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ABSTRACT

This dissertation investigates techniques for spent fuel monitoring, and assesses the
feasibility of using a thorium-based mixed oxide fuel in a conventional pressurized water
reactor for plutonium disposition. Both non-paralyzing and paralyzing dead-time
calculations were performed for the Portable Spectroscopic Fast Neutron Probe (N-Probe),
which can be used for spent fuel interrogation. Also, a Canberra *He neutron detector’s
dead-time was estimated using a combination of subcritical assembly measurements and
MCNP simulations. Next, a multitude of fission products were identified as candidates for
burnup and spent fuel analysis of irradiated mixed oxide fuel. The best isotopes for these
applications were identified by investigating half-life, photon energy, fission vyield,
branching ratios, production modes, thermal neutron absorption cross section and fuel
matrix diffusivity. 132 and °’Nb were identified as good candidates for MOX fuel on-line
burnup analysis. In the second, and most important, part of this work, the feasibility of
utilizing ThMOX fuel in a pressurized water reactor (PWR) was first examined under
steady-state, beginning of life conditions. Using a three-dimensional MCNP model of a
Westinghouse-type 17x17 PWR, several fuel compositions and configurations of a one-
third ThMOX core were compared to a 100% UO. core. A blanket-type arrangement of
5.5 wt% PuO- was determined to be the best candidate for further analysis. Next, the safety
of the ThMOX configuration was evaluated through three cycles of burnup at several using
the following metrics: axial and radial nuclear hot channel factors, moderator and fuel
temperature coefficients, delayed neutron fraction, and shutdown margin. Additionally, the
performance of the ThMOX configuration was assessed by tracking cycle length,

plutonium destroyed, and fission product poison concentration.
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SECTION

1. INTRODUCTION

1.1 SPENT FUEL INTERROGATION USING PHOTONS AND NEUTRONS

Non-destructive analysis (NDA) techniques have long been used for monitoring
spent uranium dioxide (UO>) fuel. There are two groups of NDA techniques available:
passive techniques measure delayed neutrons and gamma rays emitted after radioactive
decay, while active techniques interrogate fuel by first bombarding it with a neutron source
and then monitoring gamma and/or neutron emissions [1]. With the resurgence of interest
in mixed oxide (MOX) in the United States, NDA techniques for monitoring spent MOX
fuel need to be investigated.

Commercial nuclear fuel reprocessing was banned by the United States
government, interrupting the U.S. reprocessing industry between 1977 and 1981, but
France embraced reprocessing technology and incorporated mixed oxide (MOX) fuel into
their nuclear fuel cycle. France has demonstrated that MOX fuel can be integrated into a
Uranium fueled core without risking the safety of the plant or the proliferation of nuclear
weapons. Recently, the U.S. nuclear power industry has been reconsidering MOX fuel. The
successful disposition of Russian highly enriched uranium through the Megatons to
Megawatts program has encouraged interest in a similar program for plutonium disposition
in MOX fuel [2]. Therefore, better tools and techniques are necessary for burnup analysis
and spent fuel monitoring of MOX fuel.

Using the NDA technique of passive gamma measurement, photons emitted by
irradiated fuel assemblies can be analyzed to determine parameters such as burnup, cooling
time, and irradiation history [3]. Willman et al., have discriminated MOX fuel from LEU
fuel using 134Cs, *7Cs, and ™*Eu isotopes as cooling time and irradiation history indicators
[4]. Dennis and Usman reported on °°Ru as another potential burnup indicator [5].

Another NDA technique for spent fuel interrogation is neutron measurement. When
238 is exposed to substantial neutron fluence (as with reactor fuel), 2**Cm is produced.
Spontaneous fission of 2**Cm provides a source of delayed neutrons. Since the half-life of

244Cm is 18.1 years — much longer than the amount of time fuel spends in a power reactor



— neutron intensity from 2**Cm can be used as a measure of burnup [6]. However, this
technique is highly sensitive to cooling time, and initial enrichment.

Destructive techniques, such as chemical assay with a mass spectrometer, have
historically been applied to determine isotopic composition of spent nuclear fuel. But these
techniques require fuel sample destruction and can take a long time for sample analysis
and results [7].

The Missouri University of Science and Technology research reactor (MSTR) is a
pool-type reactor licensed by the NRC to operate up to 200 kW thermal power. The
research reactor was the first nuclear reactor in Missouri and its core contains low enriched
uranium (LEU) fuel. Facilities at the reactor allow for non-destructive burnup analysis and
discrimination of fuel elements based on plutonium and uranium content using gamma and
delayed neutron measurements. All radiation measurements need to be corrected using
either non-paralyzing dead-time or paralyzing dead-time model depending on detector
behavior.

1.2  THORIUM AS A NUCLEAR FUEL

Thorium represents a vast, largely untapped source of nuclear energy. Its abundance
in the earth’s crust is roughly three times greater than uranium [8]. Though 2*2Th — the only
naturally occurring isotope of thorium — is not fissile, it is fertile. After absorbing a neutron
to become 233Th and decaying to 2*Pa, it ultimately decays to 233U [9]. Thorium-based
fuels offer several potential advantages over uranium fuels: higher fissile conversion rate,
higher thermal fission factor (n), lower capture-to-fission ratio, low actinide production,
plutonium reduction, chemical stability, proliferation resistance [10, 11, 12, 13]. Because
of these advantages, several methods for utilizing thorium fuels have been explored.

Most thorium utilization schemes require the development of advanced reactor
designs. In a molten salt reactor (MSR) thorium and uranium fluorides are dissolved with
the fluorides of beryllium and lithium [14]. MSRs offer some distinct advantages: they
have a strongly negative temperature coefficient and allow for online refueling [14]. Also,
two MSRs were designed, built, and operated at Oak Ridge National Laboratory, proving

the concept and providing valuable experimental data [15, 16].



High temperature gas cooled reactors (HTGRs) are another option for thorium
utilization. HTGRs would use TRISO fuel composed of pellets of thorium oxide or carbide
blended with pellets of uranium oxide or carbide and coated with several layers of carbon
and silicon carbide; the TRISO particles are combined in a graphite matrix and formed into
either prisms or pebbles 10. Several countries (Germany, Japan, the Russian Federation,
the United Kingdom, and the United States) have built HTGRs and loaded them with
thorium fuel 10; and Tsinghua University in China is currently designing a 500 MW(th)
pebble bed reactor demonstration plant [17]. HTGRs could be adapted to several fuel
cycles without modification of the core or plant, but several technical hurdles remain before
the technology is commercially viable 10.

An accelerator driven system is a unique reactor design in which a proton
accelerator is used to produce enough spallation neutrons to bring an otherwise subcritical
core to criticality 12. Such a system would use only natural uranium and thorium fuels,
eliminating the need for enrichment technology, and reducing proliferation concerns, while
also achieving high burnup [18]. India has been pursuing this technology, but the design is
still in the conceptual stages, and the amount of power required to operate the accelerator
casts doubt on the economic viability of such a system [18, 13].

Perhaps the most expedient scheme for exploiting the world’s thorium resources is
incorporating it into the current reactor fuel supply. Numerous publications have
demonstrated a number of ways thorium could enhance the operation of boiling water
reactors (BWRs), pressurized water reactors (PWRs), and heavy water reactors (HWRS)
[10, 11, 19, 20, 21].

Thor Energy, a Norwegian company, is developing and testing thorium-plutonium
BWR fuel pellets and assemblies for plutonium destruction [22, 23]. Xu, Downar,
Takahashi, and Rohatgi are also studying the potential for plutonium disposition in BWRs
[24] as are Mac Donald and Kazimi [25]. Francois et al. have investigated replacing all of
the uranium fuel in a BWR with a thorium-uranium fuel blend [26].

Similar research on Th-Pu and Th-U fuels has been conducted for PWRs as well.
Shwageraus, Hejzlar, and Kazimi have investigated the use of Th-Pu fuel in PWRs for both
the destruction of plutonium [27] and improved economics [28]. Bjork et al. studied the

use of Th-Pu fuel for extending the operating cycle of a PWR [29]. Trellue, Bathke, and



Sadasivan have used MCNP and MCNPX to compare the reactivity safety characteristics
and Pu destruction capabilities of conventional MOX fuel to those of Th-MOX fuel [30].
Their work is complemented by that of Tsige-Tamirat, who also used Monte Carlo
techniques to study the effect of Th-MOX fuel on a PWR’s reactivity safety characteristics
[31]. Burnup analyses of Th-MOX fuel for Pu disposition in PWRs have been performed
by others: Fridman and Kliem [32].

Research on thorium utilization in HWRs has focused on both incorporating
thorium rods into existing CANDU reactors [33], and, in India, developing advanced heavy

water reactors specifically designed to burn thorium fuel [34].

1.3 RESEARCH OBJECTIVES

The primary objective of this work was to investigate the feasibility of
incorporating a Th-Pu MOX fuel into the fuel supply of a conventional PWR for plutonium
disposition. In pursuit of this objective, it was helpful to identify the best candidate isotopes
for online burnup analysis and spent fuel monitoring of MOX fuel, and develop a non-
destructive technique for discriminating plutonium and uranium. Therefore, the following
tasks were accomplished:

Investigate the half-lives, decay photon energies, fission yields, branching ratios,
production modes, thermal neutron absorption cross sections, and fuel matrix diffusivities
of fission products to determine the best isotopes for online burnup analysis, spent fuel
monitoring, and historical fuel monitoring of MOX fuel.

Use non-destructive techniques to interrogate the MSTR’s spent fuel elements and
calculate the uranium fuel burnup values. Record fast delayed neutron energy spectra for
spent and fresh fuel elements. Measure delayed neutron emission rates to calculate
plutonium conversion.

Use MCNP to model a conventional UO2-fueled PWR at beginning of life. Identify
the ThMOX fuel configuration which best matches the neutronic characteristics of the
conventional UO»-fueled PWR configuration. Simulate three cycles of burnup for both
configurations. Compare the ThMOX configuration to the UO; configuration using the
following safety metrics: axial and radial nuclear hot channel factor, moderator and fuel

temperature coefficient, delayed neutron fraction, fission product poison concentration,



and shutdown margin. Assess the plutonium destruction capability of the ThMOX

configuration.

14 DISSERTATION ORGANIZATION

This dissertation is organized into three sections: the first section is an introduction
to the areas under investigation; the second section is comprised of four papers which either
have been published, have been submitted for publication, or will be submitted for
publication; the third section summarizes the conclusions drawn from the papers presented
in the second section and proposes future work.

In Paper I, both non-paralyzing and paralyzing dead-time calculations were
obtained for a fast neutron detector used for spent fuel interrogations. The dead-time for
another neutron detector (®*He) was also calculated using measurements collected in a
subcritical assembly. An MCNP model of the subcritical assembly experiment was
developed for comparison.

In Paper 11, a multitude of fission products identified as candidates for burnup and
spent fuel analysis were scrutinized for their suitability. From this list of candidates, the
best isotopes for analysis were identified by investigating half-life, fission yield, branching
ratios, production modes, thermal neutron absorption cross section and fuel matrix
diffusivity.

In Paper 111, the feasibility of utilizing ThMOX fuel in a pressurized water reactor
was examined under steady-state, beginning of life conditions. With a three-dimensional
MCNP model of a Westinghouse-type 17x17 PWR, many possibilities for replacing one-
third of the UO, assemblies with ThMOX assemblies were considered. The excess
reactivity, critical boron concentration, and centerline axial and radial flux profiles for
several configurations and compositions of a one-third ThMOX core were compared to a
100% UO; core. A blanket-type arrangement of 5.5 wt% PuO; was determined to be the
best candidate for further analysis. Therefore, this configuration was compared to a 100%
UO, core using the following parameters: delayed neutron fraction, temperature
coefficient, shutdown margin, and axial and radial nuclear hot channel factors.

In Paper 1V, a burnup analysis was performed using the UO; configuration and the
ThMOX configuration identified and examined in Paper Ill. The safety of the ThMOX



configuration was compared to that of the UO. configuration at several time steps of
interest within each cycle (beginning of cycle, peak excess reactivity of cycle, and end of
cycle) with the following metrics: axial and radial nuclear hot channel factors, moderator
and fuel temperature coefficients, delayed neutron fraction, and shutdown margin.
Additionally, the performance of the ThMOX configuration was assessed by tracking cycle
lengths, the amount of plutonium destroyed, and fission product poison concentration.
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Abstract

This paper presents dead-time calculations for the Portable Spectroscopic Fast
Neutron Probe (N-Probe) using a combination of the attenuation law, MCNP (Monte Carlo
N-particle Code) simulations and the assumption of ideal paralyzing and non-paralyzing
dead-time models. The N-Probe contains an NE-213 liquid scintillator detector and a
spherical *He detector. For the fast neutron probe, non-paralyzing dead-time values were
higher than paralyzing dead-time values, as expected. Paralyzing dead-time was calculated
to be 37.6 ps and non-paralyzing dead-time was calculated to be 43.7 us for the N-Probe
liquid scintillator detector. A Canberra 3He neutron detector (0.5NH1/1K) dead-time value
was also estimated using a combination of subcritical assembly measurements and MCNP
simulations. The paralyzing dead-time was estimated to be 14.5 ps, and the non-paralyzing
dead-time was estimated to be 16.4 ps for *He gas filled detector. These results are

consistent with the dead-time values reported for helium detectors.
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1. Introduction

Many techniques have been developed for detecting and measuring the uncharged
neutron since its discovery in 1932. One of the most prevalent neutron detectors is the
organic liquid scintillation detector (e.g., NE-213). These detectors are frequently used in
nuclear experiments for their good energy resolution and high detection efficiency for
neutrons and photons [1, 2]. Using pulse shape discrimination (PSD) techniques, liquid
scintillation detectors allow for the separation of the neutron and photon signals. The
techniques are based on the difference in scintillator response to neutron and photon events
[1]. Since the neutron is not a charged particle, it does not ionize the scintillation material
directly. It can be generally detected through nuclear interactions that produce energetic
charged particles. Fast neutron detection relies on the production and detection of protons
from (n,p) reactions within the detector. Therefore, hydrogen-rich materials are typically
used as the detector material [1]. The most commonly used scintillator for fast neutron
detection and spectroscopy is the NE-213 liquid scintillator produced by Nuclear
Enterprises Limited. The most significant advantage of this scintillator is its excellent
pulse-shape discrimination properties compared to other scintillators [1].

3He gas proportional counters are common neutron detectors best suited for the
detection of thermal neutrons since the ®He(n, p) reaction is attractive for thermal neutron
detection. *He counters are not suitable for operation in the Geiger-Miiller region since
there is no capability to discriminate the pulses produced by photon interactions [1]. The
neutrons are captured by the *He(n, p)*H reaction, producing a proton and a triton with a
reaction Q-value of 764 keV. The energy dependent cross section of this reaction is one of
the well-known standards in neutron measurements. Since the proton and triton are charged
ions, both will usually be registered by the proportional counter [1]. Another widely used
detector for thermal neutrons is the BFz proportional detector. Boron trifluoride behaves as
a proportional gas and the target for thermal neutron conversion into secondary particles.
Enriching the 1°B in the gas can make the detector up to five times more efficient [1].

Bubble Technology Industries (BTI) has manufactured a portable neutron
scintillation spectrometer (N-Probe) with potential applications at nuclear reactor facilities,

spent fuel storage areas, and waste processing operations [1]. Fig. (1) shows the N-Probe
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spectrometer which contains a5 cm by 5 cm NE-213 liquid scintillator detector to measure
fast neutrons between 800 keV and 20 MeV, as well as a spherical *He detector to measure
low energy neutrons from 0 to 1.5 MeV [1]. Sophisticated proprietary pulse-shape
discrimination is used to remove undesirable photon counts for the NE-213 liquid
scintillator detector. These two detectors work simultaneously and pulse-height
distributions from both are shown during the measurements. The detector’s software
merges information from the two detectors to generate a single neutron energy spectrum.
One of the significant advantages of the N-Probe is that it provides both the neutron energy
spectrum and the total neutron counts for fast neutrons and thermal neutrons.

Scientists have been working on dead-time problems for radiation detectors since
the 1940s. In any detector system, a minimum amount of time must separate two events
before they can be measured independently. This minimum time separation is referred to
as the counting system’s dead-time [1]. The intrinsic properties of the detector and the
pulse processing circuitry’s characteristics are the sources of dead-time. Researchers have
been working on improving a detector dead-time model that can implicitly characterize a

detection system’s behavior while reducing counting errors [1, 2].

Fig. 1. N-Probe fast and thermal neutron spectrometer [9].

There are two commonly known dead-time models: the “Paralyzing” and the “Non-
paralyzing” models. In reality, detection systems fit neither of these idealized models
perfectly, instead falling somewhere between the two models [1]. The paralyzing model is

mathematically expressed by Eg. (1), where m is the measured count rate, n is the true
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count rate and 7 is dead-time. This model assumes that each event during the dead-time
will reset it to a fixed duration, thus extending the dead-time. The dead-time extension
depends on the count rate.

(1)

According to the non-paralyzing model, dead-time is fixed after each detected
event, and all events occurring during dead-time are lost. The fraction of time during which
an apparatus is sensitive is 1-mz. Therefore, the fraction of the true number of events can
be recorded as seen in Eq. (2) [14].

n

m=
l+nr

(2)

The dead-time of the N-Probe detector is not provided by the manufacturer; BTI,
and there is no other dead-time study published on the N-Probe detector. In this study, the
dead-time of the BTI N-Probe (NE-213 Liquid scintillation) was examined using different
thicknesses of Plexiglas at the Missouri University of Science and Technology Research
Reactor (MSTR). Furthermore, the dead-time of the Canberra 10 mm diameter *He tube
detector [1] was calculated by comparing measured counts from different locations in the
subcritical assembly at MSTR with MCNP simulations. The dead-time calculations are
provided for both the paralyzing and non-paralyzing models for the fast neutron detector
(N-Probe) and the Canberra 10 mm diameter *He tube detector.

During all experiments, the reactor operated at 5 kW power for a standardized
neutron flux from the beam port. The macroscopic cross section of Plexiglas was calculated
for fast neutrons using the fast neutron detector (N-Probe). For the total macroscopic cross
section measurements, the flux was low, and hence the effect of the detector dead-time can
have assumed to be negligible at 5 kW reactor power. The neutrons were attenuated by
different thicknesses of Plexiglas and counted by the detector in front of MSTR beam port.

For 3He detector dead-time calculations, the MSTR Subcritical Assembly was filled

with water and its plutonium-beryllium (PuBe) neutron source was used for measurements.



14

The MSTR Subcritical Assembly was also simulated using MCNP code for all positions.
Using the combination of measurement and simulation results, the dead-time of 3He
detector was calculated.

2. Experimental Design

2.1  Dead-time Experiment for N-Probe Fast Neutron Detector

The MSTR is a swimming pool type reactor licensed to operate at 200 kW. The
beam port, which is 15.24 cm in diameter and 6.45 m long, was used to take fast neutron
measurements [1]. A special 2-cm-diameter collimator was used for the neutron beam
from the beam port to the Plexiglas. During the experiment, the operation of the detector
and measurement was controlled remotely by a computer to avoid any radiation exposure.
Fig. (2) shows the experimental set-up of the system to measure fast neutrons with N-Probe
detector in the beam port room of the MSTR. This set-up allowed for a beam of neutron

with post moderation energy distribution to be available for measurement.

Fig. 2. lllustration of experimental setup

Fast neutron measurements were first taken with no plexiglass. A 0.5-cm-thick
layer of plexiglass was then placed between the detector and collimator. The neutron

measurements were taken from 0 to 3.0-cm-thick layers of plexiglass using thickness
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intervals of 0.5 cm. Measurements with and without plexiglass were taken for ten minutes
with a constant flux/beam intensity at 5 kW power. With the reactor still at 5 kW, the beam
port was closed to replace the plexiglass after each measurement.

Since neutrons are neutral particles, they interact weakly with matter; it is for this
reason that they have the potential to penetrate deeper. Light atoms (e.g, hydrogen, oxygen)
can interact with neutrons with a high interaction probability. If a narrow beam attenuation
experiment is implimented for neutrons, as shown in Fig. (2), the number of neutrons will
decrease exponentially with absorber thickness. The relationship between incoming

neutron beam and transmitted beam is given as
| = 1,87 (3)

where 2ot is the total macroscopic cross section -- the probability per unit path length that
an interaction will take place -- and x is the thickness of the absorber [1]. The above
equation is valid for thin shielding thicknesses; when there is no build-up. The total

macroscopic cross section is given as
Lior =2, + 2 +.. 4)

where X, is the absorption cross section and Xs is the scattering cross section. So, under the
assumption of thin shield all neutron going through either absorption or scattering
interaction with the shielding are lost from the beam. Fig. (3) illustrates the neutron capture
and scattering interaction probabilities and assumes that only those neutrons which do not
interact with matter will arrive at the detector.

Assuming the incident number of true neutrons (no) is equal to the intensity of
incident neutrons (lo), then the transmitted number of true neutrons (n;) can be expressed

as

n, =n,.e o (5)
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The total neutron macroscopic cross section under thin shield assumption can be
calculated as

1 .n
Toor =——In(—+ 6
TOT X (no) (6)
X Scattered neuatron Zg
“«—
Incident Beam Ip Transmitted beam I
=p-
ﬁ
>
ﬁ
-
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>
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Absorbed neutron Za

Fig. 3. Neutron capture and scrattering interaction probabilities

With no Plexiglas between the detector and collimator, the non-paralyzing

measured count rate can be written as the following:

1+n,7

My

(")

where mg is the measured count rate and no is the true count rate with no shielding or
absorber between the detector and collimator. With the addition of shielding and/or

absorber between the detector and collimator, the non-paralyzing model becomes;
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_ N
1+n;z

(8)

m,

If another layer of shielding and/or absorber were added between the detector and
collimator, then mz and ny would become mzand n, respectively. The ratio between mgand

my is given as

Mo (Mo

my 1+n,7
m  1l+n,z n

) 9)

where n1 is shown in Eq. (5). Substituting this into Eq. (9) provides the following ratio:

M, _| L+ngze e (10
m, | (L+n,z)e e

If there were a second shielding layer, Eq. (10) would become

m, | 1+n,ze o
— = = 11
m, | (L+n,7)e o> (1)

From Egs. (10) and (11), it is evident that the n,z parameters are the same for both

equations. The n,z parameter from Eq. (10) is;

% e_ZTOT'X -1
— m,
nOT = (12)

e*ZTOT-X _ m, e*ETOT-X
ml
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The only unknown in Eqg. (12) is the total macroscopic cross section (X;or) of
Plexiglas. Plugging all known parameters into Eq. (12) will give the total macroscopic
cross section. It is important to recognize that during the experiment the beam of neutron
available from the reactor was not mono-energetic. Hence, one would expect macroscopic
cross section dependence on energy. However, since the detector only see fast neutron
(800 keV to 20 MeV) and cross section variability with energy is minimum for such high
energy neutron [1], use of a single cross section for this beam with a spectrum of fast
neutron is a reasonable approximation. With this approximation of a single cross section

for high energy neutrons one can make use of Eq. (12) to calculate n,z . Once the total
macroscopic cross section is found, Eq. (12) can be used to find the n,z parameter, which
in turn can be used in Eq. (7) to find the true count rate (n,) for the non-paralyzing model.
Using the true count rate (n,) and measured count rate (m,) in Eq. (7) will give the

detector’s dead-time for the non-paralyzing model.

Using the same ratio technique demonstrated with the non-paralyzing method
equations, the ratio of meand my can be calculated for the paralyzing model. This ratio is
shown in Eq. (13).

m, ~Zro7-
In(—jz—nOHZTOT.xmor.e o (13)

m,

If there were a second shielding layer, Eq. (13) would become the following:
mO —Z1o71-2X
In{—}=—n0r+2m.2x+nor.e o (14)

As evidenced by Eqgs. (13) and (14), the n,z parameters are the same for both equations.

The n,z from Eq. (13) is
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(15)

Once total macroscopic cross section is available for non-paralyzing model one can use the
same in these equations to obtain the n,z factor using Eq. (15) which can subsequently be
used to calculate the dead-time using Eq. (16).

my =n,e ™ (16)

2.2 Dead-time Experiment for Canberra 3He Detector

Fig. 4. Picture of ®He detector neutron measurements in subcritical assembly

The following procedure was used to calculate the dead-time of a gas-filled
Canberra *He detector. The Missouri University of Science and Technology (Missouri
S&T) Subcritical Assembly was filled with water and its plutonium-beryllium (PuBe)
neutron source was placed in the center position (see Fig. 4). The Canberra He detector

was suspended inside an acrylic tube (to protect it from the water) and placed in the grid
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plate position Al (5.08 cm center-to-center). A five-minute count was taken and the
detector was moved to the second position, A2, 10.16 cm from the source. This process
was repeated for the remaining seven positions on the A axis and again along each of the
five other axes — B, C, D, E, and F. This layout, which was also used for the MCNP

simulations, can be seen in Fig. (5).

P~ RO
<02 %%
090900000000

03 0880008 0S00000,
eoc0gegegeleeecece]
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6
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9

Fig. 5. MCNP simulation layout. The Pu-Be neutron source (S) was placed in the center-
most position of the subcritical assembly. Nine MCNP simulations and nine measurements
were performed in the numbered locations on axis A. Five more sets of measurements,
repeating those made on axis A, were made on the five remaining axes.

The Canberra Lynx Digital Signal Analyzer was used to supply power to the
detector and record counts [18]. An MCNP model of the Missouri S&T Subcritical
Assembly was used to simulate the measurements. The model was developed by Tucker

[15] and it was experimentally validated. Nine simulations were performed with the
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detector modeled in each of the nine detector locations along axis A. The water-filled cells
between the source and the detector were given higher importance to ensure usable
statistics. One hundred million histories were used for detector locations Al through A6.
One hundred fifty million histories were used for locations A7 through A9. Cell-averaged
neutron flux (neutrons per square centimeter per source particle) was tallied over the
detector gas portion of the modeled detector.

Measurements of a plutonium-beryllium (Pu-Be) neutron source were taken from
nine distances with the Canberra 3He Detector in the Missouri S&T Subcritical Assembly.
These measurements were compared to the results from MCNP simulations. The difference
between the measured and simulated values were attributed to dead-time losses and was

used to estimate the detector’s dead time.

3. Results

The dead time measurement for N-Probe was conducted using the beam port of
MSTR and only fast neutron probe was used for this set of measurements. The fast neutron
measurements were first taken without a Plexiglas layer, and then with six different
thicknesses of Plexiglas layers. Data collection for each step was 10 minutes. The Plexiglas
thickness changed from 0 cm to 3 cm with increments of 0.5 cm. The measurements are

tabulated in Table 1 at 5 kW constant power for each thickness.

Table 1. The fast neutron measurements using N-Probe at 5 kW power

Plexiglas N-Probe
thickness Fast Neutrons Count rates
(cm) counts

0.0 2077857 3463.09 + 58.85
0.5 2035029 3391.71 £58.24
1.0 1986735 3311.22 + 57.54
15 1938566 3230.94 + 56.84
2.0 1893107 3155.17 £ 56.17
2.5 1842570 3070.95 + 55.42
3.0 1797494 2995.82 + 54,73
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Fig. (6) shows the plot of the neutron count rate with different thicknesses of
Plexiglas. Errors were propagated based on one standard deviation (16) and are included
on the graphs. The first count without any Plexiglas for fast neutrons using the N-Probe
spectrometer was 3463.09 per second and the counts decreased with increments of
Plexiglas thickness. The last count for fast neutron measurement with 3 cm thickness of

Plexiglas was 2995.82 per second.
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Fig. 6. Fast neutron count rates with different thickness of Plexiglass at 5 kw power.

Exponential trend line in Fig. (6) provides the total macroscopic cross section,
0.049 cm, needed for both non-paralyzing and paralyzing dead-time calculations. The
total macroscopic cross section for average neutrons are tabulated in Table 2. The total
macroscopic cross sections were calculated based on total counts of fast neutrons (fast
neutrons vary from 800 keV to 20 MeV) for the N-Probe. The total absorption cross section
of Plexiglas can be calculated for a specific neutron energy using the same method.

The average macroscopic cross section of Plexiglas using the N-Probe liquid
scintillator (Fast probe) was calculated to be 0.049 cm™ for the non-paralyzing model using
0.5 cm and 1 cm thicknesses. Same macroscopic cross section can be used for the
paralyzing model since the same Plexiglas thicknesses were used for dead-time

calculations for paralyzing dead-time model.
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Table 2. Total macroscopic cross section (Xtot) for Plexiglas using all counts

Plexiglas XTOT (1/cm)
[ : ITOT (1/cm)
Thickness Non-Paralyzing _
(cm) Method Paralyzing Method
0.5 0.049 0.049
1 0.049 0.049

Based on a combination of the attenuation law and non-paralyzing and paralyzing
dead-time models, the dead-time of the fast probe (N-Probe detector) was calculated. Egs.
(7), (10) and (12) were used to calculate dead-time for the non-paralyzing model while
Egs. (13), (15) and (16) were used to calculate dead-time for the paralyzing model. Table
3 shows the dead-time calculations for the N-Probe detector. Non-paralyzing dead-time of
the detector was found to be 43.7 ps with an error of + 5.24 and paralyzing dead-time of
the detector was found to be 37.6 ps with an error of + 5.33. As was expected, dead-time
based on non-paralyzing assumption for the detector was higher than paralyzing dead-time.

Error propagations (S.) of dead-time measurements for both idealized models were

calculated using Eq. (17). smand s, are individual errors of measured counts and true

counts.
ot ot
S% =(s. —)% +(s. —)?
:=(sn 8m) (s, 6n) 17)

Table 3. Dead-time calculations of N-Probe for two ideal models

Plexiglas Non-Paralyzin Paralyzin
thickness ralyzing Errors yZIng Errors
(cm) Dead-time (Js) Dead-time (ls)
0.5 43.7 +5.24 37.6 +5.34
1 43.7 +5.22 37.6 +5.33

It is important to notice that the above technique assumes that the build-up of
neutron flux is insignificant for the geometry with half and one cm Plexiglas.
After calculating the dead-time of the detector, a high count rate experiment was

conducted and the count rates were corrected using non-paralyzing and paralyzing dead-
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times (see Fig. 7). As count rate increases, the dead-time effect of the detector increases.
The dead-time effect is almost negligible at low count rates. In the experiment, fast neutron
counts were high at around 900 keV and the dead-time effect is observable and the two

model seems to be separating the predictions significantly.
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Fig. 7. Fast neutron count rates with different thickness of Plexiglass at 5 kw power.

For the Canberra 3He detector (0.5NH1/1K) subcritical assembly was used to
calculate the detector dead time. Measurements of a plutonium-beryllium (PuBe) neutron
source were taken from nine distances with the Canberra *He detector in the Missouri S&T
Subcritical Assembly. These measurements were compared to results from well calibrated
MCNP model simulation results. The difference between the measured and simulated
values was attributed to dead time losses. Using this difference dead time was estimated
for the detector. The results of the measurements are provided in Table 4.

The results of the measurements (counts per second) and simulations (n cm sp™?)
cannot be directly compared so both sets of data were normalized to their smallest value
(see Fig. 8) for which dead time effects were considered to be negligible. In order to
calculate detector dead time, the true and measured count rates must be known. The
collection of the measured count rate has already been discussed. The MCNP results were

used to generate the true count rate. To do this, each tally result generated by MCNP was



25

divided by the tally result for the ninth detector position (45.72 cm from the source) and

multiplied by the measured value at the ninth detector position as seen in Eq. (18).

True Count Rate = 3% My (18)
S

9

Table 4. Neutron measurements from the Canberra 3He Detector in the Subcritical
Assembly

PuBe Ir:l)e:itterlg(r:lesgl?rr:e (cm) Count rate (counts s-1)

5.08 12661.98 + 156.32
10.16 7522.19 + 53.33
15.24 2935.79 £ 56.30
20.32 1101.94 + 26.70
25.40 439.10 £ 30.23
30.48 174.85 £5.29
35.56 74.17 £ 2.06
40.64 33.18 +0.68
45.72 15.44 £+ 0.52

Table 5. Results of MCNP simulations of Canberra ®He neutron detector in the Subcritical
Assembly

Distance from Cell-averaged Flux Tally
PuBe neutron source (cm) Result (n cm-2 sp-1)
5.08 2.40851E-03 * 4.09447E-
10.16 1.43884E-03 + 3.02156E-
15.24 5.57542E-04 + 1.95140E-
20.32 2.01799E-04 + 1.10989E-
25.40 7.43707E-05 + 6.76773E-
30.48 2.98034E-05 + 4.26189E-
35.56 1.21184E-05 + 2.13284E-
40.64 5.59834E-06 + 1.45557E-
45.72 2.32741E-06 + 9.12345E-
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Where S represents the tally result from MCNP and M represents the
measured value. Eq. (18) was applied to the results for the eight closest detector distances
and the dead-time at each location was calculated according to both the paralyzing and
non-paralyzing models. The ninth location was excluded because this position was used
for normalization process and cannot be used to calculate a dead-time using Eq. (18). The
results of the simulations are provided in Table 5. The paralyzing dead-time was calculated

to be 14.5 ps, and the non-paralyzing dead-time was calculated to be 16.4 ps.
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Fig. 8. The results of the measurements and simulations, normalized to their lowest values
for comparison.

4, Conclusion

The N-Probe utilizes two different spectroscopic techniques for providing neutron
spectrum. From 800 keV to 20 MeV, the fast neutron energy region is measured by a liquid
scintillator combined with a photon discriminator (fast probe). From 0 to 800 keV, the
thermal neutron energy region is measured by a spherical 3He detector. The dead-time of
the fast probe was determined via the combination of the attenuation law and idealized
dead-time models. All measurements were taken in front of the beam port at the Missouri
S&T Research Reactor (MSTR) while at 5 kW constant power. The paralyzing dead-time

value of N-Probe Liquid scintillator detector was found to be 37.6 + 5.34 ps, while the non-
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paralyzing dead-time value was found to be 43.7 £ 5.24 us. At this point we were not able
to compare the dead-time value of N-Probe liquid scintillator detector with BTI N-Probe
detector manual since the company strictly protecting this information. Dead-time values
for the fast probe were higher than expected since average liquid scintillator dead-time is
1to 10 ps [6]. The same method was used to calculate the dead-time of the N-Probe thermal
neutron probe at 5 kW power (constant flux). However, some fast neutrons thermalized
when the layers of Plexiglas was placed in front of detector. These thermalized neutrons
affect the dead-time calculations and result in negative dead-time values.

The dead-time of a tube-type Canberra ®He gas-filled detector was calculated for
both non-paralyzing and paralyzing dead-time models using subcritical assembly
measurements and MCNP simulations. The paralyzing dead-time was calculated to be 14.5
us, and the non-paralyzing dead-time was calculated to be 16.4 ps for *He gas filled
detector. The dead-time of gas-filled proportional (especially GM counters) detectors
generally lies between 100 and 300 ps [6]. However, Hashimoto and Ohya [20] used a
variance to mean method to calculate the dead-time of a *He proportional counter and its
dead-time was found to be approximately 10 ps. Calculated dead-time value of *He gas

filled detector is agreed with their result in the order of magnitude.
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Abstract

This research is an extension of feasibility study of MOX fuel online burnup
analysis. A multitude of fission products identified as candidates have been scrutinized for
their suitability of burnup analysis and spent fuel analysis. Best isotopes obtained for
analysis by investigating half-life, fission yield, branching ratios, production modes,
thermal neutron absorption cross section and fuel matrix diffusivity. *21 and °’Nb are
identified as good isotope candidates for on-line burnup analysis. **?I is also a good
candidate for plutonium/uranium discrimination due to the large difference in the fission
yield of the isotope. For interim storage monitoring the well-established cesium isotopes
appears to be the best choices unless the data gaps are addressed. Only alternate for cesium
for interim monitoring is 31 at the present time. For the long-term storage monitoring **Nb
is the most attractive candidate. It has a low diffusion rate of ~10! cm?/s, an almost zero
neutron absorption cross section making it burnup history independent and decent gamma
yield of 1.44E-09. In addition, the paper also identifies the data gaps for developing a robust

burnup analysis tool using gamma spectroscopy.

1. Introduction

Between 1977 and 1981 commercial reprocessing was banned by the United States
government, interrupting the U.S. reprocessing industry. The U.S. moratorium on 88
reprocessing did not, however, discourage European countries such as France from

developing the technology and incorporating Mixed OXide (MOX) fuel into their nuclear
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fuel cycle. While other nations pursued reprocessing, the U.S. chose to invest in the Yucca
Mountain Nuclear Waste Repository. However, with Yucca Mountain no longer under
consideration, the U.S. is reconsidering its fuel cycle options, and taking a second look at
reprocessing and MOX fuel [1, 2].

Decades of operation in France have demonstrated that MOX fuel can be
incorporated into a UO> fueled core without risking the safety of the plant or increasing the
risk of proliferation [3]. Now the U.S. power industry is investigating the fuel. In 2005,
Duke Energy commissioned AREVA to build four MOX fuel assemblies for the Catawba
Nuclear Station. The Megatons to Megawatts program is another major commitment by
the U.S to incorporate MOX into the fuel cycle. This program is an agreement between the
United States and Russia to dispose of approximately 35 metric tons (MT) of weapons-
grade plutonium by converting it into MOX fuel to be burned in commercial nuclear power
plants. The MOX fuel assemblies will be manufactured at the Department of Energy’s
Savannah River Site through a contract with Duke COGEMA Stone & Webster. As of July
2012, this program has converted 450 MT of weapons-grade uranium to low-enriched fuel
for power reactors [4].

Thorium fueled reactors are also under consideration because of the advantages of
the thorium fuel cycle. Thorium is abundant in the earth’s crust. With roughly four times
the concentration of uranium, it can be found across the globe. And because 22U is not
usually present in thorium fuel there are fewer transuranic elements in the spent fuel [5].
Thorium-based fuels can also be used for plutonium destruction. As there is no plutonium
created during use all the plutonium burned is gone for good. The only downside is that
fissile 222U is produced, which has many of the same proliferation concerns.

Regardless of how the U.S. fuel cycle changes, better tools and techniques for
measuring burnup and monitoring spent fuel will be required. One attractive option for
non-destructively examining spent fuel is gamma spectroscopy. In this work, a multitude
of fission products identified as candidates for burnup analysis and spent fuel monitoring,
as proposed by Dennis and Usman [6], are scrutinized for their suitability for such a
program. Consideration is given to half-life, fission yield, branching ratios, thermal neutron

absorption cross section, production modes and fuel matrix diffusivity. Based on these
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parameters, the best isotopes for non-destructive burnup analysis and spent fuel monitoring
have been identified.

2. Traditional Tools, Techniques and Conventional Isotopes for Burnup Analysis

A report was published by US Nuclear Regulatory Commission [7] discussing
various aspects of spent fuel monitoring and the requirements of the measurements system.
There are two broad groups of techniques available; “passive” measurement of delayed
neutrons and gamma and ““active” interrogation by either a pulsed neutron source or a weak
steady state source and subsequently monitoring the gamma and/or neutron emissions. For
safe transportation of spent nuclear fuel it is critical to have a reliable and efficient
monitoring system capable of on-site, accurate measurement of the spent fuel to ensure
compliance with the safety criteria. Gamma measurement is one non-destructive technique
(NDA) for spent fuel monitoring, analyzing the radiation emitted by irradiated nuclear fuel
assemblies to determine parameters such as burnup, cooling time, and a qualitative
verification of the irradiation history [8]. These parameters can be calculated with the help
of flux measurements in the core and following the path of the fuel assembly as it proceeds
with its burnup cycle. These calculations can be experimentally verified by the above
mentioned techniques. Willman and co-workers [9] have investigated *’Cs (T12 = 30.1
years), 1**Cs (T2 = 2.1 years) and ***Eu (T2 = 8.6 years) as indictors of cooling time and
irradiation history since these isotopes dominate the gamma spectrum of spent fuel after
five years of cooling time [7]. Moreover, the isotope has very small neutron absorption
cross sections and hence negligible burnup history dependence and its fission yields from
235y and %°Pu is approximately the same. Willman and co-worker [10] has reported the
success of using ***Eu while Dennis and Usman [11] reported the potential of using %°Ru.
Because of their relatively long half-lives, these isotopes are most useful for analyzing used
fuel after about 10 years of cooling. Focus of this manuscript is to analyze new isotopes
for their suitability as a burnup indicator. The conventional fission isotopes (*3'Cs, **Eu,
19%8Ru etc.) already considered for burnup analysis are not included in this discussion with
the exception of $3*Cs which is included for comparison. Interested reader may refer to

literature [8-11] for discussion on the conventional burnup isotopes.
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Another NDA technique for power reactor released spent fuel is based on neutron
measurements. A series of neutron absorptions in 238U leads to the production of 2*4Cm.
Spontaneous fission of 2**Cm provides a source of “delayed neutron”. Since the half-life
of 244Cm is 18.1 years, neutrons from 2**Cm are a measure of burnup. This technique is
sensitive to cooling time, and initial enrichment for the spent fuel. Additional information
on neutron measurement based burnup calculation is available in the literature [12].

Additionally, chemical assay with mass spectroscopic techniques [13] have
historically been applied to determine isotopic composition of spent nuclear fuel but these
techniques requires fuel sample destruction and can take a long time for sample analysis
91 and results. Recent new attempts for spent nuclear fuel analysis include use of digital
measurement of Cherenkov [14]. A patent is also been filed by Dowdy and co-workers
[15] on the application of Cherenkov radiation for irradiated fuel monitoring.

Focus of this manuscript is to compare the advantages of various isotopes for
gamma emission based spent fuel measurement. While other techniques are available

gamma measurement based spent fuel monitoring is the most commonly used technique.

3. Important Indicators for Burnup Analysis and Spent Fuel Monitoring

Burnup measurement are useful for a number of applications including; pre-
transportation compliance certification, monitoring of spent fuel for Special Nuclear
Material (SNM) accountability and proliferation deterrence, monitoring during storage for
historic burnup analysis and online burnup measurement for next generation reactors for
fuel cycle optimization. Additional spent fuel monitoring is required during reprocessing
operation. For each of these application one or more of the techniques described in the
previous section is better suited than others.

Half-life of the burnup indicator isotope is one characteristic that can dramatically
impact its suitability for different applications; online applications, interim storage and
long-term storage. A nuclide with a half-life between minutes and days is ideal for online
burnup determination but useless for historical data collection. For interim storage-pool
monitoring, the indicator’s half-life should be between a few days and a few years. Burnup

indicators for long-term storage applications should have half-lives greater than few years.
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Another desirable characteristic for burnup and used fuel monitoring indicators is
a simple production mode and a simple decay chain. Generally, it is significantly more
complicated to track the decay of a candidate isotope with multiple decay modes and
multiple production modes, which via direct fission and by decay of several fission
products. However, in certain situations this can be an advantage. A single production path
(production from single parent nuclide or direct production from fission) coupled with a
high fission yield ensures that a detectable amount of the isotope would be present. Since
the emitted gamma rays must potentially penetrate several layers of fuel, cladding, and
moderator, a high energy gamma ray (on the order of MeV) with a high branching ratio is
also necessary for detectability.

It is also important for the indicator isotope to remain in the fuel where it was
created after it is produced. Therefore, the neutron capture cross-section must be as low as
possible and must not exceed more than a few barns so that product atoms density is
independent of burnup history. Small neutron absorption cross section also ensures that
burnup indicator isotope generated from fission is not subsequently consumed by parasitic
neutron absorption. Low fission product migration at high temperatures is another desirable
characteristic. The fission product must ideally remain where it was created. Any migration

of fission products will skew the burnup profile of the assembly [16].

4. Candidate Isotopes

187Cs, 3Cs and ™*Eu are commonly used isotopes for burnup analysis and fuel
monitoring. Recently Willman et al. investigated two correlations between burnup and the
intensity of these isotopes. They proposed a linear correlation between burnup and the
intensity of the 661.7 keV **’Cs peak while they found that >*Eu and 3*Cs is related to the
93 square of burnup [9]. Hawari and co-workers [17] have considered gamma spectrometry
of Cs-137 and Eu-154 for online burnup monitoring of pebble bed reactors. Jansson and
co-workers [18] provide corroborating evidence that there is a correlation between *’Cs
intensity and burnup for Pressurized Water Reactor (PWR) assemblies [18]. Dennis and
Usman [11] proposed °Ru isotope for MOX fuel burnup analysis. They studied the

feasibility of using '°Ru as a burnup indicator for UO, fuel and as a means for
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discriminating between MOX and UO> fuel. Their ORIGEN-ARP (Oak Ridge Isotope
Generation and Depletion Code — Automatic Rapid Processing) simulations showed a
linear correlation between primary photopeak intensity and MOX fuel assembly burnup
for ¥3’Cs and %Ru. They relied on using peak ratios rather than raw peak counts to
normalize and remove the burnup history dependence.

This paper analyzes the list of candidate isotopes proposed by Dennis and Usman
[6] for their suitability for burnup analysis application. These isotopes are listed in Table
1. To complete the analysis, data was collected on the half-life, fission yield, branching
ratios, diffusivity, and neutron absorption cross section for each of the candidate isotope.
Some nuclides lacked data for some of these characteristics, leaving room for additional
research. However, based on an analysis of the data that was available, the best isotopes
for burnup analysis and irradiated fuel monitoring have been identified.

There are some isotopes in Table 1 that decay with virtually identical photon
energies. For example, *'™Ba, %®Tc, and *?Cs have almost same photon energy and
emission probability values. It would be difficult to distinguish these isotopes based on
gamma spectroscopy alone. However, their half-lives differ by orders of magnitude. **'™Ba
has a half-life of 2.55 min, which will decay quickly. The half-life of *®Tc is 4.2 million
years, making it practically stable. **2Cs has half-life of 6.48 days. For these situations one
may consider using an unfolding technique to determine correct apportionment of summed

peak and separating say **'™Ba from %Tc.

Table 1. Reference isotopes for burnup analysis and spent fuel monitoring [6]

Simulation . Photon Simulation . Photon
Energy Potential | Energy Emission Energy Potential | Energy Emission
Isotope (MeV) . Isotope (MeV) .
(keV) Probablity (keV) Probablity
76.6110 23Am 0.07467 0.66 617.82 108mA g 0.61437 0.90393
206Bj 0.074969 0.54146 BK 0.61749 0.80514
1Co 0.067412 0.85 190mQg 0.61608 0.9862
3Se 0.067 0.7729601 144pm 0.61801 0.98597
“Ti 0.07838 0.97619 626.15 BK 0.61749 0.80514
93.2640 4SCr 0.090639 0.532 144pm 0.61801 0.98597
101.5900 ’Ga 0.93311 0.357 148mpm 0.62997 0.88998
134.9000 9MT¢ 0.14051 0.8907 659.46 187mBg 0.66165 0.8998
143.2200 9MT¢ 0.14051 0.8907 1%2Cs 0.66769 0.97423
8SMK 0.15118 0.75278 130) 0.66854 0.96129
159.8700 S2Fe 0.016868 0.966 182) 0.66769 0.987
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*5Ni 0.15838 0.98795 "Nb 0.6579 0.9809
176.5300 2Fe 0.016868 0.966 1265h 0.66633 0.99619
Men 0.17128 0.9024 667.78 13TmBg 0.66165 0.8998
193.1800 oy 0.20251 0.96631 %Tc 0.65241 0.99745
166mHg 0.18442 0.726 132Cs 0.66799 0.97423
190mQs 0.18673 0.702 1301 0.66854 0.96129
226.4900 esmgy 0.23169 0.84725 132 0.66769 0.987
132Te 0.22816 0.88 692.76 "Nb 0.6579 0.9809
276.4400 203Hg 0.27919 0.773 1265h 0.66633 0.99619
203pp 0.27919 0.768 *Nb 0.70293 1
318.0800 192y 0.31651 0.82853 717.74 144Ppm 0.69649 0.99492
°1Ti 0.32008 0.929 1265h 0.695 0.99619
"Dy 0.32616 0.938 108mAg 0.72295 0.90499
326.4000 1o4myy 0.32845 0.929 751.05 166mHg 0.71169 0.54087
Sl 0.32008 0.929 1265h 0.7205 0.53794
"Dy 0.32616 09.38 24Am 0.746 0.67
359.71 Se 0.3611 0.965 52Mn 0.74421 0.9
190mQs 0.36109 0.9488 97mNy 0.74336 0.9796
131 0.36448 0.81164 759.37 %®Tc 0.74535 0.99819
376.36 BK 0.37276 0.87273 Zr 0.75671 0.55345
204mpy 0.89915 0.99164 *Nb 0.76579 0.99808
2007 0.36794 0.873 767.7 *Tc 0.76579 0.9382
434.64 108mAg 0.43393 0.89881 Zr 0.75671 0.55345
2027 0.43956 0.915 82Br 0.77649 0.8331
89mZn 0.43863 0.94889 1321 0.77261 0.76196
484.6 181Hf 0.48203 0.825 792.68 *Nb 0.76579 0.99808
Loamyy 0.48286 0.97 *Tc 0.76579 0.9382
8y 0.4847 0.9394 809.33 13Cs 0.79584 0.854
Somy 0.47953 0.9099 2107] 0.7997 0.9896
492.93 1990s 0.50255 0.9778 205Bj 0.8031 0.9889
1%3Ru 0.49708 0.889 *8Co 0.81076 0.9943
8y 0.4847 0.9394 136Cs 0.8185 0.997
534.56 1301 0.53609 0.99 166mHg 0.81031 0.57136
133 0.52987 0.8632 *°Ni 0.81185 0.85996
135mXe 0.52656 0.80997 1592 *Tc 0.81254 0.81803
601.17 13Cs 0.6047 0.976 2107] 0.7997 0.9896
1245h 0.60271 | 0.978001 14014 1.5965 0.9549

Table 2 lists the candidate isotopes from Table 1 with their half-lives and divides

them into groups based on their usefulness for online burnup analysis, interim storage

monitoring, and long-term or historical data applications. A cut off of ten minutes was used

as the lower limit for online measurement system. This choice is based on the fact that at

least 2-3 minutes would be required to transport the irradiated fuel to location where it can

be measured. And a minimum of one minute count might be necessary for good statistics

of the peak counts. However, if there is a slight uncertainty in the cooling/transport time

the quality of measurement can be adversely impacted for a short lived isotope. Therefore,
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a ten minute lower limit is set for half-life for online burnup application. Hence,
radioisotopes with half-lives less than ten minutes are not considered useful for any of these
applications. This choice of ten minutes is also to ensure that during the measurement time
(that is one min count) the activity is only going to reduce by less than 7%. Four isotopes
are placed in Group 0 with half-lives less than 10 minutes and therefore minimum to no
usefulness. There are 21 isotopes in Group 1 having half-lives between 10 minutes and 24
hours. Nuclides in Group 1 are suitable for online burnup analysis. For online measurement
too long half-life is not useful either. The upper limit for online burnup applications half
live is set at 24 hours. These choices are somewhat arbitrary. There are 30 isotopes in
Group 2 with half-lives between 24 hours and 5 years. Group 2 nuclides are ideal for
interim-storage pool monitoring applications. Group 3 encompasses potential tracers for
long-term storage applications. There are six isotopes in Group 3 with half-life of 5 years
or more. These isotopes are possibly best suited for historical data validations and long-

term spent fuel monitoring.

a) Online burnup analysis — Candidate Isotopes

For the three applications in mind, next step is to evaluate the best isotopes for each
application in regards to their physical properties; fission yield, branching ratio and gamma
energies, neutron absorption cross section and diffusion parameters. Group 1 is candidate
isotopes for online monitoring. Table 3 provides half-lives, emission probabilities
(branching ratio), the corresponding gamma energies and fission yields (thermal neutron
fission yield from uranium and plutonium) for all candidate isotopes for group 1. The last
column in the table lists gamma yield (PxFY) which is the product of fission yield and
emission probability and can be used as a figure of merits for an isotope’s suitability as a
burnup indicator. PxFY is in fact number of discrete energy gammas released per fission.
Higher the PxFY is better suited the isotope would be for burnup applications. Table 3 also
lists the ratio of the fission yield for *°U and 2**Pu. This ratio is an indicator of the isotope’s

usefulness to be used as a discriminator between 23U and 2*°Pu.



37

Table 2. Candidate isotopes grouped by half-life for burnup analysis [19]

NOTUSEFUL | aNALYSis | ANALYSIS |  STORAGE.
(GROUP 1) (GROUP 2) (GROUP 3)
Lessthan | (Tw2) | 10 min - (Tw2) | 24 hours- (Tw2) 5 years- (T12)
9 min (min) | 24 hours (min) 5 years (days) more (year)
1 9"mNh 0.9683 | 1%mQOs 9.9 2007 1.088 “Ti 58.9
2 2107 1.3 4Cr 42.3 82Br 147 108mA g 418
3 137mBy 2.55 204mpfy 67.2 1401 9 1.6785 166mHg 1200
4 SITi 5.77 85mgy 67.63 203pp 2.163 243Am 7390
5 Nb 72.1 0y 2.67 %Nb 20300
6 ®1Co 99 Min 2.8 %Tc 4200000
7 132) 137.7 1%2Te 3.20
8 S0omy 191.4 Ga 3.26
9 8MKr 268.8 8y 3.35
10 ¥mTc 360 %Tc 4.28
11 3Ge 429 52Mn 5.59
12 157Dy 488.4 BN 6.075
13 S2Fe 496.5 206B;j 6.243
14 244 Am 606 182Cs 6.48
15 130) 741.6 181 8.0252
16 89mzZn 825.6 2027 12.31
17 135mxe 917.4 1265h 12.35
18 ®Tc 1200 136Cs 13.16
19 133) 1248 %Nb 34.985
20 8K 1338 103Ru 39.247
21 200 1566 148mpm 41.3
22 1BIHf 42.38
23 203Hg 46.594
24 124gh 60.2
25 %Zr 64.032
26 %8Co 70.86
27 192y 73.828
28 1o4myr 170
29 144pm 363
30 13Cs 753.725
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Table 3. Group 1 fission product and decay characteristics [20, 21, 22, 23]
(Potential candidates for online measurements)

Emission

25U Th.

Isot | Half-life | "0 = h Energy Fiss 2pyTh. | FY Ratio | PxFY (*U)

ope | (mins) (%) Y (keV) Vielg | Fiss. Yield | (*U/°Pu) | Gamma yield
86.8 372.76

©K | 1338 79.16 617.49 N/A N/A N/A N/A
11.85 396.86
53.2 90.64

“ocr | 423 30.32 152.93 N/A N/A N/A N/A
16.39 62.29
99.18 168.69

SFe | 4965 1.64 377.75 N/A N/A N/A N/A
0.21 1727.57
84.67 67.42

61Co 99 0.79 841.7 N/A N/A N/A N/A
3.62 909.2

somz 94.8 438.63 1.0053E-11

. 825.6 1000 t739 | LOBO4E-11 | 7.0227E-10 | 001509976 | ocooETy
69.84 67.07 3.5688E-17

7356 429 97.0 3612 | 5.1100E-17 | 2.0330E-19 | 251.352680 | 4.9567E-17
0.27 510 1.3797E-19
75 151.195 4.424E-05

8smK 0.300 129.81 1.7696E-07

. 268.8 0oL aio | D-B9BTE-05 | 2.3275E-05 | 253440460 | gooo= oo
14 304.87 8.2582E-06
96.0 151.19 1.4145E-13
97.49 231.86 1.4365E-13

gmgr | 67,63 1.12 129.82 | 1.4735E-13 | 2.1241E-11 | 0.00693691 | 1.6503E-15
0.11 731.80 1.6208E-16
0.32 238.78 4.7150E-16
100. 2318.97 5.2570E-08
97.25 202.53 5.1125E-08

90m | -

Y | 1914 907 470o; | 52570E-08 | 11327E-06 | 0.04641017 | ;77005 0
0.32 681.8 1.6822E-10
1.95 947.67 1.6075E-18

STc | 1200 3.74 1073.71 | 8.2435E-17 | 2.6280E-16 | 0.31367960 | 3.0831E-18
93.82 765.79 7.7341E-17
1.09 1024.4 1.1667E-06

Nb | 721 0.15 1268.62 | 1.0704E-04 | 6.5215E-04 | 0.16413044 | 1.5056E-07
98.23 657.94 1.0514E-04

oom 140.511 2.5233E-10

) 360 | 885 0023 | 4o ogs | 28512E-10 | 27839E-08 | 0.010241823 | ¢2oC 1,
99. 536.07 1.5354E-06

B | 7416 96.03 668.54 | 1.5510E-06 | 3.2879E-05 | 0.04717187 |  1.4894E-06
82.17 739.51 1.2744E-06
98.7 667.71 1.0258E-04

wy | 1377 75.6 772.60 | 1.0393E-04 | 1.5148E-03 | 0.068611905 |  7.8574E-05
17.57 954,55 1.8261E-05
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Table 3 continued.

262.70 3.6427E-06
422.903 3.1618E-06
0.356 510,530 1.8521E-05
0.309 617.978 5.5153E-06
181 680,252 6.5999E-06
0539  0.645 706,575 1.5246E-05
1) | 1248 | 149 0.457 768.360 1.0232E-03 | 6.8765E-03 | 0.14880330 | 4.6762E-06
1.23 4.47 856.278 1.2586E-05
0551 149 875.328 4.5739E-05
2.33 1052.39 5.6381E-06
86.3 1236.44 1.5246E-05
1298.22 2.3841E-05
529.870 8.8306E-04
147 786.9 2.6631E-05
o 0.1 1133.0 1.8117E-06
Xe | 917.4 > e L8117E-03 | 75334E-03 | 0.24032102 | 15H7E00
80.8 526.56 1.4638E-03
93 2.5064E-18
1Dy | 488.4 0.26 326':‘;‘32 453'04 2.6950E-18 | 1.6595E-15 | 0.0016239 | 7.0070E-21
1.33 : 3.5844E-20
94.88 3612 N/A
1wmOs | 9.9 97.79 502.5 N/A N/A N/A N/A
98.62 616.5 N/A
367.94
207 | 1566 | 870 2 9313'75 579.30 N/A N/A N/A N/A
: 1205.75
942 374.76
20ampp | 67.2 99.17 899.15 N/A N/A N/A N/A
915 911.74
24am | 606 62% 14397 N/A N/A N/A N/A
" 897.85 153.86

We have somewhat arbitrarily selected a lower limit of gamma yield per fission of
107 to identify the most attractive isotopes for burnup interrogation. For online application
since the cooling time is small isotopes an isotope with lower than 10 gamma yield may
still be useful, therefore we have set the gamma yield usefulness limit to 108, At this point
it is important to notice the data gaps, for many isotopes (marked as N/A — not available).
For these isotopes fission yield information is either not available at all or is available with
large discrepancies between the sources of information. Therefore additional work is
required to evaluate the effectiveness of these isotopes as burnup indicator.

Some of the isotopes, such as "3Se, 8™Sr are not suited for burnup analysis because
their low gamma yields (PxFY). Some of the isotopes such as 1*°™Os have no fission yield
(and hence gamma vyield) available in the literature. Candidate isotopes without gamma

yield values or with values below 10 are not considered suitable for online burnup
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analysis. 13°I emits a 668.54 keV photon with an emission probability of 96.03%, while 12|
emits a 667.1 keV photon with an emission probability of 98.7%. Because of their similar
photon emission energies, distinguishing them from one another would be difficult even
with high resolution spectroscopy. However, the fission yield for 3| is two orders of
magnitude higher than that of 1*°1, therefore most of the gamma in this case would come
from for *2| (note that the emission yields of the gammas of interest are very similar). In
cases where the fission yield difference is not as large, but there is significant difference in
the half-lives (for example, half-life of 1*1 is almost five times longer than **21) one would
rely on standard unfolding techniques to separate the contribution from the individual
peaks.

Table 4 lists thermal neutron absorption cross sections and number of production
paths for group 1 candidate isotopes. Thermal neutron cross section is an important
parameter for a candidate burnup analysis isotope. A large neutron cross section would
mean that the isotope will exhibit large burnup history dependence. Therefore a low
thermal neutron absorption cross section is desired. Moreover, any burnup indicator with
large thermal neutron cross section will be lost by neutron absorption. Therefore at
2.65E+06 b, the thermal absorption cross section of **™Xe is much too high to be used as
a tracer for online burnup analyses. On the other hand, ®’Nb and **?I have an absorption
cross section of 0 b; the lowest of the isotopes in Group 1 therefore making them a very

attractive candidate for burnup analysis.

Table 4. Group 1 candidate isotopes thermal absorption cross section and production mode
for online burnup analysis [24]

Thermal Absorption Number of
Isotope Cross Section Production
(barns) Modes

132) 0.00E+00 1
9Nb 0.00E+00 1
4SCr 1.72E-02 2
®1Co 1.73E-02 1
8SmKr 2.35E-02 1
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Table 4 continued.

3K 1.18E+00 1
52Fg 1.74E+00 2
190mQyg 3.90E+00 1
somy 6.50E+00 1
69mzp 7.24E+00 1
133 9.69E+00 1
¢ 1.41E+01 1
130] 1.80E+01 1
85mgy 1.91E+01 1
2007 1.95E+01 1
735e 2.18E+01 1
%M e 2.29E+01 1
157Dy 1.17E+02 1
244Am 6.00E+02 1
204mppy 7.03E+02 1
135my g 2.65E+06 1

The ideal online burnup tracer would only be produced by fission. However, two
isotopes in Group 1, “°Cr and 2Fe, are also produced by the decay of other fission products,
making them less than ideal candidates. Any burnup analysis algorithm based on an isotope
with multiple production modes will show cooling time and burnup history dependence
and therefore should be avoided.

Table 5 shows the diffusion properties of the Group 1 isotopes. Where possible the
diffusion coefficient in UO: is provided, but for many candidates this information is not
readily available. High diffusion rates would lead to significant migration of the isotope
from its original location of birth to other areas. This migration will skew the measurement
results, and will make certain sections of high burnup fuel not to be recorded appropriately.
Therefore, high diffusion rates are not desirable for isotopes being considered for burnup
analysis. There are significant knowledge gaps in regards to diffusion coefficients of fission
isotopes. Ideally these diffusion coefficients must be measured in MOX and UO; fuel
matrix separately at the elevated temperature comparable to fuel operating temperatures.

Much of this information is missing. There is limited data on uranium diffusion and none
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on MOX. When UO; diffusion data was missing, to provide predictive data as a helpful
tool diffusion coefficient in other materials is listed in table 5. For example, there is no
diffusion coefficient for Os in fuel material is available, however diffusion coefficient of
1.07x10-9 cm?/s (at 1100 °C) is reported in pyrrhotite (OsPOs) which too varies with
temperatures [25]. Reference cited in the table may be a good starting point for an interested
reader to explore additional information. Needless to say that more work is needed in the
area of isotope diffusion rates for many isotopes of interest. It is also difficult to predict the
diffusive characteristics of MOX fuel without experimental data and how it would compare
with UOa.

Table 5. Diffusion coefficients of candidate isotopes for online burnup analysis

Isotopes DIFFUSION Isotopes DIFFUSION
Tc in dense Bentonite :
K in melilite : D=8x107 cm?/s
sy D=1.22x1016 cm?%s at 900 °C 99m T . .
Tc in dense metalic Molybdenum :
[26] D=5.1x10" cm?/s at 600 °C
[44,27]
Cr in B-Uranium :
D=3.6x101° cm?/s at670°C lodine in UO; :
socy D=6.45x10" cm?%s at 680 °C 130) D=5.0x10" cm?/s at 1650 °C
D=3.80x101° cm?%s at 695.8 °C D=3.0x10 cm?/s at 1400 °C
D=5.36x101°cm?/s at 712.7 °C [28]
[30]
Fe in Fe3Ou: lodine in UO; :
52p¢ D=1.63x108 cm?/s at 1199 °C 122) D=5.0x10" cm?/s at 1650 °C
D=1.59x10"° cm?/s at 1200 °C D=3.0x10" cm?/s at 1400 °C
[29] [28]
Co in B-Uranium :
D=9.3x10°cm?%s at 691.5°C lodine in UO; :
61Co D=1.16x108 cm?/s at 706.3 °C 133 D=5.0x10" cm?/s at 1650 °C
D=1.33x108 cm?/s at 717.0°C D=3.0x10 cm?/s at 1400 °C
D=1.90x10®8 cm?/s at 741.0°C [28]
[30]
Znin LiTaOs:
D=3.055x10** cm?/s at 900 °C Xe in UO;:
8mzn | Zn in CulnSe; bulk crystal: 135mxe D=2.5x10" cm?/s at 1400 °C
D=5.0x10""* cm?/s at 550 °C [33]
[31,32]
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Se in PbSe :
D=0.5x10"3 cm?/s at 400 °C
— -12 2 0
D=1x10"* cm®/s at 500 'C Dy on the W(111) facet
nge | D=0.8x107 cm%sat800°C 157Dy | D=5.0x10° cms at 827 °C
Se in Carbon steel : [36]
D=2x10"2 cm?/s
[34,35]
Sr in Bi2Sr,CuQq:
D=3.4x10 cm?/s at 775°C
D=1.1x10" cm?/s at 800 °C Os in Pyrrhotite(OsPOs) :
85mgy 190mQg D=1.07x10° cm?/s at 1100 °C
Sr in Carbon steel : [25]
D=9.7x10"8 cm?/s
[34,37]
Tl in KCI:
Kr in crushed UO; : D=0.8x10" m%s at 300 °C
ssmicr D=6.7x10"Y" cm?/s at 900 °C 2007
D=8.3x101° cm?/s at 1100 °C Tlin TI Amalgam :
[38] D=0.98x10° cm?/s at 1200 °C
[39,40]
Pb in Zircon :
— -16 2 0
Y in U0, : D=1.77x10"° m?/s at 1251 °C
90m — -8 2 _ 0 204m
Y D=6.8x10"° cm?/s at 1150 1450[4% Pb Pb in solid PbT1 50%Pb -
D=1.86x10"'2 cm?%s at 206 °C
[42,43]
Tc in dense Bentonite :
D=8x107 cm?/s Am in UO::
95TC _ . 264 pm D=4.5x101* cm?/s for high O potential
Tc in dense metallic Molybdenum : D=6.0x10"1° cm?/s for low O potential
D=5.1x10"Y" m?%s at 600 °C [45]
[35,44]
Nb in UO::
9Nb D=7.99x10"* cm?%s at 1096 °C
D=4.82x10" cm?%s at 1380 °C
[41]
b) Interim Storage (short term monitoring) — Candidate Isotopes

For interim storage analysis isotopes from third column of table 2 were selected for

further analysis. Table 6 displays half-lives, emission probabilities (branching ratio), the

corresponding gamma energies for all candidate isotopes for group 2. Similar to group 1,

the last column in the table lists gamma yield which is the product of fission yield and
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emission probability and the other two columns list the ratio of the fission yield for 2°U
and 2°Pu and fission yields (thermal neutron fission yield from uranium and plutonium).
The data in Table 6 is used in conjunction with the data in Tables 7 and 8 to evaluate
usefulness of these isotopes for spent fuel monitoring program. The criteria for isotopes in
Group 2 are similar to those used for Group 1. If a candidate’s gamma yield (PxFY) value
is less than 108, it is considered as unsuitable tracer for spent fuel monitoring. Several
candidates were eliminated from Group 2 because of their low gamma yield (PxFY) values
for example, %’Ga, 1*In, and *8™Pm. Candidate isotopes were also excluded if their gamma

yield could not be determined due to lack of data, for example; *®Ni and 2°3Hg.

Table 6. Group 2 fission product and decay data [20,21,22,23]

Isotope H|ﬁ=|ef ErF',‘;f)st')O” Energy 235 Th. 2%py Th. | FY Ratio PXFY
. H H H H 2351 1/239 235
(days) (%) (keV) Fiss. Yield Fiss. Yield | (“*U/**Pu) (Gall)!
90.0 744.23
“Mn | 559 94.5 935.54 N/A N/A N/A N/A
1000 | 143409
98.8 158.38
®Ni | 6075 | 495 749.95 N/A N/A N/A N/A
86.0 811.85
30.0 511.0
“Co | 7086 | i i N/A N/A N/A N/A
0.52 1674.72
38.81 93.31 4.6316E-18
“Ga | 326 | 2141 18458 | 11934E-17 | 2.91553E-16 | 0.040932523 | 2.5551E-18
16.64 300.22 1.9858E-18
71.06 554.35 2.7155E-07
wgr | 1470 | 4353 61911 | 3.82137E-07 | 8.99942E-06 | 4.24624E-02 | 1.6634E-07
83.4 776.52 3.1870E-07
my | a3 | 22 Se0>3 | 3s2878E15 | 1.01775E-12 | 0.003467237 | 2790TE D
oY | 267 | oot | aeoT9 | 369872608 | 7.96964E-07 | 0.046410126 | L NA
0.27 235.60 3.4304E-06
®zr | 64032 | 4427 | 724193 | 1.27051E-03 | 1.25467E-03 | 1.01262E+00 | 5.6245E-04
5438 | 756.729 6.9090E-04
0.03 204.12 3.1812E-10
“Nb | 34985 | 001 561.88 | 1.06041E-06 | 5.65875E-06 | 187393E-01 | 1.0604E-10
99.808 | 765803 1.0584E-06
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99.76 778.22
%TC 4.28 82.00 812.54 N/A N/A N/A N/A
97.57 849.86
0.071 39.76 1.6729E-10
0.384 53.275 9.0480E-10
0.289 294.98 6.8095E-10
Ry | 39.247 | 0.344 443.80 2.35624E-07 | 1.26480E-05 | 0.018629349 | 8.1055E-10
91.31 497.08 2.1515E-07
0.855 557.04 2.0146E-09
5.78 610.33 1.3619E-08
0.003 150.81 8.9136E-20
1Ly 2.8 90.65 171.28 2.9712E-15 | 1.6524E-12 | 0.001798112 | 2.6934E-15
94.09 245.35 2.7956E-15
983 | 602.727 2.6578E-08
7.46 | 645.853 2.0170E-09
1.360 | 709.320 3.6772E-10
2.287 | 713.781 6.1836E-10
10.81 | 722.784 2.9228E-09
0.743 | 790.711 2.0089E-10
1.892 | 968.199 5.1156E-10
124 60.2 1.841 | 1045.128 2.70379E-08 | 2.69957E-07 | 1.00156E-01 | 4.9777E-10
1588 | 1325.508 4.2936E-10
1.043 | 1355.175 2.8201E-10
2.623 | 1368.160 7.0920E-10
1.222 | 1436.561 3.3040E-10
0.675 | 1488.88 1.8251E-10
47.79 | 1690.975 1.2921E-08
551 | 2090.936 1.4898E-19
83.27 414.7 7.2903E-06
2gh | 12.35 99.6 666.5 8.75506E-06 | 1.37397E-05 | 0.637208964 | 8.7200E-06
99.6 695.0 8.7200E-06
2.607 80.185 1.0193E-06
6.06 284.305 2.3693E-06
& 8.0252 81.2 364.48 3.90977E-05 | 2.29304E-04 | 0.170505966 | 3.1747E-05
7.26 636.989 2.8385E-06
1.796 722,911 7.0219E-07
14.96 49.72 2.2867E-03
2Te | 320375 | 1.96 116.30 1.52851E-02 | 2.25318E-02 | 0.678379002 | 2.9959E-04
88.0 228.16 1.3451E-02
0.75 505.79 5.5262E-12
0.96 630.19 7.0735E-12
152 99.45 667.71 7.3277E-10
Cs 6.48 P 26447 7.36827E-10 | 2.97953E-09 | 0.247296386 | o'0.0- 10
11.94 567.16 8.7977E-11
6.88 1031.66 5.0694E-11
8.37 563.243 3.7112E-09
15.38 569.32 6.8193E-09
154 97.65 604.72 4.3297E-08
Cs | 753725 | ‘gt 795 gg | 443390E-08 | 3.85859E-06 | 1.14910E-02 | oo 0= o
8.7 801.945 3.8575E-09
3.017 1365.186 1.3377E-09
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42.17 340.55 1.4689E-05

w6Cs | 13.16 99.7 818,51 3.48339E-05 | 6.13750E-04 | 5.67558E-02 | 3.4729E-05
79.76 1048.07 2.7784E-05
20.8 328.761 1.0832E-05
2.995 432513 1.5597E-06
46.1 487.022 2.4008E-05
4392 751.653 2.2872E-06
23.72 815.781 1.2353E-05

o 5.58 867.839 2.9059E-06

La | 1.6785 >3 91033 | 520771E-05 | 101954E-04 | 5.10790E-01 | {00 ¢
7.04 925.198 3.6662E-06
0.531 950.988 2.7653E-07
95.40 1596.203 4.9682E-05
0.845 2347.847 4.4005E-07
3.412 2521.30 1.7769E-06
43.78 476.78 2.0429E-14

Wipm 363 98.5 618.01 4.6662E-14 | 1.2900E-12 | 0.036172093 | 4.5962E-14
99.49 696.49 4.6424E-14
222 75.8 1.9500E-11
2.47 98.48 2.1695E-12
1.10 189.63 9.6619E-13
12.56 288.11 1.1032E-11
3.92 311.63 3.4432E-12
18.66 414.07 1.6390E-11
5.35 43278 4.6992E-12

usmpm | 41.3 6.75 501.26 8.78357E-11 | 4.03712E-08 | 0.002175702 | 5.9289E-12
94.9 550.27 8.3356E-11
12.54 599.74 1.1015E-11
5.48 611.26 4.8134E-12
89.0 629.97 7.8174E-11
328 725.70 2.8810E-11
17.17 915.33 1.5081E-11
20.3 1013.81 1.7831E-11
433 133.021
5.85 136.26
0.86 136.86

BIHF | 42.38 15.12 345.93 N/A N/A N/A N/A
0.703 475.99
80.5 482.18
0.233 615.17
31.2 308.46

w2 | 73.828 | 86.94 316.51 N/A N/A N/A N/A
50.26 468.07
93 3285

104m|p 170 97 4826 N/A N/A N/A N/A
62 600.5
87.0 367.94

2007 1.088 13.75 579.30 N/A N/A N/A N/A
29.93 1205.75
915 43951

2007 12.31 0.59 520.3 N/A N/A N/A N/A
0.07 960.1
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80.9 279.2

203pp 2.163 3.35 401.32 N/A N/A N/A N/A
0.75 680.51

203Hg 46.594 81.48 279.2 N/A N/A N/A N/A
40.79 516.18

206B;j 6.243 99 803.10 N/A N/A N/A N/A
66.23 881.01

Table 7 lists thermal neutron absorption cross sections and number of production
paths for group 2 candidate isotopes. In this table *Ir has the highest value of absorption
cross section. Similar to group 1, for storage-pool monitoring applications (group 2) low
thermal neutron absorption cross section is desired. Any burnup indicator with large
thermal neutron cross section will be highly dependent on burnup history. Therefore at
1.42E+03 b, the thermal absorption cross section of °2Ir is much too high to be used as a
tracer for online burnup analyses. On the other hand, *Ni, 2°°Bi, and 2°*Pb having multiple
modes of production is not suitable for interim-storage monitoring applications.

Table 8 shows the diffusion properties for group 2 isotopes. Where possible the
diffusion coefficient in UO: is provided, but for most candidates this information is not
readily available. As discussed earlier, high diffusion rates are not desirable for isotopes
being considered for burnup analysis. Diffusion coefficients data is provided for many of
these isotopes in other materials due to limited information available in the literature. For
instance, there is no diffusion coefficient within the fuel element for Ni isotope; however,
data is available for Ni diffusion in copper and aluminum. The available data also shows
significant temperature dependence. Diffusion coefficients in the table 8 are not sufficient

and need for further research on diffusion coefficients in UO, and MOX fuels is obvious.

Table 7. Group 2 candidate isotopes thermal absorption cross section and production mode
for storage fuel burnup analysis [24]

Isotope Thermal Absorption Number of
P Cross Section (barns) Production Modes
13Cs 0.0000E+00 1
103Ru 0.0000E+00 1

148mpm 0.0000E+00 1




Table 7 continued.

Te 2.0000E-03 1
Sz 1.2000E+00 1
“OLa 2.7000E+00 1
oy 3.5000E+00 1
***Hg 4.9480E+00 1
*Ni 5.0230E+00 3
1265, 5.8000E+00 1
*Nb 7.0000E+00 1
203py, 9.8709E+00 2
206 1.0400E+01 2
*Ga 1.0760E+01 1
el 1.1402E+01 1
136Cg 1.30000E+1 1
Br 1.6630E+01 1
124sh 1.7400E+01 1
ATy 1.7600E+01 1
oY 1.8361E+01 1
20Tl 1.9500E+01 1
*Tc 2.35440E+1 1
H4Pm 3.5380E+01 1
¥%Cs 3.7035E+01 1
Hn 4.3100E+01 1
*Mn 5.3366E+01 1
HIHE 8.0000E+01 1
= 8.0000E+01 1
**Co 1.6508E+02 1
2 1.4212E+03 1

Table 8. Diffusion coefficients of candidate isotopes for spent fuel monitoring

Isotopes DIFFUSION Isotopes DIEFUSION
Mn in CdTe: ) .
D=9.72x10* cm?s at 800 °C Tein UO; :

52Mn D=8.70x10"% cm?/s at 600 °C 1327 D=1.7x10"2 cm?/s at 1400 °C

[47]

[46]




Table 8 continued.

Ni in copper :
D=4.67x10% m?/s at 340 °C

Csin UO3:
D=1.14x1018 cm?/s at 1227 °C

56N Ni in aluminum: 132Cg D=1.0x10"Y cm?/s at 1327 °C
D: 5.12x10%8 cm?/s at 450 °C
[50]
[48,49]
Co in B-Uranium :
D=9.3x10° cm?s at691.5°C Csin UOy:
D=1.16x10"® cm?/s at 706.3 °C D=1.14x10"18 cm?s at 1227 °C
%8Co D=1.33x10® cm?s at 717.0°C 134Cs D=1.0x10Y cm?/s at 1327 °C
D=1.90x10"® cm?/s at 741.0°C
[50]
[30]
Gain GasSb : Csin UO3:
D=3.83x10® cm?%s at551°C D=1.14x10" cm?s at 1227 °C
5Ga D: 9.33x10% cm?/s at 640 °C 136Cg D=1.0x10Y cm?/s at 1327 °C
[51] [50]
Br in NaCl: La in molten Uranium:
D=2.27x10"" cm*/s  at 20 °C D=4.2x107 cm?/s at 1200 °C
82By D=1.52x10" cm?s at 500 °C 0La o
(52] [53]
Y in UO; : Pm in Silicon:
D=6.8x10® cm?/s at 1150-1450 D=1x10" cm?s at 1100 °C
87y °C 144pm D=1.5x10"cm?/s at 1250 °C
[41] [54]
Y in UO;: Pm in Silicon:
D=6.8x10® cm?/s at 1150-1450 D=1x10" cm?s at 1100 °C
0y °C 148mpm | D=1.5x10"?cm?/s at 1250 °C
[41] [54]
Nb in UO;: Hf in o-Zr:
D=7.99x10"1* cm?/s at 1096 °C D=4.0x10** m?/s at 500 °C
SNb D=4.82x10"* cm?/s at 1380 °C 18IHf D=1.5x10%®cm?/s at 842 °C
[41] [55]
Zr in Titanite: Ir in Silicon -
D=3.46x101° cm?%s at 753 °C _ 20 2 0
7r | D=121x10%cm¥/s at1050°C | e7y | P=31X107cms at550°C
(56] [57]
Tc in dense Bentonite :
D=8x10"" m?/s
Ir in Silicon :
9%TC Tc in dense metalic odmy D=3.1x10%° cm?/s at 550 °C

Molybolenum :
D=5.1x10" cm?/s at 600 °C

[44,27]

[57]

49



Table 8 continued.

Ru in SiC: .
Tlin KCI:
D=55x10"2 cm?/s at 1850 °C _ L, 0
D=8x10"2cm?/s at 1650 °C D=0.8x10" cm“/s at 300 °C
103Ry Ru in Aluminum: 2007 Tlin TI Amalgam :
. — 5 2 0
D= 5.1x100 cm?/s at 600 °C D=0.98x10° cm“/s at 1200 °C
[56,59] [39,40]
Inin In-Sn alloy : Tlin KCI -
_ BENY 0 D=0.8x10"° cm?/s at 300 °C
myy | D=2.29x107 ems at257C 20T | D=1.2x10 cm?s at 350 °C
[60] [39,40]
o Pb in Zircon :
Sb in TiSiz: - -16 2 0
D=3x10" cm?/s at 550 °C D=1.77x10"° cm?/s at1251°C
— -13 2 0
gy | DEIA0 s 200 K 203pp | P in solid PbTI 50%Pb :
o D=1.86x10"12 cm?/s at 206 °C
[61] [42,43]
R Hg in AgsSn :
Sb in TiSiz: - A1 A2 0
D=3x10% cm?/s at 550 °C D=6.04x10** cm?/s at 50 °C
D=1.3x10" cm?/s at 600 °C .
126 203 .
Sb | D=1 5x102 em?fs at 700 °C Hg | HoinAgeHgs: 0
D=1.53x10" cm?/s at 50 °C
[61] [62,63]
lodine in UO; Bi in nanocrystalline copper :
131 D=5.0x10* cm?/s at 1700 °C 206 D=2.3x10 cm?/s at 100 °C
D=3.0x10> cm?/s at 1400 °C
[28] [64]
C) Long-term storage/Historic data — Candidate Isotopes
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For long-term storage monitoring application (group 3) only six isotopes were

identified in table 2. Table 9 lists data aggregated from the literature to identify the best

isotopes from Group 3 (5 years < Tip) for historical data burnup analysis. The data

presented here includes the thermal fission yields from 23°U and #*°Pu, important photon

emission probabilities, and corresponding gamma ray energies. Similar to the previous

groups the product of fission yields and gamma emission is also listed as the figure of merit

for the isotope’s suitability for tracer applications. Isotopes with a gamma yield of less than

108 were not consideration useful. Unfortunately, the highest gamma yield in Table 9

(from ®*Nb) is still an order of magnitude below this criterion. For group 3 application

long-term storage historic burnup data reconstruction it is possible to count for extended
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period of data and therefore lower gamma vyield are acceptable. Moreover, due to long
cooling time many of the interfering short lived gamma emitter would decay away making
low intensity measurements possible. With this possibility in mind, thermal absorption
cross sections, number of production modes and diffusion coefficients of group 3 isotopes
are presented in Tables 10 and 11 respectively.

Table 9. Group 3 fission product and decay data [20,21,22,23]

Isotope F:f‘f'g P'fcr)“b';ﬂicl’ﬂy Energy | *°UTh. | ®PuTh. | FY Ratio PXFY
H H H H 2351 1/239 235
(years) (%) (keV) Fiss. Yield | Fiss. Yield | (“PU/“*Pu) (V)
69.84 67.07
“Ti 58.9 97.0 361.2 N/A N/A N/A N/A
0.27 510.0
99.815 702.639 1.4449E-09
94 | - -
Nb | 20300 00099 | 871314 | 144759E-09 | 951964E-08 | 15206E-02 | 14seit oo
100 652.41 8.8758E-09
98 - -
Tc | 4200000 102 Ticac | BBTSBGE-00 | 4.16934E-00 | 21288E+00 | o0l =
99.1 433.94 2.9036E-10
98.41 614.28 2.8834E-10
108 - - -
"Ag | 418 oy ooy | 29300E-10 | 9.4100E-06 | 3.1137E-05 | 5'goi— o
76.2 79.13 2.2326E-10
72.0 184.41 6.7726E-13
nHo | 1200 54.14 711.68 | 9.40646E-13 | 1.32047E-09 | 7.1236E-04 | 5.0926E-13
56.88 810.29 5.3503E-13
5 89 4353
67.20346 | [+58
2Am | 7390 20. 86.71 N/A N/A N/A N/A
0.115
o 141.90
: 117.60

The thermal absorption cross sections and number of production modes for Group
3 candidates are listed in Table 10. Several of the isotopes listed in the table have rather
convoluted production path with multiple modes. For example, 2*3Am is produced in a
thermal reactor through three different paths. This makes it an unattractive candidate for
burnup analysis. The same is true for **Ti which has four production paths.

Table 11 shows diffusion properties of candidate isotopes. Only Am and Nb
diffusion coefficients are available in UO> fuel for other isotopes diffusion coefficient in

other materials are reported as reference information. Ideally diffusion coefficient should
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be available in UO, or MOX fuel material at elevated temperature comparable to the fuel
temperature in the reactor. In the absence of the desired information available data is
reported as starting point. For example, diffusion coefficient for Ti is 79x107* m?/s at 1010
OC and 0.25x10* m?/s at 700 °C in pure copper. Significant variation with temperature is
obvious from the data [65]. Data gaps are obvious stressing the need for collection of
diffusion coefficient values for these isotopes in UO2 and MOX fuel at high temperatures.

Table 10. Group 3 candidate isotopes thermal absorption cross section and production
modes for online burnup analysis [24]

IsotoDes Thermal Absorption Number of
P Cross Section (barns) Production Modes

2BAm 0.000000E+0 3

%Nb 0.000000E+0 1

%Tc 9.300000E-1 1

“Ti 9.726000E-1 4
108m Ay 5.070600E+1 1
166mHo 2.838660E+3 1

Table 11. Diffusion coefficients of candidate isotopes for historical data

Isotopes DIFFUSION Isotopes DIFFUSION
Agin SiC:
.. ) D=1.0x10" cm?/s at 1200 °C
Ti in pure copper :
— -10 2 0
wri | Drsdo el sislote | nag | g ncamm
e [65] D=2.63x10" cm?%s at 220°C
D=2.29x101° cm?s at 280 °C
[66,67]
Nb in UO:: Ho in barium titanate :
%N D=7.99x10"" cm?/s at 1096 °C 166mp D=4.3x10"* cm?/s at 1200 °C
D=4.82x10" cm?%s at 1380 °C D: 4.7x10 cm?/s at 1400 °C
[41] [68]
. . Am in UO2:
Tc in dense Bentonite : _ 10 2 .
D=8x107 cm/s D—4.5?<1|0 cm?/s for high O
98 243 po_t(én(t)la 010 2/s for | 0]
Tc Tc in dense metalic Molybolenum : Am Do_teﬁt;;ll cmeis for fow
D=5.1x10"3 cm?/s at 600 °C P (45
[44,27]




Table 12. Candidate isotopes comparison for three burnup applications
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onueatvais | PTERNSIORAGE [ oG T
GROUP 2) (GROUP 3)
Isotope Remarks Isotope Remarks Isotope | Remarks
19005 i
1 m) 1 200 14 AT 1,34
2 4Cr 1,34 82Br 5 108mA gy 5*
3 204mpyy 12 1401 9 4* 166mHg 1,2
4 85mgy 14 203pp 1,3 243Am 1,3
5 "Nb 5 oy 1,4 %Nb 5
6 1Co 14 Hp 1 %Tc 5*
7 132) 5 132Te 5
8 oomy 4* ’Ga 1
9 8SmKy 5* 87y 14
10 9mTe 1 %Tc 1
11 33e 1 52Mn 1
12 157Dy 124 BN 1,3
13 S2Fe 1,34 208Bj 1,3
14 244pam 1,2 182Cs 1
15 130| 5 131| 5
16 89mZn 1 2027 1,4
17 135mxe 2 1265b 5*
18 %Tc 1 136Cs 5
19 133) 5 %Nb 5
20 BK 1 18Ry 5
21 200 14 148mpm 1
22 1BIHf 1
23 203Hq 1,4
24 124gh 5*
25 %Zr 5*
26 %8Co 1,2,4
27 1921y 1,2
28 1o4myr 1
29 144pm 1
30 13Cs 5




54

Remarks — 1) Not Suitable due to low or missing gamma yield 2) Not Suitable due to high
neutron x-section 3) Not Suitable due to multiple production 4) Not Suitable due to high
diffusion rate 5) Suitable based on available data *) Perhaps acceptable

d) Suitable Isotopes of Burnup Monitoring

Based on the available information the three lists of candidate isotopes for the three
applications; online burnup analysis, interim-storage and long-term storage were evaluated
and the results is shown in table 12. The list is not in any specific order, however, the
remarks may be helpful in narrowing down the choice for a certain application to a single
or small group of isotopes.

Best suited candidate isotopes for three applications are listed in table 13 with
gamma energies and yields. Based on the available measurement resources and the
application users would have to select the gamma peaks of interest to be measured for
analysis. For example, for on-line burnup analysis °’Nb is identified as a good candidate
with 657.94 keV (yield of 1.05E-04) and 1268.62 keV (yield of 1.50E-07). If the available
measurement system does not offer good energy resolution at low energies one may have
to rely on 1268.62 keV low yield peak while if high resolution system is available one
could measure 657.94 keV.

Table 13. Best candidate isotopes for three burnup applications with characteristic data
*) Diffusion Data not available to UO;

INTERIM STORAGE

ONLINE ANALYSIS LONG-TERM STORAGE
ANALYSIS
(GROUP 1) GROUP 2 (GROUP 3)
Isotope | Gamma Gamma Isotope | Gamma Gamma Isotope | Gamma Gamma
(T12) Energy Yields (T12) Energy Yields (T12) Energy Yields

(min) (keV) (days) (keV) (years) (keV)

554.35 | 2.71E-07 | 104 43394 1 2.90E-10
mAg* 614.28 2.88E-10

619.11 | 1.66E-07

2765 | 318E.07 | (418) 72291 | 2.91E-10

) ) 79.13 2.23E-10

Nb 1268.62 | 1.50E-07 82
(72.1) 657.94 |1.05E-04 |Br* (1.47)

2 |t | TR0 |TSSES| o, g | L83 | 2008 | N | 02000 | 100
) 954.55 | 1.83E-05 ) 228.16 1.34E-02 ' '
75 151.195 22412(5)
3 8mK r 0.300 129.81 13 36 4' 48 BT c* 652.41 8.87E-09
(268.8) 0.01 4510 | 11(8.025) | cac'oe (42E+5) | 74535 | 9.05E-09
14 304.87 '

722.91
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0, 536.07 | 1.54E-06 ©[ 4147 | 7.29E-06
4| (are | 06854 |149E06| ‘cspr 6665 | 8.72E-06
: 73951 |1.27E-06| (12.35) | 6950 | 8.72E-06
262.70 | 3.64E-06
422903 |3.16E-06
510530 | 1.85E-05
617.978 | 5.51E-06
680.252 | 6.59E-06
s | 706575 | 152605 1| 34055 | 1.46E-05
5 | (14 | 763300 |467E06| ¥Cs | 81851 | 347E05
856.278 | 1.25E-05| (13.16) | 1048.07 | 2.77E-05
875328 | 4.57E-05
1052.39 | 5.63E-06
1236.44 | 1.52E-05
1298.22 | 2.38E-05
529.870 | 8.83E-04
9| 20412 | 3.18E-10
6 ®Nb | 561.88 | 1.06E-10
(34.98) | 765803 | 1.05E-06
39076 | 1.67E-10
53.275 | 9.04E-10
1| 29498 | 6.80E-10
7 WRy* | 44380 | 8.10E-10
(39.24) | 497.08 | 2.15E-07
557.04 | 2.01E-09
61033 | 1.36E-08
602.727 | 2.65E-08
645853 | 2.01E-09
709320 | 3.67E-10
713781 | 6.18E-10
722784 | 2.92E-09
790711 | 2.00E-10
1| 968199 | 5.11E-10
8 ugh* | 1045128 | 4.97E-10
(60.2) | 1325508 | 4.29E-10
1355.175 | 2.82E-10
1368.160 | 7.09E-10
1436561 | 3.30E-10
1488.88 | 1.82E-10
1690.975 | 1.29E-08
2090.936 | 1.48E-19
% 23560 | 3.43E-06
9 sz | 724193 | 5.62E-04
(64.03) | 756.729 | 6.90E-04
563243 | 3.71E-09
.| 56032 | 6.81E-09
u 60472 | 4.32E-08
10 (75257) 795.83 | 3.79E-08
) | g01.945 | 3.85E-09
1365.186 | 1.33E-09

5.

Conclusions and Recommendations

The best isotopes for online burnup analysis, interim storage monitoring, and long-

term storage monitoring have been investigated. Considering group 1 isotopes in table 2
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and all the burnup indicator parameters that discussed before, 3301, 321 13| for all
corresponding energy levels are better candidate for the online burnup analysis while °’Nb
is also a good candidate. *21 has a small (0.0686) fission yield ratio making it a good
candidate for plutonium identification. But the low gamma energies from **?| is would
make it a bit challenging to separate the peak out from the possible noise from Compton
from higher energies and other sources. The possibility of relying on 1024.4 keV from °'Nb
is not as attractive because of the low gamma yield of only 1.1667E-06. Therefore %2
seems to be a better candidate. Because of the small difference between the emission
energy from 31 (668.54 keV) *?I (667.71 keV) the two peaks will be practically
inseparable but due to the low gamma yield of *°I (1.4894E-06) as compared to *2I
(1.0258E-04) one can assume that the entire peak is from 2.

In short, *¥21 seems to be a good candidate for on-line burnup analysis. Other
isotopes like 8°Kr(m) is not as attractive due to its low emission energy (151.195 keV and
304.87 keV) and hence being prone interference. lodine is also an attractive candidate for
burnup analysis due to its low diffusion rate (~10* cm?/s) in UO at the elevated
temperature. Another good candidate is °’Nb at the energy level of 1024.4 keV and 657.94
keV. Even though *3%Xe(m) looks very good candidate given the circumstances, it has very
large thermal neutron absorption cross section (2.65x108 barn) it will not be considered a
good candidate for the analysis.

For the interim storage (short-term) monitoring there are several candidate isotopes.
However, the list reduces to only a few once consideration is given to gamma yield and
emission energies. The good candidate isotopes include; 4°La, $*¢Cs, 134Cs, 31|, *°Zr and
193Ru. From the list *4°La is of particular interest due to its high emission energy (2521.30
keV) and significantly large gamma yield of (1.7769E-06). However it has a large diffusion
rate (4.2E-07 cm?/s) in molten uranium making it not so attractive. The two isotopes of
cesium are well known for their usefulness as a burnup indicator and need not to be
discussed. From the remaining choices, **!I is an attractive option. The two energies of
interest from 3| are 636.98 keV and 722.91 keV with the respective yields of 2.8385E-06
and 7.0219E-07. 31| also have a nonzero neutron absorption cross section make its use
somewhat history dependent. ®Zr is also a good candidate but it has two drawbacks. Firstly

while the gamma yields are high, the emission energies are relatively low in the 700 keV
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range. The other issue with %Zr is the unavailability of its diffusion rate information in the
fuel matrix. This knowledge gap must be filled to make use of this very attractive candidate.
193Ru is potentially a good candidate for plutonium identification because of the large
difference in the fission yield from uranium vs. plutonium. However, it has the same issue
of missing information on the diffusion rate in UO,. The other issue with the possible use
of 1%Ru is the low emission energies with the maximum being 610.33keV. In short the
only alternate to the use of cesium is 31 isotopes for interim storage monitoring unless the
data gaps are addressed for other isotopes.

There are only six isotopes for long term storage monitoring. From those six only
108mag* 94Np and *®Tc* are viable options. %Tc has a very long half live (42E+05 yrs)
which will result very low count rates. Moreover, the emission energies are also low
(652.41 keV and 745.35 keV). 1%®MAg has a large difference in the fission yield from
uranium vs. plutonium (fission yield ratio of 3.1137E-05) but its diffusion rate in UO3 is
not known and it has a nonzero absorption cross section. Therefore the only good candidate
for long term storage monitoring is **Nb. It has a half-life of 20300 years with a low
diffusion rate of ~10-11 cm?/s. It has almost zero neutron absorption cross section making
it burnup history independent and decent gamma yield of 1.44E-09. Based on this analysis

%Nb is the only good candidate for long-term storage monitoring.
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I1l. THORIUM-BASED MIXED OXIDE FUEL IN A PRESSURIZED WATER
REACTOR: A BEGINNING OF LIFE FEASIBILITY ANALYSIS WITH
MCNP

Lucas P. Tucker, Ayodeji Alajo and Shoaib Usman?

Abstract

Thorium is an asset the nuclear industry does not use, and plutonium is a liability
that much of the world would like to be rid of. By incorporating a thorium-plutonium mixed
oxide fuel (Th-MOX) into the fuel cycle, pressurized water reactors could provide a means
for the United States to address both of these issues — but only if key reactor safety
parameters are not affected.

The feasibility of utilizing Th-MOX fuel in a pressurized water reactor is examined
under steady-state, beginning of life conditions. With a three-dimensional MCNP model
of a Westinghouse-type 17x17 PWR, many possibilities for replacing one-third of the UO>
assemblies with Th-MOX assemblies were considered. The excess reactivity, critical boron
concentration, and centerline axial and radial flux profiles for several configurations and
compositions of a one-third Th-MOX core were compared to a 100% UO: core. A blanket-
type arrangement of 5.5 wt% PuO» was determined to be the best candidate for further
analysis. Therefore, this configuration was compared to a 100% UO> core using the
following parameters: delayed neutron fraction (Ber), temperature coefficient, shutdown
margin (SDM), and axial and radial nuclear hot channel factors (FY and FY).

The one-third Th-MOX configuration showed an undesirable reduction in Betr from
0.00716 * 4.60E-07 for the 100% UO; configuration to 0.00607 + 4.30E-07. The reduction
in Berr would perhaps be ameliorated by the one-third Th-MOX configuration’s temperature
coefficient of reactivity, which at -2.05 + 0.02 pcm °F! is more favorable than the
corresponding value of -1.42 + 0.02 pcm °F* for the 100% UO; configuration. The SDM
of the one-third Th-MOX configuration is estimated to be 8134 + 47 pcm, which is lower

2 Correspondence to usmans@mst.edu, 225 Fulton Hall, 301 W. 14" Street Rolla, MO 65409.
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than SDM of the 100% UO: configuration. The FY for the two cores were virtually
identical. However, FY for the one-third Th-MOX configuration (1.67 + 0.28) was 20%
higher than the corresponding value for the 100% UO> configuration (1.39 + 0.23).

These preliminary results are encouraging. However, additional investigations are
required to study the impact of thermal fluid feedback and the effect of burnup and poison

buildup.

1. Introduction

Thorium represents a vast, largely untapped source of nuclear energy. Its abundance
in the earth’s crust is roughly three times greater than uranium [1]. Though 22Th — the only
naturally occurring isotope of thorium — is not fissile, it is fertile. After absorbing a neutron
to become #3Th and decaying to 2*3Pa, it ultimately decays to 2*3U [2]. Thorium-based
fuels offer several potential advantages over uranium fuels: higher fissile conversion rate,
higher thermal fission factor (n), lower capture-to-fission ratio, low actinide production,
plutonium reduction, chemical stability, proliferation resistance [3, 4, 5, 32]. Because of
these advantages, several methods for utilizing thorium fuels have been explored.

Most thorium utilization schemes require the development of advanced reactor
designs. In a molten salt reactor (MSR) thorium and uranium fluorides are dissolved with
the fluorides of beryllium and lithium [6]. MSRs offer some distinct advantages: they have
a strongly negative temperature coefficient and allow for online refueling [6]. Also, two
MSRs were designed, built, and operated at Oak Ridge National Laboratory, proving the
concept and providing valuable experimental data [7, 8].

High temperature gas cooled reactors (HTGRs) are another option for thorium
utilization. HTGRs would use TRISO fuel composed of pellets of thorium oxide or carbide
blended with pellets of uranium oxide or carbide and coated with several layers of carbon
and silicon carbide; the TRISO particles are combined in a graphite matrix and formed into
either prisms or pebbles [3]. Several countries (Germany, Japan, the Russian Federation,
the United Kingdom, and the United States) have built HTGRs and loaded them with
thorium fuel [3]; and Tsinghua University in China is currently designing a 500 MW(th)

pebble bed reactor demonstration plant [9]. HTGRs could be adapted to several fuel cycles
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without modification of the core or plant, but several technical hurdles remain before the
technology is commercially viable [3].

An accelerator driven system is a unique reactor design in which a proton
accelerator is used to produce enough spallation neutrons to bring an otherwise subcritical
core to criticality [5]. Such a system would use only natural uranium and thorium fuels,
eliminating the need for enrichment technology, and reducing proliferation concerns, while
also achieving high burnup [10]. India has been pursuing this technology, but the design is
still in the conceptual stages, and the amount of power required to operate the accelerator
casts doubt on the economic viability of such a system [10, 32].

Perhaps the most expedient scheme for exploiting the world’s thorium resources is
incorporating it into the current reactor fuel supply. Numerous publications have
demonstrated a number of ways thorium could enhance the operation of boiling water
reactors (BWRs), pressurized water reactors (PWRs), and heavy water reactors (HWRs)
[3, 4, 11, 12, 13].

Thor Energy, a Norwegian company, is developing and testing thorium-plutonium
BWR fuel pellets and assemblies for plutonium destruction [14, 15]. Xu, Downar,
Takahashi, and Rohatgi are also studying the potential for plutonium disposition in BWRs
[16] as are Mac Donald and Kazimi [17]. Francois et al. have investigated replacing all of
the uranium fuel in a BWR with a thorium-uranium fuel blend [18].

Similar research on Th-Pu and Th-U fuels has been conducted for PWRs as well.
Shwageraus, Hejzlar, and Kazimi have investigated the use of Th-Pu fuel in PWRs for both
the destruction of plutonium [19] and improved economics [20]. Bjork et al. studied the
use of Th-Pu fuel for extending the operating cycle of a PWR [21]. Trellue, Bathke, and
Sadasivan have used MCNP and MCNPX to compare the reactivity safety characteristics
and Pu destruction capabilities of conventional MOX fuel to those of Th-MOX fuel [22].
Their work is complemented by that of Tsige-Tamirat, who also used Monte Carlo
techniques to study the effect of Th-MOX fuel on a PWR’s reactivity safety characteristics
[23]. Burnup analyses of Th-MOX fuel for Pu disposition in PWRs have been performed
by others: Fridman and Kliem [24].
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Research on thorium utilization in HWRs has focused on both incorporating
thorium rods into existing CANDU reactors [25], and, in India, developing advanced heavy
water reactors specifically designed to burn thorium fuel [26].

This work focuses on incorporating thorium-plutonium mixed oxide fuel (Th-
MOX) into the fleet of currently operating reactors for the purpose of plutonium
disposition. The goal was to incorporate Th-MOX without changing the geometry of the
core or fuel assemblies or the reactor’s operational and safety characteristics. The Monte
Carlo code MCNP was used to develop a three dimensional neutronic model of a 17x17
Westinghouse pressurized water reactor. For reference, a conventional cold, clean, UO»-
fueled core was modeled. Several Th-MOX fuel compositions and arrangements were
considered. A core arrangement in which the outer third of the UO, assemblies were
replaced with Th-MOX assemblies composed of 5.5% PuO. and 94.5% ThO, was
identified as the most promising scenario. The following reactor characteristics were used
for the analysis: excess reactivity, critical boron concentration, axial and radial flux
profiles, delayed neutron fraction, temperature coefficient, shutdown margin, and axial and
radial nuclear hot channel factors. These hot channel factors are routinely used in the

industry to perform safety analysis.

2. Description of Reference Case: 100% UO:>

To understand the effects of incorporating Th-MOX fuel into a PWR core a
conventional, UO> fueled reference model was developed in MCNP, and all simulations
performed for characterization of the Th-MOX model were first performed on the UO;
model. As seen in Figure 1, virtually all core structures were included. However, the upper
and lower coolant nozzle on each assembly was homogenized and the grid spacers were
not included. Another noteworthy approximation is that the control rods were modeled as
fully withdrawn except for the shutdown margin simulation. Since the control rods were
modeled as fully withdrawn, boric acid (with natural boron) was incorporated into the
coolant as the control material. All other contributions to primary coolant chemistry

(hydrogen, lithium, oxygen, chloride, sulfate) were ignored in this study.
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Fig. 1. Radial cross-section of core geometry showing many of the included core
components.

Three fuel mixtures make up the beginning of life (BOL) core. The outer ring of
fuel is enriched to 3.1% 2*°U by weight. The inner assemblies are enriched to 2.6% or 2.1%
and arranged in a checkerboard pattern. Figure 2 (a) shows the distribution of each fuel
assembly type in the core. These enrichments were meant to maintain a relatively flat radial
power profile and emulate depletion as fuel is burned and shuffled during its lifetime.
However, the buildup of fission products and actinides was ignored.

All simulations were performed with MNCP5 Version 1.51. The ENDF-VII cross
section libraries were used (unless unavailable for a particular isotope). For most problems,
Two hundred million histories (2,000 KCODE cycles of 100,000 histories) were sufficient
to obtain a relative error of less than 5%. All simulations were performed on a machine
with eight 3 GHz processors and 8 GB of RAM.

3. Th-MOX Fuel Composition and Core Configuration Selection

During the first stage of the analysis, the fuel arrangement and fuel composition

were selected. Three Th-MOX fuel arrangements were compared to each other and to the
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100% UO- core based on their excess reactivity and critical boron concentration. Several
fuel compositions were compared based on the reactor’s centerline axial and radial flux
profiles. However, an initial Th-MOX fuel composition was needed to examine the effect
of core configuration. With this initial fuel composition the core could be configured with
all of the Th-MOX fuel in the center, with a ring of Th-MOX fuel, and finally with a blanket
of Th-MOX fuel replacing the 3.1% enriched UO> assemblies and surrounding the LEU

core.

3.1.  Core Configuration Analysis

Since an initial fuel composition was needed to begin the core configuration
analysis, a literature review was performed, and a Th-MOX fuel composition of 7 wt%
PuO2 and 93 wt% ThO: was selected from the work of Shwageraus, Hejzlar, and Kazimi
[19]. The isotopic composition for plutonium used in this work and shown in Table 1 was
also adopted from their work.

Table 1. Isotopic composition of plutonium used for Th-MOX feasibility analysis.
Adapted from Shwageraus, Hejzlar, and Kazimi [19].

Isotope Weight Percent
238py 3.18
239py 56.35
240py 26.62
241py 8.02
242py 5.83

The first task was to quantify the change in excess reactivity and critical boron
concentration when Th-MOX fuel is incorporated into the core. To do this, the reference
MCNP model of a Westinghouse PWR described in Section 2 was modified to include Th-
MOX fuel and several KCODE calculations were performed while the boron concentration
was varied. Two arrangements of Th-MOX fuel were compared to the 100% UQO,-fueled
core. Figure 2 shows all three simulated core configurations. As previously discussed, the
100% UO, fueled core utilized the typical BOL loading pattern of a high enrichment (3.1%)
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ring with an alternating checker board pattern of low enrichment (2.6% and 2.1%) as shown
in Figure 2 (a). Figure 2 (b) demonstrates the blanket configuration of the Th-MOX fuel in
which all 3.1% enriched UO fuel is replaced with Th-MOX fuel. Figure 2 (c) shows the
ring geometry in which some of the lower enrichment assemblies with 2.6% or 2.1%
enriched UO; fuel are replaced, creating a ring of Th-MOX fuel in the core. For both the
blanket and the ring configuration, 64 of the UO> assemblies (one third of the core) were
replaced with Th-MOX assemblies to simulate the introduction of MOX into the current

fuel cycle.

(a) (b) (©)

Fig. 2. Core loading schemes analyzed to compare a PWR fueled only with UO; to a PWR
fueled with some Th-MOX. = 3.1% enriched UO>, = 2.6% enriched UO,, = 2.1% enriched
UO2, m Th-MOX. (a) 100% UOz, (b) Th-MOX blanket, (c) Th-MOX ring.

Figure 3 shows the results of the KCODE simulations to determine excess reactivity
and critical boron concentration for the 100% UO: core, the Th-MOX blanket
configuration, and the Th-MOX ring configuration. All three configurations yielded similar
excess reactivity, but the critical boron concentration of the Th-MOX ring configuration is
almost twice that of the 100% UO: fueled core. On the other hand, the critical boron
concentration curve for the Th-MOX blanket configuration is very similar to that of the
100% UO»-fueled core with a critical boron concentration (CBC) that is only about 100
ppm higher. The differences in excess reactivity and CBC between the 100% UO;
configuration and the Th-MOX blanket configuration are due to the higher thermal neutron
capture cross section of 2%2Th (7.37 b [2]) compared to 28U (2.68 b [2]) and higher fast
fission factor of 22*Pu compared to 2°U. Though determining the fast fission factor would

require considerable analysis, the relative difference between the fission factors of the two
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fissile isotopes can be estimated by calculating the ratio of fast fission cross section over

thermal fission cross section as in Equation 1.

F
9 lpy_239

F
T
9f 1y_235

This ratio is 1.035; meaning that for a given flux one would expect a higher fast

(1)

fission factor for Pu. The Th-MOX blanket configuration was selected for all future
analysis in order to match the performance of the 100% UO: core as closely as possible.
The last configuration of Th-MOX considered was an annulus of UO: fuel surrounding 64
Th-MOX assemblies in the center of the core. However, based on the results from the
blanket and ring configurations it was concluded that the UO2 annulus would require much

higher initial boron concentration making it undesirable for any transition to Th-MOX fuel.

1.20
100% UO2
Th-MOX Blanket
1.15 +
Th-MOX Ring
F110 -
1.05 -
1'00 1 1 T 1 1 : 1 1 1 : 1 1 T
0 500 1000 1500 2000 2500 3000

ppm Boron

Fig. 3. The effective multiplication factor of a 17x17 PWR core as a function of 1°B
concentration for the 100% UO,, Th-MOX blanket, and Th-MOX ring fuel configurations
detailed in Fig. 2.



71

3.2.  Fuel Composition Analysis

After selecting the Th-MOX blanket configuration, the optimum fuel composition
was determined. Centerline radial and axial flux profiles were generated for a range of
PuO. contents between 5% and 7% by weight as seen in Figure 4. Based on error analysis,
5.5 wt% PuO- had the smallest percent difference relative to the 100% UO: configuration
for both the radial and axial flux profiles.

In Figure 5 the radial and axial flux profiles of the 100% UO> and 5.5 wt% PuO>
Th-MOX blanket configurations are compared. The axial flux profiles are almost identical.
Though similar, the radial flux profile of the Th-MOX configuration slightly deviates from
the 100% UO: configuration approximately 130 cm from the center of the core, which is
the beginning of the Th-MOX assemblies.

3.5E-06
350
3.0E-06 -
300
2.5E-06 -
- 250
2 5
~_2.0E-06 - =
: 5200 -
£ 3
81.56-06 - 2
€ =150
x
2 b,
1.0E-06 uo2 100 1
5% Th-MOX
6% Th-MOX
——— 7% Th-MOX
OOE+OO T T T 0 T T
0 50 100 150 0.0E+00 1.0E-06 2.0E-06 3.0E-06

Radial Position (cm) Fluence (n cm2sp™Y)

(a) (b)
Fig. 4. Flux profile comparisons of 5% to 7% PuO> Th-MOX blanketed core and 100%
UO; core. (a) Radial. (b) Axial.

After 5.5 wt% PuO, was found to be the best fuel composition, the analysis of

excess reactivity and critical boron concentration was repeated to ensure the blanket
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configuration with 5.5 wt% remained the configuration most similar to the 100% UO:
configuration. Table 2 shows the results of this analysis. Though the excess reactivity of
the Th-MOX Ring configuration with 5.5 wt% PuO. was actually closer to that of 100%
UQO2, the CBC remains substantially (680 ppm) higher. The CBC of the 5.5 wt% PuO2 Th-
MOX blanket configuration was only 15 ppm higher than that of the 100% UO:
configuration. Therefore, the blanket configuration remained the recommended
configuration.

Based on the results of the simulations to determine excess reactivity, critical boron
concentration, and the radial and axial flux profiles, it can be concluded that if Th-MOX
assemblies were to be introduced into the existing fleet of PWRs the blanket configuration
with fuel composed of 5.5 wt% PuO2 would most closely match the performance of the
100% UO: core. For all subsequent analyses in this work, this configuration and

composition was used.
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Fig. 5. Flux profile comparison of 5.5% PuO. Th-MOX blanketed core and 100% UO:
core. (a) Radial. (b) Axial.
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Table 2. Excess reactivity in pcm and critical boron concentration in ppm for all simulated
core configurations and fuel compositions

Critical Boron

Excess Reactivity Concentration

Configuration

(pem) (ppm B)
100% UO; 14785 + 20 1290
7% Th-MOX Blanket 14381 + 28 1452
5.5% Th-MOX Blanket 14200 + 30 1305
7% Th-MOX Ring 17425 + 21 2798
5.5% Th-MOX Ring 14912 + 29 1970

4. One-Third Th-MOX Core Reactor Safety Metrics

With the least disruptive Th-MOX fuel composition and configuration identified
by determining the excess reactivity, critical boron concentration, and radial and axial flux
profiles, several reactor safety parameters were investigated for the Th-MOX blanket
configuration with 5.5 wt% PuO.. The safety parameters investigated here were delayed
neutron fraction, temperature coefficient of reactivity, control rod worth and shutdown

margin, and the axial and radial nuclear hot channel factors.
4.1. Delayed Neutron Fraction

Since a smaller delayed neutron fraction (Befr) reduces the reactor’s controllability,
Befr IS an important parameter to investigate. To determine the delayed neutron fraction,
two KCODE simulations were performed at 600 K for each configuration and fuel
composition. In the first simulation, both delayed neutrons and prompt neutrons were
generated and tracked yielding the total multiplication factor. In the second simulation,
only prompt neutrons were generated and tracked, yielding the prompt multiplication
factor. Using results of these two simulations the effective delayed neutron fraction could

be determined from Equation 2 [27]:

kp
Berr =1 — T (2)
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These simulations were performed for the 100% UO2 and Th-MOX blanket
configuration. For the Th-MOX blanket configuration two fuel compositions were used:
5.5 wt% PuO. and 7 wt% PuO,. Results are shown in Table 3 with each configuration’s
values for excess reactivity and critical boron concentration. For a core with one third 5.5
wt% PuO, Th-MOX assemblies Bets is slightly lower than the corresponding value for the
100% UO: core but it is higher than the Best for 7 wt% Th-MOX. This finding, together
with its lower excess reactivity and CBC, indicates that 5.5 wt% Th-MOX fuel in blanket
configuration is the better choice than 7 wt% PuO, Th-MOX. In both cases, et IS lower
for the Th-MOX configuration than the 100% UO: configuration suggesting that Th-MOX
core will be slightly more difficult to control than the 100% LEU core.

Table 3. Reactor fuel parameters for 100% UO. core, one-third 5.5% PuO, Th-MOX
blanketed core, and one-third 7% PuO2 Th-MOX blanketed core

Critical Boron

Excess Reactivity Concentration

Fuel Arrangement e

(pem) (PpM)

100% UO,  0.00716  460E-07 14785 + 20 1290
5.50 PUO, Th-MOX  0.00607 + 4.30E-07 14200 + 30 1305
7% PUO, Th-MOX  0.00545 + 1.65E-06 14381 + 28 1452

4.2.  Temperature Coefficients of Reactivity

Another important reactor safety parameter is the temperature coefficient (ar),
which quantifies the effects of temperature changes on reactivity. Equation 3 shows how

the temperature coefficient is calculated [28].

1 dk

ar =177 (3)

Typically, a negative ar is both desired and required by the Nuclear Regulatory

Commission (NRC). However, at beginning of life the NRC does allow most plants to have
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a slightly positive ar. For the Westinghouse PWR simulated for this project an ar up to 5
pcm/°F is allowed [29].

To determine the temperature coefficient of each core configuration three MCNP
simulations were performed. The first simulation was performed with room-temperature
cross sections for coolant and fuel (293.6 K, typically the 70c ENDF-VII libraries). Water
density was 1 g cm?, and the critical boron concentration for each configuration was used.
A KCODE with 5,000 active cycles of 40,000 particles was run under these conditions to
determine the effective multiplication factor (kefr) as an initial point for calculating both
the overall coefficient of reactivity and the fuel coefficient of reactivity. The second
simulation was performed with cross sections at the PWR operating temperature for both
the coolant and fuel (600 K, typically the 71c ENDF-VII libraries). A reduced coolant
density of 0.711 g cm was applied, which automatically resulted in reduced boron number
density. A KCODE with 5,000 active cycles of 40,000 particles was run under these
conditions to determine the overall coefficient of reactivity. The final simulation was
performed with elevated fuel temperature (600 K) cross sections and room temperature
(293.6 K) coolant cross sections and density. The purpose of this last simulation was to
separately determine the fuel coefficient of reactivity.

All three simulations were performed for the 100% UO> configuration and the 5.5
wt% PuO> Th-MOX blanket configuration. The results of these simulations are plotted in
Figures 6 and 7. As shown in Figure 6, the overall temperature coefficient of reactivity for
the 100% UO> configuration is approximately 1.5094E-05 + 2.2857E-07 Ak/K (or 0.83863
+ 0.02286 pcm/°F), while the 5.5 wt% PuO. Th-MOX blanket configuration is
approximately -3.4051E-05 + 2.3355E-07 Ak/K (-1.8917 + 0.02335 pcm/°F).

For various safety reasons NRC pays particular attention to the fuel temperature
coefficient of reactivity [30]. Therefore, the fuel coefficient of reactivity was estimated by
running a simulation with room temperature moderator but with fuel cross sections at
elevated temperature. These results for both 100% UO> and 5.5 wt% PuO- fuel are shown
in Figure 7. It is important to note that for both fuels, these coefficients were negative as
required by NRC. As shown in Figure 7, the fuel temperature coefficient of reactivity for
the 100% UO- configuration was -2.5648E-05 + 2.3432E-07 Ak/K (or -1.42491 + 0.02343
pcm/°F), while it was -3.6922E-05 * 2.3395 Ak/K (-2.05122 + 0.02339 pcm/°F) for the 5.5
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wt% PuO, Th-MOX blanket configuration. These results suggest that introducing Th-
MOX fuel into a PWR fuel cycle would not negatively impact the reactor’s temperature

coefficient.
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Fig. 6. Total temperature coefficient data for the 100% UO; core and the 5.5% PuO; Th-
MOX blanketed core
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Fig. 7. Fuel temperature coefficient data for the 100% UO; core and the 5.5% PuO; Th-
MOX blanketed core
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4.3.  Control Rod Worth and Shutdown Margin

A safety analysis of any reactor will invariably include determination of the control
rod worth and shutdown margins. In order to comply with regulatory requirements, the
shutdown margin of a reactor with Th-MOX fuel must be comparable to that of a 100%
UO; fueled core. A reactor core’s reactivity is the algebraic sum of many contributing
factors, and so its control rod worth depends on many factors as well. Control rod
calibrations are part of routine operation; each time fuel is shuffled or fresh fuel is added,
the control rods must be calibrated. However, the calibration is dynamic in that as fuel is
consumed and fission products build up during operation, the neutron flux at the location
of a rod may have changed significantly, and, consequently, the rod worth will have
changed as well. Likewise, boron concentration in the coolant and the thermal feedback of
the moderator will also have a profound effect on rod worth. In general, rod worth can be

expressed as:

Prod = PFuel — PBoron — Pxe — Psm — PMod (4)

Where pruel is the excess reactivity of the fuel, pgoron IS the negative reactivity of
the boron in the coolant and pmod is the negative reactivity feedback from density changes
of the moderator. The remaining two terms, pxe and psm, represent the negative reactivity
introduced by xenon and samarium buildup — the two dominant fission product poisons.

The process of determining control rod worths began with a KCODE simulation
with all control rods fully inserted. To determine the worth of each rod a separate KCODE
simulation would have to be performed with each rod withdrawn, one-by-one. However,
taking advantage of the symmetry of a PWR, control rod worth only needed to be
determined for one quarter of the reactor’s rods. Therefore, KCODE simulations were
performed with each full-length control rod in the northeast quadrant of the core fully
withdrawn, one-by-one, to identify the highest worth rod. Figure 8 provides a map of the

control rods that were analyzed.
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_
3.1% Enriched  2.6% Enriched  2.1% Enriched Full-Length Part-Length
UO: Fuel UO: Fuel UO: Fuel Control Control
Assembly Assembly Assembly Assembly Assembly

Fig. 8. Map of assemblies analyzed for control rod worth and shutdown margin
simulations. The various fuel enrichments are distinguished by their color, while the part-
length and full-length control assemblies are distinguished with shading. These assemblies
are in the northeast quadrant of the core.
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Shutdown margin (SDM) is defined by the NRC as the instantaneous amount of
reactivity by which the reactor is subcritical — or would be subcritical from its present
condition — assuming all control rods are fully inserted except the highest worth rod, which

is fully withdrawn. Shutdown margin can be represented algebraically by Equation 5:

SDM = |pRod| - |pMod| - |,0Fuel| (5)

The variable prods was determined by the aforementioned control rod worth
simulations. However, since these simulations did not account for the buildup of poison,
the predicted rod worth as well as the shutdown margins were expected to be slightly higher
compared to a core with poison present. The results of the simulations — both control rod
worth and shutdown margin — are provided in Table 4.

Table 4. This table provides the control rod worths for the control assemblies that were
analyzed in both the 100% UO. configuration and the Th-MOX blanket configuration and
each configuration’s SDM. The reactivity of the highest worth rod is shaded.

Stuck 100% UO; Th-MOX
Rod p (pcm) o (pcm) p (pcm) o (pcm)
H2 830 33 1914 5
H4 395 30 148 31
H6 408 30 144 30
Hs 264 28 87 30

13 254 29 296 29
2 871 31 1829 5
36 847 31 265 30
38 470 29 65 31
K3 345 28 484 31
L2 724 31 800 33
L4 1156 5 784 29
L8 377 28 214 32
M5 392 30 443 30
M7 273 29 311 31
N4 839 31 886 35
N6 953 31 1603 34
NS 775 32 301 31
SDM (pcm) 8804 40 8134 47

SDM (%Ak/k) 8.804% 0.040% 8.134% 0.047%
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SDM was calculated to be 8804 + 40 pcm for the 100% UO: configuration and
8134 + 47 pcm for the Th-MOX configuration. Both values are well above the 1300 pcm
required by the NRC, but the reduction in SDM for the one-third Th-MOX configuration
is concerning. It would be possible to ameliorate this deficit by increasing the worth of the
control rods (e.g. increasing boron-10 content). Again, burnup and fission product buildup
have been ignored for these simulations; therefore, the actual SDM would be higher than
what was predicted here.

4.4. Nuclear Hot Channel Factors

It is important that replacing the outer third of a PWR’s UO2 assemblies with Th-
MOX assemblies does not dramatically change the core’s power distribution or induce hot
channel factors beyond prescribed limits. There are strict regulatory requirements
concerning flux and power distributions in power reactors. Likewise, to ensure that there
is no risk of fuel melting, the fuel centerline temperature must be kept well within the
melting temperature of the fuel. This requirement is met by ensuring the critical heat flux
is never reached. In order to find the critical heat flux, two hot channel factors are required:
the nuclear axial hot channel factor (FY') and the enthalpy rise hot channel factor (Fan) as

seen in Equation 6.

qc¢ = 9y Fév Fan (6)

FY is defined as the ratio of the maximum heat flux in the hot channel to the average

heat flux in the hot channel (see Equation 7).

v _ Estimated maximum heat flux in hot channel

F7; = 7
z Mean heat flux in hot channel 7)

Fan is the enthalpy rise in the hottest channel over the enthalpy rise in the average
channel [31]. Fan accounts for both the radial nuclear hot channel factor (FY) and the

engineering enthalpy rise hot channel factor (F%,);
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Fan = FRF, (8)

The radial nuclear hot channel factor (FY) is the mean heat flux in the hot channel
over the mean heat flux in the average channel of the core (see Equation 9).

N Mean heat flux in hot channel

Fr

)

"~ Mean heat flux in average channel of the core

However, one would be required to perform a detailed thermal hydraulic analysis
of the core to determine the engineering enthalpy rise hot channel factor which would
include the core flow subfactor and core mixing subfactor. Additionally, there are fuel
fabrication uncertainties associated with the enrichment, density and geometry of the fuel,
all of which are accounted for in the engineering hot channel factor, Fg. In the absence of
information regarding engineering enthalpy rise hot channel factor (Fg,) and the
engineering hot channel factor (F5), only nuclear hot channel factors can be compared to
assess the relative safety of incorporating Th-MOX fuel into a PWR core.

Though calculating the engineering enthalpy rise hot channel factor (F%,) was
outside the scope of this work, it was possible to estimate the axial and radial nuclear hot
channel factors by approximating heat flux with thermal neutron flux. Thermal neutron
flux can be used to approximate heat flux in a thermal reactor because the rate of fission
and hence energy production is directly related to the thermal neutron population.
However, a portion of the thermal reactor’s power is produced by fast fission (typically
about 8%), which will introduce some error to the nuclear hot channel factor results
presented here — particularly for the Th-MOX core which, as previously mentioned, has a
higher fast fission factor.

To find the axial and radial nuclear hot channel factors, several thermal neutron
flux tallies were generated with MCNP for both the 100% UQO; configuration and the 5.5
wt% PuO. Th-MOX blanket configuration. First, taking advantage of the symmetry of the
PWR core, the northeast quadrant (56 assemblies) was tallied on an assembly-by-assembly
basis in sixteen vertical sections. This data was used to generate sixteen flux maps of the

core, examples of which can be seen in Figure 9. The thermal neutron flux per source
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particle for each vertical section of each assembly was recorded according to its location
in the core and color coded according to its magnitude. The data from these sixteen flux
maps were totaled to determine which assembly had the highest neutron flux and thus the
highest power production (hottest assembly). These results are shown in Figure 10. For
both the 100% UO: configuration and the 5.5 wt% PuO. Th-MOX blanket configuration,
assembly H4 (midpoint at x = 0 cm, y = 86.0 cm) was the hottest assembly.

Subsequently, a pin-by-pin analysis of assembly H4 was then performed for both
fuel configurations. The assembly was divided into seventeen vertical sections and thermal
neutron flux was tallied in the fueled channels. Water-filled channels were ignored. The
results of this analysis were used to generate seventeen flux maps of assembly H4.
Examples of these results can be seen in Figure 11. Each channel’s flux was summed across
each vertical section to determine the hot channel. Figure 12 displays the results. For the
100% UO: configuration the channel centered at (x = 3.8 cm, y = 83.5 cm) was hottest,
while the channel centered at (x = 3.8 cm, y = 91.1 cm) was the hottest channel in the 5.5
wt% PuO, Th-MOX blanket configuration.

The neutron tally results for each of the seventeen vertical sections in the hot
assembly were averaged to obtain the mean heat flux in the hot channel. The highest
neutron flux was observed in the middle section as expected. This value was divided by
the mean neutron flux of the entire hot channel to obtain the nuclear hot channel factors for

each configuration: [F)']Y92 and [FY]Th~MOX respectively.

FN _ d)max ~ ¢)9

2= e 1
d)ave 17 ilzld)i

(10)

[FY1Y92 was found to be 1.47 + 0.24 and [FN]""~M9X was 1.49 + 0.25. The relative
difference between these two values is small and within one standard deviation suggesting
the difference is statistically insignificant, and, hence, adopting the 5.5 wt% PuO; Th-MOX
blanket configuration would not cause significantly higher vertical heat flux peaking.

Subsequently, the nuclear radial hot channel factor was considered. To determine
the radial hot channel factor, thermal neutrons were tallied and averaged for each assembly

in the northeast quadrant of the core, and the assembly with the maximum thermal neutron
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flux was identified. Dividing the maximum flux by the average provided the initial

approximation of FY .
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Fig. 9. Heat maps of the assembly-by-assembly thermal flux tally results for one quarter of
each core from vertical sections 1 and 9. Results from the 100% UO- core are in the left
column, and results from the 1/3 Th-MOX core are on the right.
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However, the estimated value needed additional correction to account for the fact
that within the hottest assembly neutron flux — and consequently heat flux — varies by
channel. Therefore, additional simulations were performed to acquire pin-by-pin tallies for
the hot assembly. The ratio of the flux of the hottest pin divided by the mean pin flux was
used as a correction factor. This ratio was multiplied by the result of Equation 10 to arrive

at the final value for F}' as seen in Equation 11.

max
pin

avg
¢p in

F{ ~ [F& linitiai (12)

The radial nuclear hot channel factor for the 100% UO, configuration ([FY]Y9?)
was found to be 1.39 + 0.23, whereas for the 5.5 wt% PuO. Th-MOX blanket configuration
the corresponding value ([FY]™~M9X) was found to be 1.67 + 0.28. Because [F{]Th~M0oX
is slightly higher, additional safety analysis may be required to ensure that all safety
requirements are fulfilled before Th-MOX can be introduced into an existing PWR.
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Fig. 10. Heat maps of the total assembly-by-assembly thermal flux tally results summed
over all 16 vertical sections for one quarter of the core in each fuel configuration. For both
configurations the peak assembly is H4, the midpoint of which is located at (x =0cm, y =
86.0 cm). (a) 100% UO2 (b) 1/3 Th-MOX
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Fig. 11. Heat maps of the pin-by-pin thermal flux tally results for assembly H4 from each
core from vertical sections 1 and 9. Results from the 100% UO: core are in the left column,
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Based on the initial investigation presented here, it appears feasible to introduce

Th-MOX fuel into the current fleet of PWRs. However, care is warranted in that many of

the one-third Th-MOX configuration’s safety parameters, while within the prescribed

safety limits, are less favorable than those of the 100% UO:> configuration.
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Fig. 12. Heat maps of the total pin-by-pin thermal flux tally results summed over all 17
vertical sections in assembly H4 for each fuel configuration. Water-filled channels are
gray. (a) 100% UO>, peak assembly midpoint located at (x = 3.8 cm, y = 83.5 cm) (b) 1/3
Th-MOX, peak assembly midpoint located at (x = 3.8 cm, y =91.1 cm)

Several configurations for replacing one-third of the UO; assemblies in a PWR with
Th-MOX fuel were considered. It was found that replacing the blanket of higher
enrichment (3.1%) UO; with Th-MOX had the smallest effect on excess reactivity and
critical boron concentration, making this configuration most suitable for further study.
Centerline axial and radial flux profiles were compared for several Th-MOX fuel
compositions. A composition of 5.5 wt% PuO: in ThO2 (94.5 wt%) resulted in the smallest
flux difference relative to the 100% UQO:> configuration. Therefore, a blanket configuration
of 5.5 wt% PuO> Th-MOX fuel was examined for all future safety analysis.

The delayed neutron fraction (Perr) is a good indicator of a reactor’s temporal
response. For the 100% UO- configuration, Berr was found to be 0.00716 + 4.60E-07
compared to the 5.5 wt% PuO; Th-MOX blanket configuration’s value of 0.00607 + 4.30E-
07. This 15% decrease in the delayed neutron fraction may not be significant enough to
cause any safety related problems; however, the decrease in Bett must be carefully examined
for its impact on the reactor’s safety.

Thermal reactivity feedback is another parameter of interest for operational safety.

In this regard, the one-third Th-MOX configuration seemed to out-perform the 100% UO;
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configuration. The fuel temperature coefficient of reactivity for the one-third Th-MOX
configuration was found to be -2.05 + 0.02 pcm °F%, which is lower than -1.42 + 0.02 pcm
°F1 the value for the 100% UO, configuration. Likewise, the overall temperature
coefficient of reactivity (moderator plus fuel) for the Th-MOX configuration was -1.89 +
0.02 pcm °F which was more favorable than the positive value of 0.84 + 0.02 pcm °F*
for the 100% UO: configuration. This favorable temperature feedback of reactivity may
help compensate for reduced controllability via the lower Bess of Th-MOX.

Shutdown margin (SDM) was the next safety parameter used to analyze the
feasibility of the one-third Th-MOX configuration. To calculate shutdown margin, the rod
worth of each control rod cluster in the northeast quadrant of the core was determined. It
was found that the SDM for the 100% UO> configuration was 8804 + 40 pcm, which was
higher than the SDM of the Th-MOX configuration, 8134 + 47 pcm. This aspect of the
one-third Th-MOX configuration’s behavior would require additional safety analysis
before incorporating Th-MOX into the fuel cycle of a PWR could be recommended. While
the estimated SDM was well within the NRC’s prescribed limits, the reduction in SDM of
the Th-MOX configuration could reduce its controllability. Increasing the boron-10
content of the control rods could ameliorate this issue. Nevertheless, this is an area of
concern based on the present study.

Finally, nuclear hot channel factors were estimated to analyze any potential power
peaking issues. The axial nuclear hot channel factor comparison showed no statistically
significant difference between the 100% UO. configuration (1.47 + 0.24) and the one-third
Th-MOX configuration (1.49 + 0.25). Though this result was promising, the results for the
radial nuclear hot channel factor were less encouraging. The radial nuclear hot channel
factor for the one-third Th-MOX configuration was found to be 1.67 + 0.28 — 20% higher
than the corresponding value of 1.39 + 0.23 for the 100% UO; configuration. Therefore,
additional studies are required.

It is important to reiterate that all analyses presented here were performed without
any thermal fluid considerations. However, because of the identical core and assembly
geometry, the assumption that the two cores will exhibit similar thermal fluid behavior
during normal and off-normal operating conditions makes these comparisons relevant.

Nevertheless, it would be beneficial to couple a detailed thermal analysis with this study to
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provide comprehensive answers to all safety concerns (i.e. hot channel factors, control rod
worth and shutdown margin). Additionally, the analysis presented here was limited to the
beginning-of-life condition. Burnup and fission product buildup were not included in the

neutronic simulations. Burnup and buildup will be considered in a follow-up study.
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IV. THORIUM-BASED MIXED OXIDE FUEL IN A PRESSURIZED WATER
REACTOR: A BURNUP ANALYSIS WITH MCNP

Lucas P. Tucker and Shoaib Usman?®

Abstract

A three-dimensional MCNP model of a Westinghouse-type 17x17 PWR was used
to assess the feasibility of enhancing the current fuel supply with a thorium-plutonium
mixed oxide fuel (ThMOX). A conventional UO»-fueled configuration was compared to a
configuration which incorporated ThMOX fuel. The safety of the ThMOX configuration
was compared to that of the UO> configuration at several time steps of interest within all
three cycles (beginning of cycle, peak excess reactivity of cycle, and end of cycle) using
the following metrics: axial and radial nuclear hot channel factors (FY and FY), moderator
and fuel temperature coefficients (MTC and FTC), delayed neutron fraction (Ber), and
shutdown margin (SDM). Additionally, the performance of the ThMOX configuration was
assessed by tracking cycle lengths, the amount of plutonium destroyed, and fission product
poison concentration.

The ThMOX configuration’s FY (1.839 + 0.951) was less favorable than that of the
UO; configuration (1.515 + 0.246), as was its FY (3.820 + 0.232 compared to 3.430 + 0.066
for UO). The delayed neutron fraction was another problem area for the ThMOX
configuration. It was lower than that of the UO2 configuration, but the lowest Beff occurred
at the beginning of Cycle 3 (3.324E-03 * 8.919E-07). The Bers of the UO2 configuration
was 46% higher (6.177E-03 + 1.510E-06) at this time step. Similarly, the ThMOX
configuration’s SDMs were less favorable than those of the UO2 configuration, though
even the lowest (3971 £ 43 pcm) remained well within the NRC prescribed limit of 1300
pcm. However, the MTC of the ThMOX configuration was more favorable for all time
steps except the beginning of Cycle 3, and even then it was negative as required by the
NRC (-2.325 £ 0.00098 pcm/°F). The FTC results were also more favorable for the

3 Correspondence to usmans@mst.edu, 225 Fulton Hall, 301 W. 14" Street Rolla, MO 65409.


mailto:usmans@mst.edu

92

ThMOX configuration. Its highest FTC value (-6.132 + 0.00186 pcm/°F at the peak of
Cycle 1) was more negative than the lowest FTC of the UO2 configuration (-4.391 *
0.00156 pcm/°F at the beginning of Cycle 2).

Overall, incorporating ThMOX fuel into the fuel supply for a conventional PWR
seems feasible from a neutronics standpoint. However, a full thermal hydraulic analysis is
required. Also, this analysis would benefit from a more detailed burnup simulation and
optimization of the ThMOX fuel composition.

1. Introduction

Thorium represents a vast, largely untapped source of nuclear energy. Its abundance
in the earth’s crust is roughly three times greater than uranium [1]. Though 22Th — the only
naturally occurring isotope of thorium — is not fissile, it is fertile. After absorbing a neutron
to become #3Th and decaying to 2*3Pa, it ultimately decays to 2*3U [2]. Thorium-based
fuels offer several potential advantages over uranium fuels: higher fissile conversion rate,
higher thermal fission factor (1), lower capture-to-fission ratio, low actinide production,
plutonium reduction, and chemical stability [3, 4, 5, 6].

Perhaps the most expedient scheme for exploiting the world’s thorium resources is
by incorporating it into the current light water reactor (LWR) fuel supply. As the reactor
type with the greatest install base, the pressurized water reactor (PWR) warrants the
greatest attention. Since it is fertile, a fissile isotope must be included with thorium if it is
to be used in a conventional reactor. In this way, a thorium-plutonium mixed oxide
(ThMOX) fuel can be used for the disposition of plutonium.

The concept of destroying plutonium in current-gen LWRs with ThMOX fuel has
been researched by many — mostly with computer simulations. Throughout the literature
studies can be found with a variety of fuel compositions, core configurations, burnup
histories, design objectives, and modeling methodologies. Sometimes the focus is on safety
characteristics: Mittag et al. focused on changes in coefficients of reactivity when one-third
of the core was replaced with ThMOX [19], while Bjork et al. considered a wider variety
of parameters, including control rod worths and decay heat for several fuel compositions

[20]. Other times the focus is on performance: Trellue et al. analyzed the improvement in
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plutonium destruction ThMOX fuel provides over conventional MOX fuel for a one-third
MOX core [21], Fridman and Kliem also looked at the plutonium destruction capability of
ThMOX [22] and Bjork et al. and Weaver et al. considered improvements in cycle length
[23, 24]. More exotic applications are receiving attention as well. Baldova et al. have
considered ThMOX fuel for breeding 233U [25]. Todosow et al. considered the impact
ThMOX would have at the fuel cycle level rather than at the level of an individual reactor
[26]. It is also worth noting that the analysis of ThRMOX fuel has moved out of the realm
of simulations and into experimentation [27]. However, none of these studies focus on the
transition from a UO; fueled core to a one-third ThMOX core to a full ThRMOX core.

The feasibility of the use of ThRMOX fuel in a PWR was examined by Tucker, Alajo,
and Usman for beginning of life (BOL) conditions [7]. A three-dimensional MCNP model
of a Westinghouse-type 17x17 PWR was used to examine various possibilities for
replacing one-third of the UO> assemblies with ThMOX assemblies. The excess reactivity,
critical boron concentration, and centerline axial and radial flux profiles for several
configurations and compositions of a one-third ThMOX core were compared to a 100%
UO; core. A blanket-type arrangement of 5.5% PuO. by weight was determined to be the
best candidate for further analysis. Therefore, this configuration was compared to a 100%
UO; core using the following parameters: delayed neutron fraction (Befr), temperature
coefficient, shutdown margin (SDM), and axial and radial nuclear hot channel factors (FY
and FY). The one-third ThMOX core compared favorably, and a burnup analysis was
recommended.

This work is a continuation of Tucker et al.’s BOL feasibility analysis [7]. Starting
with the configuration that was identified as most favorable in the earlier study (one-third
5.5% PuO: in the blanket configuration), a three cycle burnup analysis was performed
using MCNP [8]. After the end of the first and second cycles, the discarded UO; fuel was
replaced with fresh ThMOX fuel. The third cycle was fueled entirely with ThMOX. The
results of the ThMOX burnup analysis were compared to a similar analysis of an
unmodified 100% UO: fueled core. Several characteristics of each configuration were
monitored throughout the burnup analysis: excess reactivity (pex), critical boron
concentration (CBC), cycle length, plutonium destruction, and fission product poison

concentration. Additionally, the performance of the ThMOX configuration was evaluated
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against that of the UO> configuration by comparing delayed neutron fraction (Besf), overall
temperature coefficient, fuel temperature coefficient, shutdown margin, axial and radial
nuclear hot channel factors. All of these characteristics and criteria were evaluated at the

beginning and end of each cycle unless unnecessary (e.g. excess reactivity at end of cycle).

2. Description of Reactor Configurations

The beginning of cycle (BOC) 1 core configurations are based on the work
performed for the BOL feasibility analysis. As seen in Figure 1a the 100% UO> core is
composed of assemblies of three different fuel enrichments: 3.1% (Group 1), 2.6% (Group
2), and 2.1% (Group 3). For the ThMOX core, the 3.1% enriched fuel in Group 1 was
replaced with 5.5% PuO, ThMOX as seen in Figure 1b. Replacing the 3.1% enriched UO-
assemblies with ThMOX assemblies is consistent with the goal of destroying the maximum
amount of plutonium. The BOL composition of the plutonium in the ThMOX fuel can be

seen in Table 1.

(a) (b)

Fig. 1. Beginning of Cycle 1 fuel configurations. (a) UO.. (b) ThMOX. 3.1% enriched UO>
in dark blue, 2.6% enriched UO2, in medium blue, 2.1% enriched UO: in light blue, Th-
MOX in green.
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Table 1. Isotopic composition of plutonium used for ThHMOX. Adapted from Shwageraus,

Hejzlar, and Kazimi [9].

Isotope Weight Percent
238py 3.18
239py 56.35
240py 26.62
241py 8.02
242py 5.83

For Cycle 1, which is the BOL cycle, both cores were loaded with borosilicate glass

tube burnable absorbers to compensate for the lack of fission product poisons. Burnable

absorbers are located within fuel assembly guide tubes. The arrangement that was used for

both cores can be seen in Figure 2. Burnable absorbers were not used for Cycles 2 or 3.

20 16 16 16 20

20 20 16 16 20 20
20 16 16 16 20

16 16 20 20 16 16
16 20 20 20 16

16 16 20 20 16 16
16 20 20 20 16

16 16 20 20 16 16
20 16 16 16 20

20 20 16 16 20 20
20 16 16 16 20

Fig. 2. Cycle 1 burnable absorber arrangement for both the UO2 and the ThMOX cores.
Assemblies with burnable absorber rods are indicated by the number of rods in the

assembly.

Nearly all simulations were run with all control rods fully withdrawn. The

exceptions were those simulations performed to calculate shutdown margin. Two types of

control rods were used: full-length and part-length. Dimensions and composition of each

control rod type can be found in Table 2, and the distribution of control assemblies can be

seen in Figure 3.
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Table 2. Attributes of full-length and part-length control assemblies in a PWR.

Full-Length Control Assembly  Part-Length Control Assembly

Active length 360.68 cm 91.44 cm
Composition 80% Silver 80% Silver
15% Indium 15% Indium
5% Cadmium 5% Cadmium
Number in Core 53 8
A B [ D E F G H | J K L M N (o]
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Fig. 3. PWR control assembly layout. Full-length control assemblies are marked with an
“F”. Part-length control assemblies are marked with a “P”.

There are many possible configurations for PWRs — various enrichments, fuel
assembly arrangements, burnable absorber and control assembly compositions and
distributions, etc. The configuration selected for this work was chosen based on the
information available to the authors regarding fuel assembly dimensions, material
compositions, etc. The purpose of this work is to assess the feasibility of incorporating
ThMOX fuel into the PWR fuel supply. While this work does suggest the feasibility of
incorporating ThMOX fuel into the PWR fuel supply, further analysis and optimization as
well as experimental validation would have to be performed before implementation of such

a drastic change in the fuel cycle.
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3. Burnup Procedure

The burnup analysis presented here was completed using MCNP6. The MCNP6
burnup capability is based on the utility developed for MCNPX [8]. First, a steady-state
neutron transport calculation is performed to determine ke, the energy-dependent flux
distribution and reaction rates, fission multiplicity (v), and the recoverable energy per
fission [10]. This information is passed to CINDER90 to perform depletion calculations
and generate new number densities which correspond to the end of a prescribed time step
[10]. The new number densities are passed back to MCNP for the next neutron transport
calculation. This process is repeated for as many time steps as are requested by the user. It
is important to take time steps small enough to ensure minimal change in flux shape, as
large flux shape changes between time steps will produce unreliable results.

When setting up the BURN card, the user must specify which fission products
MCNP should track. There are three tiers of fission products that can be tracked. There are
twelve isotopes in Tier 1 [10]. Tier 2 asks MCNP to track all fission products for which
there are neutron cross sections in the cross section directory [10]. Tier 3 contains all fission
products for which CINDER90 has fission yield data [10]. For this work the Tier 2 fission
products were used.

It is possible for CINDER90 to generate fission product isotopes for which cross
section data does not exist in MCNP. Therefore, MCNP’s BURN card allows the user to
provide a list of isotopes to be omitted from neutron transport calculations and from the
output file [10]. Ultimately, 177 isotopes had to be omitted from this work. The inclusion
of these isotopes could affect both the neutron transport characteristics of either reactor and
the discharge activity of each material. However, the isotopes omitted had very low
concentrations (on the order of 101° atom percent) with either short half-lives and/or small
neutron cross sections.

A burnup run outputs an abundance of data. At the system level, MCNP reports the
multiplication factor, the total flux, the average v, the average Q, the total burnup, and the
source strength. For each material tracked by the burnup calculation, values are returned
for the fraction of the power produced and burnup in GWd/MTHM for each time step. It is

also returns the mass and activity of each materials’ isotopes at each time step.
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In this analysis, burnup calculations were performed for 31 materials, each of which
corresponded to a fuel assembly location as seen in Figure 4. Using 31 materials made it
possible to take advantage of a PWR’s one-eighth symmetry while accounting for
differences in flux at each location. However, this forced burnup to be uniform across each
assembly both axially and radially. Additionally, all burnup calculations were performed
without boric acid in the coolant. This simplified the calculations and reduced run time,

but it likely also reduced cycle length.

Fig. 4. Map of materials used for burnup analysis

All simulations were performed with MNCP6 Version 1.0. The ENDF-VII cross
section libraries were used (unless unavailable for a particular isotope). For most problems,
ten million histories (500 active KCODE cycles of 20,000 histories) were sufficient to
obtain a relative error of less than 10%. All burnup simulations were performed on a
machine with an Intel Core i7 CPU and 32 GB of RAM.

4. Cycle Lengths

This analysis was run for three cycles. The goal for the ThMOX configuration was
to destroy plutonium and match the performance of the UO; configuration — in that order.

Shorter burnup steps were used at the beginning of each cycle as fission product poison
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equilibrium values are reached and, in the case of Cycle 1, as burnable absorber rods are
consumed. Longer burnup steps (100 days each) were used once roughly linear burnup
began. Shorter burnup steps (20 to 50 days) were used towards the end of each cycle in an
attempt to capture the day ket reached unity within 100 pcm. After the end of Cycles 1 and
2 a thirty-day decay was performed to approximate a refueling shutdown. Following the
decay step, Group 3 fuel assemblies were removed and replaced with Group 2 assemblies;
Group 2 fuel assemblies were replaced with Group 1 fuel assemblies; and Group 1
assemblies were replaced with fresh fuel assemblies.

As can be seen in Figure 4, some assemblies have one-eighth symmetry (they are
one of eight assemblies with identical neutronic and material characteristics, such as
Assembly 67), while others (such as Assembly 18) have one-fourth symmetry, and
Assembly 11 has no symmetry. Assembly 11 was not shuffled between cycles, but was
instead replaced with fresh 2.1% enriched fuel at the beginning of each cycle. For all other
assemblies, the following fuel shuffling procedure was used for both configurations before
Cycles 2 and 3. First, the assemblies from each group were sorted by burnup in descending
order. The one-eighth symmetry assembly with the lowest burnup in Group 2 was used to
fill the two one-fourth symmetry assembly locations with the highest burnup in Group 3.
The one-fourth symmetry assembly with the lowest burnup in Group 2 was used to fill the
third lowest one-fourth symmetry assembly location in Group 3, and so on and so forth for
the rest of the one-fourth symmetry assemblies from Group 2. The one-eighth symmetry
assembly from Group 2 with the second lowest burnup was then used to fill the one-eighth
symmetry assembly location with the highest burnup in Group 3. The one-eighth symmetry
assembly from Group 2 with the third lowest burnup was then used to fill the one-eighth
symmetry assembly location with the second highest burnup in Group 3, and so on and so
forth for the remaining one-eighth symmetry assemblies in Group 2. The same procedure
was used to shuffle assemblies from Group 1 to Group 2. A visualization of this procedure
can be seen in Figure 5.

For Cycles 2 and 3 the plutonium content of the fresh ThMOX fuel was increased
to match the BOC excess reactivity of the UO2 configuration. The BOC critical boron
concentration (CBC) was also determined. See Table 3 for each cycle’s excess reactivity

and CBC. A more detailed discussion of each cycle is found in Sections 4.1, 4.2, and 4.3.
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Group 3--BOL2.1% Group 2 -- BOL 2,6%
Symmetry Burnup Symmetry Burnup
hAat Type  (GWdATHR) hdat Type  (GWdTHR)

Group 1 --BOL3.1%
Symmetry Burnup
hiat Type  (GWdMTHR)

1/4 31.35
1/8 29.36

1/4 2762 12

37 1/8 3l.46
28 1/8 26,63
38 1/8 24,08
27 1/8 22,54
a7 1/8 20,23
43 1/8 13,53
15 1/4 14,58
67 1/8 12,27
66 1/4 12,26

Fig. 5. Visualization of fuel shuffling procedure for the 100% UO. configuration from

Cycle 1 to Cycle 2.

Table 3. Excess reactivity and critical boron concentration.

uo; ThMOX
pex (% Ak/K) CBC (ppm B) pex (% Ak/K) CBC (ppm B)
BOC1 14.793 +0.019 1290 + 7 14.183 + 0.020 1322 £ 19
POC1  19.109 +0.019 1690 + 6 17.866 + 0.020 1678 + 18
BOC2 12507 +0.005 1156 + 10 12.541 +0.022 3997 + 14
BOC3  16.069 + 0.020 1540 + 11 16.086 + 0.023 8504 + 21

4.1. Cyclel

Both the 100% UO: and the ThMOX configurations began Cycle 1 composed

entirely of fresh fuel (Figure 1) and with burnable absorbers (Figure 2). In Figure 6 each

configuration’s multiplication factor is plotted against cycle time. There is an initial drop

in Keft during the first ten days as fission product poisons (FPP) reach equilibrium followed

by an upswing as the burnable absorbers are consumed until each configuration reaches its

peak multiplication factor after forty days. This time step (40 days after the beginning of

Cycle 1) will be referred to as peak of cycle (POC). The ThMOX curve closely follows the

UO: curve, but with slightly less excess reactivity at BOC its cycle length is shorter. This
is understandable as the fissile content of the ThMOX fuel is less than that of the UO; fuel

it replaced.
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Fig. 6. Multiplication factor plotted against time for both core configurations for Cycle 1.

4.2. Cycle?2

The 100% UO; configuration began Cycle 2 with 64 fresh 3.1% enriched UO>
assemblies (Group 1), 64 once-burned, 3.1% enriched UO; assemblies (Group 2); 64 once-
burned, 2.6% enriched UO, assemblies (Group 3); and one fresh, 2.1% enriched UO;
assembly at the center of the reactor (position H8). No burnable absorbers were used. The
multiplication factor for the UO. configuration reached unity after two hundred days. The
multiplication factor trend for both configurations are plotted in Figure 7.

At the beginning of Cycle 2 the plutonium content of the Group 1 fuel assemblies
in the ThMOX configuration was increased from 5.5% PuO; to 15.8% PuQO,. This higher
plutonium concentration was used to maximize plutonium destruction without exceeding
the BOC excess reactivity of the UO> configuration. Group 2 assemblies contained once-
burned, 5.5% ThMOX; Group 3 assemblies contained once-burned, 2.6% UQO2; and the
center-most assembly (position H8) contained fresh, 2.1% UO,. No burnable absorbers
were used. The increase in plutonium concentration of the Group 1 fuel resulted in a 470
day cycle — 270 days longer than Cycle 2 for the UO2 configuration and only 30 days
shorter than Cycle 1 for the ThMOX configuration. However, as seen in Table 3, the higher
fissile content increases the BOC CBC substantially when compared to ThMOX Cycle 1,
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UO: Cycle 1 or UO, Cycle 2. The increase in CBC made temperature coefficient and
shutdown margin calculations vital. See Section 9 and Section 10 for those results.

1.15

uo2

0.95 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500
Time since BOC 2 (days)

Fig. 7. Multiplication factor plotted against time for both core configurations for Cycle 2.
4.3. Cycle3

The 100% UO; configuration began Cycle 3 with 64 fresh 3.1% enriched UO>
assemblies (Group 1), 64 once-burned, 3.1% enriched UO; assemblies (Group 2); 64 twice-
burned, 3.1% enriched UO. assemblies (Group 3); and one fresh, 2.1% enriched UO;
assembly at the center of the reactor (position H8). No burnable absorbers were used. The
cycle lasted 320 days. The multiplication factor trend for both configurations are plotted in
Figure 8.

At the beginning of Cycle 3 the plutonium content of the Group 1 fuel assemblies
in the ThRMOX configuration was increased from 15.8% PuO; to 19.2% PuO,. This was
done to maximize plutonium destruction without exceeding the BOC excess reactivity of
the UO- configuration. Group 2 assemblies contained once-burned, 15.8% ThMOX; Group
3 assemblies contained twice-burned, 5.5% PuO. ThMOX; and the center-most assembly
(position H8) contained fresh, 2.1% UO». No burnable absorbers were used. The increase

in plutonium concentration of the Group 1 fuel combined with the increase that had been
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made for Cycle 2 resulted ina 975 day cycle. It is unlikely that a commercial power reactor
would run for 975 days given the host of non-neutronic problems such a long cycle would
likely cause. However, such a run would destroy (or make unavailable) a substantial
quantity of plutonium. See Section 5 for discussion of the changes in plutonium
concentration for each cycle and fuel configuration. Additionally, as for the ThHMOX Cycle
2 configuration, the higher fissile content increases the BOC CBC substantially. See
Section 9 and Section 10 for a discussion of the impact on temperature coefficient and

shutdown margin.
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Fig. 8. Multiplication factor plotted against time for both core configurations for Cycle 3.
5. Plutonium Destruction

The purpose of this work was to assess the feasibility of using a ThMOX fuel in a
conventional PWR for plutonium destruction. Therefore, it was vital to examine the
amount of plutonium destroyed by the ThMOX fuel cycle. Table 4 provides the mass in
kilograms of plutonium in the whole core at the beginning of each cycle for each
configuration, while Table 5 provides the net change in plutonium mass. The change in

plutonium mass during Cycles 1, 2, and 3 are plotted in Figures 9, 10, and 11, respectively.
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Table 4. Total core plutonium mass in kilograms at the beginning of each cycle for both
configurations.

U0, ThMOX
239Pu 240Pu 241Pu 239Pu 240Pu 241Pu
Cycle 1 0 0 0 727 282 204
Cycle 2 279 105 52 3192 1394 976
Cycle 3 248 78 38 5083 2501 1717

Table 5. Net change in core plutonium mass (kg) for each configuration at the end of each
cycle and totaled across all three cycles.

uo: ThMOX
239Pu 240Pu 241Pu 239Pu 240Pu 241Pu
Cycle 1 397 146 70 -17 111 37
Cycle 2 102 42 22 -1094 -42 -99
Cycle 3 150 72 39 -2430 -307 -366
Total 649 260 131 -3541 -238 -427

During Cycle 1, the net loss of 23°Pu for the ThMOX configuration was only 17 kg
(2.4% of BOC mass). Cycle 1 illustrates why increasing the concentration of plutonium in
the fuel and the number of ThMOX assemblies in the core is necessary for efficient
plutonium destruction. Two-thirds of the fuel assemblies in the ThMOX configuration
were conventional UO; assemblies comprised mostly of 28U. As the cycle progressed these
assemblies produced almost enough plutonium to completely negate the loss of plutonium
in the ThMOX assemblies, which comprised one-third of the core. To maximize plutonium
destruction during Cycle 2 without exceeding the BOC excess reactivity of the UO;
configuration, an additional one-third of the UO> assemblies were replaced with ThMOX
assemblies and the amount of PuO. was increased from 5.5% to 15.8% as described in
Section 4.2.

During Cycle 1, the net loss of 2°Pu for the ThMOX configuration was only 17 kg
(2.4% of BOC mass). Cycle 1 illustrates why increasing the concentration of plutonium in
the fuel and the number of ThMOX assemblies in the core is necessary for efficient
plutonium destruction. Two-thirds of the fuel assemblies in the ThMOX configuration

were conventional UO; assemblies comprised mostly of 228U. As the cycle progressed these
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Fig. 9. Whole-core plutonium mass in kilograms during Cycle 1.
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Fig. 10. Whole-core plutonium mass in kilograms during Cycle 2.
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Fig. 11. Whole-core plutonium mass in kilograms during Cycle 3.
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assemblies produced almost enough plutonium to completely negate the loss of plutonium
in the ThRMOX assemblies, which comprised one-third of the core. To maximize plutonium
destruction during Cycle 2 without exceeding the BOC excess reactivity of the UO;
configuration, an additional one-third of the UO> assemblies were replaced with ThMOX
assemblies and the amount of PuO. was increased from 5.5% to 15.8% as described in
Section 4.2.

With an additional 2,465 kg of 2*°Pu present in the ThMOX configuration at BOC
2, the net loss of 23%Pu during Cycle 2 was a more substantial 1,094 kg (34% of BOC mass).
For Cycle 3, the plutonium content of the fresh ThMOX fuel was further increased to
19.2% PuO, to maximize plutonium destruction while maintaining the UQO2
configuration’s BOC excess reactivity, and all but one UO> assembly was replaced with
ThMOX. It is no surprise, therefore, that the net loss of 2*°Pu increased to 2,430 kg (48%
of BOC mass).

At the end of Cycle 3, the UO; configuration had produced 649 kg of 2%°Pu, while
the ThMOX configuration netted 3,541 kg of *°Pu destroyed. However, the %°Pu
destroyed by the ThMOX configuration must be balanced with the 1,188 kg of 23U it

produced. In Figure 12, the cumulative production of 233U is plotted.
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Fig. 12. Lifetime 23U production of the ThMOX configuration.
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Table 6. Total discharge activity of thrice-burned, Group 1 Assemblies at EOC 3.

Uo: ThMOX
Total Activity Total Activity
No. of Activity per Assy Activity per Assy
Material Assys (Ci) (Ci) (Ci) (Ci)

13 4 1.138E+08 2.845E+07 8.218E+07 2.055E+07
15 4 1.181E+08 2.953E+07 8.934E+07 2.234E+07
17 4 1.247E+08 3.117E+07 1.230E+08 3.074E+07
22 4 1.162E+08 2.904E+07 8.501E+07 2.125E+07
24 8 2.098E+08 2.623E+07 1.666E+08 2.082E+07
26 8 2.340E+08 2.926E+07 2.073E+08 2.591E+07
33 4 1.140E+08 2.851E+07 8.005E+07 2.001E+07
35 8 2.173E+08 2.717E+07 1.804E+08 2.255E+07
37 8 2.397E+08 2.996E+07 2.367E+08 2.958E+07
44 4 1.172E+08 2.929E+07 9.055E+07 2.264E+07
46 8 2.431E+08 3.039E+07 2.243E+08 2.804E+07

Of course, any fissile material remaining in a used fuel assembly would be well
protected by the highly radioactive material with which it resides. Table 6 shows that the
discharge activity of the thrice-burned fuel from the ThMOX configuration, while less than

that of the UO> configuration, is sufficient to deter diversion.

6. Fission Product Poisons

In addition to monitoring fissile isotope mass, it is also prudent to monitor the
buildup of fission product poisons (FPP). The FPP of greatest concern is 13°Xe; its lifetime
mass in each configuration is shown in Figure 13. By Cycle 3 the equilibrium concentration
of 13°*Xe is much higher for the ThMOX configuration than the UO; configuration. Two
factors contribute to this difference: first, the amount of fissile material is much higher in
the ThMOX configuration; second, the fission yield of ¥*Xe from 23°Pu (0.0105) is several
times higher than that from #*°U (0.00237) [11]. The primary impact lies with an unplanned
shutdown: potentially dozens of additional hours would be required to accommodate the

decay of the additional ***Xe present in the ThMOX configuration.
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Fig. 13. Lifetime whole-core mass of 13Xe for both the UO, and ThMOX configurations.
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Fig. 14. Lifetime whole-core mass of 14°Sm for both the UO, and ThMOX configurations.
The ThMOX configuration’s *°Sm concentration is plotted on the secondary axis.

The other FPP worth monitoring is ¥4°Sm. Its lifetime whole-core mass for each
configuration is plotted in Figure 14. Much like *°Xe, the equilibrium concentration of
149Sm is much higher for the ThMOX configuration. However, the difference in 4°Sm
concentration is caused solely by the difference in fissile content, as the fission yield from
23%9py (0.0121) is virtually identical to that of 2°U (0.01071) [11]. The additional *°Sm
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mass present in the ThMOX configuration has the potential to shorten the lifetime of the
fuel. If an unplanned shutdown occurs and there is too little excess reactivity to overcome
the negative reactivity represented by the mass of 24°Sm, the reactor must be refueled. With
so much more °Sm present, a cycle-ending unplanned shutdown could occur earlier —

reducing total burnup.

7. Nuclear Hot Channel Factors

There are strict regulatory requirements concerning flux and power distributions in
power reactors. Likewise, to ensure that there is no risk of fuel melting, the fuel centerline
temperature must be kept below the melting temperature of the fuel. This requirement is
met by ensuring the critical heat flux is never reached. In order to find the critical heat flux,
two hot channel factors are required: the nuclear axial hot channel factor (FY) and the

enthalpy rise hot channel factor (Fan) as seen in Equation 1.

q¢ = 9y Fév Fan (1)

FY is defined as the ratio of the maximum heat flux in the hot channel to the average

heat flux in the hot channel (see Equation 2).

v _ Estimated maximum heat flux in hot channel

F7; = (2)

Mean heat flux in hot channel

Fan is the enthalpy rise in the hottest channel over the enthalpy rise in the average
channel [12]. Fan accounts for both the radial nuclear hot channel factor (FY) and the

engineering enthalpy rise hot channel factor (F%,):

Fap = leevFAEh (3)

The radial nuclear hot channel factor (FR) is the mean heat flux in the hot channel

over the mean heat flux in the average channel of the core (see Equation 4).
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N Mean heat flux in hot channel

Fr

(4)

"~ Mean heat flux in average channel of the core

However, one would be required to perform a detailed thermal hydraulic analysis
of the core to determine the engineering enthalpy rise hot channel factor which would
include the core flow subfactor and core mixing subfactor. Additionally, there are fuel
fabrication uncertainties associated with the enrichment, density and geometry of the fuel,
all of which are accounted for in the engineering hot channel factor, FS. In the absence of
information regarding engineering enthalpy rise hot channel factor (FE,) and the
engineering hot channel factor (FS), only nuclear hot channel factors can be compared to
assess the relative safety of incorporating Th-MOX fuel into a PWR core. Though
calculating the engineering enthalpy rise hot channel factor (F£,,) was outside the scope of
this work, it was possible to estimate the axial and radial nuclear hot channel factors with
assembly-level power generation data from the burnup runs and thermal neutron flux tallies
performed after the burnup runs were completed.

As stated in Section 3, an MCNP burnup run outputs the fraction of the total power
generated by each material. Since a different fuel material was assigned to each assembly
necessary given the one-eighth symmetry of a PWR (as seen in Figure 4), the power
fraction for each material could be multiplied by the total thermal reactor power (3,411
MW) and the symmetry of the assembly represented by that material (e.g. one-fourth for
material 22, one-eighth for material 23) to determine the power produced by each assembly
for each time step. Then, the assembly with the maximum thermal output was found. The
power produced by this assembly was divided by the average power produced per assembly
for its time step to generate a whole-core approximation of FY as seen in Equation 5. The
results of the calculations for each time step for both configurations are plotted in Figure
15. These results were also used to create a heat map of each time step’s power distribution
with each assembly color coded according to the maximum and minimum power producer
across all time steps for each configuration. Examples of these plots are provided in Figure

16 at the time step with the highest [FY ... for each configuration.
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Fig. 15. Whole-core approximation of the nuclear radial hot channel factor at each time
step for both the UO, and ThMOX configurations. The worst-case scenario for each

configuration has been flagged.
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For the UO> configuration, the initial approximation for FY peaks at the beginning
of Cycle 2, while it peaks at the beginning of Cycle 3 for the ThMOX configuration. The
highest power producing assemblies are Assembly 27 and Assembly 66, respectively. If
the nuclear hot channel factors are acceptable for these assemblies at these time steps — the
worst case scenarios — then it can be reasoned that they will be acceptable for all other
assemblies at all other time steps. Therefore, each of these assemblies were examined in
greater detail.

A pin-by-pin thermal neutron flux tally in seventeen vertical sections was
performed on UO, BOC 2 Assembly 27 and ThMOX BOC 3 Assembly 66. Water-filled
channels were ignored. Thermal neutron flux can be used to approximate heat flux in a
thermal reactor because the rate of fission and hence energy production is directly related
to the thermal neutron population. However, a portion of a thermal reactor’s power is
produced by fast fission (typically about 8%), which will introduce some error to the
nuclear hot channel factor results presented here. The results of this analysis were used to
generate seventeen flux maps of each configuration’s hottest assembly. Then the results
for each pin were summed across all seventeen vertical sections to reveal each
configuration’s hot channel. These plots are shown in Figure 17. For UO, BOC 2 the hot
channel is located at (x = 135.3 cm, y = 16.5 cm). For ThMOX BOC 3 the hot channel is
located at (x =101.2 cm, y = 112.6 cm). In both cases the origin is in the center of the core
at the bottom of the fuel.

To complete the approximation of the radial nuclear hot channel factor, the initial
approximation for FR is multiplied by the ratio of the total flux in the hot channel (pH2
divided by the average channel flux in the hot assembly (pHA). See Equation 6. The results

of these calculations are presented in Table 3.

HC
FIIQV ~ HA [FIéV]COTe (6)

ave

The results from the thermal neutron flux tallies performed on each configuration’s
hot assembly were also used to calculate the axial nuclear hot channel factors. No

additional simulations were required. In the hot channel, the flux from the vertical section
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with the highest flux (¢HS, ) was divided by the average flux in the hot channel ($HS,) as
seen in Equation 7. The results of these calculations are presented in Table 3.
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Fig. 17. Pin-by-pin thermal neutron flux distribution for each configuration’s hottest
assembly at the time step with the highest whole-core approximation of the nuclear radial
hot channel factor. The hot channel is bordered in green. Non-fuel channels are shaded

gray.

Table 7. Axial and radial nuclear hot channel factors at the time step with the highest
whole-core approximation of the radial nuclear hot channel factor for each configuration.

Fz FR
UO, BOC 2 1.515 £ 0.246 3.430 + 0.066
ThMOX BOC 3 1.839 £ 0.951 3.820 + 0.232

For both the axial and the radial nuclear hot channel factors the ThRMOX results are
less favorable than the UO- results. The difference in FY can be explained by the significant
increase in plutonium content made for cycles 2 and 3, which increases the fraction of the
power produced in the outer assemblies. Even with the 19.2% PuO; assemblies in the core
the FY of the worst-case scenario for the ThMOX configuration is only 11% worse than

the FY for the UO> configuration’s worst-case scenario.
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The 21% difference in FY' can also be explained mostly by the increase in plutonium
composition. There is no axial variation in fuel composition because of approximations
necessary for the burnup simulations. However, flux shape changes axially with differences
in leakage and power production. With more fuel added to the Group 1 assemblies in the
ThMOX configuration (Assembly 66 included), more power will be produced on the core’s
periphery, and higher axial power peaking will occur. A 21% difference is still within the
statistical uncertainty of the simulations, so further investigation might reveal a much
smaller difference between each configuration’s FY. In Figure 18, the values used to

calculate FY are plotted for each configuration.
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Fig. 18. Flux per vertical section (VS) for each configuration’s hot channel (HC). Each
configuration’s average hot channel flux is also included as a horizontal line. These values
were used to calculate the axial nuclear hot channel factor. The ThMOX configuration’s
values are plotted on the secondary axis.

8. Delayed Neutron Fraction

Since the delayed neutron fraction (Befr) influences a reactor’s controllability, Pefr iS
an important parameter to investigate. Two KCODE simulations are necessary to
determine Perr with MCNP. In the first simulation, both delayed neutrons and prompt
neutrons are generated and tracked yielding the total multiplication factor (k). In the second

simulation, only prompt neutrons were generated and tracked, yielding the prompt
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multiplication factor (kp). Using the results of these two simulations the effective delayed
neutron fraction could be approximated with Equation 8 [13]:

kp
Berr =1 — T (8)

KCODE simulations were performed at each time step of interest (BOC, POC,
EOC) for both configurations. Results are presented in Table 7. At every time step the
ThMOX configuration’s Pers IS less than the UO2 configuration’s, with the greatest
difference occurring at BOC 3. These results are not surprising as there is a great deal more
plutonium in the ThMOX configuration, and the Best 0f 23°Pu (0.0021) is lower than that of
235U (0.0065) [14]. Greater care will have to be taken during the operation of a reactor
fueled with ThMOX as it is likely to be more difficult to control unless the lower Best Of the
ThMOX configuration is balanced by some other difference. For instance, positive
reactivity would have to be added more slowly to ensure reactor safety margins are

maintained.

Table 8. Delayed neutron fraction at times of interest for both configurations.

uo: ThMOX
BOC 1 7.288E-03 + 1.630E-06 4.325E-03 £ 1.274E-06
POC 1 6.607E-03 + 1.456E-06 5.888E-03 + 1.417E-06
EOC1 5.105E-03 + 2.881E-07 4.614E-03 £ 2.642E-07
BOC 2 6.320E-03 + 3.985E-07 3.750E-03 £ 1.039E-06
EOC 2 5.327E-03 £ 1.507E-06 4.073E-03 £ 1.152E-06
BOC 3 6.177E-03 + 1.510E-06 3.324E-03 £ 8.919E-07
EOC 3 4.457E-03 + 1.226E-06 3.603E-03 £ 9.969E-07
9. Temperature Coefficients

Another important reactor safety parameter is the temperature coefficient (ar),
which quantifies the effects of temperature changes on reactivity. Equation 9 shows how

the temperature coefficient is calculated [15].
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Separate components such as the moderator and the fuel have their own temperature
coefficients. This study considered the moderator temperature coefficient (MTC) and the
fuel temperature coefficient (FTC).

Finding both of the temperature coefficients for one of the configurations at one of
the time steps required three MCNP KCODE simulations. The first simulation was
performed with operating temperature cross sections for moderator and fuel (600 K,
typically the 71c ENDF-VII libraries). Water density was 0.711 g cm?3, and the
configuration’s critical boron concentration was used. The second simulation used
operating temperature (600 K) cross sections for the fuel, and room temperature cross
sections and density (1 g cm™) for the moderator (the 70c ENDF-VII libraries at 293 K).
Increasing the mass density of the moderator automatically increased the number density
of boron in the moderator. Finally, a simulation was performed with room temperature fuel
and room temperature moderator.

The MTC is calculated from the results of the first simulation (operating
temperature moderator and operating temperature fuel) and the third simulation (room
temperature moderator and room temperature fuel). The FTC is calculated from the results
of the second simulation (room temperature moderator and operating temperature fuel) and

the third simulation (room temperature moderator and room temperature fuel).
9.1.  Moderator Temperature Coefficient

Each configuration’s MTC results for all time steps of interest are presented in
Table 9. Three of the MTC results are positive. Typically, a negative MTC is required by
the Nuclear Regulatory Commission (NRC). However, at BOL the NRC does allow most
plants to have a slightly positive MTC. For the Callaway Plant an MTC of up to 5 pcm/°F
is allowed [16]. Under this exception the positive MTC value for UO, BOC 1 is not only

allowed, but expected. However, the positive MTC values both configurations exhibit at
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POC 1 (40 days after BOC) do not meet the NRC’s criteria for exception — namely,
operating at less than 100% of rated thermal power (RTP).

Table 9. Moderator temperature coefficient at each time step of interest for both
configurations.

UO: (pcm/°F) ThMOX (pcm/°F)
BOC1 2.743 £ 0.00024 -6.004 + 0.00052
POC 1 15.311 + 0.00513 3.453 £ 0.00104
EOC1 -25.409 £ 0.00440 -25.467 £ 0.00849
BOC 2 -15.208 + 0.00553 -22.564 + 0.00889
EOC 2 -32.487 £ 0.01078 -35.736 £ 0.01279
BOC 3 -4.992 + 0.00183 -2.325 + 0.00098
EOC3 -30.324 + 0.01007 -32.805 + 0.01093

It should not be possible for either configuration to produce a positive MTC value
at any point other than BOL. The buildup of FPP should prevent this; and before sufficient
FPP concentration has been achieved the burnable absorbers should prevent it. The most
likely cause for the positive MTC values at POC 1 is the omission of a power ramp at BOC.
When real-world PWRs are brought online, control assemblies are slowly withdrawn over
the course of several days, allowing the system to gradually warm up to operating
temperature as it approaches full power. During the burnup simulation both configurations
were run at 100% of RTP, which accelerated the burnout of the burnable absorber rods.
Since the BAs burned out faster than designed, the systems were unable to maintain a
negative MTC.

At all time steps except BOC 3, the MTC of the ThMOX configuration is lower
than that of the UO> configuration. This indicates that even with the positive MTC values
at POC 1, the ThMOX configuration should not be precluded from consideration.
Furthermore, it is possible that the more favorable MTC values of the ThMOX
configuration could ameliorate the controllability issues suggested by its lower delayed
neutron fractions. However, since the favorability of the ThMOX configuration’s MTC is
lost after the fissile content is substantially increased for Cycle 3 the decision to increase

fissile content — or, at the very least, the magnitude of the increase — should be reevaluated.
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9.2.  Fuel Temperature Coefficient

For various safety reasons NRC pays particular attention to the FTC [17]. These
values are reported in Table 10 for both configurations at all time steps of interest. First, it
is important to note that all values for both configurations are negative. Second, at every
time step the FTC of the ThMOX configuration is more negative than that of the UO>
configuration. This is likely caused by greater thermal conductivity of the ThMOX fuel.
Initial experimental data for fuel designed by Thor Energy suggests as much [27]. At any
rate, the improved FTC could further reduce the impact on controllability of the ThMOX

configuration’s lower Perf Values.

Table 10. Fuel temperature coefficient at each time step of interest for both configurations.

UO: (pcm/°F) ThMOX (pcm/°F)
BOC 1 -4.546 + 0.00039 -6.499 + 0.00056
POC1 -4.486 + 0.00152 -6.132 £ 0.00186
EOC1 -5.443 £+ 0.00093 -6.223 + 0.00205
BOC 2 -4.391 + 0.00156 -7.130 £ 0.00282
EOC 2 -4.478 £ 0.00144 -7.235 £ 0.00254
BOC 3 -4.530 £ 0.00169 -6.527 £+ 0.00283
EOC 3 -5.534 £ 0.00181 -7.596 + 0.00249

10.  Shutdown Margin

A safety analysis of any reactor will invariably include determination of the control
rod worth and shutdown margins. In order to comply with regulatory requirements, the
shutdown margin the ThMOX configuration should be comparable to that of the UO;
configuration and must be greater than 1300 pcm as prescribed by the NRC. A reactor
core’s reactivity is the algebraic sum of many contributing factors, and so its control rod
worth (progs) depends on many factors as well. To calculate progs two MCNP simulations
were necessary: one with all control assemblies (CA) fully inserted (kin) according to
Figure 3, and another with all CAs fully withdrawn (Kout). Then finding progs i Simply a

matter of subtracting kin from Koyt as in Equation 10:
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Prods = kout - kin (10)

Shutdown margin (SDM) is defined by the NRC as the instantaneous amount of
reactivity by which the reactor is subcritical — or would be subcritical from its present
condition — assuming all control rods are fully inserted except the highest worth rod
(HWR), which is fully withdrawn [18]. Shutdown margin can be represented algebraically
by Equation 11:

SDM = proas — Puwr (11)

It is necessary, therefore, to determine which assembly is the HWR. To find the
HWR with MCNP a KCODE simulation is performed with all assemblies except the CA
of interest inserted (k! ). From this, kin is subtracted to find the worth of that rod (p,4)

as in Equation 12:

pf”od = kci)ut - kin (12)

Fortunately, one can capitalize on the symmetry of a PWR, omitting most CAs from
the analysis. The only CAs considered for this work were those above Row 8 and to the
right of Column H (inclusive) as defined in Figure 3. The results of these calculations for

both configurations at the time steps of interest are collected in Table 11.

Table 11. Shutdown margin and highest worth rod at each time step of interest for both
configurations.

uo: ThMOX

HWR SDM (pcm) HWR SDM (pcm)
BOC 1 J6 8804 + 40 J6 8134 + 47
POC 1 J6 8297 + 40 J6 7559 + 39
EOC1 H8 6701 + 33 L4 6827 + 33
BOC 2 H2 4407 £ 40 N8 4281 + 41
EOC 2 H2 5975+ 35 H2 4314 + 37
BOC 3 N4 7275+ 41 N4 3971 +43

EOC 3 H2 6958 + 34 H4 4608 + 35
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While the ThMOX configuration’s SDMs are lower than those of the UO:
configuration for all time steps of interest, they all substantially exceed the NRC limit of
1,300 pcm [18].

11. Conclusions

It is feasible not only to incorporate ThMOX fuel into a conventional PWR, but
also to replace the entire core with ThMOX assemblies. The work presented here supports
this statement — with a few caveats.

The results produced for this work relied on comparing a conventional UO-fueled
PWR configuration to a novel ThMOX configuration. At BOL the UO: configuration was
stocked with 3.1%, 2.6%, and 2.1% enriched fuel, while in the ThMOX configuration the
3.1% UO; fuel was replaced 5.5% PuO, ThMOX fuel. Burnable absorbers were distributed
throughout, and Ag-In-Cd CAs and soluble boron were the available control materials.

Both configurations were run through three cycles of burnup simulations while
fresh fuel was added and used fuel was either shuffled or replaced. The fresh fuel
incorporated into the UO- configuration for Cycles 2 and 3 was kept at 3.1% enrichment,
resulting in cycle lengths of 550 days, 200 days, and 320 days, respectively. In an effort to
destroy as much plutonium as safely possible with the ThMOX configuration, the
plutonium content of the fresh fuel was increased to 15.8% PuO for Cycle 2 and 19.2%
PuO; for Cycle 3 to maximize plutonium destruction without exceeding the BOC excess
reactivity of the UO: configuration. The increase in fissile content resulted in a
substantially longer third cycle: from 500 days for Cycle 1 and 470 days for Cycle 2 to 975
days for Cycle 3.

The increase in the plutonium content of the ThMOX configuration’s fresh fuel,
coupled with the shuffling out of used UO: fuel, created the necessary conditions for
significant plutonium destruction. While Cycle 1 saw a net destruction of only 17 kg of
239py, the ThMOX configuration destroyed 1,094 kg of 22°Pu during Cycle 2 and 2,430 kg
during Cycle 3 for a total net destruction of 3,541 kg across all three cycles. This means
the ThMOX configuration could destroy all of the 2°Pu produced by three cycles of
operation (649 kg) for more than five UO»-fueled PWRs. However, the 1,188 kg of fissile
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233 that were produced by the ThMOX configuration during three cycles of operation
must not be forgotten. Of course, the highly radioactive fission products which accompany
both the 23U that was produced and the *°Pu that was not destroyed would provide a
significant deterrent for diversion.

The first notable caveat to the ThMOX configuration is the sizeable increase in
fission product poison concentration. The masses of both 1*°Xe and *°Sm in the ThMOX
configuration dramatically outpaced those in the UO, configuration. The increase in **Xe
mass would increase the duration of an unplanned outage. And the increase in 14°Sm mass
could increase the likelihood that an unplanned outage would force a refueling.

Axial and radial nuclear hot channel factor results are also less favorable for the
ThMOX configuration. However, neither the 21% increase in Fﬁ nor the 11% increase in
FR preclude it from consideration. Furthermore, a thermal hydraulic analysis is required to
fully understand the impact of the fuel change.

The delayed neutron fraction results are another area of concern. At all time steps
of interest the ThRMOX configuration’s Befr is lower than that of the UO, configuration. A
lower Pefr could make the reactor more difficult to control. However, all fuel temperature
coefficients for the ThMOX configuration are lower than those of the UO2 configuration,
and (with the exception of BOC 3) the ThMOX configuration’s moderator temperature
results are also more favorable. The more favorable temperature coefficients could
ameliorate the impact of Befr On the controllability of the ThMOX configuration, however,
they also call into question the magnitude of the increase in plutonium content for Cycle 3.

And finally, though the ThMOX configuration’s shutdown margins were lower
than those of the UO> configuration, they were well above the NRC-required 1,300 pcm.

It is important to reiterate that all analyses presented here were performed without
any thermal fluid considerations. However, because of the identical core and assembly
geometry, the assumption that the two cores will exhibit similar thermal fluid behavior
during normal and off-normal operating conditions makes these comparisons relevant.
Nevertheless, it would be beneficial to couple a detailed thermal analysis with this study to
provide comprehensive assessments of all safety parameters. Additionally, an optimization

of the ThMOX configuration for plutonium destruction would be interesting. And an
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improvement to the burnup procedure to include more accurate modeling of the initial

power ramp up would further refine the results.
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SECTION

2. CONCLUSIONS

The primary objective of this work was to investigate the feasibility of
incorporating a Th-Pu MOX fuel into the fuel supply of a conventional PWR for plutonium
disposition. In pursuit of this objective, it was helpful to investigate the dead-time of two
neutron detectors and identify the best candidate isotopes for online burnup analysis and
spent fuel monitoring of MOX fuel.

Both non-paralyzing and paralyzing dead-time calculations were performed for the
Portable Spectroscopic Fast Neutron Probe (N-Probe), which can be used for spent fuel
interrogation. The dead-time for another neutron detector (*He) was also calculated using
measurements collected in a subcritical assembly. An MCNP model of the subcritical
assembly experiment was developed for comparison. The calculations relied on a
combination of the attenuation law and paralyzing and non-paralyzing dead-time models.
The N-Probe contains an NE-213 liquid scintillator detector and a spherical *He detector.
For the spherical He fast neutron probe, non-paralyzing dead-time values were higher than
paralyzing dead-time values, as expected. Average paralyzing dead-time was calculated to
be 101.2 us and non-paralyzing dead-time was calculated to be 254.8 ps for the N-Probe
liquid scintillator detector. A Canberra *He neutron detector’s dead-time was estimated
using a combination of subcritical assembly measurements and MCNP simulations. The
paralyzing dead-time was estimated to be 14.5 pus, and the non-paralyzing dead-time was
estimated to be 16.4 us for *He gas filled detector.

A multitude of fission products identified previously identified with ORIGEN ARP
computer simulations were scrutinized for their suitability for burnup and spent fuel
analysis. The best candidate isotopes were identified by investigating half-life, fission
yield, branching ratios, production modes, thermal neutron absorption cross section, and
fuel matrix diffusivity. 1321 and °’Nb were identified as good isotope candidates for on-line
burnup analysis. *21 is also a good candidate for plutonium/uranium discrimination due to
the large difference between its fission yields. Cesium isotopes appear to be the best

choices for interim storage monitoring. For long-term storage monitoring ®Nb is the most
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attractive candidate. It has a low diffusion rate of about 10 to 11 cm?/s, an almost zero
neutron absorption cross section (making it burnup history independent), and a gamma
yield of 1.44E-09.

After investigating spent fuel monitoring techniques, the feasibility of utilizing
ThMOX fuel in a pressurized water reactor was examined under steady-state, beginning of
life conditions. With a three-dimensional MCNP model of a Westinghouse-type 17x17
PWR, many possibilities for replacing one-third of the UO. assemblies with ThMOX
assemblies were considered. The excess reactivity, critical boron concentration, and
centerline axial and radial flux profiles for several configurations and compositions of a
one-third ThMOX core were compared to a 100% UO: core. A blanket-type arrangement
of 5.5 wt% PuO> was determined to be the best candidate for further analysis. Therefore,
this configuration was compared to a 100% UO: core using the following parameters:
delayed neutron fraction, temperature coefficient, shutdown margin, and axial and radial
nuclear hot channel factors.

Following the initial beginning of life analysis, the effect of burnup on the ThMOX
configuration was compared to the UO: configuration. The safety of the ThMOX
configuration was compared to that of the UO. configuration at several time steps of
interest within each cycle (beginning of cycle, peak excess reactivity of cycle, and end of
cycle) with the following metrics: axial and radial nuclear hot channel factors, moderator
and fuel temperature coefficients, delayed neutron fraction, and shutdown margin.
Additionally, the performance of the ThMOX configuration was assessed by tracking cycle
lengths, the amount of plutonium destroyed, and fission product poison concentration. The
ThMOX configuration’s axial and radial nuclear hot channel factors, and delayed neutron
fraction were less favorable than their UO2 configuration counterparts at all time steps of
interest. However, the moderator temperature coefficients, fuel temperature coefficients,
and shutdown margins of the ThMOX configuration were more favorable at all time steps
of interest. Overall, incorporating ThMOX fuel into the fuel supply for a conventional
PWR seems feasible from a neutronics standpoint.

In the future, it would be beneficial to couple a detailed thermal analysis with this
study to provide comprehensive assessments of all safety parameters. Additionally, an

optimization of the ThMOX configuration for plutonium destruction would be interesting.
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And an improvement to the burnup procedure to include more accurate modeling of the

initial power ramp up would further refine the results.
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