring a target volume more than 20 times larger than the present 

detector to effectively identify the change due to the bundles refueled over a one 

week period. Diversion of 15% or more of the total amount of bundles can be 

effectively measured by the CANDU detector within a one month counting period.
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Analysis of the Antineutrino Rate during CANDU Reactor Startup 

 

1 Introduction 

The birth of the Atomic Age in the 1940s has led to widespread use of nuclear 

power. As of 2008, 439 reactors were in operation in 30 countries, providing 14% of 

the world’s electricity. Furthermore, the International Atomic Energy Agency (IAEA) 

predicts the worldwide nuclear electrical generating capacity will increase by between 

25% to 100% through 2030. Although most of this extra power will be produced by 

states with existing nuclear power programs, more than 40 countries have expressed 

interest in building new nuclear power plants, spreading nuclear technology farther 

than ever before (IAEA, 2008). 

One of the greatest challenges facing the international community is allowing 

nuclear power to flourish while simultaneously stifling clandestine nuclear weapon 

programs. Utilizing a host of safeguard techniques, the IAEA is tasked with ensuring a 

nation’s nuclear activities are consistent with declared objectives at reactor sites, 

enrichment facilities, manufacturing establishments, and anywhere within the nuclear 

power supply chain. 

Current reactor site safeguards are limited to visual inspections and intrusive 

monitoring systems. The recent development of antineutrino detectors may soon allow 

real-time monitoring from an unobtrusive location. Supported by reactor simulations 

from nuclear codes, antineutrino detectors may provide a window into the reactor core 

and provide inspectors with tools to verify legitimate operations. 
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1.1 Nuclear Safeguards 

Movement towards international legislation concerning nuclear technology 

was nearly immediate after the first atomic bombs were dropped. Proposed alongside 

the Atomic Energy Act of 1946, the Baruch Plan was the first call for international 

control (Baruch, 1946). In the proposal, the United States called for the United 

Nations Atomic Energy Commission to transfer all nuclear materials to a singular 

international body. Although the progressive program was never adopted, the plan was 

one of the first to suggest global cooperation to prevent the spread of nuclear weapons 

while not limiting nuclear power technology (Williams, 2005). 

Nearly a decade later, President Eisenhower’s Atoms for Peace speech to the 

United Nations in 1953 lead to the creation of the IAEA as a division of the United 

Nations (Eisenhower, 1953). Although it was officially created in 1957, it took the 

Cuban missile crisis in 1962 and the passage of the Nuclear Non-proliferation Treaty 

(NPT) of 1970 for the IAEA to begin fully performing its duties as a nuclear watchdog 

(Knief, 2008). 

Under the NPT, signatories agree to allow IAEA inspections of nuclear 

facilities in order to verify material is not being diverted to a weapons program. 

However, the IAEA is required to minimize its impact on the operation of nuclear 

plants and “to avoid undue interference in the State’s peaceful nuclear activities, and 

in particular in the operation of facilities” (IAEA, 1972). As such, most safeguards do 

not directly measure the isotopic content of the core but rather consist of regular 

inspections of tamper-seals on fuel assemblies and Cerenkov light analysis of spent 
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fuel rods in cooling pools. Anomalies in operations typically spark further inspection 

and diplomatic regulation (Berstein, et al., 2002). The IAEA specifically defines the 

amount of diverted material that safeguards must be able to detect to be effective, or 

“Significant Quantities,” displayed in Table 1.1. 

Table 1.1: IAEA Significant Quatitiy definitions (Knief, 2008). 
Isotope Mass 
Plutonium 8 kg 
Uranium-235 >20% enriched 25 kg 235U 
Uranium-235 <20% enriched 75 kg 235U 
  

The first suggested use of antineutrinos as a means of reactor safeguards came 

in a 1977 conference and advocated including a room devoted to antineutrino 

detection underneath the core (Mikaelian, 1978). Several experiments at the Rovno 

(Klimov, et al., 1994) and Bugey (Porta, et al., 1995) reactors in the 1990s were able 

to correlate the antineutrino signal with the core burnup and thermal power, providing 

a proof of concept of antineutrino detectors as a safeguards tool. 

1.2 Neutrinos 

Shortly after its discovery, three types of radioactive rays were identified: 

alpha-, beta- and gamma-rays. Early studies on the charge and mass of beta-rays 

proved they were electrons, although the particle’s energy as it was emitted from the 

atom was still undetermined. It was known that alpha particles, eventually 

demonstrated to be helium nuclei, were emitted at one or more distinct energies thus 

sharing the total reaction energy between the outgoing alpha particle and the recoiling 

atom. Intuition led scientists to believe the same was true for beta-rays. Several 

experiments in the early part of the 20th century proved otherwise as a continuous 
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energy spectrum for emitted beta particles was measured, causing a discrepancy 

between the calculated and measured reaction energy. Several convoluted theories 

were postulated for the “lost” energy including abandonment of the Law of 

Conservation of Energy. 

Wolfgang Pauli first proposed the existence of neutrinos in a letter to his 

colleges in which he hypothesized a new particle that took a share of the reaction 

energy. During beta decay, a neutron from an unstable nucleus undergoes a transition 

into a proton, kicking out an electron and Pauli’s particle in the process. As shown in 

Figure 1.1, the two emitted particles each take a share of the energy and momentum of 

the reaction, thus obeying Conservation of Momentum and Energy (Sutton, 1992). 

The neutrino produced during beta decay was eventually shown to be an antineutrino 

in order to conserve the lepton number in the reaction. 

 

Figure 1.1: Schematic of beta and inverse beta decay. 

The first experiments to detect antineutrinos were designed by Los Alamos 

National Laboratory (LANL) scientists Clyde Cowan and Frederick Reines and sought 
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to prove the presence of antineutrinos through the detection of inverse beta decay 

reactions. Essentially the reverse of beta decay, inverse beta decay occurs when an 

antineutrino interacts with a proton via the weak nuclear force, turning it into a 

neutron and a positron (Figure 1.1). Soon after the reaction, the positron combines 

with a local electron and annihilates, producing two gamma rays of the same energy, 

travelling in opposite directions. These “prompt signal” gamma rays travel through the 

scintillating material, producing photons due to the unique properties of the 

scintillator. Photomultiplier tubes (PMTs) arranged around the scintillator transform 

the photons into an electrical signal that is transmitted to counting electronics. 

Theoretical calculations of the inverse beta decay reaction put the interaction cross 

section on the order of 10-44 cm2, corresponding to a mean free path of 1000 light-

years in water (Sutton, 1992). In addition, the threshold reaction energy was calculated 

to be 1.8 MeV. Of the average six antineutrinos that are emitted during the beta decay 

of the fission fragments, only about two antineutrinos are above this threshold. 

The fission fragments produced in nuclear fuel are neutron-rich and undergo 

beta decay to eventually become stable isotopes. As postulated by Pauli, each beta 

decay includes an antineutrino emission. Even in the smallest of nuclear reactors, the 

number of fissions, and thus the number of beta decays, occurring every second is 

enormous; for every megawatt of thermal power, 1017 antineutrinos are emitted per 

second. The vanishingly small interaction probability of the antineutrino, when 

combined with the sheer number of antineutrinos emitted from a nuclear reactor, 

results in a measurable number of inverse beta decay reactions. 
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Background sources were immense due to cosmic ray interactions in the 

scintillator. As a result, Cowen and Reines’ doped the scintillator with cadmium to 

produce a second scintillation signal as the neutron activated cadmium atom decays. 

The positron annihilation “prompt” signal and neutron capture “delayed” signal are 

separated by a characteristic time corresponding to a single antineutrino induced 

inverse beta decay interaction. Spurious flashes could then be rejected using time 

discriminatory gates, thus decreasing background counts. Figure 1.2 displays a 

schematic of the reaction. 

  

Figure 1.2: Schematic of inverse beta decay. The incoming antineutrino interacts with a 
proton in the detector volume, producing a positron, e+ and a neutron, n. The positron 

annihilates with a nearby electron producing two gamma rays that make up the “prompt” 
signal. The neutron scatters until it is eventually captured, emitting several gamma rays as 

the capturing atom decays, producing the “delayed” signal. 

 Dubbed the “Poltergeist,” Cowan and Reines’ first attempt at antineutrino 

detection consisted of 300 liters of liquid scintillator surrounded by 90 PMTs deployed 

at the Hanford, Washington plutonium production reactor in 1953. Although they 

observed a slight increase in the signal while the reactor was on, the detector was 

overrun by background counts from cosmic rays that evaded the double pulse 

neutron 
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discriminator. Invigorated by the fleeting glance of the antineutrino in Hanford, a new 

detector was deployed at a recently completed high power reactor at the Savannah 

River Plant in 1956. Enhanced by 12 meters of overburden above the detector, Cowan 

and Reines were not only able to detect the first antineutrino, but were able to place 

the interaction cross section around 10-44 (LANL, 1997). The interaction cross-section 

as a function of incident antineutrino energy is displayed in Figure 1.3. 

 

Figure 1.3: Inverse beta decay interaction cross-section (Miser, 2008). 

1.3 The Burnup Effect 

When a thermal neutron strikes a uranium-235 nucleus, a fission event can 

occur, releasing a large amount of energy, several neutrons, gamma radiation, and two 

fission fragments. The neutrons that are produced by the fission event stream into the 

surrounding material and are either scattered or absorbed. If absorbed by a 235U atom, 

a second fission event can occur. If instead the neutron is absorbed by a 238U atom, the 
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resulting unstable 239U compound nucleus may eventually beta decay into 239Pu, as 

displayed in Equation 1.1. 

  239 239 239U n Np Puβ ν β ν+ → + + → + +    1.1 

Similar to 235U, 239Pu and 241Pu can undergo fission if struck by a thermal 

neutron. The amount of energy produced per fission is different for each fissile isotope 

and is displayed in Table 1.2.  

Table 1.2: Energy release per fission and average number of 
antineutrinos with energy greater than 1.8 MeV emitted per fission 

(Huber, 2004). 
Isotope MeV per fission ν per fission (Ni) 
Uranium-235 201.7 ± 0.6 1.92 ± 0.04 
Uranium-238 205.0 ± 0.9 2.38 ± 0.05 
Plutonium-239 210.0 ± 0.9 1.45 ± 0.03 
Plutonium-241 212.4 ± 1.0 1.83 ± 0.03  

 
While the reactor is in operation, uranium is consumed through fission and 

neutron capture, increasing the depletion of 235U or “burnup” of the fuel. Plutonium is 

also continually fissioned in the core, though the rate of production is greater than the 

rate of fission. As a result, burnup decreases the 235U contribution to the overall 

reactor power while the 239Pu contribution increases. If the reactor thermal power is 

kept constant, the total fission rate will slightly decrease due to the increased energy 

released by plutonium fission. The isotopic and total fission rate as a function of 

burnup is shown in Figure 1.4 for a typical CANDU bundle. 
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Figure 1.4: Fission rates for several isotopes in a typical CANDU bundle as described in 
Section 3.5. 

Although the average atomic mass of fission fragments is 118, the yield curve 

takes on a double-lobed shape, as shown in Figure 1.5. 239Pu fission products exhibit a 

similar shape but with a slightly different spectrum. Because of this, the average 

number of beta decays per fission, and thus antineutrinos, differ slightly between the 

two isotopes. Table 1.2 contains the average number of antineutrinos emitted per 

fission above the 1.8 MeV inverse beta decay threshold, while Figure 1.6 displays the 

antineutrino spectra for several isotopes. 
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Figure 1.5: Fission fragment yields from thermal neutron fission (IAEA, August, 2008). 

As discussed above, the amount of 235U decreases while 239Pu increases as fuel 

is burned in a reactor. The difference in the energy release per fission of 235U and 239Pu 

is less than 5%. If this difference is neglected and reactor power stays constant, then 

the total number of fissions per second will also stay constant. Due to the fewer 

number of antineutrinos produced per fission of 239Pu, the overall antineutrino rate 

decreases as burnup of the fuel increases. This so called “burnup effect” may be 

utilized to estimate isotopic content in nuclear reactors by analyzing the change in the 

antineutrino rate over time. 
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Figure 1.6: Antineutrino spectra due to fission of various isotopes above the 1.8 MeV 
inverse beta decay threshold (Huber, 2004). 

1.4 Antineutrino Detectors 

Lawrence Livermore National Laboratory (LLNL) and Sandia National 

Laboratory (SNL) deployed an antineutrino detector SONGS1 at a pressurized water 
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interference with reactor operation (Bowden, et al., 2007). A 1 m3 target volume with 

10% total system efficiency was able to detect the change in antineutrino events due to 
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The same LLNL/SNL team is developing a detector to be deployed at the 

CANDU reactor at Point Lepreau Generating Station (PLGS) in New Brunswick, 

Canada. Due to the smaller power output (2.2 GWth at PLGS versus 3.4 GWth at 

SONGS) and more than triple the distance from the core, the new detector will utilize 

a detecting volume of 4 m3 to match the count rate experienced with the SONGS 

detector (Jewett, et al., 2010). The objective of the detector is to take data during the 

PLGS fresh core startup after mid-life refurbishment operations to measure the 

antineutrino rate in a fresh CANDU core. 

Antineutrino detectors have been utilized for two purposes: quantifying the 

burnup effect in reactors and measuring parameters related to antineutrino flavor 

oscillations, specifically the mixing angle θ13. While some of the detectors utilized for 

this second type of experiment will be briefly discussed, the physics behind 

antineutrino oscillation is not relevant to our research. [More detail can be found in 

(Rodejohann, 2004).] 

The CHOOZ detector utilized a 6 m3 scintillation target to measure 

antineutrinos from the two PWRs at the Chooz reactor site in France (Apollonio, 

2003). Although it was nearly 1 km from the reactors, extensive overburden and a 

detector efficiency of 70% allowed CHOOZ to put an upper bound on the value of θ13. 

A new experiment at the same site, aptly named Double-Chooz, will utilize two 

identical 10 m3 detectors with 80% detector efficiency at differing distances. The new 

experiment aims to reduce both statistical and systematic errors by a factor of 5 by 
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nearly doubling the scintillator volume, using longer count times, and using the second 

detector to measure the baseline antineutrino emission rate (Lasserre, 2006). 

The Japanese KamLAND detector is another experiment with the intent of 

detecting antineutrino oscillations by utilizing a 1 kton target inside a 13 meter 

diameter balloon. The massive 1150 m3 target volume with 78% detection efficiency 

allows KamLAND to detect antineutrinos primarily from Japanese reactors, although 

2.45% of the detector counts are attributed to Korean reactors while the remainder of 

the world’s reactors contributes 0.7% to the total antineutrino count (Eguchi, 2003). 

1.5 Antineutrino Simulations 

Although the antineutrino rate during regular operations can be experimentally 

measured, signatures due to abnormal operations can only be predicted using 

computer simulations. A LANL group used the coupled ERPI/CELL and CINDER 

computer codes to produce a zero-dimensional simulation to measure the antineutrino 

emission in a PWR (Neito, 2005). Simple diversion scenarios were analyzed by 

replacing several of the modeled assemblies with fresh fuel after a given operating 

period. Immediately after a normal refueling operation in which 33% of the assemblies 

are fresh fuel, 33% are once burned, and 33% are twice burned, a jump of 5% 

occurred in the antineutrino rate. The group found that if 37% of the bundles were 

replaced, the jump in antineutrino rate would be 6%. The extra 4% of bundles 

removed contained enough plutonium to be used for nuclear weapons, thus putting the 

detector resolution at less than 1% in order to be an effective safeguards tool. 
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A study specifically tailored towards the SONGS detector was completed 

using ORIGEN-ARP (Misner, 2008). ORIGEN-ARP is contained within the SCALE 

code package and utilizes the time-dependent, zero-dimensional fuel depletion code 

ORIGEN with the Automated Rapid Processing (ARP) module to determine isotopic 

content in fuel assemblies over time (Gauld, et al., 2011). The simulation used power 

histories provided by the operator to predict the antineutrino detector response within 

the detector uncertainty. By modifying the code for diversion scenarios, a power 

increase to 105% power showed a jump in antineutrino rate of 5%, while the 

replacement of 10 once-burned assemblies with fresh fuel and replacement of 5 

assemblies with lower enrichment showed an excursion from the nominal antineutrino 

count of 1.4% and 0.7%, respectively. Antineutrino signatures from mixed-oxide 

(MOX) assemblies were also explored. It was shown that the antineutrino signature of 

a MOX fueled core was 15% less than a traditional LEU core. The replacement of 10 

once-burned assemblies with fresh LEU fuel produced a 3% jump in antineutrino rate. 

The study applied the same techniques to determine the effectiveness of an 

antineutrino detector as a power monitor in the MASLWR, a small 150 MWth 

modular reactor design from Oregon State University (OSU). The SONGS detector 

was predicted to measure the hourly average power to within 5% if placed 1 meter 

away from the MASLWR core. 

The fidelity of PWR antineutrino source term simulations was improved in 

2011 by using the industry codes CASMO and SIMULATE to produce a core-level 

three-dimensional simulation, allowing models to be developed that do not rely on 
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assembly power histories provided by the utility (Somasundaram, 2011). Both 

Combustion Engineering and Westinghouse assemblies were modeled for a typical 

PWR, as well as the MASLWR core. The study also compared the detector response 

between a point-source calculation and a three dimensional model. For PWR cores 

that have symmetric fueling patterns, the difference in detector counts was negligible. 

For the MASLWR core, the difference in detector responce between the point-source 

calculation and the three-dimensional model was 15%. 

1.6 The CANDU Reactor 

Each reactor design has its own set of proliferation concerns. In typical light 

water reactors (LWRs), inspection is relatively straightforward during refueling 

operations. The continuous movement of fuel in reactors that are refueled online, such 

as CANDU reactors (CANadian Deuterium-Uranium), complicates the safeguard 

process (Knief, 2008). 

The CANDU reactor is a Canadian designed reactor that utilizes heavy water 

(deuterium oxide) and natural uranium fuel. Unlike LWRs in which all the fuel is 

contained in one large pressure vessel, the CANDU “vessel” is compartmentalized 

into 380 horizontal pressure tubes that pierce a heavy water moderator tank, or 

“calandria.” Heavy water coolant flows past the fuel bundles in the pressure tubes to 

remove the heat generated through fission of the fuel. A CO2 gas annulus between the 

calandria and pressure tubes thermally isolates the calandria, effectively keeping the 

heavy water moderator at low temperature and pressure. 
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CANDU fuel consists of a half-meter length bundle of 37-pins in an irregular 

shapea. Figure 1.7 shows a typical bundle. Each pressure tube contains 12 fuel 

bundles. The low neutron absorption cross section of deuterium allows the use of 

natural uranium fuel, bypassing the expensive enrichment process required for LWRs. 

 

Figure 1.7: 37-pin CANDU fuel bundle (AECL, 2008). 

The unique pressure tube design of the CANDU allows it to be refueled at full 

power. By attaching a refueling machine on each end of the horizontal pressure tube, 

fresh fuel is inserted from one end in the direction of the coolant flow while depleted 

fuel is simultaneously removed from the opposite end. A typical refueling operation 

consists of pushing eight fresh fuel bundles into a single channel while removing eight 

burned bundles from the opposite end. This process always ensures fresh fuel is 

inserted into the middle of the core where the highest flux occurs, while the bundles 

on the core periphery are burned for two cycles. The direction of refueling and coolant 

flow alternates with adjacent fuel channels to help flatten the flux throughout the core. 

Figure 1.8 displays a schematic of the refueling process. A typical CANDU6 refueling 

                                                 
a Descriptions of CANDUs in this section refer to the CANDU6 700 MWe design in service at 

Point Lepreau Generating Station. Other versions of CANDUs have used varying number of pressure 
tubes and fuel pins, though the CANDU6 represents a typical design. 
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schedule services five channels a day, three days a week, resulting in a total of 120 

fresh bundles inserted into the core every week. 

  

Figure 1.8: Typical refueling operation for a CANDU reactor. A refueling operation 
pushes eight fresh bundles into the core, removes eight, and pushes bundles 1-4 into 

locations 9-12 (Rouben, 2002). 

During a bundle’s “dwell time,” or time between refueling operations, its 

reactivity, or ability to sustain a chain reaction, starts positive, peaks due to the 

ingrowth of plutonium, and then steadily decreases. This trend is displayed in Figure 

1.9. Once the bundle’s reactivity becomes negative, it acts as a neutron absorber, thus 

replacing a burned bundle with fresh fuel boosts the local reactivity.  The rate and 

location of refueling effectively controls the chain reaction in the reactor, eliminating 

severe control rod movements and burnable poisons necessary for reactivity control in 

LWRs. Computer simulations and core power monitors are used to create a refueling 

schedule that can maintain a critical core. The constant refueling keeps the isotopic 

content of the core relatively constant, creating an equilibrium condition in which the 

fission rate is also constant. 

To Spent Fuel Bay 

Fueling & Coolant Direction 
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Figure 1.9: Reactivity of fresh and depleted bundles as a function of irradiation 
 (Rouben, 2002). 

Fresh-core startup requires operation of the reactor with fuel consisting only of 

uranium-dioxide and occurs twice in a CANDU reactor lifetime: once during the first 

power-up of the plant, and once after the pressure tubes are replaced 30 years into the 

reactor’s lifetime. The high reactivity of a fresh core is countered by using 160 

depleted 0.52 atom % 235U uranium fuel bundles near the center of the core in slots 

eight and nine. Figure 1.10 displays the location of the pressure tubes that contain 

depleted bundles. These bundles help depress the flux at its highest point and maintin 

criticality of the core before equilibrium is reached. Although the depleted bundles 

contribute to the core-wide reactivity during startup, the fact that they make up less 

than 4% of the total fuel content indicates that they have minimal impact on the fission 

rate, and as a result, they are ignored in further calculations. 
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Figure 1.10: Location of depleted bundles in a fresh CANDU core. The darkened cells 
refer to the pressure tubes that contain depleted bundles in location 8 and 9 during fresh 

startup (Rouben, 2002). 

1.7 Previous CANDU Antineutrino Simulations 

A model of a CANDU-6 was built using MURE, a stochastic code that can be 

used for fuel depletion by utilizing successive runs of MCNP (Bui, 2011). A core-wide 

antineutrino rate was achieved for a CANDU in equilibrium by summing 400 channels 

(rounded up from the 380 channels present in a typical CANDU) with average power 

antineutrino rates at differing burnup values within a 200 day dwell time. A diversion 

scenario in which 200 channels were refueled after only 100 days, while the rest were 

refueled after 300 days to mask the deviation, showed only a 3.5% discrepancy from 

the nominal refueling schedule. 

1.8 Weapons Grade Plutonium 

Although uranium is used both in reactor fuel and nuclear weapons, irradiated 

uranium is of little proliferation risk while the plutonium produced through neutron 
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capture is of great interest. Although any combination of plutonium can theoretically 

be used in a bomb, concentrations of certain plutonium isotopes can decrease the 

efficiency and increase the complexity of a nuclear weapon. 240Pu, produced through a 

neutron absorption chain from 238U, has a high rate of spontaneous fission which can 

prematurely start a nuclear chain reaction. 238Pu, generated from 235U has a high rate 

of heat generation, complicating material handling. The 241Pu daughter product 241Am 

produces high energy gamma rays, causing shielding issues for any personnel. 

 239Pu is the most ideal isotope for a nuclear weapon and also dominates the 

concentration of plutonium in irradiated fuel. Due to the complexities introduced by 

the isotopes mentioned above, weapons grade plutonium is defined as 93% 239Pu by 

weight. The buildup of the heavier actinides increases as a function of burnup, thus 

low-enriched uranium-dioxide irradiated for short periods may produce small amounts 

of plutonium with weapon grade concentration (DOE, 1997). 

1.9  SCALE 

SCALE is a software package developed by Oak Ridge National Laboratory 

(ORNL) to analyze nuclear systems for criticality safety, shielding and reactor physics 

(ORNL, 2011). The TRITON control module is used to govern the codes required to 

perform fuel depletion by passing input and output between the modular codes 

distributed in SCALE (Jesse, et al., 2011). During a simulation, the modules invoked 

by TRITON are the cross-section processing code CENTRM, the transport code 

NEWT, and the isotopic depletion code ORIGEN-S. 
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CENTRM computes a continuous-energy neutron spectrum using an 

approximated one-dimensional solution to the Boltzmann transport equation. When 

coupled with the multigroup data processing code PMC, problem-specific, self-

shielded group-averaged cross sections replace the master cross-section file for use in 

a TRITON simulation (Williams, et al., 2011). 

NEWT (New ESC-based Weighting Transport Code) is a two dimensional, 

multigroup, deterministic neutron transport code (Jesse, et al., 2011). Basing the 

spatial discretization on the Extended Step Characteristic (ESC) approach allows 

NEWT to solve the Boltzman transport equation on an arbitrary mesh structure. 

ORIGEN-S (Oak Ridge Isotope GENeration) is a time-dependent zero-

dimensional fuel depletion code that uses the Bateman equations to solve for 

concentrations of nuclides given initial concentrations and neutron flux data (Gauld, 

2011). 

When the infinite medium neutron multiplication factor is calculated, reactor 

codes assume a neutron born in the fuel will have its next interaction in the moderator. 

While this is usually the case, it is still possible for the neutron to have its next 

interaction within the fuel. The Dancoff factor modifies the pin surface area to an 

“effective” surface area to correct for this assumption. TRITON calculates this 

Dancoff-factor, however the geometry used for cross-section processing is limited to 

single cell geometry in a square or triangular pitch array.  As a result, the irregular 

arrangement of the 37-pin bundle requires special attention to maintain an accurate 

physical representation. This is achieved by manually specifying Dancoff factors that 
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have been calculated through other means. The SCALE module MCDANCOFF is a 

Monte Carlo code that calculates the Dancoff factor in irregular lattices and is used in 

this study to calculate the Dancoff factor for each fuel ring (Petrie, et al., 2011). 

1.10 Thesis Objectives and Layout 

The objective of this research is focused on quantifying the burnup effect on 

the antineutrino rate for CANDU fuel bundles during the startup states of a CANDU 

reactor. Specifically this thesis will address the following questions: 

1)  How does the antineutrino rate change over time for a single fuel bundle? 

2) How does the antineutrino rate change due to normal and abnormal refueling? 

3) How does the core-wide antineutrino rate change due to different power ratings? 

4) Can a three dimensional CANDU core be accurately modeled as a point source? 

5)  How does the antineutrino rate change during startup for a CANDU core? 

Chapter 2 will focus on the methods used. The TRITON simulation process 

will be described in detail, as well as the calculations necessary to determine 

antineutrino rates. The use of MCDANCOFF to account for fuel shadowing is 

explained as a means around the limitations of lattice cell calculation in TRITON. 

Chapter 3 will focus on the results of the CANDU core calculations. It will 

provide antineutrino rates from the single bundle as well as the transient refueling 

model. Several diversion scenarios will be analyzed including early fuel diversion and 

power excursions. 
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Chapter 4 relates the antineutrino emission to an estimated detector count. A 

detector’s efficiency as a function of target volume is analyzed for identifying power 

deviations and bundle diversions. 

Chapter 5 summarizes the current work and will present paths for future 

research. 
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2 Methods 

All reactor models and nuclear calculations are built for the SCALE 6.1 

package. Python 2.6.6 scripts were used to generate the input files and compile the 

output files. 

2.1 Model 

All material and geometry specifications were obtained from an IAEA 

CANDU benchmarking report (IAEA, 1996). The relevant properties are included in 

Appendix A while Figure 2.1 displays the relevant geometry. 

 

Figure 2.1: Geometry of a CANDU 37-pin fuel bundle. All dimensions are given in mm.  

Due to the forthcoming antineutrino detector deployment, the model used in 

the following research uses power data from PLGS, a 680 MWe CANDU6 built in 

1983. Before reactor startup, PLGS operators produce simulated bundle power data 

using the Atomic Energy of Canada Limited (AECL) proprietary code Reactor Fueling 
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Simulation Program (RFSP) (Zhu, et al.). The following simulations are based on 

power data produced using the RFSP code for validations of the forthcoming fresh 

core startup. Individual bundle powers from startup to 155 full power days (FPDs) and 

a potential refueling schedule up to 400 FPDs are utilized in the subsequent models. 

Since the bundle powers are explicitly calculated, boron concentration (present only 

during fresh-core startup) and control rod movements are not modeled in the TRITON 

simulation. 

The power distribution of the core is symmetric about the horizontal plane with 

deviations less than 1%. Due to the vertical density variations in the moderator, the 

vertical power distribution is only slightly symmetric with deviations up to 17%. In 

order to reduce computational time, only the left side of the core was explicitly 

modeled. The antineutrino rate was multiplied by two to obtain a core-wide 

antineutrino rate. 

2.2 SCALE 

The problem geometry consists of a single fuel bundle cross section 

surrounded by heavy-water coolant in a concentric pressure tube. A second concentric 

tube corresponding to the calandria is separated by a CO2 gas annulus. The outside of 

the calandria tube is in contact with the moderator. The full model area corresponds to 

one full pitch, or distance between the centers of adjacent bundles, with the bundle 

centered in a square area of moderator. White boundary conditions around the 

periphery allow this single bundle calculation to represent the physics at any location 
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in the reactor. Figure 2.2 shows the problem geometry used in the SCALE 

calculations. 

 

Figure 2.2: TRITON visualization of the problem geometry.  

When specifying mesh parameters, TRITON allows for local refinements to be 

independent from the primary grid overlay. This technique was utilized for the fuel 

pins in this study and is visible in Figure 2.2.  

The TRITON calculation time-steps are defined in the power data block of the 

TRITON input. Since the largest deviations in the fission rate occur within the first 

20% of the irradiation time, the time steps are calculated using a weighting technique 

that increases the step time exponentially. With the day the fuel bundle is placed in the 

reactor (t0) as step 1 and the day the bundle is removed (tN) as step 11, the time steps 

were determined using Equation 2.1. 
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Here, i is the time step number and ranges between 1 to 11 for all TRITON 

calculations contained in this thesis. For example, if t0 = 12 and tN = 284 the time steps 

are (12, 14, 21, 32, 48, 68, 92, 121, 154, 192, 284). Decimals are rounded to the 

nearest integer and identical time steps are removed. 

2.3 Dancoff Factor 

MCDANCOFF was used to calculate the Dancoff factor for each pin location. 

Although MCDANCOFF input is similar to TRITON input, the geometry 

specifications follow a slightly different format. Both the MCDANCOFF and 

TRITON input are included in Appendices B and C. 

Although each fuel pin is identical in geometry and material, unique lattice-cell 

calculations must be specified in the TRITON input for each ring location. Dancoff 

factor calculations performed by CENTRM during TRITON execution are overridden 

using a DAN2PITCH modifier within the lattice cell description. 

2.4 Predictor-Corrector Interpolation 

Due to the predictor-corrector solution technique employed in TRITON, two 

different time scales are utilized during calculations. Atomic densities are calculated at 

the time steps defined in the power data block, while flux and the infinite neutron 

multiplication factor, k∞, are calculated at each midpoint between the power time 

steps. These differing scales are displayed in Figure 2.3. 
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Figure 2.3: Power data and predictor-corrector time steps. 

 In order to calculate antineutrino rates, flux must be determined at each power 

data time step. Given yi as the scalar at power data time ti, yi is calculated from 

predictor-corrector time steps ti-1/2 and ti+1/2 via linear interpolation (Equation 2.2).  
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The flux yN at the last power data time tN is calculated from predictor-corrector 

time steps ti-1/2 and ti-3/2 via linear extrapolation (Equation 2.3). 
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 2.3  

2.5 Cross Section Collapse 

SCALE 6.1 includes the latest 238-group ENDF/B-VII cross section library. 

Using the PARM=WEIGHT option in a TRITON sequence, a 49-group flux weighted 

master cross-section library was produced from the original 238-group library. The 

TRITON default 49-group collapse boundaries were used. A spatial grid of 50x50 

with a pin refinement of 4x4 was specified in the TRITON collapse input. Although 

finer spatial grids could produce more accurate results, the computational power 

Power Data time steps 

Predictor-Corrector time steps 

t0           t1                t2            ti-1                   ti                   ti+1           tN-2                tN-1                  tN 

t0   t1/2             t3/2                           ti-1/2            ti+1/2                                   tN-3/2        tN-1/2 
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required exceeded the available resources. The difference in the isotopic antineutrino 

rates between the 238- and 49-group calculations were calculated to ensure the results 

were numerically converged. 

2.6 Mesh refinement 

Calculations with 25x25, 50x50, 100x100, and 200x200 spatial grids with 2x2, 

4x4, 8x8, and 16x16 pin refinements were compared to a 25x25 grid and 2x2 pin mesh 

to ensure the results were numerically converged. The infinite neutron multiplication 

factor and the antineutrino rates for 235U, 239Pu, and all isotopes in sum were 

compared. Although 238U and 241Pu contribute to the overall antineutrino rate, 235U and 

239Pu account for 80-95% of the total antineutrino rate, thus the differences in 

antineutrino rate for 238U and 241Pu were not specifically analyzed. 

2.7 Benchmark 

The results from the TRITON calculations were compared against the results 

from the other codes in the IAEA benchmark to verify accuracy of the TRITON 

model. k∞ and relative concentrations of 235U and 239Pu were used as comparisons. Due 

to the predictor corrector method utilized in TRITON, linear extrapolation was used 

for k∞ with the method described in Section 2.4.  

2.8 Output Calculations 

The antineutrino rate was calculated by multiplying the isotopic fission rate by 

the number of antineutrinos emitted per fission of the given isotope as displayed in 

Equation 2.4. 
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The isotopic fission rate was calculated by summing the fission rate in each 

neutron energy group as displayed in Equation 2.5.  
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TRITON does not explicitly output the scalar flux for each energy group. 

However fine-group flux tables included in the output provide volume-weighted flux 

values that are representative of the energy distribution of the scalar flux. By 

normalizing each group volume-weighted flux by the total volume-weighted flux, an 

energy distribution was calculated. Multiplying each normalized group flux by the 

total scalar flux yields the total scalar flux in each group, which was used in Equation 

2.5 to determine isotopic fission rates. This process of normalization is shown in 

Equation 2.6. 
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Number densities are output from TRITON at each power time step. The 

fission cross sections were taken directly from the TRITON output. Due to the 

predictor-corrector method used in TRITON, the linear interpolation method described 

in Section 2.4 was utilized for the flux values. 

2.9 Single bundle 

By using an average bundle power, calculated using the PLGS power data, the 

isotopic antineutrino rates as a function of burnup were calculated for a single PLGS 

fuel bundle. The single bundle antineutrino rate was compared to the antineutrino rate 

from an LWR core. 

The calculation of the antineutrino rate is heavily dependent on the fission rate, 

and thus the power of the reactor. As a result, changing reactor power will cause a 

proportional change in the antineutrino rate. While this is necessarily true with fresh 

fuel, a change in power may change the ratio of 235U to 239Pu over time. To quantify 

the dependence of the antineutrino rate on differing power ratings, the average PLGS 

bundle was compared against similar TRITON calculations with 110% and 90% 

power ratings. 

The critical burnup at which the plutonium content in the bundle dropped 

below weapons-grade purity was calculated by analyzing the isotopic content in the 
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core at each time step. By determining the amount of plutonium present at this critical 

burnup, the total number of bundles necessary to reach the IAEA defined “significant 

quantity” of weapons grade plutonium was estimated. 

A core-wide total antineutrino rate was estimated by multiplying the 

antineutrino rate by the total number of bundles present in the core. Although this does 

not account for refueling, it is an adequate approximation until the onset of refueling at 

which point the core isotopic content is continually modified. The change in the 

antineutrino rate due to daily and weekly refueling operations on FPD 70 was 

calculated by using Equation 2.7 below. 
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A simple diversion scenario in which the number of bundles required to divert 

a significant quantity of weapons grade plutonium was analyzed. Equation 2.7 was 

used to calculate the antineutrino rate due to the replaced bundles. For comparison, the 

change in antineutrino rate due to daily and weekly refueling operations at the same 

time was also calculated. 
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2.10 Transient model 

In order to simulate refueling operations, the 12 bundles in each channel were 

grouped into 3 “slugs”: front, middle and back, where the “front” slug corresponds to 

the bundles located at the coolant entrance. While the TRITON parameters of each 

slug are identical, their power histories are unique and are calculated by summing the 

power for each bundle in the slug.  

Since the refueling operations always replaces the middle bundles in slots 5-8 

with fresh fuel, the power history for the middle slug is modeled with a single 

TRITON calculation for each dwell time. After the channel is refueled, a new 

TRITON calculation is started using the power data from the following dwell time, 

effectively “replacing” the fuel bundles with fresh fuel. Figure 2.4 displays this 

process. 

The front slug has the most complicated power history as a result of the 

refueling operations pushing the bundles 1-4 to the opposite side of the channel for a 

second dwell time. This is accounted for by first running the TRITON calculation 

using the power data from the first four bundle positions. Unlike the middle slug, the 

calculation is not stopped after the dwell time is complete, but rather the simulation is 

continued using the next dwell time power data from the rear four bundle positions. 

After each refueling operation, a new TRITON calculation is started for the freshly 

installed front four bundles. These bundles will eventually continue on to the rear four 

bundle positions after the next channel refueling. 
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Since the refueling operation always pushes partially depleted bundles into the 

rear four slots, the back slug is only accounted for during fresh startup. Only one 

TRITON calculation is necessary to model these bundles and uses power data from 

only the first dwell time. 

 

Figure 2.4: Slug histories as result of refueling operations. 

All models thus far have calculated the antineutrino rate emitted from a core 

represented as a single point source. This assumption works well for symmetrically 

refueled cores, but may fail due to the asymmetrical refueling operations in CANDU 

reactors. By assigning a location to each slug, the distance from each slug to a 

Fueling & Coolant Direction 

Front_A.input Middle_A.input Back.input 

Front_B.input Middle_B.input Front_A.input 

Front_C.input Middle_C.input Front_B.input 
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potential detector location can be calculated and a correction factor can be assigned to 

take into account geometric attenuation. The correction factor f is calculated for a slug 

location (xs, ys, zs) and a detector location (xd, yd, zd) by using Equation 2.8. 
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 2.8  

The antineutrino flux for a point source and a three-dimensional core were 

compared for a detector location 55 meters below and 55 meters in front of the 

detector face. 

2.11 Detector Count Rate 

The number of inverse beta decay interactions C can be estimated using 

Equation 2.9, where ( )i Eνϕ is the antineutrino spectrum from the fission of isotope i, 

in units of antineutrinos per fission per energy. 
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By assuming a Poisson distribution for the CANDU detector (Bernstein, 2008), 

the error associated with C is given as the square-root of the C, allowing the relative 

error to be calculated by Equation 2.10. 
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The “effectiveness” of a given detector to detect changes in the antineutrino 

emission rate, ξ, is estimated to be the ratio of the relative count error to the relative 

difference between two individual counts, C1 and C2 (Equation 2.11).  
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3 Results 

3.1 Calculated Dancoff Factor 

Individual Dancoff factors were calculated for each pin position and averaged 

to determine values for each ring. Due to their similarities, a single averaged Dancoff 

factor of 0.784 was specified in the TRITON input for the center and ring I pins. Table 

3.1 below displays the calculated Dancoff factor for each pin location. 

Table 3.1: Averaged Dancoff factors. 
Location Number of pins Dancoff Factor 
Center 1 0.785 
Ring I 6 0.784 
Ring II 12 0.751 
Ring III 18 0.463 

 

3.2 Cross Section Comparisons 

After TRITON was used to create a collapsed 49-group master cross section 

library, new TRITON calculations were performed using both the 238- and 49-group 

cross section libraries. The infinite medium neutron multiplication factor and total 

antineutrino rate for these calculations are displayed in Table 3.2. k∞ from the two 

calculations differ the most at burnup 0 MWD/MTU by 0.1%, however both libraries 

produce solutions that slowly converge to the same value at a burnup of 8000 

MWD/MTU. The difference between the total antineutrino rates remain below 0.1% 

throughout the simulation, validating the 49-group cross section library as an 

alternative to the more  computationally expensive 238-group library. As a result, the 

49-group library was used to the rest of the calculations. 
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Table 3.2: 238- and 49-group comparisons. 
Burnup k∞ Total Antineutrino rate x1016 
MWD/MTU 238-group 49-group % Difference 238-group 49-group % Difference 

0 1.1268 1.1256 0.10 3.749 3.746 0.07 
4000 1.0588 1.0580 0.08 3.267 3.266 0.04 
8000 0.9905 0.9905 0.00 3.080 3.078 0.05 

 

3.3 Mesh Refinement Comparisons 

The change in the infinite medium neutron multiplication factor due to spatial 

grid and pin refinements for several different burnup values is displayed in Figures 

3.1-3.3 below. All values are compared to the 25x25 cell grid with 2x2 cell pin 

refinement mesh. In general, the smaller the cell size the higher the value of k∞. 

However the insignificant differences caused by the differing cell numbers suggest 

that the k∞ solution is only slightly dependent on the mesh refinement. 

  
Grid Refinement 

  
25x25 50x50 100x100 200x200 

Pi
n 

ce
lls

 2x2 0.00% 0.11% 0.16% 0.19% 
4x4 0.03% 0.13% 0.19% 0.22% 
8x8 0.05% 0.16% 0.21% 0.24% 

16x16 0.06% 0.17% 0.22% 0.26% 
 

Figure 3.1: k∞ Mesh refinement comparisons at burnup = 0 MWD/MTU. 
 

  
Grid Refinement 

  
25x25 50x50 100x100 200x200 

Pi
n 

ce
lls

 2x2 0.00% 0.07% 0.11% 0.14% 
4x4 0.03% 0.11% 0.15% 0.17% 
8x8 0.06% 0.14% 0.17% 0.20% 

16x16 0.08% 0.15% 0.19% 0.21% 
 

Figure 3.2: k∞ Mesh refinement comparisons at burnup = 4000 MWD/MTU. 
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Grid Refinement 

  
25x25 50x50 100x100 200x200 

Pi
n 

ce
lls

 2x2 0.00% 0.04% 0.06% 0.07% 
4x4 0.04% 0.08% 0.10% 0.12% 
8x8 0.08% 0.12% 0.14% 0.15% 

16x16 0.10% 0.14% 0.16% 0.17% 
 

Figure 3.3: k∞ Mesh refinement comparisons at burnup = 8000 MWD/MTU. 
 

The change in the antineutrino rates for 235U, 239Pu, and summed total rate at a 

burnup of 8000 MWD/MTU due to grid and pin refinements are displayed in Figures 

3.4-3.6 below. All values are compared to the 25x25 cell grid with 2x2 cell pin 

refinement mesh. The 235U antineutrino rate tends to increase as cell sizes decrease, 

following similar trends and magnitudes as k∞. Conversely, the 239Pu antineutrino rate 

decreases as cell sizes decrease. These divergent trends cancel each other out in the 

total antineutrino rate, creating deviations well under 0.1% for all mesh sizes. 

  
Grid 

  
25x25 50x50 100x100 200x200 

Pi
n 

ce
lls

 2x2 0.00% 0.05% 0.08% 0.09% 
4x4 0.02% 0.08% 0.11% 0.14% 
8x8 0.07% 0.12% 0.15% 0.15% 

16x16 0.09% 0.13% 0.16% 0.19% 
 

Figure 3.4: 235U antineutrino rate mesh refinement comparisons at  
burnup = 0 MWD/MTU. 

  
Grid 

  
25x25 50x50 100x100 200x200 

Pi
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 2x2 0.00% -0.02% -0.03% -0.04% 
4x4 -0.05% -0.08% -0.08% -0.10% 
8x8 -0.11% -0.14% -0.14% -0.16% 

16x16 -0.13% -0.17% -0.17% -0.18% 
 

Figure 3.5: 239Pu antineutrino rate mesh refinement comparisons at  
burnup = 4000 MWD/MTU. 
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Grid 

  
25x25 50x50 100x100 200x200 

Pi
n 

ce
lls

 2x2 0.00% 0.01% 0.00% 0.01% 
4x4 0.02% 0.03% 0.03% 0.04% 
8x8 0.05% 0.06% 0.06% 0.05% 

16x16 0.07% 0.07% 0.07% 0.08% 
 

Figure 3.6: Total antineutrino rate mesh refinement comparisons at  
burnup = 8000 MWD/MTU. 

While the computational time varies by nearly a factor of 50, differences in 

antineutrino rates for 235U and 239Pu are less than 0.2% between the coarsest and finest 

mesh sizes. With the goal of minimizing computational time, the remainder of the 

simulations were completed using a 25x25 cell grid and 2x2 cell pin mesh. By 

modifying the refinement from the original 50x50 and 4x4 norms, the 235U and 239Pu 

antineutrino rates change less than 0.1% while the computational time is reduced by a 

factor of 3. 

3.4 Benchmark Comparisons 

The comparison of the infinite medium neutron multiplication factor between 

the codes in the benchmark and TRITON model is listed in Table 3.3 and plotted in 

Figure 3.7. In order to validate the model that will be used in core-wide antineutrino 

rate studies, the TRITON model used the 49-group cross section library with a 25x25 

cell grid and 2x2 cell pin refinement spatial mesh. 

The k∞ values calculated by TRITON are slightly higher than the other codes in 

the IAEA benchmark, with a maximum difference of 0.9% at 8000 MWD/MTU. 

Insufficient detail in the benchmark specification, especially with regards to handling 

of the fuel to structural mass ratios, may be the cause of this discrepancy. 
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Table 3.3: Infinite neutron multiplication factors as a function of 
burnup for the codes included in the IAEA benchmark and the 

results obtained from TRITON. Data values for benchmark data 
from (Yasin, 2010). 

Burnup 
MWD/MTU 

TRITON PINSTECH KANUPP CNEA KAERI BARC INPR ONTARIO 
HYDRO 

0 1.1271 1.1203 1.1189 1.1155 1.1159 1.1150 1.1263 - 
4000 1.0524 1.0439 1.0482 1.0456 1.0405 1.0413 1.0508 1.0488 
8000 0.9848 0.9773 0.9800 0.9777 0.9732 0.9749 0.9753 0.9711 

 

 

Figure 3.7: Infinite neutron multiplication factors as a function of burnup for the several 
codes included in the IAEA benchmark and the results obtained from TRITON. Data 

values for benchmark data from (Yasin, 2010). 

The comparison of 235U and 239Pu number densities between the TRITON 

model and the codes in the benchmark are displayed in Tables 3.4 and 3.5. TRITON 

calculates a 235U concentration 5% higher than the average at 4000 MWD/MTU, but 
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ends with a 7% lower concentration than the average. TRITON calculated a 239Pu 

concentration 5% higher than the average at 4000 MWD/MTU. However, the 239Pu 

concentration converges within 1% of the average concentration at the maximum 

burnup. 

Table 3.4: 235U number density benchmark comparisons. Values 
grouped by code used by each country. All values are given in g/kg 
initial uranium. Data values for benchmark data from (Yasin, 2010) 

Burnup (MWD/MTU) 0 4000 8000 
PPV Argentina 7.110 3.822 2.044 

 
Canada 7.114 3.786 1.996 

 
Romani 7.114 3.789 1.997 

WIMS Argentina 7.110 3.837 2.073 

 
Korea 7.110 3.800 2.029 

 
Pakistan 7.110 3.791 2.006 

 
Romania 7.114 3.747 1.961 

CLUB India 7.114 3.796 2.020 

CLIMAX India 7.114 3.807 2.049 

RHEA India 7.114 3.984 2.204 

TRITON  7.113 4.019 1.891 

 

Table 3.5: 239Pu number density benchmark comparisons. Values 
grouped by code used by each country. All values are given in g/kg 
initial uranium. Data values for benchmark data from (Yasin, 2010) 

Burnup (MWD/MTU) 4000 8000 
PPV Argentina 1.928 2.407 

 
Canada 1.941 2.414 

 
Romani 1.939 2.413 

WIMS Argentina 1.979 2.539 

 
Korea 1.928 2.483 

 
Pakistan 2.021 2.557 

 
Romania 2.095 2.728 

CLUB India 1.931 2.490 

CLIMAX India 1.947 2.512 

RHEA India 1.861 2.470 

TRITON  1.852 2.535 
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3.5 Single Bundle 

An average bundle power of 452 kW was calculated by averaging the PLGS 

power data for the first 400 FPDs of operation. Figure 3.8 shows the antineutrino rates 

for a 452 kW bundle as a function of time and burnup. The decrease in total 

antineutrino rate is clearly visible and drops by nearly 19% by 400 FPD. 

The 235U and 239Pu antineutrino rate crossover occurs around day 230, nearly 

three times earlier than in a PWR (Bowden, et al., 2009). This is to be expected as the 

enrichment necessary for PWR fuel pins increases the initial concentration of 235U 

from 0.711% to 3-5%. 

 

Figure 3.8: Antineutrino rates for a single bundle up to 400 FPD. 

The total antineutrino rate as a function of burnup and time for several 

different power ratings are displayed in Figure 3.9. As expected, the antineutrino rate 

from the over-powered TRITON calculation is 10% higher than the normally powered 

antineutrino rate. However by the end of the calculation at FPD 400, the difference in 
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antineutrino rates drops to 9.3%. Although slight, the dependence of the 235U and 239Pu 

concentrations on the power rating caused this difference to decrease over time. The 

antineutrino rate from the under-powered TRITON calculation was less than the 

nominally powered computation by 10% at FPD 0 and 9.3% at FPD 400. 

 

Figure 3.9: Single bundle antineutrino rates for differing power ratings. 

The mass and concentration of 239Pu in a single PLGS bundle is displayed in 

Figure 3.10 for different burnup and time values. The crossover from weapons grade 

to non-weapons grade plutonium occurred at FPD 47, at which point 15.8 grams of 

plutonium were present in the bundle. In order to divert enough plutonium to obtain a 

“significant quantity,” 510 bundles must be removed, or roughly 12% of the total 

bundles present in the core.  
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Figure 3.10: Concentration and mass of 239Pu in a single PLGS bundle. 

A whole core total antineutrino rate was calculated by multiplying the average 

bundle antineutrino rate by the number of bundles in the core. Table 3.6 displays the 

change in the total antineutrino rate at FPD 47 and FPD 70 as a result of daily 

refueling operations (40 bundles) and weekly refueling operations (120 bundles), 

assuming all refueling occurs in a single day. Also included is the change in 

antineutrino rate due to the diversion of 510 bundles, the amount necessary to remove 

a “significant quantity” of plutonium from the core. 

Table 3.6: Change in antineutrino rate as a function of bundles 
replaced. 

Day % change in antineutrinos per second 
 40 bundles 120 bundles 510 bundles 
47 0.05 0.15 0.62 
70 0.07 0.20 0.87 
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3.6 Transient Model 

The antineutrino rate as a function of time is displayed in Figure 3.11. Both the 

single bundle and transient model produce an initial total antineutrino rate of 

1.25x1020 antineutrinos per second and exhibit similar trends up to FPD 70. The 235U 

and 239Pu rates become irregular and the slopes for all antineutrino rates change once 

refueling starts at FPD 70, however the total antineutrino rate remains smooth as the 

oscillations in the 235U and 239Pu serve to cancel each other. 

 
Figure 3.11: Refueled core antineutrino rate as a function of time. 

The total antineutrino rate for both the point source and three dimensional 

models are displayed in Figure 3.12. The two rates follow each other closely with 

almost no change in their difference until refueling starts at FPD 70. The maximum 

deviation was 0.56% between the three dimensional model and the point source thus 

deviations due to asymmetrical loadings in the CANDU can be assumed to be 

negligible. 
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Figure 3.12: Total antineutrino flux for the point source and 3D models at a point 55 
meters in front of and 55 meters below the reactor center.  
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4 Discussion 

By using the fission rates calculated by TRITON, the effectiveness of a 

detector, as defined by Equation 2.11, was calculated as a function of target volume 

and count time. A detector is deemed “effective” when the effectiveness is above a 

value of 2, corresponding to a relative count error less than half of the relative 

difference between two counts. Equation 2.9 was used to calculate the total detector 

counts for the scenarios discussed in Chapter 2 for a detection time of an hour, a week, 

and a month. Although the total antineutrino rate changes slightly as a function of 

time, a constant antineutrino rate was assumed for detector count calculations to 

calculate deviations from the normal antineutrino rate. 

The detector to be deployed at PLGS will have four times the target volume as 

the SONGS1 detector, corresponding to a baseline volume of V = 4x106 cm3 with a 

proton density of ρp= 5.36x1022 protons/cm3 (Jewett, 2010). r is given as 77.8 meters, 

corresponding to a point source location 55 meters in front and 55 meters below the 

center of the CANDU core. An efficiency of 100% is assumed for this study. 

As discussed in Section 3.5, the total antineutrino emission rate is dependent 

on the power level of the reactor, with a ±10% change in power resulting in a ±10% 

change in antineutrino rate. The effectiveness of a detector as a function of target 

volume is displayed in Figure 4.1 for several different counting times. C1 was 

calculated using the fission rate from the transient model on FPD 155, while C2 was 

calculated by multiplying each isotope’s fission rate on FPD 155 by 0.9, 

corresponding to a 10% decrease in power. In order to effectively detect a 10% 
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decrease in power with an hour count time, a volume of 46 m3 is required, nearly 10 

times larger than the current CANDU detector, and 4 times larger than the Double 

Chooz detectors. If instead the count rate is extended to a day, a target volume of only 

2 m3 is required to be effective. The 4 m3 target volume on the CANDU detector 

requires a counting time of 12 hours in order to effectively determine a 10% decrease 

in power. 

 

Figure 4.1: Detector effectiveness at detecting a 10% decrease in power. 
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target volume is increased to 310 m3, a count time of only a day is required to 

effectively detect the bundle replacement. The effectiveness of a detector to identify a 

diversion of 510 bundles on FPD 47 is displayed in Figure 4.2 as a function of target 

volume for several different collection times.  

 

Figure 4.2: Detector effectiveness to detect a diversion of 510 bundles at FPD 47. 
 

Table 4.1: Target volumes and count time necessary to effectively 
detect bundle diversion. 

Bundles  Volume (m3) Count time 
120  1200 1 Month 
510  310 1 Day 
510  11 1 Month 
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5 Conclusions 

5.1 Analysis of Results 

MCDANCOFF provided a method to avoid the limitations for irregular 

bundles in TRITON. Unique Dancoff factors were applied to the CANDU bundle for 

fuel rings I, II and III. The calculated Dancoff factor for the center fuel pin differed 

less than 0.1% from the ring I pins, thus the ring I Dancoff factor was applied to the 

center fuel pin. 

TRITON was used to collapse the 238-group ENDF/B-VII master cross 

section library down to a 49-group library, reducing computational time while 

producing deviations less than 0.1% for the total antineutrino rate. The 49-group cross 

section was utilized in the remaining calculations. 

Mesh refinement studies showed the infinite neutron multiplication factor was 

only slightly dependent on mesh cell size, varying by a maximum of 0.26% between 

the finest and coarsest mesh grids. Since the total antineutrino rate varied by 0.08% 

between the finest and coarsest mesh grids, the coarsest mesh grid was utilized in the 

remaining calculations. 

The TRITON calculation was compared against codes in an IAEA benchmark 

(IAEA, 1996). The infinite medium neutron multiplication factor calculated by 

TRITON was higher than the codes in the benchmark study at nearly all burnup levels, 

with a maximum of deviation of 1% from the average at burnup 8000 MWD/MTU. 

The 235U concentration deviates from the other codes with a 5% higher than average 

concentration at 4000 MWD/MTU and 7% lower than average concentration at 8000 
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MWD/MTU. The 239Pu concentration showed a similar deviation at 4000 

MWD/MTU, though it converged to within 1% of the average at 8000 MWD/MTU. 

Incomplete benchmark parameters may have been the result of these inconsistencies. 

The updated ENDF/B-VII used in the TRITON calculations may have also caused 

deviations from the 1996 benchmark report. 

The burnup effect was shown to decrease the total antineutrino rate in a single 

PLGS bundle nearly 20% by 400 FPD. The dependence of the total antineutrino rate 

on the power rating was shown to be closely connected; a ±10% change in power 

resulted in a corresponding ±10% change in total antineutrino rate at FPD 0. However 

the dependence on power slightly decreased over time, resulting in only a ±9.3% 

change in total antineutrino rate at FPD 400. 

A full scale model derived from the average PLGS bundle was analyzed. It 

was shown that replacing 40 bundles or 120 bundles at FPD 70 produced a 0.07% and 

0.27% increase in total antineutrinos, respectively. 

It was shown that bundles removed before FPD 47 contained plutonium at or 

above weapons grade concentration. If 510 bundles were removed at this time, an 

IAEA defined significant quantity of plutonium could be diverted. This removal 

caused a jump of 0.62% in the total antineutrino rate. 

The burnup effect on the total antineutrino rate for the first 155 FPD with 

refueling was visible using the transient “slug” model. A change in slope was clearly 

visible at FPD 70 signifying refueling operations. While the individual isotopic 
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antineutrino rates appeared irregular, the total antineutrino rate maintained a smoothed 

response. 

By comparing a three dimensional model to the standard point source model, 

the effects of asymmetric refueling on the total antineutrino rate was analyzed. A 

maximum deviation of less than 1% was observed, thus treatment of a CANDU core 

as a point source is a valid assumption. 

Due to the sensitivity of the total antineutrino rate to reactor power, detectors 

with a target volume similar to the CANDU detector are able to detect power 

deviations effectively within a day. However, the slight sensitivity of the total 

antineutrino rate due to a week’s worth of refueling requires massive detectors with 

targets similar to the volume utilized for the KamLAND detector. A smaller target 

volume can effectively detect replacement of larger numbers of bundles, with the 4 m3 

volume used in the CANDU detector able to effectively measure the diversion of 770 

bundles in a month of counting time. 

5.2 Future Work 

Although the infinite medium neutron multiplication factor calculated by 

TRITON matched closely with the codes in the IAEA benchmark study, the 235U and 

239Pu concentrations deviated by 5-7%. Further research into the cause of these 

discrepancies could help further validate the use of TRITON for CANDU bundles. 

While the transient model incorporates refueling, individual bundle data up to 

only FPD 155 was available. Extension of the antineutrino rates to higher burnups 
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would provide a closer look into the burnup effect on an equilibrium core if the power 

data could be expanded. 

Ideally, incorporation of this model into a full core nuclear code would provide 

antineutrino source term calculations without operational power data from the utility. 

With power data provided from a three-dimensional core code, irregular refueling 

operations and modified bundle isotopics could be analyzed. 
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Appendix A: CANDU Technical Data 

Table A1: Properties of CANDU reactors. All values from (IAEA, 
1996) unless otherwise specified. 

Fuel 
 

 Pressure Tube  
Material UO2  Material Zirconium 
Enrichment 0.71 w/o  Temperature 290º C 
U content 18.7 kg   Inner Diameter 103 mm 
Temperature 700º C  Outer Diameter 112 mm 
Pellet diameter 12.15 mm    
Stack Length 480 mm  Gas Annulus  
Pins 37  Material CO2 
Bundle length 495 mm  Temperature 139º C 
Smear Density 9.841 g/cm3    
   Calandria Tube  
Bundle   Material Zirconium 
Ring I   Temperature 68º C 
Elements 6  Inner Diameter 129 mm 
Diameter 29.77 mm  Outer Diameter 132 mm 
     
Ring II   Coolant  
Elements 12  Material 99.75 w/o D2O 
Diameter 57.51 mm  Temperature 290º C 
   Density 0.804 g/cm3 
Ring III     
Elements 18  Moderator  
Diameter 86.61 mm  Material 99.75 w/o D2O 
   Temperature 68º C 
Clad   Density 1.086 g/cm3 
Material Zirconium    
Temperature 290º C  Bundle Power 620 kW 
Diameter 13.08 mm  Geometric Buckling 0.76 m-2 

Density 7.417 g/cm3  Bundle Pitch 285.75 mm 
Clad mass per bundle 2.264 kg    

 

Fuel temperature is an “effective average” as defined by the IAEA benchmark. 

The gas annulus temperature was estimated as the average temperature between the 

pressure and calandria tubes. 

Fuel density was not explicity defined, thus a smear density was calculated by 

dividing the uranium mass by the fuel volume. The fuel volume was calculated from 
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pellet diameter and bundle length. The cladding density was modified to match the 

clad to fuel mass ratio. 
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Appendix B: TRITON input 

=t-depl 
Average PLGS bundle 
'*********************** 
'*  MIPLIB input data  * 
'*********************** 
 
'xsec library 
candu49lib 
 
'materials 
READ comp 
'Fuel, naturally enriched 
UO2 11  den=9.841 1 973  end 
UO2 13  den=9.841 1 973  end 
UO2 14  den=9.841 1 973  end 
'cladding 
ZIRCONIUM 21 den=7.417 1 563 end 
ZIRCONIUM 23 den=7.417 1 563 end 
ZIRCONIUM 24 den=7.417 1 563 end 
'coolant, hot heavy water, avg temp 
D2O 31 den=0.804 .9975 563 end 
H2O 31 den=0.804 .0025 563 end 
D2O 33 den=0.804 .9975 563 end 
H2O 33 den=0.804 .0025 563 end 
D2O 34 den=0.804 .9975 563 end 
H2O 34 den=0.804 .0025 563 end 
'Pressure tube, Zr with 2.5% Nb 
ZIRCONIUM 40 den=6.8775 1 563 end 
'Annulus Gas, CO2 
c 50 0 2.60-5 412 end 
o 50 0 5.20-5 412 end 
'Calandria tube, avg temp 
ZIRCONIUM 60 den=6.55 1 341 end 
'moderator, cool heavy water 
D2O     70 den=1.085 .9975 341 end 
H2O     70 den=1.085 .0025 341 end 
END comp 
 
'Dancoff factor override. Pitch is not used in calculations 
READ celldata 
LATTICECELL TRIANGPITCH PITCH=2.5 31 FUELD=1.2242 11 CLADD=1.308 21 
end 
CENTRM DATA 
DAN2PITCH(11)=.784 
END CENTRM 
LATTICECELL TRIANGPITCH PITCH=2.5 33 FUELD=1.2242 13 CLADD=1.308 23 
end 
CENTRM DATA 
DAN2PITCH(13)=.751 
END CENTRM 
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LATTICECELL TRIANGPITCH PITCH=2.5 34 FUELD=1.2242 14 CLADD=1.308 24 
end 
CENTRM DATA 
DAN2PITCH(14)=.463 
END CENTRM 
END celldata 
 
'********************* 
'* Triton Input data * 
'********************* 
 
READ depletion  11  13  14  end 
END depletion 
 
READ burndata 
power=24.17 burn=4   down=0 nlib=1 end 
power=24.17 burn=12   down=0 nlib=1 end 
power=24.17 burn=20   down=0 nlib=1 end 
power=24.17 burn=28   down=0 nlib=1 end 
power=24.17 burn=36   down=0 nlib=1 end 
power=24.17 burn=44   down=0 nlib=1 end 
power=24.17 burn=52   down=0 nlib=1 end 
power=24.17 burn=59   down=0 nlib=1 end 
power=24.17 burn=68   down=0 nlib=1 end 
power=24.17 burn=77   down=0 nlib=1 end 
END burndata 
 
'********************* 
'*  Newt input data  * 
'********************* 
 
READ model 
CANDU 
 
READ parm 
  prtbalnc=yes 
END parm 
 
READ materials 
  11  3  'Fuel - Rings I and center pin'  end 
  13  3  'Fuel - Ring II'  end 
  14  3  'Fuel - Ring III'  end 
  21  3  'Clad - Rings I and center pin'  end 
  23  3  'Clad - Ring II'  end 
  24  3  'Clad - Ring III'  end 
  31  3  'Coolant'  end 
  40  3  'Pressure tube'  end 
  50  3  'Annulus gas'  end 
  60  3  'Calandria tube' end 
  70  3  'Moderator' end 
END materials 
 
read geom 
'ring I and center pin 
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unit 1 
cylinder  111  0.6121 
cylinder  121  0.654  
media     11  1  111 
media     21  1  121  -111 
boundary  121  2  2 
 
'ring II 
unit 3 
cylinder  313  0.6121  
cylinder  323  0.654  
media     13   1  313 
media     23   1  323  -313 
boundary  323  2  2 
 
'ring III 
unit 4 
cylinder  414  0.6121 
cylinder  424  0.654 
media     14  1  414 
media     24  1  424  -414 
boundary  424  2  2 
 
global unit 10 
'pressure tube 
cylinder  400  5.15 sides=20 
cylinder  410  5.584 sides=20 
'calandria tube 
cylinder  600  6.45 sides=20 
cylinder  610  6.59 sides=20  
'moderator 
cuboid    700  14.2875  -14.2875  14.2875  -14.2875 
media    31  1  400 
media     40  1  410  -400 
media   50  1  600  -410 
media   60  1  610  -600 
media    70  1  700  -610 
 
'fuel pin placement 
hole 1 
'+x side of bundle 
'first ring1 
hole 1 origin x= 0.744 y= 1.289 
hole 1 origin x= 1.489 y= 0 
hole 1 origin x= 0.744 y= -1.289 
'second ring 
hole 3 origin x= 0.744 y= 2.778 
hole 3 origin x= 2.033 y= 2.033 
hole 3 origin x= 2.778 y= 0.744 
hole 3 origin x= 2.778 y= -0.744 
hole 3 origin x= 2.033 y= -2.033 
hole 3 origin x= 0.744 y= -2.778 
'third ring 
hole 4 origin x= 0.752 y= 4.265 
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hole 4 origin x= 2.166 y= 3.751 
hole 4 origin x= 3.318 y= 2.784 
hole 4 origin x= 4.070 y= 1.481 
hole 4 origin x= 4.331 y= 0 
hole 4 origin x= 4.070 y= -1.481 
hole 4 origin x= 3.318 y= -2.784 
hole 4 origin x= 2.166 y= -3.751 
hole 4 origin x= 0.752 y= -4.265 
 
'-x side of bundle 
'first ring 
hole 1 origin x=-0.744 y= 1.289 
hole 1 origin x=-1.489 y= 0 
hole 1 origin x=-0.744 y= -1.289 
'second ring 
hole 3 origin x=-0.744 y= 2.778 
hole 3 origin x=-2.033 y= 2.033 
hole 3 origin x=-2.778 y= 0.744 
hole 3 origin x=-2.778 y= -0.744 
hole 3 origin x=-2.033 y= -2.033 
hole 3 origin x=-0.744 y= -2.778 
'third ring 
hole 4 origin x=-0.752 y= 4.265 
hole 4 origin x=-2.166 y= 3.751 
hole 4 origin x=-3.318 y= 2.784 
hole 4 origin x=-4.070 y= 1.481 
hole 4 origin x=-4.331 y= 0 
hole 4 origin x=-4.070 y= -1.481 
hole 4 origin x=-3.318 y= -2.784 
hole 4 origin x=-2.166 y= -3.751 
hole 4 origin x=-0.752 y= -4.265 
 
boundary  700  25  25 
END geom 
 
READ bounds 
all=white 
END bounds 
 
END model 
END 
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Appendix C: MCDANCOFF input 

=mcdancoff 
Avg bundle Dancoff calculation 
'*********************** 
'*  MIPLIB input data  * 
'*********************** 
 
'xsec library 
xn01 
 
'materials 
READ comp 
'Fuel, naturally enriched 
UO2 11  den=9.841 1 973  end 
'cladding 
ZIRCONIUM 21 den=7.417 1 563 end 
'coolant, hot heavy water, avg temp 
D2O 31 den=0.804 .9975 563 end 
H2O 31 den=0.804 .0025 563 end 
'Pressure tube, Zr with 2.5% Nb 
ZIRCONIUM 40 den=6.8775 1 563 end 
'Annulus Gas, CO2 
c 50 0 2.60-5 412 end 
o 50 0 5.20-5 412 end 
'Calandria tube, avg temp 
ZIRCONIUM 60 den=6.55 1 341 end 
'moderator, cool heavy water 
D2O     70 den=1.085 .9975 341 end 
H2O 70 den=1.085 .0025 341 end 
END comp 
 
READ param 
  nsk=0  
END param 
 
read geom 
'interior pins 
unit 1 
com=!fuel pin 1! 
cylinder  1  0.6121 24  -24 
cylinder  2  0.654  24  -24 
media     11  1  1 
media     21  1  2  -1 
boundary  2 
 
global unit 10 
'moderator 
com=!moderator! 
cylinder  400  5.15   24  -24 
cylinder  410  5.584  24  -24 
cylinder  600  6.45   24  -24 
cylinder  610  6.59   24  -24 
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cuboid    700  14.2875  -14.2875  14.2875  -14.2875  24  -24 
media    31  1  400 
media     40  1  410  -400 
media   50  1  600  -410 
media   60  1  610  -600 
media    70  1  700 -610 
 
hole 1 
'+x side of bundle 
'first ring1 
hole 1 origin x= 0.74425 y= 1.28908 
hole 1 origin x= 1.4885  y= 0 
hole 1 origin x= 0.74425 y=-1.28908 
'second ring 
hole 1 origin x= 0.74423 y= 2.77752 
hole 1 origin x= 2.03329 y= 2.03329 
hole 1 origin x= 2.77752 y= 0.74423 
hole 1 origin x= 2.77752 y=-0.74423 
hole 1 origin x= 2.03329 y=-2.03329 
hole 1 origin x= 0.74423 y=-2.77752 
'third ring 
hole 1 origin x= 0.75198 y= 4.26471 
hole 1 origin x= 2.16525 y= 3.75032 
hole 1 origin x= 3.31736 y= 2.78359 
hole 1 origin x= 4.06934 y= 1.48112 
hole 1 origin x= 4.33050 y= 0 
hole 1 origin x= 4.06934 y=-1.48112 
hole 1 origin x= 3.31736 y=-2.78359 
hole 1 origin x= 2.16525 y=-3.75032 
hole 1 origin x= 0.75198 y=-4.26471 
 
'-x side of bundle 
'first ring1 
hole 1 origin x=-0.74425 y= 1.28908 
hole 1 origin x=-1.4885  y= 0 
hole 1 origin x=-0.74425 y=-1.28908 
'second ring 
hole 1 origin x=-0.74423 y= 2.77752 
hole 1 origin x=-2.03329 y= 2.03329 
hole 1 origin x=-2.77752 y= 0.74423 
hole 1 origin x=-2.77752 y=-0.74423 
hole 1 origin x=-2.03329 y=-2.03329 
hole 1 origin x=-0.74423 y=-2.77752 
'third ring 
hole 1 origin x=-0.75198 y= 4.26471 
hole 1 origin x=-2.16525 y= 3.75032 
hole 1 origin x=-3.31736 y= 2.78359 
hole 1 origin x=-4.06934 y= 1.48112 
hole 1 origin x=-4.33050 y= 0 
hole 1 origin x=-4.06934 y=-1.48112 
hole 1 origin x=-3.31736 y=-2.78359 
hole 1 origin x=-2.16525 y=-3.75032 
hole 1 origin x=-0.75198 y=-4.26471 
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boundary  700 
END geom 
 
READ bounds 
all=white 
END bounds 
 
read plot 
  typ=xy 
  xul=-15  yul= 15  zul=0 
  xlr= 15  ylr=-15  zlr=0 
  uax=1     vdn=-1.0  
  nax=3200   pic=mat   end plt1 
end plot 
 
READ start 
dancoff  hole 1   unit 1  region 1 
dancoff  hole 2   unit 1  region 1 
dancoff  hole 3   unit 1  region 1 
dancoff  hole 4   unit 1  region 1 
dancoff  hole 5   unit 1  region 1 
dancoff  hole 6   unit 1  region 1 
dancoff  hole 7   unit 1  region 1 
dancoff  hole 8   unit 1  region 1 
dancoff  hole 9   unit 1  region 1 
dancoff  hole 10  unit 1  region 1 
dancoff  hole 11  unit 1  region 1 
dancoff  hole 12  unit 1  region 1 
dancoff  hole 13  unit 1  region 1 
dancoff  hole 14  unit 1  region 1 
dancoff  hole 15  unit 1  region 1 
dancoff  hole 16  unit 1  region 1 
dancoff  hole 17  unit 1  region 1 
dancoff  hole 18  unit 1  region 1 
dancoff  hole 19  unit 1  region 1 
END start 
END data 
END 
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