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ABSTRACT
Nuclear material accountancy is of continuous concern for the regulatory, safeguards, and
verification communities. In particular, spent nuclear fuel reprocessing facilities pose one of the
most difficult accountancy challenges: continuously monitoring large volumes of highly
radioactive, fluid sample streams. Current accountancy methods for nuclear fuel reprocessing
facilities are resource intensive and time-consuming. The adaptation of passive gamma-ray
detection coupled with multivariate analysis techniques could reduce the man-power
requirements and processing time of samples. However, in measured gamma-ray spectra from
spent nuclear fuel, the Compton continuum from the dominant 661.7 keV 137 Cs fission product
gamma-ray photon peak obscures lower energy lines. The application of Compton suppression to
gamma-ray measurements of spent fuel will reduce the high continuum from nuclides like

137

Cs

and may allow other less intense, lower energy peaks to be detected, potentially improving the
accuracy of multivariate analysis algorithms.
There has been previous investigation into the use of room temperature detectors for
gamma-ray spectroscopy of spent nuclear fuel. Interest has also been expressed in the application
of Compton suppression to room temperature detectors for similar applications. Therefore, the
focus of this study has been to assess Compton suppressed gamma-ray detection systems for the
multivariate analysis of spent nuclear fuel.

This objective has been achieved using direct

measurement of samples of irradiated fuel elements in two geometrical configurations with
Compton suppression systems. This allowed for the quantification of the number of additionally
resolvable peaks through the application of Compton suppression and enabled the analysis of the
effect of Compton suppressed gamma-ray detection in the presence high radiation field. A novel

iv
Compton suppressed detector model for the simulation of spent fuel measurements was
developed.
In order to address the objective to quantify the number of additionally resolvable
photopeaks, direct Compton suppressed spectroscopic measurements of spent nuclear fuel in two
configurations were performed: as intact fuel elements and as dissolved feed solutions. These
measurements directly assessed and quantified the differences in measured gamma-ray spectrum
from the application of Compton suppression. Several irradiated fuel elements of varying cooling
time from the Penn State Breazeale Reactor spent fuel inventory were measured using three
Compton suppression systems that utilized different primary detectors: HPGe, LaBr3 , and
NaI(Tl).

The application of Compton suppression using a LaBr 3 primary detector to the

measurement of the current core fuel element, which presented the highest count rate, allowed
four additional spectral features to be resolved. In comparison, the HPGe-CSS was able to
resolve eight additional photopeaks as compared to the standalone HPGe measurement.
Measurements with the NaI(Tl) primary detector were unable to resolve any additional peaks, due
to its relatively low resolution.
Samples of Approved Test Material (ATM) commercial fuel elements were obtained
from Pacific Northwest National Laboratory.

The samples had been processed using the

beginning stages of the PUREX method and represented the unseparated feed solution from a
reprocessing facility.

Compton suppressed measurements of the ATM fuel samples were

recorded inside the guard detector annulus, to simulate the siphoning of small quantities from the
main process stream for long dwell measurement periods. Photopeak losses were observed in the
measurements of the dissolved ATM fuel samples because the spectra was recorded from the
source in very close proximity to the detector and surrounded by the guard annulus, so the
detection probability is very high.

Though this configuration is optimal for a Compton

suppression system for the measurement of low count rate samples, measurement of high count

v
rate samples in the enclosed arrangement leads to sum peaks in both the suppressed and
unsuppressed spectra and losses to photopeak counts in the suppressed spectra. No additional
photopeaks were detected using Compton suppression with this geometry.
A detector model was constructed that can accurately simulate a Compton suppressed
spectral measurement of radiation from spent nuclear fuel using HPGe or LaBr 3 detectors. This is
the first detector model capable of such an accomplishment. The model uses the Geant4 toolkit
coupled with the RadSrc application and it accepts spent fuel composition data in list form. The
model has been validated using dissolved ATM fuel samples in the standard, enclosed geometry
of the PSU HPGe-CSS.

The model showed generally good agreement with both the

unsuppressed and suppressed measured fuel sample spectra, however the simulation is more
appropriate for the generation of gamma-ray spectra in the beam source configuration. Photopeak
losses due to cascade decay emissions in the Compton suppressed spectra were not appropriately
managed by the simulation.
Compton suppression would be a beneficial addition to NDA process monitoring systems
if oriented such that the gamma-ray photons are collimated to impinge the primary detector face
as a beam. The analysis has shown that peak losses through accidental coincidences are minimal
and the reduction in the Compton continuum allows additional peaks to be resolved.
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Chapter 1
Introduction

1.1 Motivation for Improved Nuclear Safeguards
The United States currently operates with an open, once-through fuel cycle where the fuel
is fabricated, irradiated, removed from the core and aged in the pool before being moved to
temporary dry storage [1]. The recent accident and subsequent release of radioactivity at the
Japanese Fukushima Daiichi nuclear power plant has demonstrated the potential dangers of using
the temporary cooling ponds next to the containment for long-term storage, illustrating the need
for more permanent solutions to spent fuel management. In addition to safety concerns, the fuel
discharged from a typical light water reactor (LWR) at the end of each cycle and put in storage
with the once-through fuel cycle still contains enough fissile material that, if it were processed
and re-used, would release the energy equivalent of 1 million tons of coal [2]. There are other
fuel cycle options available that are capable of extracting more energy from the material already
present and greatly reducing the volume of waste to be disposed that are achieved by closing the
fuel cycle utilizing reprocessing and recycling of spent nuclear fuels.
The goal of commercial reprocessing is to recover the uranium and plutonium from
fission products and other actinides in the fuel assembly after it has been irradiated for several
reactor cycles. However, these nuclides are dual use materials, which means that while they may
be used for continued energy production in a reactor, they may be potentially exploited by
proliferators as weapon usable material. The majority of the world’s plutonium is contained in
spent fuel assemblies; thus the IAEA has a great interest in safeguarding spent nuclear fuel.
Separation of the fissile material from the highly radioactive fuel constituents makes the material
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easier to transport and therefore less proliferation resistant. If the nuclear industry moves to close
the fuel cycle, as Japan and France have done, reprocessing and fuel recycling will require the
application of IAEA safeguards and domestic regulator safety monitoring to such facilities.
Vertical proliferation refers to the increase in the number of weapons among existing
weapons states.

Conversely, horizontal proliferation refers to the spread of technology,

knowledge, material, or any other aid that allows non-nuclear weapons states to acquire nuclear
weapons. The United States originally abandoned reprocessing in 1977 because of its link to the
continued vertical proliferation of nuclear weapons [3]. However, The International Nuclear Fuel
Cycle Evaluation, conducted between 1977 and 1980, found that there is no difference between
the once-through and closed fuel cycles in terms of vertical proliferation resistance, and that
international safeguards considerably reduce the possibility of both vertical and horizontal
proliferation (through misuse of civilian facilities) [3].
The Nuclear Non-Proliferation Treaty (NPT) is a fundamental international agreement
designed to prevent the spread of nuclear weapons technology and support the United Nations
(UN) in the maintenance of international peace and security [4]. Verification requirements of the
NPT treaty are defined in Article III as the task of the International Atomic Energy Agency
(IAEA) through Comprehensive Safeguards Agreements (CSA) with NPT signatory states [5].
Nuclear safeguards are extensive technical measures used to verify compliance with the use of
nuclear material. The goal of IAEA safeguards is to independently verify state declarations of
their nuclear material and activities to ensure they are correct and complete in order to detect any
diversion of nuclear material from peaceful to military purposes. Japan is a clear example of the
success of IAEA safeguards to verify compliance of a non-nuclear weapons state that conducts
reprocessing as part of its fuel cycle within the framework of the NPT. In addition to Agency
safeguards under CSA’s, Additional Protocol agreements were negotiated between NPT signatory
states and the IAEA following the discovery of the clandestine nuclear weapons program in Iraq
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following the first gulf war [6]. The Additional Protocols provide the Agency with more legal
access to information regarding all activities within a state relating to nuclear and allows for short
notification access to facilities, increasing the IAEA’s ability to detect undeclared nuclear
facilities and encouraging increased transparency [4].
While the United States is not legally obligated to participate in IAEA safeguards under
the original text of the NPT treaty, the United States voluntarily agreed to allow the IAEA to
apply safeguards to its civilian nuclear facilities [7]. Although the U.S. does not currently operate
any civilian reprocessing facilities, domestic regulations (e.g. Nuclear Regulatory Commission)
for process control and monitoring would be similarly stringent in scope and daunting to
implement as the application of IAEA safeguards. Safeguarding a commercial reprocessing
facility is a much greater challenge than safeguarding a power plant. The IAEA estimates that the
verification requires 750 person-years over the lifetime of the plant, as opposed to 6 to 12 personyears at a commercial reactor [5]. The Rokkasho-Mura facility in Japan is a good case study in
the use of current IAEA safeguards to undertake the formidable task of material control and
accountability in a reprocessing operation. Rokkasho-Mura is the only reprocessing facility in a
non-nuclear weapons state that is party to the NPT [4]. The facility is designed to handle a very
high throughput, processing 800 metric tons of spent fuel and recovering 8 metric tons of
plutonium annually. Approximately three-quarters of the data collected is done by unattended
sensors [4].
To overcome the substantial challenges associated with safeguarding a nuclear fuel
reprocessing facility, strong cooperation and transparency is required between the facility vendor,
operator, and the regulatory entity during design and construction of a facility, so that sufficient
monitoring systems can be integrated.

The safeguards strategy at Rokkasho-Mura facility

includes many automated sampling systems, with samples processed in an onsite laboratory.
Also used is the

244

Cm based non-destructive assay (NDA) stream monitoring system and the
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Plutonium Inventory Measuring System (PIMS), a network of neutron detectors monitoring the
mixed oxide (MOX) codenitration process area [8]. Process steam samples are taken at monthly
interim inventory verifications and at short interval (10-day) verifications [8]. Even with the
automated collection of safeguard samples and the on-site laboratory, achieving timely results is
difficult for the large number of samples [8]. The Integrated Inspector Information System (I3S)
compiles 2 GB of data per day covering the 50 measurement and monitoring systems (along with
70 surveillance cameras) [8]. Without cooperation between the state and the IAEA during the
development of the Rokkasho-Mura facility, the Japanese authorities would likely be unable to
assure the international community that the material was accounted for and safe.
Although the Rokkasho-Mura plant has proven successful in implanting safeguards, the
current accountancy methods for nuclear fuel reprocessing facilities are destructive, timeconsuming, and man-power intensive. The development of significantly more efficient and
autonomous techniques is a necessity to making reprocessing a more attractive option.

1.2 Overview of Material Accountancy in Nuclear Fuel Reprocessing
Material accountancy is the means by which the quantity of special nuclear material
inside a facility is tracked. Nuclear materials accounting is only as good as the measurement
uncertainty of the material balance (σ MB), which increases with the facility throughput [9]. A
typical goal value for σ MB of a reprocessing facility is to achieve 0.3% of throughput [9]. For a
plant processing 800 metric tons of heavy metal per year with a detection probability of 95%
(false alarm probability of 5%), up to 92 kg of plutonium could potentially be covertly diverted in
the course of a year within the error limits of detection [9]. A significant quantity of plutonium,
defined by the IAEA as the approximate amount of a material necessary for the construction of a
nuclear weapon, is only 8 kg which implies that a protracted material diversion over the course of

5
a year is unlikely to be detected [4], [9]. This highlights the need for process monitoring to
augment nuclear material accountancy measurements for reprocessing facility safeguards.
Material accountancy is achieved by sectioning a facility into zones or material balance
areas (MBAs) where all of the inlets, outlets, and inventory are well characterized, monitored,
and measured as described in Equation 1-1 [9].
Equation 1-1
In this equation, T represents material transfer and I represents inventory present through
the beginning and end of a material balance period. In addition, key measurement points (KMP)
are selected to verify the flow of materials within an MBA at critical points in the process [4].
Three general groups of isotopes that are produced when a nuclear fuel is irradiated in a
reactor: fission products, actinides, and activation products [1]. The composition of spent fuel
encompasses the entire periodic table; more than 350 isotopes have been identified [1]. Figure
1-1 is a diagram depicting the buildup of fission and activation product inventory over a three
year irradiation period. After a cooling period at a reactor facility, the relatively short-lived
isotopes have decayed away but several long lived radioactive isotopes still remain. Among these
fission products is 137 Cs, with a 30 year half-life, one of the main isotopes present in aged spent
fuel. The fission product constituents are mostly contained in the fuel rod, with some gaseous
ones escaping to the plenum. They remain in the plenum until the fuel rod is punctured, as when
the fuel is chopped prior to dissolution at a reprocessing facility.
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Figure 1-1. Typical composition of spent nuclear fuel after irradiation in a commercial facility
[10].

The concentration and distribution of the numerous radionuclides at each stage of the
process steam is indicative of the processing conditions driving separation. Modern reprocessing
techniques, such as the Plutonium-Uranium Redox EXtraction (PUREX) process, use solvent
extraction between organic and aqueous phases to remove fission and activation products from
the heavy metals [2]. This leads to the need to monitor the material through three process
streams: the feed, the product, and the raffinate. The fuel assemblies are dissolved in a boiling
nitric acid bath, creating the feed stream. The nitric acid removes the fuel from the zirconium
alloy cladding. This feed solution is then contacted with the organic solvent to separate the heavy
metals, uranium and plutonium, into the organic phase, which is the product stream. The fission
products that remain in the aqueous phase are now called the raffinate. The distribution of
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elements in each phase is determined by process variables, including acid concentration, organic
ligand concentration, reduction potential, and temperature [3].

Monitoring these process

variables makes it possible to determine whether an element must be accounted for in the product
or raffinate phase.
In addition to safeguards verification, process variable monitoring may employed by
plant operators to verify the operating state of the system. Some examples of process monitoring
methods include mass and density measurements in tanks, flow meters, concentration
measurements of reagents, and temperature readings [9]. For safeguards verification, these
process monitoring measurements could be coupled with traditional destructive nuclear material
accountancy measurement that occur much less frequently, to confirm the facility is not being
misused [9].

1.3 Overview of Compton Suppression Applied to Multivariate Analysis
Compton suppression is an instrumental radioanalytical technique used to reduce the
unwanted background signal that results from gamma-ray spectroscopy. This technique uses
multiple detectors operated in anticoincidence mode to remove scattering interactions that raise
the so-called “Compton continuum” from the spectrum [8].

In this method, the primary,

spectroscopic detector is surrounded by an array of guard detectors that detect scattered photons.
The primary and guard detectors are operated in anticoincidence, so that interactions from
photons that scatter from the primary detector without depositing all of their energy are removed
from the final spectrum. This allows for better resolution and analysis of photopeaks that are
obscured by the Compton continuum of another photopeak. However, accidentally coincident
events in both detectors are also omitted from the spectra, which makes the technique difficult to
use for quantification of nuclides that decay through multiple transition levels and emit photons
nearly simultaneously or in high activity sources like that of a spent fuel assembly or a dissolved
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spent fuel solution. A more detailed discussion of Compton suppression can be found in Chapter
2.
Multivariate analysis techniques may be used across a wide variety of subjects to
investigate patterns which arise in sets of measurements, with correlated variables, of objects or
individuals [11]. Revealing the underlying pattern helps to simplify large amounts of overlapping
information. Multivariate pattern recognition techniques, such as principle component analysis
(PCA) and partial least squares (PLS) regression analysis can be used to determine the nuclide
pattern within sets of samples. PCA and PLS are chemometric tools that identify and organize
large, sometimes redundant sets of measurements in such a way to illuminate the maximum
variation [10]. PCA can be used to group sets of observations, in this case sets of gamma-ray
spectra, based on their variation [12]. By comparing the changes in spectral patterns against a
calibration set, changes in the process chemistry or fuel characteristics can be identified [5]. The
method is useful for reducing large and complex data sets to lower dimensions so that
relationships hidden within can be realized. In the case of a gamma-ray spectrum, PCA and PLS
collapse channels where total counts vary little over the entire collection of s pectra while
identifying the channels whose counts vary the most [3]. There are two general types of
multivariate pattern recognition, supervised and unsupervised, which describes the need for
calibration prior to prediction. Uncalibrated PCA can be used to highlight areas of similarity
within large amounts of data while calibrated PCA can illuminate anomalies [12].
The Compton continuum generated by dominant photopeaks obscure many peaks from
other nuclides which are lower in energy and could be used in the multivariate analysis. A good
example of this is the 661.7 keV peak of

137

Cs, which become visible in gamma-ray spectrum

from fuels cooled longer than one year. Application of Compton suppression to gamma-ray
measurements of spent fuel will reduce the high continuum from nuclides like

137

Cs and may

allow other less intense, lower energy peaks to be detected, potentially improving the accuracy of
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multivariate analysis algorithms. Candidate peaks include, but are not limited to, those from
152

Eu,

154

Eu,

155

Eu,

93

Zr,

125

Sb,

106

Rh, and 146 Pm.

1.4 Statement of Objectives
The objectives of this work are to (1) quantify the number of additional resolvable peaks
available for multivariate analysis from the application of Compton suppression to the collection
of spent fuel gamma-ray spectra; (2) establish reliable models to simulate the Compton
suppressed detection process that can be applied to measurement of spent fuel; and to (3) analyze
the effect of Compton suppressed gamma-ray detection in the presence high radiation field.
These objectives were assessed using both a HPGe detector, the standard for high resolution
spectroscopic measurements, and a LaBr 3 detector, which still boasts medium resolution but is
more durable and suited for unattended measurement conditions.
Chapter 3 describes the methodology and results of Compton suppressed measurements
of spent nuclear fuel to quantify the number of additional peaks available to apply multivariate
analysis. The measurements were performed with the fuel in two distinct configurations: as intact
fuel elements and as dissolved fuel in nitric acid mimicking the feed stream in a reprocessing
facility.

The performance of the Compton suppression systems during high count rate

measurement is discussed. The measurement configurations also allowed for a direct comparison
of in-line, stand-off beam and inside the annulus, high solid angle examination geometries.
Several irradiated fuel elements from the Penn State Breazeale Reactor were counted
using HPGe, LaBr 3 , and NaI(Tl) Compton suppression systems with a NaI(Tl) annular guard
detector. Fuel elements of three characteristic ages were measured; one element cooled for 19
years, one element cooled for one year, and one element was removed from the current core
loading with only two days to decay. This variation in cooling time was meant to capture the
range of possible source conditions that may be presented to a safeguards monitoring system.
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The dissolved fuel elements, which mimicked a feed stream, were dilute samples from Approved
Test Material (ATM) fuel assemblies from commercial reactors. The measurements of the ATM
dissolved fuel samples were also used for model validation comparisons.
In addition to the direct spent fuel measurements, Chapter 4 describes the development of
the Compton suppressed detector simulation constructed using the Monte Carlo toolkit Geant4.
The purpose of the simulation is to allow for large populations of Compton suppressed, spent-fuel
gamma-ray spectra to be generated for future testing of multivariate analysis techniques. The
model may also aid in the future design and optimization of geometrically unique Compton
suppressed detection systems for various measurement conditions. Section 4.3 contains the
results of Geant4 simulation validation with spent fuel samples, which was performed in both
unsuppressed and suppressed modes of operation to ensure that accurate predictions are
generated.

The validation of suppressed model ensured that the suppression algorithm

appropriately represents physical phenomena and performance in high count rate environments
and could be applied to Compton suppression systems with other primary detectors. The final
validation of the Geant4 Compton suppressed simulation was performed using samples of
commercial spent nuclear fuel from PNNL. After the validation of the Geant4 simulation using
the well characterized, Penn State Compton Suppression System, the simulation of the PSUHPGe-CSS model was converted to use LaBr 3 as the primary, spectroscopic detector. Again, this
model was validated using spent fuel samples provided by PNNL.
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Chapter 2
Gamma Spectroscopy Methods for Nondestructive Spent Fuel
Analysis
The measurement of gamma rays emitted by radioactive nuclides can be used in the
analysis of nuclear materials. These techniques may be passive or active interrogation methods,
where the radioactivity is either already present or induced. The emitted gamma rays can be
measured with an array of detector materials. In this section, the physics of gamma-ray detection,
a description of detection systems relevant to the nondestructive assay of spent nuclear fuel with
gamma-ray spectroscopy, and additional considerations which arise from the application of
Compton suppression to spent nuclear fuel assay are discussed.

2.1 Compton Suppression Spectroscopy

2.1.1 Photon Interactions in Matter
This section is devoted to interpreting the information obtained when high energy
photons interact with detection materials. Gamma photons emitted during nuclear decay interact
with matter through three dominant mechanisms that are of interest in radiation measurements:
photoelectric absorption, Compton scatter, and pair production [13]. Detection and measurement
of the gamma ray is achieved when the photon’s energy is deposited within the detection medium
through intermediate interactions between the material’s electrons. The photopeak energy is
transferred to the detector through the interaction between the photon and the orbital electrons of
the detector material. Incomplete energy deposition is responsible for extraneous counts outside
of the photopeak which can confuse analysis. These lost interactions are commonly observed
after partial absorption occurs via Compton scattering.
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The interaction probability of a photon in a material can be described by the mass
absorption coefficients which are a function of incident photon energy. Figure 2-1 is a plot of the
absorption coefficients in thallium-doped sodium iodide (NaI(Tl)) which is a commonly used
material for medium resolution gamma-ray detector. Photoelectric absorption occurs when an
atom absorbs the energy of the incident gamma ray and an inner electron, typically K or L shell,
is ejected [13]. The photon disappears and the ejected electron carries with it the energy of the
incident gamma ray minus the ionization energy of its shell, Eb , as mathematically described by
Equation 2-1, where h is Plank’s constant and ν is the photon frequency [13].
Equation 2-1
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Figure 2-1. Energy dependence of the photon mass absorption coefficient for sodium iodide
[14].
In Figure 2-1, the two edges present in the photoelectric absorption curve at low photon
energy correspond to the binding energies of the K and L shell electrons and lead to a higher
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probability of absorption [15]. Photoelectric absorption is often accompanied by a characteristic
x-ray which corresponds to a valence electron dropping to fill the vacancy in the electric shell.
This complete conversion produces a peak for each incident gamma ray, assuming the associated
photoelectron does not escape the detector [13].
Pair production occurs when an incident gamma ray of sufficient energy interacts with
the electric field near the nucleus of an atom [13]. The incident photon vanishes and creates a
positron-electron pair, and the positron subsequently annihilates. A minimum gamma ray energy
of twice the rest mass of an electron,

or 1.022 MeV, is required to produce the pair which

carries away any excess kinetic energy of the photon, as described in Equation 2-2.
Equation 2-2
The positron will quickly lose its kinetic energy and annihilate with an electron in the
material producing two annihilation photons equal to their rest mass of 0.511 MeV. This occurs
so rapidly that it is essentially in coincidence with the pair production interaction.

The

annihilation photons are emitted in opposite directions and often only one or neither photon
deposits their energy in the detector, depending on the size of the detector. In this case, escape
peaks are present, located at 0.511 or 1.022 MeV below the true photopeak. They are referred to
as escape peaks because some of the radiation escapes the detector.
In common detection materials over the typical range of photon decay energies, the
probability of a photon interacting through Compton scattering is greater than photoelectric
absorption or pair production. Figure 2-1 shows the photon cross section dependence on energy
for the detector material sodium iodide (NaI(Tl)). Compton scattering dominates the energy
range between 300 keV and 7 MeV, depending on the material.
Compton scattering occurs when an incident photon interacts with an orbital electron that
is loosely bound, as opposed to an atom as a whole as in the photoelectric effect [16]. The
scattered photon transfers a portion of its kinetic energy to the electron. Compton scattering can
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occur several times, each time losing more energy until the photon is either fully absorbed via the
photoelectric effect or escapes the detector. During each Compton scattering interaction, energy
is transferred from the photon to the electron. The photon, with new energy hv’, is scattered
through angle θ from the incident direction. The change in photon energy is given by Equation 23 [13].
Equation 2-3

The angle of scattering can vary from 0 to π depending on the energy of the recoil
electron. The maximum energy transfer occurs when θ = π; the electron carries away some of the
energy but some remains with the photon. This produces the “Compton edge” in a gamma-ray
spectrum. The energy of the edge is the difference between the initial photon energy and the
maximum energy of the recoil electron, as shown in Equation 2-4.

[

⁄

]

Equation 2-4

In collisions where the photon scattering angle is less than π, the range of energies that
the scattered photon carries away contributes to the Compton continuum. The scattered photon
can interact again through any of the processes until all of its energy is deposited or it escapes the
detector volume. The recoil electron will interact through Coulomb interactions until its kinetic
energy has dissipated.
The response function of an ideal detector would be comprised of full energy deposition
peaks without a scattering continuum and energy loss which are caused by photons escaping the
detection volume. For this to occur, the detector would need to be very large to capture all of the
scattered photons. However, in reality what we see from a typical detector is a full-energy peak
and a Compton continuum that in some cases can be so large that it obscures lower energy peaks.
The Compton continuum is similar to a background contribution and is a problem that cannot be
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removed by shielding. Compton scattering is particularly a problem for measurements of low level radiation sources, such as environmental samples which typically contain many peaks [17].
Compton suppression is a technique used to reduce the contribution of the scattered
photons to the detector response using anticoincidence timing as a gate [13]. This allows for
better photopeak resolution which aids in the analysis of peaks that are obscured by the Compton
continuum from another, larger photopeak, and lowers the minimum detectable activity (MDA).
The minimum detectable activity is a measure of the system’s sensitivity, or ability to detect a
peak above the background continuum [18].
In the Compton suppression methodology, one detector, typically with high resolution,
acts as the primary detector and is surrounded by an array of guard detectors. The primary and
guard detectors are operated in anticoincidence such that if a pulse is recorded in both detectors
within a set time frame, the pulse was likely a scattering event and therefore did not deposit all of
its energy in the full energy peak. Truly coincident events are also omitted from the spectra,
which makes the technique difficult to use with nuclides that decay through multiple transition
levels due to the loss from the photopeaks. The job of the guard detector is only to detect
interactions, not to relay any spectral information, so the guard detector efficiency is determined
mainly by the material density.

Bismuth Germanate (BGO) and NaI(Tl) are commonly used

guard detector materials.
The Klein-Nishina Formula, given by Equation 2-5, determines the probability of
Compton scattering at an angle θ for photons of energy α [15].
[

] [

][

[

]

]

Equation 2-5

In Equation 2-5, r0 is the classical electron radius and is equal to 2.818 fm and α is the
photon energy in units of the electron rest energy [15]. This formula describes the distribution of
potential directions in which a photon may travel after interacting through Compton scattering
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and shows that for photons of about half an mega-electron volt, near the energy range of interest
for passive gamma-ray analysis of spent nuclear fuel, photons may be scattered in the direction of
origin as often as they are scattered forward. For this reason, the most effective Compton
suppression systems have a 4π geometry that allows them to detect a high proportion of scattered
photons.

2.1.2 Traditional Application of Compton Suppression
Compton suppression spectroscopy is employed when high sensitivity is required and
where low levels of nuclides are among mixtures of unwanted radioactivity [19]. The Compton
suppression technique has often been applied during neutron activation analysis (NAA) to aid in
distinguishing weak photopeaks concealed by scattering in a spectrum. NAA is a non-destructive
technique used for trace, multi-elemental analysis of unknown samples [20]. In this method, the
unknown sample is bombarded with thermal neutrons which induces measureable radioactivity.
Neutrons interact with matter in one of three ways: through scattering, fission, or capture
reactions. The likelihood of each interaction occurring is described by the nuclide’s energy
dependent cross section. Nuclides with high cross sections for capture will absorb the neutron
and form a compound nucleus that often is left in an excited state. The excited compound nuclei
decay to the ground state through the emission of particles and often gamma rays. These gamma
rays can be detected using a gamma-ray spectrometer and the unknown nuclide can be identified
and quantified using the measured, characteristic photopeak energies. There are two types of
NAA; prompt-gamma and delayed-gamma analysis. Prompt-gamma NAA detects the gamma ray
emitted by the prompt decay of the excited compound nucleus.

Due to the extremely rapid

photon emission (<1 ps) of the prompt decay, measurement in this method happens essentially
simultaneously with irradiation. After the emission of the prompt gamma ray and the return of
the compound nucleus to the ground state, the nucleus may remain radioactive. In many cases,
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the remaining radioactive nuclide decays to a stable isotope by emission of a beta particle or
positron followed by a delayed gamma ray.
The application of the CSS technique to NAA to aid in trace isotope quantification
introduces the challenge of quantifying a sample in which the radionuclide of interest transitions
to lower energy levels by emitting photons sequentially in what is referred to as a cascade decay.
Cascade-decays occur when more than one gamma ray is emitted seemingly simultaneously as a
nuclide decays through a series of energy levels [20]. If the photons are detected by both the
primary and guard detectors within the timing window, the counts are subtracted from their full
energy peaks. The removal of cascade-decay photons also depends on the geometry of the
detector and of the sample which further complicates the efficiency calibration needed for
quantification of a material [20]. In complex cases like these, efficiency calibrations provided by
models can provide estimated losses and correction factors for the suppressed full energy peaks
from cascade decays.
Compton suppression improves the minimum detectable activity (MDA) determination of
a standalone HPGe detector and is important for measurements of either very low activity or
samples containing mixtures of nuclides. The MDA as a function of energy is given by Equation
2-6, where ̅ is the average background at energy E, Am is the reciprocal fractional error required
for the measurement, f is the yield for the particular photon energy, t is the counting interval, b is
a parameter equal to the conversion between energy resolution and the number of channels in the
peak, and R is the FWHM as a function of energy [18].
([

{̅

̅

}
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)

Equation 2-6

At Penn State, an ongoing dendrochronology study quantifies the gold content in neutron
activated tree ring samples. The location and strength of the

198

Au peak (411.8 keV) makes it

difficult to resolve in some samples due to the Compton continuums of

24

Na and 42 K [21], [22].
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A standard technique used to reduce the contribution of scattered photons to the spectrum is
Compton suppression spectroscopy.
Environmental samples of minute quantities require low detection limits which can be
achieved by removing the background and other unwanted signal contributions from higher
activity nuclides present in the sample using passive and active shielding. Parus et al. describe
the development of a Compton suppression system for trace radioisotope measurements from
environmental sampling of nuclear facilities [23]. They report a reduction in the detection limits
of a nuclide in the presence of intense radiation from other nuclides by a factor of 3.0 to 5.7 [23].
Also, the suppression factor was reported to decrease with sample increasing activity, which is a
function of full energy peak losses and increased counts in the Compton edge. However, Peerani
et al. point out that when making quantitative assessments, one must be careful making the
determination based on Compton suppressed spectra [24].

Parallel acquisition of the

unsuppressed and suppressed signal simultaneously allows for cascade emitting nuclides to be
properly calibrated for detector efficiency. However, since the goal of the MIP monitor is not to
precisely quantify the trace isotopes present, only to monitor changes in the elemental distribution
between process steps, the negative effects of cascade decay isotopes should not adversely affect
the analysis.

2.2 Gamma-Ray Analysis in the Interrogation of Spent Fuel
Relevant examples from the literature of gamma-ray spectroscopy applied to spent fuel
assay are detailed in this section. The experiments that have been examined focus on material
control and accountancy applications at various stages of spent fuel processing. Process
monitoring strategies are the focus of the section, but measurement methodologies for the
analysis of intact fuel elements are presented as well to provide appropriate background for the
portion of this study focused on the measurement of PSBR fuel elements.
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Goddard et al. at Texas A&M University studied the detection of photopeaks from
radionuclides present in samples of Approved Test Material (ATM)-101, ATM-103, and ATM106 which were irradiated in pressurized water reactors and were processed at Argonne National
Laboratory using the UREX+3a method1 [25].

The analysis focused on detecting impurity

radionuclides in product streams. The ATM fuel samples w ere measured using P-type and Ntype reverse electrode closed-end HPGe detectors, a 2” x 1.5” LaBr 3 detector, and a 2”x2”
NaI(Tl) detector. The spent fuel samples were located at the face of each detector during
measurement and the system was surrounded by lead shielding, as shown in Figure 2-2 [25]. This
measurement configuration, with large amounts of lead shielding in close contact with the source,
generates the unwanted increase in the number of scattered photons that contribute to the
continuum in the spectrum.

Figure 2-2. Source-detector geometry utilized during measurements performed of ATM-101,
ATM-103, and ATM-106 fuel samples using various detectors. Figure from Goddard et al.
2010 [25] ©Elsevier.

The authors of the study noted that gamma-ray detection for process monitoring of
reprocessing streams would allow operators to monitor product streams for impurities [25]. The
two HPGe detectors performed equally well at resolving photopeaks. However, it was noted that
1

The UREX+3a process is a variant of the PUREX process that prevents the plutonium from being
separated. UREX is an abbreviation for Uranium Extraction. The identifier +3a specifies that additional
products are separated from the stream.
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P-type HPGe detectors should not be used for measurements in a reprocessing facility because of
their sensitivity to neutron damage. Both N-type and P-type HPGe detectors are able to be
annealed to remove crystal defects, however the annealing process for the P-type detector
requires 168 hours at high temperature and still results in significant resolution losses [25]. The
LaBr3 and NaI(Tl) identified similar numbers of radionuclides, but not as many as the HPGe
system.
An analysis of the self-shielding effect of the high atomic number materials using MCNP
showed that there was no appreciable effect by increasing the total mass of the fluid in a pipe less
than 5.08 cm (2 inches) in diameter [25]. The authors report that passive gamma-ray detection
would be beneficial to the operators of a reprocessing facility. However, they note that one of the
challenging issues for gamma-ray measurements of reprocessing steams is the Compton
continuum from intense radionuclides which can obscure other gamma-ray peaks. They also
indicate that if the Compton continuum were to be reduced, additional gamma rays from long
lived isotopes may become visible [25].

2.2.1 Existing Spent Fuel Gamma Scanning Systems
Gamma-ray measurements of have been a preferred method of spent fuel assay,
specifically burnup and isotope migration measurements, because they are non-destructive,
relatively inexpensive, efficient, and utilize standard equipment [26]. The alternative approach
is destructive chemical measurements carried out in hot cells that lead to longer analysis and
require the expensive disposal of destroyed rods [27]. NDA gamma-ray fuel scanning systems
exist at several research reactor sites, post irradiation examination facilities, and at reprocessing
facilities to verify the operator declared burnup. Reactor operators use the technique to assess
fuel performance and decide spent fuel storage strategies based on burnup of the fuel [26]. This
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type of measurement allows fuel elements to be measured multiple times throughout their life
span [28].
Measurement of the activity of certain nuclides, referred to as burnup monitors, provides
information about the number of fissions which occurred in the fuel element. This information
can be used to determine the amount of fissile material remaining for material accountancy
measurements. An example of one such measurement of burnup is described in Appendix A.
However, direct measurement of the 235U is impossible in unseparated fuel due to the presence of
gamma-ray photons emitted by fission products. Instead, fission product content can be used to
determine the burnup, and hence, the uranium and plutonium content of the fuel. The two main
methods for determining burnup utilize either the activity of a single burnup monitor or the ratio
between two monitor nuclides. Since 137 Cs is a direct product of fission, it linearly builds in the
fuel with respect to irradiation and its activity can be used in a direct determination of burnup.
Absolute activity measurements require very precise efficienc y calibration methods and
repeatable geometries [29]. Nuclide ratio methods have the advantage of being independent of
measurement geometry because the geometry dependent terms cancel out in the ratio [30].
Correlation curves relating the activity ratio of two nuclides to the burnup are generated using
fuel measurements of very well characterized fuel, e.g. knowledge of cooling time, irradiation
history, and initial heavy metal mass. These correlations can then be used to rapidly determine
the burnup of fuel with the same characteristics.
The traditional NDA technique for burnup analysis relies on activities and activity ratios
of particular isotopes and their dependence on neutron fluence, which is often a non-linear
relationship. The particular measure used varies depending on the details of the measurement
scenario, such as cooling time of the fuel, which needs to be adjusted for in the calculations.
Some typical measures include correlating the activities of
154

137

Cs, as well as the 134 Cs/137 Cs and

Eu/137Cs-activity ratios to burnup [31]. This correlation can be used to predict the burnup of an
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unknown sample based on its measured isotopics. Forms for the correlation between different
measures and burnup are available in the literature [30], [32]–[34]. Other burnup monitors are
valuable for different measurement scenarios. The 144Ce/137 Cs ratio is useful for cooling times up
to about 13 years, while the

106

Rh/137 Cs ratio is useful for very recently discharged fuel [31].

Cooling times can be verified using the

144

Pr/137 Cs or

98

Zr/137 Cs ratios.

Each of these nuclides has a different production pathway in a nuclear reactor. For
example,
134

137

Cs arises as a direct fission product and has a linear dependence on burnup, while

Cs arises by a more complex production path of both direct fission and activation and

subsequent beta decays. Primarily, 134 Cs arises as an activation product of
comes from the beta decays of
complicated,

154

133

I (a direct fission product) via

133

133

Cs, which in turn

Xe [33]. Even more

Eu arises from five chains of neutron capture reactions and several beta decay

chains forming a total of twenty possible production pathways [33], [35]. As a result, the
activities of these different nuclides and ratios have different dependences on burnup. In
addition,

154

Eu and 134 Cs are dependent on the void fraction in BWR reactors, due to the change in

the neutron energy spectrum [33]. Certain measures are more sensitive to irradiation history than
others; cesium isotope ratios can change by as much as 30% with different irradiation histories
[31].
Fuel rod scanning systems typically employ a common geometry, which consists of a
table to hold the isolated element horizontally away from other fuel elements, as shown in image
A in Figure 2-3. A collimator is situated very near the fuel element, reducing the amount of
water between the two [27], [28], [36], [37]. The collimated gamma-ray beam reaches the
detector through an air filled tube to prevent attenuation from the water. A high resolution
detector is positioned above the tube to record gamma-ray spectra. The apparatus can then be
used to scan the fuel element axially. In reprocessing facilities these are often dedicated systems
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that operate through penetrations in the pool wall that lead to hot cells [38]. The collimator
diameter parameter can be chosen to optimize the count rate for the detector material of choice.
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(A)

(B)

Figure 2-3. Examples of fuel rod gamma-scanning system designs [26] [37]. Image A is an
above pool system and the system Image B uses a penetration through the side of the pool.
© 2007 Elsevier

25

Navarro et al. at Idaho National Laboratory performed design and feasibility
measurements for their fuel element gamma-scanning apparatus using both HPGe and LaBr 3
detectors to determine if measurements of the very radioactive fuel would be useful in achieving
their goal of determining burnup.

Their measurements were recorded to validate 3-D

computational neutronics models of the Advanced Test Reactor [29]. Measurements were made
with both detectors above the pool using a 14 foot (4.27 m) air filled pipe that was 2.5 inches
(63.5 mm) in diameter [29]. There were 6 inches (152.4 mm) of water between the guide pipe
and the fuel element [29]. The LaBr 3 detector was also tested underwater inside a waterproof
container placed 4 feet (1.22 m) from the fuel element. A cable access port through the
waterproof housing connected to a PVC pipe allowed the system to be operated by electronics
outside of the pool. Bismuth was used for both shielding and collimation [29]. The authors
determined that the above water measurement apparatus provided better spectra because there
was less attenuation due to water through the use of the guide pipe. They also determined that
LaBr3 detectors had sufficient resolution to be used for NDA gamma spectroscopy measurements
to determine fuel element burnup.

2.2.2 Spent Fuel Assay with Multivariate Analysis of Gamma-Ray
Spectroscopy
One new approach to online spent fuel material accountancy verification and tracking is
the Multi-Isotope Process (MIP) monitor [3].

The MIP monitor uses passive gamma- ray

detection coupled with multivariate analysis methods to determine changes in process variables ,
such as burnup, cooling time, acid concentration, and temperature, for dissolved fuel streams that
manifest themselves in the gamma-ray spectral pattern. A steady-state separations process results
in relatively constant distributions of various fuel constituents in the process solutions (feed,
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product, and raffinate). These distributions can be monitored for fluctuations [5]. Nuclide
measurements at points throughout the separation process can indicate changes in the nominal
elemental distribution in each process stream, which is indicative of changes in the process
chemistry [3]. The goal of MIP monitor development is to passively monitor reprocessing
streams for abnormal conditions autonomously and in near-real-time. The MIP monitor could be
an improvement that may ease the burden of the current intrusive, man-hour intensive chemical
analyses now used to monitor these process streams and aid in facility monitoring [12].
The MIP monitor signal processing algorithm does not rely on integration of the
individual peak area for quantification purposes or determination of the nuclide content by peak
energy; both things that would be affected by the addition of an anti-Compton shield to the
standalone detector. Instead, the MIP monitor uses multivariate techniques such as PCA and PLS
to determine the pattern among the large sets of measured gamma-ray spectra. Correlated data
sets can be collapsed into principle components, which are orthogonal vectors that describe the
areas of common variance. They are ranked in order of the amount of variance captured, i.e. the
first principle component is in the direction of largest variance. The principle components are
composed of loading and scores vectors, which can be plotted to reveal clustering information
and areas responsible for the most variation [39]. The dimensions of these plots are the principle
components. Data used to characterize the behavior of a chemical system is referred to as the
training or calibration set and the parameter of the mathematical models generated describing the
system are referred to as the sensitivities [40]. There are two general types of multivariate pattern
recognition, supervised and unsupervised, which describes the need for calibration prior to
prediction. Uncalibrated PCA can be used to highlight areas of similarity within large amounts of
data while calibrated PCA can illuminate anomalies [12].
The performance of the multivariate analysis technique utilized by the MIP monitor is
positively correlated with the number of gamma-ray energy peaks detected; a greater number of
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peaks available for analysis can provide increased information on the separations processes.
The raised continuum from the 661.7 keV 137 Cs fission product peak obscures the low energy
peaks from transuranic nuclides [7]. Application of Compton suppression to the MIP system will
reduce the high continuum from 137 Cs and may allow other less intense, lower energy peaks to be
detected, potentially improving the accuracy of the MIP algorithm. Candidate peaks include, but
are not limited to, those from

152

Eu,

154

Eu,

155

Eu,

93

Zr,

125

Sb,

106

Rh, and 146 Pm.

Proof of concept simulations and experiments have been performed to show the efficacy
of the multivariate approach [12], [39]. Process variables such as burnup and acid concentration
during extraction can be used to monitor the flow of plutonium through the reprocessing facility.
Acid concentration is a major characteristic that governs the distribution of plutonium between
the organic product and aqueous raffinate (waste).

Operating at lower than normal acid

concentrations can drive more plutonium to the waste tank [9]. The burnup of input fuels,
verified in conjunction with cooling time, is needed to calculate the expected amount of
plutonium entering the process. The proof of concept simulations were performed to evaluate the
effectiveness of the multivariate analysis technique to distinguish between variations in cooling
time, acid concentration, and burnup.
Three computer codes were used to generate the expected gamma-ray spectrum of
samples of commercial spent nuclear fuel which was used as input for the multivariate analysis
methods. The irradiation and decay simulation code ORIGEN-ARP was used to find the fuel
composition in terms of element and activity. This information was then input into Argonne
National Laboratory’s Model for Universal Solvent Extraction (AMUSE) code which s imulated
the distribution of nuclides in each phase following the contactor stage of reprocessing where the
separation takes place. Several different nitric acid concentrations of the feed solution, which
refers to the state of the fuel after the dissolver but before uranium and plutonium separation,
were simulated along with the assumed standard acid concentration for the PUREX process of
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2.25 M.

Last, the one-dimensional radiation transport code SYNTH, developed at Pacific

Northwest National Laboratory (PNNL), was used to produce the expected detector response for
the raffinate and product streams from radiation detectors including high purity germanium
(HPGe), thallium-doped sodium iodide (NaI(Tl)), cadmium zinc telluride (CZT) and lanthanum
bromide (LaBr3 ) [12].
Hierarchical cluster analysis (HCA), unsupervised PCA, and PLS were all evaluated
using the normal and off-normal spectra from the spent fuel process environments. When applied
to the organic extract, PCA was found to be a feasible method of identifying off-normal
conditions using small changes in the main process variables and was able to identify the correct
value of fuel characteristics such as cooling time, burnup, and acid concentration [12]. PLS
analysis on simulated HPGe spectra was capable of predicting the burnup of unknown fuel
samples to within 3.5%. The aqueous raffinate stream however had roughly a factor of 100 times
more activity than the organic extract due to

137

Cs, which is preferentially stable in that phase

[12], [39]. The multivariate techniques were successful in identifying the off-normal simulated
aqueous raffinate samples, but not as effectively as the organic extract [12]. However, the
Compton continuum from the 661.7 keV peak of

137

Cs obscured low-energy region peaks from

other nuclides that could have been used to strengthen the multivariate analysis.
To test the concept experimentally, small segments of boiling water reactor (BWR) fuel
rods housed at PNNL were used to produce aqueous raffinate and organic extract samples for
gamma-ray spectroscopy measurement. The rods contained varying burnup levels due to the
change in moderator density with respect to the top of the reactor core. The segments were
dissolved in boiling concentrated nitric acid to remove the fuel from the cladding. The solution
was boiled down to remove the concentrated dissolver solution and then re-dissolved at varying
concentrations of dilute nitric acid prior to separation. The various feed solutions then underwent
the first stage of separation using 30% tri-butyl phosphate (TBP) in dodecane. Samples of the
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separated aqueous and organic phases were diluted further and removed from the hot cell for
measurement. A comparison between the two of the measured spectra is shown in Figure 2-4
which highlights the effects of the high concentration of

137

Cs in the raffinate phase.

Figure 2-4. Comparison between the measured gamma-ray spectra from aqueous raffinate
and organic extract samples. Note that the raffinate was counted for 10 minutes and the
extract was counted for 2 hours. Plot from Orton et al. 2012 [39] © 2012 Elsevier.

Again, the organic samples were able to be grouped according to acid concentration using
PCA analysis. PLS methods were also able to make quantitative predictions about the acid
concentration, but had limited success.

The results indicate that the model must be well

populated with calibration spectra to provide better predictions. The burnup of the dissolver
solutions was predicted within 2.5%, which fell within the range of known burnup unc ertainty.
To this point only measured data recorded with a HPGe detector have been published.
High purity germanium detectors have the best resolution of those tested which allows more
peaks to be available for analysis. Of the room-temperature detector types, CZT and LaBr have
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better resolution than NaI(Tl).

The results of the simulated data showed that while the HPGe

results were superior to those of the other three detector types, all detectors were able to identify
off-normal conditions.

2.3 Compton Suppression in the Assay of Spent Fuel
Applying Compton suppression in the assay of spent fuel may be able to mitigate
obstacles posed by the high continuum signal in the gamma-ray spectrum.

The background

signal is caused by the Compton continuum resulting from the high concentration of 137Cs present
in the aqueous stream of reprocessing facilities. Since the signal processing performed by the
MIP monitor algorithm does not rely on the peak strength or the integration of individual signal
peaks, but instead relies on the overall pattern of the spectra, the use of an anti-Compton shield
with the detector will not adversely affect the quantification. The performance of the multivariate
analysis technique utilized by the MIP monitor is positively correlated with the number of
gamma-ray energy peaks detected; a greater number of peaks available for analysis can provide
increased information on the separations processes.
137

The raised continuum from the 661.7 keV

Cs fission product peak obscures the low energy peaks from transuranic nuclides [7].

Application of Compton suppression to the MIP system will reduce the high continuum from
137

Cs and may allow other less intense, lower energy peaks to be detected, potentially improving

the accuracy of the MIP algorithm. Candidate peaks include, but are not limited to, those from
152

Eu,

154

Eu,

155

Eu,

93

Zr,

125

Sb,

106

Rh, and 146 Pm.

Compton suppression systems have been used in addition to collimation in gamma-ray
scanning setups using HPGe for spent fuel rod measurement [27]. Matsson and Grapengiesser
report a lowering of the Compton continuum of

60

Co by a factor of 3.5 when measuring the

plenum gasses from spent fuel rods with an HPGe based CSS system [27]. Their counting system
was implemented as a fuel rod gamma-ray scanning system to measure the amount of fission gas
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release by measuring the 85 Kr peak at 514 keV. For measurement of burnup, the magnitude of the
137

Cs 661.7 keV peak is often used due to its linear correlation to burnup, so no Compton

suppression is required to resolve additional peaks [13].
A research group at Idaho National Laboratory, collaborating with Ohio State and North
Carolina State Universities, has been developing a room temperature Compton suppression
system based on LaBr 3 , LaCl3 or CZT to measure remote handled transuranic (TRU) waste [41].
Measurements were made using the CZT and LaCl3 systems of

137

Cs showed comparable

suppression factors of about 4 between the two detectors. The LaCl3 recorded higher peak-toCompton ratios overall because of the larger size of the detector which allowed it to record more
full energy depositions. Measurements using complex, mixed sources or spent fuel samples were
not recorded.
Scates et al. and Aryaeinejad et al. at Idaho National Laboratory (INL) used MCNPX to
simulate an existing LaCl3 :Ce Compton suppression detection system suppressed by a NaI(Tl)
shield [42], [43]. The results of their validation showed 20% fewer counts in the suppressed
region of the modeled spectrum than in the experimentally measured spectrum [42]. The
validation was performed using

137

Cs, essentially a single photon emitter so there is no

information regarding of how well the model represents cascades. The use of the Geant4 code
provides more accurate simulated results over a wide range of nuclides necessary to simulate
spent nuclear fuel. However, the experimental results with the INL, NaI(Tl) suppressed LaCl3 :Ce
system are very promising as they show a reduction in the Compton continuum from

137

Cs by a

factor of four [43].

2.3.1 Compton Suppression in High Count Rate Environments
Compton suppression systems are typically limited to counting rates of a few kilo-counts
per second (kcps) because of losses due to accidental coincidences [44]. An accidentally
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coincident interaction is any that involves measured pulses that were not emitted from the
radioactive decay process of the same nucleus.

The increase in the rate of accidental

coincidences lowers the suppression efficiency by removing counts from true photopeaks instead
of just the continuum. Also, the detection efficiency of truly coincident photons (like those
emitted by

60

Co) will decrease with very high count rate and detector dead time because they

become less suppressed [20]. Due to the complex dependency on count rate and true-coincidence
rate, Compton suppression is typically restricted to scenarios with very low dead time and for
nuclides that do not decay through a cascade [20].
Another consequence of high count rates is peak pile-up, where interactions from
unrelated photons take place in the detector within the signal processing time are summed
together in the output spectrum [45].

Summed interactions can interfere with quantitative

measurements of the nuclide in question, in a similar manner as dead time, by removing counts
from the actual photopeak area [13]. Pile-up rejection capability is used to remove chance
coincidence interactions from the recorded spectrum. The technique works using a fast signal
channel to determine if multiple pulses are present in the slow channel integration time [46]. If
two pulses are recorded within the shaping time of the slow signal channel, both pulses may be
rejected if the second falls within the leading edge of the first or only the second may be rejected
if it falls on the trailing edge [46]. The PSU-CSS at the Radiation Science and Engineering
Center implements pile-up rejection (PUR) live-time correction (LTC) circuitry in its
spectroscopic amplifier that prevents the analog-to-digital converter from processing the pulse.
When a pulse is rejected from the ADC, the LTC extends the collection time by increasing the
dead time to compensate for lost events [47]. This technique is accurate as long as the activity of
the sample remains relatively constant throughout the measurement.
Corrections can be applied for dead time and peak pile-up losses which relate the
recorded counting rate to the actual event rate. In the case of short-lived isotopes, the LTC
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method introduces significant systematic error to the measured spectrum.

An alternative

approach, originally proposed in 1967 by Harms, but later improved and patented by Westphal, is
called Loss-Free Counting (LFC) or the Westphal differential correction method [48]. The pulse
generator method is the most accurate method used to correct for pile up losses [13]. In this
method, a random pulse generator is used to produce pulses with amplitude that does not interfere
with the photopeaks of the sample being measured [13]. The pulses must be at a low frequency
compared to the signal rate to avoid interference with the measurement as well [49]. With
knowledge of the number of artificial pulses injected into the system and the area under the
artificial peak, the fraction of pulses removed due to pile-up can be calculated [13]. There is also
an equivalent “virtual” method, which does not require the introduction of an artificial peak into
the pulse-height spectra, that tests the status of the system at periodic times to determine the
status of the pulse height analyzer [49]. The problem which arises with the use of the LFC
method is that the number of counts in the corrected channels does not follow the Poisson
distribution, so error analysis must be performed on an uncorrected spectrum [45].
The more common method of determining detector dead time, the standard two-source
method, can be also be applied to determine the pile-up correction factor as a function of count
rate [45]. To clarify, pile-up losses are not corrected along with the dead time by the LTC
circuitry. Pile-up occurs when multiple photons interact within a short enough time span that the
resulting pulses are summed together in the electronics and avoid rejection. The pile-up factor is
given by Lindstrom et al. as Equation 2-7 [45]:
⁄

Equation 2-7

In this equation, LT is the live time, DT is the clock time minus the live time, and P is the
pile-up constant. The pile up constant is measured by making several measurements of a source
of constant activity in the presence of a source of variable activity. The term I o represents the
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area of the photopeak of the single source and I is photopeak area in the presence of additional
sources which increase the overall activity. The example presented by Lindstrom et al. uses
as the reference, fixed activity source and

137

60

Co

Cs as the strong source of variable activity. By

recording measurements at several levels of dead time, Equation 2-7 can be used to determine the
pile-up constant.

2.3.2 Potential Detectors for a Compton Suppression Spent Fuel
Measurement System
Compton suppression systems typically operate with a high resolution gamma-ray
detector as the primary, spectroscopic detector which is surrounded by a very efficient guard
detector. High resolution HPGe detectors are preferred as the primary detector to provide the
sharpest peaks for nuclide identification. However, the application of gamma-ray detection in
used nuclear fuel reprocessing facilities necessitates the detection system to be as stand-alone as
possible, making the cooling requirements of HPGe detectors a negative attribute. Other detector
materials that can operate at room temperature and are more robust have been investigated for
application with the MIP system. This section details the choice of possible primary and guard
detectors for operation in the high count rate counting environment for operation of the MIP
monitor in a reprocessing facility.
LaBr3 has been selected as the primary detector for the proposed novel Compton
suppression system (CSS) because of its high energy resolution and room temperature operation,
and fast decay time. While LaBr 3 , a scintillation detector, records lower energy resolution than
HPGe, a solid state detector, (3% at 661.7 keV as compared to about 0.3% for HPGe) the
densities are about the same (5.29 g/cm 3 and 5.32 g/cm3 respectively) [50], [51]. The decay time
of a LaBr 3 detector is very short, on the order of tens of nanoseconds as compared to hundreds of
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nanoseconds for a HPGe detector [52]. This makes LaBr 3 well suited for high count rate
applications requiring good timing resolution, like measuring spent nuclear fuel [51].
Ideally, a scintillator should be capable of efficiently and linearly converting the kinetic
energy of incident radiation into light [13].

The material must also be transparent to the

wavelength of this light emission and possess a fast decay time [13]. Typically, inorganic
scintillators, like NaI(Tl) and BGO, have preferable light output and linearity, but suffer from
slower response time than the organic scintillators [13]. Inorganic scintillators are still commonly
used in gamma-ray spectroscopy because of their high-Z material and dense crystal structure [13].
The process of scintillation occurs when the incident photon undergoes scattering integrations
that raise the detector atoms to an excited state [15]. The atoms return to the ground state by
emission of light in the visible portion of the spectrum. In an inorganic crystal, the available
energy states are dictated by the structure of the crystal lattice and the energy spacing between the
valance and conduction bands [13], [15]. Dopants, or activators, are added to increase the
probability that de-excitation will occur through photon emission by adding intermediate energy
levels. It also ensures that the crystal is transparent to the emitted scintillation light [13].
LaBr3 is a relatively new scintillator material that was discovered in the early part of the
2000’s by teams at Delft University of Technology and the University of Berlin [53], [54].
Earlier in the literature, cerium compounds were investigated, due to the known fluorescence of
the Ce3+ ion in the 300-500 nm range due to the 5d-4f transition [53]. Initially, LaCl3 :Ce was
investigated, but in order to overcome the slow, self-trapped-exciton luminescence, the cerium
abundance had to be increased to 10% [54]. Self-trapped-exciton is distinguished by large
Stoke’s shift, defined as the difference in energy between the absorption energy and emission
energy, which leads to broad emission bands [53]. The energy resolution of LaCl3 activated with
10% cerium was reported to be 3.3%, however only 30% of the emission was from the fast, 26 ns
component [54]. By investigating another lanthanide trihalide, this challenge was overcome.
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LaBr3 possess all the positive qualities of LaCl3 , but with 90% of its scintillation light output
emitted with a decay time of 35 ns without the requirement of high cerium concentration [50].
LaBr3 is also denser, provides a higher light yield, and slightly better energy resolution (2.8%)
than LaCl3 [50].

The large volume development of LaBr 3 detectors is mainly due to the

European Space Agency for their deployment on a mission to Mercury [52].
LaBr3 contains the naturally occurring isotope

138

La in an abundance of 0.090% which

contributes gamma-ray lines at 789 keV and 1436 keV [55]. Also present is

227

Ac, which is

chemically similar to lanthanum and therefore difficult to separate [56]. Part of the 235 U decay
series, this nuclide decays through a series of five alpha decays to stable

207

Pb [56]. A 60,000

second background spectrum from LaBr 3 is shown in Figure 2-5. The large, central peak is from
the 1436 keV 138 La gamma-ray which is often coincident with its x-rays, causing broadening of
the peak [56]. Also, the relatively flat feature between 750 and 1000 keV is due to the

138

La

gamma-ray in coincidence with its beta particle. Finally, the several peaks in the range from
1850 keV to 3000 keV are due to the 227 Ac alpha decays [56].

Figure 2-5. Background spectrum measured by Milbrath et al. with a 1.5 x 1.5 inch LaBr3
scintillator from Saint Gobain [56]. © 2005 Elsevier.
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The energy resolution of LaBr 3 below about 30 keV is worse than that of a typical
NaI(Tl) detector; LaBr 3 energy resolution decreases as a function of the square root of the energy
as shown in Figure 2-6 [57]. The resolution of LaBr 3 does not show an improvement over
NaI(Tl) until the photon energy is above 100 keV, where it becomes an improvement of a factor
of two [57]. There are several factors which may contribute to the improvement in the NaI(Tl)
energy resolution in this energy range. The light yield is proportional with energy in NaI(Tl) in
the region below 100 keV where the LaBr3 response begins to become non-linear [57]. The light
yield is also much larger in that region in NaI(Tl) compared to LaBr3 detectors. Additionally,
because low energy photons are typically absorbed at the edge of the detector, surface and
reflectivity properties of the scintillator and its housing play a larger role [57].

Figure 2-6. Comparison between the energy resolution of LaBr3 (open triangles) and NaI(Tl)
(solid triangles) [57]. © 2004 IEEE.

LaBr3 has been investigated for nuclear security applications in deployment of radioisotope identification devices (RIIDs). Milbrath et al. studied their application to the hand held
radiation monitors as an improvement over the heavy and expensive HPGe and very small CZT
[56]. A comparison was performed by Milbrath et al. between a 1.5x1.5 inch LaBr 3 detector and
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a 1.5x2.2 inch NaI(Tl) detector (in the RIID device SAIC/Exploranium GR-135). The results
show clear superiority of the LaBr 3 over the NaI(Tl) system when measuring special nuclear
material (SNM). This was mainly due to the better energy resolution of LaBr 3 . LaBr 3 also
proved to be capable of recording measurements of the same significance2 twice as fast as the
NaI(Tl) system.

Rapid detection and identification capability is crucial to nuclear security

applications that must reduce the impact of the monitoring measurements on the flow of
commerce. In the measurement of weapons grade plutonium (WGPu), the NaI(Tl) detector was
unable to effectively resolve the collection of peaks in the range of 300 to 400 keV.
While Milbrath et al. found that the response of LaBr 3 is stable with temperature, changes
in ambient temperature still caused gain shifting of the spectrum which was attributed to the
photomultiplier tube, demonstrating the need for gain stabilization methods using light emitting
diodes [56]. Gain shifts and non-proportionality of high light yield scintillators can also be
caused by very high count rate environments or high energy photon detection applications which
cause over saturation of the PMT by high currents in the photocathode and diode chain [52].
These high currents create space charges which alter the electron trajectories through the diode
chain which reduces response linearity. Efforts to avoid this effect have focused on filtering the
light yield reaching the photodiode and reducing the number of dynode stages to slow the
electron multiplication process [52].

2.3.2.1 Potential Annulus Detectors
The annulus of a Compton suppression system does not require high energy resolution. It
is not necessary to collect the spectrum from the guard detector because its sole purpose is to
measure the timing of pulses with respect to the primary detector. Detection efficiency is the

2

Significance was defined in the work by Milbrath et al. as equal to the net counts div ided by the square
root of the background.
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most important characteristic of the guard detectors as they must record scattered interactions in
order to suppress them. The two very commonly used CSS guard detector materials have
historically been NaI(Tl) and BGO, both inorganic scintillators. Inorganic scintillators luminesce
when electron-hole pairs are created in a crystal by incident radiation where the electrons are
raised to an excited state in the conduction band [13]. Dopants are added to the detector crystal to
provide intermediate energy states between the valence and conductions bands which enable the
emission of visible light.
NaI(Tl) a widely used detector for many routine gamma-ray detection and measurement
applications because of its ability to operate at room temperature and its excellent light yield.
The density of NaI(Tl) is lower than many other detectors (3.67 g/cm 3 ) however it can be
manufactured into large volumes to overcome the lower radiation stopping power [13].
For system compactness, BGO, which has a high density (7.13 g/cm3 ) and therefore very
high interaction efficiency, was introduced as the preferred secondary detector to Compton
suppressed spectrometers in the 1980’s. BGO is not hygroscopic and less fragile than NaI(Tl),
but suffers from the very low light yield. In order to optimize a design of the guard detector
geometry utilizing BGO would require modeling calculations to determine a geometry which
maximizes light collection [20].
Both NaI(Tl) and BGO are considered “slow” inorganic scintillators because of the
extended amount of time an electron takes to decay to the ground state, relative to other materials.
Also, high count rate scenarios such as spent fuel monitoring increase the number of accidental
coincident events, which will skew quantitative analytical measurements [44]. The fast signal
processing of the proposed CSS design is required to reduce the accidental loss rate. The guard
detector must meet or exceed the signal processing speed of the primary LaBr 3 detector in order
to keep the count loss rate in high radiation fields to a minimum.
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2.3.2.2
Novel Guard Detectors: Lutetium-yttrium oxyorthosilicate (LYSO)
and Gadolinium silicate (GSO)
To match this much faster charge collection speed and utilize the faster timing, novel
detectors material may be considered for the guard detector: gadolinium silicate (GSO), Gd 2 SiO5 ,
and lutetium-yttrium oxyorthosilicate (LYSO), Lu 2(1-x)Y2xSiO5 :Ce. A LaBr3 guard detector may
also be paired with a LaBr 3 primary detector, but was not chosen for evaluation in the scope of
this work because of the high cost, low availability of large crystals, and because there are denser
options available.

GSO has a decay time of about 56 ns and LYSO has a decay time of about 41

ns. LYSO has been adopted by the makers of positron emission tomography (PET) scanners for
the measurement of coincident interactions as an improvement over BGO and NaI(Tl) systems.
The PET detectors are very small compared to the size typically used in gamma-ray
spectrometers, but larger LYSO crystal growth is now possible [58].
Both LYSO and GSO have high densities relative to other gamma-ray detectors, 7.10
g/cm3 and 6.7 g/cm3 respectively, which is similar to that of BGO which has a density of 7.13
g/cm3 [58]. While spectral resolution is not a determining factor for anti-Compton shields, both
GSO and LYSO have slightly better resolution than BGO; 9% for GSO and 8-9% for LYSO as
compared to 10% respectively [13], [58] The light emission from GSO and LYSO are also both
higher than BGO, though it is much higher from LYSO. LYSO has a yield of 75% of NaI(Tl)
while the yield from GSO is 20% that of NaI(Tl) [13].
LYSO has inherent self-activity from the 2.6%
decay of
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176

Lu present in natural lutetium. The

Lu leads to the emission of several gamma-rays photons with energies of 202 keV,

307 keV, and 88 keV. The total added count rate from the

176

Lu is 39 cps/g, which for a 9x9

annulus would add more than 2 million counts per second [59]. This extremely high background
could possibly be mitigated by advanced electronics or by digital signal processing.

In a

traditional trace elemental analysis Compton suppressed detection system, these extra emissions
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would reduce the efficiency of the detector by adding to the background signal and causing
falsely suppressed events. The proposed system will operate in an inherently high count rate
environment and the multivariate analysis technique does not rely on absolute peak area
determination.

Some self-activity from the detectors would be advantageous for energy

calibration of the system since check sources would not be required. This is useful for the MIP
application inside a reprocessing facility where access for maintenance on the system may be
restricted by radiation levels.
GSO crystals are highly radiation resistant and have been investigated for use in high
energy physics experiments that require fast decay time at the Large Hadron Collider (LHC) [60].
For low energy gamma-ray photons, the energy range of interest for our purposes relative to high
energy physics experiments, radiation hardness is reported as high as 10 9 rad [61].

No

degradation of gamma-ray spectra was observed after receiving the accumulated dose. For
comparison, spent fuel assemblies can range quite a bit in their emitted gamma-ray photon rates
depending on their initial enrichment and burnup, but for comparison a PWR bundle irradiated to
30 GWd/MTU and cooled for 3.5 years has an on contact exposure rate of 36,000 R/hr [62]. The
MIP detector and shielding design is anticipated to reduce this exposure rate much below these
levels.
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Chapter 3
Spent Fuel Material Gamma-Ray Measurements
This section presents the results of direct Compton suppressed spectroscopic
measurements of spent nuclear fuel in two configurations: in intact fuel elements and as dissolved
feed solutions. These measurements directly assessed and quantified the differences in measured
gamma-ray spectrum from the application of Compton suppression. Also, the variation in the
measured spectra as a result of the measurement geometry differences is discussed.

3.1 Penn State Breazeale Reactor Spent Fuel Element Compton
Suppressed Measurements
The Radiation Science and Engineering Center (RSEC) at the Penn State houses the Penn
State Breazeale Reactor (PSBR), a TRIGA Mark-III research reactor, and an inventory of
irradiated research reactor fuel spanning 48 years of operation. Several fuel elements were
evaluated that varied in cooling time, or the length of time from the removal from the core. The
fuel element characteristics are summarized in Table 3-1. All of the fuel elements had the about
the same initial enrichment (19.5-19.9%) and uranium loading (12 wt%). Fuel element 230,
which had cooled for approximately one year, had a relatively short cooling time compared to the
typical three year cooling period before a fuel assembly is reprocessed. Fuel element 238, a
current core rod at the time of measurement, represented the case of low burnup and high activity.
This fuel element was removed from the PSBR core 54 loading and only allowed to cool for two
days before measurement. The measured spectrum from this element was compared to that of
another core fuel element, which had significantly higher burnup, to emphasize the build-in and
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decay of radionuclides over the irradiation period. Finally, fuel element 202 from the original
PSBR core loading demonstrates the case of long cooling time and consequently lower activity.

Table 3-1. List of fuel elements examined using Compton suppression systems. Fuel element
203 was only used for a direct, unsuppressed comparison of changes in isotopics. The average
burnup values were calculated using the Penn State neutronics code TRIGSIMS.
Fuel Element
Cooling
Average Burnup
Dates Irradiated
ID
Time (y)
(MWd/MTU)
202

18.8

26,150

7/13/1972 to 7/8/1994

230

0.9

19,349

10/20/1998 to 5/12/2012

238

0

5,043

6/14/2007 to 4/13/2013

203

0

34,945

6/13/1972 to 4/13/2013

3.1.1 Experiment Setup
The PSBR Neutron Beam Laboratory was used to measure the gamma-ray spectrum from
the fuel elements as shown by the diagram in Figure 3-1. The beam line was 167.64 cm long,
filled with air, and was separated from the reactor pool by a 1.27 cm thick aluminum flange. A
Canberra HPGe detector, model number GC5019, was used to record gamma-ray spectra from
the fuel elements. A 15.24 cm long, 0.3175 cm diameter aperture lead collimator was positioned
at the pool-end of the beam port followed by a 73.66 cm long cement collimator with an aperture
diameter of 1.27 cm. Additional, adjustable lead shielding with a slit window was located in
front of the detector to further collimate the beam.
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Figure 3-1. Diagram of the experimental design showing placement of the fuel rod and
detectors with respect to the beam port. The HPGe detector is displayed in the diagram, but
the NaI(Tl) and LaBr3 detectors were located in the same place when in use.
A fuel element holder, shown in Figure 3-2, fabricated from high density polyethylene,
was secured to the face of the aluminum flange to ensure the proper alignment of the fuel element
during measurement. The placement of the polyethylene tube against the face of the beam port
aluminum flange minimized the effect of possible water attenuation in the fuel element
measurements. The fuel holder also included a base that indicated when the top of the fuel meat
was positioned at the beam port center line. The location of the fuel meat within the element is
apparent from the oxide layer that forms during irradiation. This effect is shown in the image of
the PSBR core in Figure 3-3. From this starting position, the fuel elements are raised to each
measurement location.
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Figure 3-2. Fuel rod positioning apparatus. The white, vertical pipe on the left is the high
density polyethylene and the rod on the right is secured to the top of the pool wall and
positioned in a fixed holder on the pool floor. The flange is approximately 28 cm in diameter.
Figure 3-4 shows the detector and electronics positioning in the Neutron Beam Lab at the
exit of Beam Port number one through the biological shield. An 11.43 cm thick lead shutter is in
place when not in use. The cesium isotopes have been shown to migrate over the axial and radial
dimensions of fuel elements toward cooler regions [32]. In this study, fuel elements were only
scanned in one radial position; they were not rotated around the axis to verify the distribution of
137

Cs.
The burnup values quoted in the next several sections were determined using the PSBR

neutronics code TRIGSIMS (for TRIGA Simulator-S) [63].

During the development and

validation process of TRIGSIMS, simplifying assumptions were made by combining short-run
core loadings, effectively averaging the reactor power over these loadings [63]. Also, TRIGSIMS
uses a constant temperature value for each fuel element when calculating element reactivity
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changes.

These approximations generate errors in the quoted burnup values through the

calculation of the neutron flux.

Figure 3-3. Image of PSBR core showing the oxidation discoloration used to locate the fuel
meat.

Figure 3-4. Images of the detector arrangement at the end of Beam Port #1 at the Penn State
RSEC. The image on the left shows the electronics, capable of operating several detectors and
providing Compton suppression functionality. The image on the right shows the alignment of
the detector with the beam port and adjustable lead window.
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Three detector systems were used to record gamma-ray spectra emitted from the fuel
element: HPGe, LaBr 3 , and NaI(Tl) detectors. Each detector was positioned inside a 9 inch x 9
inch (22.86 cm x 22.86 cm) NaI(Tl) annulus to provide Compton suppression capability. The
procedure to configure the analog hardware and software settings to construct a CSS is presented
in Appendix F. The HPGe detector used was a p-type coaxial with 50% relative efficiency. The
detector specifications are summarized in Table 3-2. Genie 2000 software was used for data
collection and analysis.
Table 3-2. Summary of detector specifications.
HPGe

LaBr3

NaI(Tl)

Manufacturer

Canberra

Canberra/Saint Gobain

Canberra/Bicron

Model

GC 5019

LaBr-1.5x1.5

3M3/3L

Resolution
(662keV)

1.7 keV
(~0.15%)
68 cm diameter
57.5 cm long

3%

7.5%

3.81 cm diameter
3.81 cm long

7.62 cm diameter
7.62 cm long

Dimensions

The position of the primary detector within the annulus affects the measured suppres sion
factor of a Compton suppression system. For the LaBr 3 based CSS, the optimum position was
determined by measurement of the suppressed and unsuppressed peak-to-Compton ratio at
varying detector positions within the NaI(Tl) annulus. The result of these measurements is shown
in Figure 3-5. The optimal LaBr 3 position (location of the detector face) was determined to be 5
inches below the top of the annulus. This position was used throughout the fuel measurements.
Figure 3-6 shows a comparison between the suppressed and unsuppressed LaBr 3 spectra at the
optimized primary detector position. The suppression factor is on the order of typical HPGe CSS
suppression factors. The optimum position for the HPGe detector was previously known from
the operation of the PSU HPGe-CSS.
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Figure 3-5. Measured peak -to-Compton ratios and suppression factors recorded with the
LaBr3 detector at varying positions inside the annulus. The top of the annulus is located at 0”.
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Figure 3-6. Suppressed and unsuppressed 137Cs spectra measured using the LaBr3 detector.
The suppression factor was determined to be 8.04 in the optimized configuration.
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3.1.2 Compton Suppressed Measured PSBR Fuel Element Gamma-Ray
Spectra
The measured spectra from each PSBR fuel element are presented in this section. Both
the suppressed and unsuppressed measured spectra from the HPGe, LaBr 3 , and NaI(Tl) are shown
for comparison. A comparison between gamma-ray spectra from the same fuel element measured
with each detector is shown in Figure 3-7 to emphasize the difference in energy resolution and the
effect on the number of peaks available for analysis. During the course of the measurements, it
was noticed that the energy calibration of the LaBr 3 detector drifted several channels. Over a two
week measurement of the LaBr 3 detector self-activity background, the energy calibration at 661
keV drifted down 13 keV. This required daily energy calibrations to be recorded before and after
the measurement.

During the course of the fuel element measurements, the detector gain

fluctuated in both directions.

The fluctuation could be due to changes in ambient room

temperature or the elevated measurement count rate.
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Figure 3-7. Comparison of gamma-ray spectra from Fuel Element 238 measured using each
detector which highlights the difference in energy resolution.

The peak to Compton ratio is a useful metric for comparing systems of the same detector
materials. The ratio does not translate between systems however because it is a function of the
peak resolution due to the fact that the peak-to-Compton ratio is calculated from the highest peak
channel alone.

The suppression factor is a measure of the effectiveness of the Compton

suppression and compares the Peak-to-Compton ratios of suppressed and unsuppressed spectra.
It is given by Equation 3-1.

⁄
⁄

Equation 3-1
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The term P/C in Equation 3-1 represents the Peak-to-Compton ratio which is a measure
of detector performance defined as the ratio of the number of counts in the photopeak to the
number of counts in a typical channel in the Compton edge associated with the photopeak. For
137

Cs, the value used from the Compton continuum should be located within the relatively flat

portion of the plateau, between 358 keV to 382 keV [13].

3.1.2.1 Fuel Element 238: No Cooling Time and High Count Rate
Fuel element 238 was inserted into the PSBR core on June 14th , 2007 and at time of
measurement was part of core 54 with an average burnup of 5043 MWd/MTU. The fuel element
was allowed to cool over one weekend before performing the gamma-ray measurements. The
suppressed and unsuppressed comparison spectra are shown in Figure 3-8, Figure 3-9, and Figure
3-10 for the HPGe, LaBr 3 , and the NaI(Tl) detectors respectively. The HPGe spectra in Figure
3-8 were recorded over a period of 30 minutes with average dead time of 41.63%. The LaBr 3
spectra in Figure 3-9 were also recorded over a 30 minute period but with 16.16% dead time.
Table 3-3 contains a list of the most prominent peaks in the HPGe spectra along with their
nuclide of origin.
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Table 3-3. List of nuclides present in fuel element 238 after two day shutdown identified from
the gamma-ray spectra shown in Figure 3-8. Decay data retrieved from the Chart of the
Nuclides provided by KAERI [64].
Nuclide Half Life Photon Energy (keV)
140
60

Ba

12.75 d

537.3

Co

1925.1 d

1173.2, 1332.5

130

I

12.36 h

668.5

132

I

2.30 h

954.6, 1035.0, 1136.0, 1372.1, 1398.6, 1442.6

137

Cs

30.07 y

661.7

140

La

1.68 d

328.8, 432.5, 487.0, 815.8, 867.8, 919.6, 925.2, 1596.2

Nb

34.98 d

765.8

39.26 d

497.1, 610.3

95

103

Ru

133m

30 h

773.7

Y

10.3 m

954.0

Zr

64.02 d

724.2, 756.7

95
95

Te

Genie 2000 software was used to determine the number of photopeaks able to be resolved
using Compton suppression. Peak search settings were specific to each detector, but identical
settings were used to process all the spectra from each respective detector. Genie 2000 w as able
to locate 78 peaks in the HPGe unsuppressed spectrum and 85 peaks in the suppressed spectrum
in Figure 3-8. There are eight additional peaks able to be resolved in the HPGe suppressed
spectrum (two of the peaks were identified as one peak in the unsuppressed spectrum) at 75.44
keV (153 Sm), 250.36 keV ( 177Lu), 351.12 keV ( 182Re), 557.54 keV ( 154 Eu), 1025.33 keV ( 238 Np),
1036.06 (132 I), 1296.27 keV ( 154Eu), 1299.22 keV (152 Eu). Genie 2000 identified 24 gamma-ray
peaks in the unsuppressed LaBr3 spectrum and 28 peaks in the suppressed LaBr 3 spectrum, both
shown in Figure 3-9. These four additional peaks are 1028 keV ( 238 Np), 1132 keV ( 154 Eu), 1215
keV (91 Sr), 1281 keV ( 170Lu). There are also many peaks that were identified by the Genie 2000
algorithm in the unsuppressed spectrum but are much better resolved in the suppressed spectrum.
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However, there is an additional peak in the unsuppressed spectrum from
not present in the suppressed spectrum because the half live of

95

95

Y at 954 keV that is

Y is about 10 minutes. The

measurement live time for these spectra was 30 minutes, however the suppressed and
unsuppressed measurements are not able to be recorded simultaneously using the analog counting
system. The suppressed spectrum was recorded after the unsuppressed measurement. The
measured suppression factor of the Compton continuum from the

140

La 1596.21 keV gamma-ray

peak was 3.48. The Compton continuum was taken as the energy range between 1055 keV and
1109 keV where no photopeaks were present. Again, no additional peaks were able to be
resolved from the suppressed NaI(Tl) spectrum.
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Figure 3-8. Comparison between unsuppressed and suppressed measured HPGe spectra of fuel element 238 removed from the PSBR core.
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Figure 3-9. Comparison between unsuppressed and suppressed measured LaBr3 spectra of Rod 238 removed from the PSBR core. The 138La
self-activity peak is not resolved in this spectrum because the source count rate is much greater than the natural background.
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Figure 3-10. Comparison between unsuppressed and suppressed measured NaI(Tl) spectra of
Rod 238 removed from the PSBR core.

3.1.2.2 Fuel Element 230: Short Cooling Time
Fuel element 230 was inserted in to the PSBR core on October 20 th , 1998 and was
removed on May 2nd , 2012 with an average burnup of 19,349 MWd/MTU. At the measurement
date of April 15th , 2013, the cooling time was 348 days. The live time for this measurement was
1800 seconds with a dead time of 6.38%. The detectable isotopic content of the rod by the HPGe
and LaBr3 detectors is shown in Figure 3-11 and Figure 3-12, respectively. Besides

137

Cs, a

variety of expected fission ( 95 Zr) and activation products ( 60Co) can be observed in the spectrum.
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Uranium characteristic x-rays, 94.6, 98.4, and 111 keV, are present in each spectrum due to the
ionization of electrons in the k-shell by gamma-ray photons of sufficient energy that were emitted
by fission products. However, the gamma-ray photons from the decay of

235

U (ex. 186 keV) are

not present because the half-life of that pathway is very long compared to the fission products
present in the rods. The self-activity from 138 La is visible in the LaBr 3 spectrum shown in Figure
3-12, which obscures the gamma-ray peak from

144

Pr at 1489 keV. Also, the several, relatively

small gamma-ray peaks in the energy range between 800 and 1200 keV from
134

Cs are not able to be resolved by the LaBr 3 detector.

54

Mn,
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Figure 3-11. Unsuppressed, measured gamma-ray spectrum collected with the HPGe detector of spent fuel element number 230 showing the
isotopic content of the fuel.
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Figure 3-12. Unsuppressed, measured gamma-ray spectrum collected with the LaBr3 detector of spent fuel element number 230 showing the
detectable isotopic content of the fuel.
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The comparison between the suppressed and unsuppressed HPGe spectra is also shown in
Figure 3-13. The peak search function in the Genie 2000 software was able to resolve 42 peaks
in the unsuppressed spectrum and 46 peaks in the suppressed spectrum. The four additional
peaks that are able to be resolved in the suppressed spectrum, highlighted with stars in Figure
3-13, are present at 463 keV ( 125 Sb), 475 keV ( 134 Cs), 670 keV ( 154 Eu), and 675 keV ( 152 Eu).
There are also several peaks that are detectable in the unsuppressed spectrum but for which
Compton suppression can offer significantly improved resolution.
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Figure 3-13. Comparison between the measured unsuppressed and suppressed HPGe spectra
from fuel element 230, which has a cooling time of 0.9 years.
The comparison between the suppressed and unsuppressed LaBr 3 spectra is shown in
Figure 3-12. Genie 2000 software was able to resolve 17 peaks in the unsuppressed spectrum and
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19 peaks in the suppressed spectrum. Two additional peaks were resolved manually. The four
additional peaks able to be resolved in the suppressed spectrum are 48 keV, 427 keV ( 125 Sb), 835
keV (54 Mn), and 1040 keV ( 134 Cs). The peak identified at 48 keV is actually a spectral feature
caused by the application of Compton suppression, which may also contribute to the multivariate
analysis algorithm. The self-activity from 138 La is visible in the LaBr 3 spectrum, which obscures
the gamma-ray peak from 144 Pr at 1489 keV. Also, the several, relatively small gamma-ray peaks
in the energy range between 800 and 1200 keV from 54 Mn, 106Rh, and 134Cs are not able to be
resolved by the LaBr 3 detector.
Figure 3-14 shows the comparison between the suppressed and unsuppressed spectra
recorded from rod 230 using the NaI(Tl) detector. Only the 137 Cs 662 keV,
60

95

Nb 765 keV, and

Co 1173 keV and 1332 keV peaks are visible. No additional peaks are able to be resolved with

the addition of suppression capability.
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Figure 3-14. Comparison between the measured unsuppressed and suppressed NaI(Tl) spectra
from fuel element 230 (10 minute measurement instead of 30, due to the reactor scheduling).

3.1.2.3 Fuel Element 202: Long Cooling Time
Fuel element 202 was inserted into the core on July 13 th , 1972 and was removed on July
8th , 1994. It was removed with an average burnup of 26150 MWd/MTU. The suppressed and
unsuppressed comparison spectra for HPGe, LaBr 3 , and NaI(Tl) detectors are shown in Figure
3-15, Figure 3-16, and Figure 3-17, respectively. The HPGe spectra were recorded with an
average 2.36% dead time. Only the 137 Cs 661 keV peak, the 60 Co 1173 keV and 1332 keV peaks,
one 154 Eu peak at 1274 keV, one 152 Eu peak at 1408 keV the background peak from

40

K at 1460

keV, and the uranium x-rays are visible in any of the spectra from the three detectors. The

138

La
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self-activity peaks are also present in the LaBr 3 spectra. No additional peaks are resolved by any
of the detectors using Compton suppression.
The peak-to-Compton ratio of the unsuppressed

137

Cs 661.7 keV peak in the HPGe

spectrum was 79.40 and the suppressed ratio was 173.17. The suppression factor was 2.18. The
peak-to-Compton ratio of the unsuppressed 137 Cs 661.7 keV peak in the LaBr 3 spectrum was 9.2
and the suppressed peak-to-Compton ratio was 18.3. The suppression factor for the

137

Cs peak

was 1.99.
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Figure 3-15. Comparison between unsuppressed and suppressed measured HPGe spectra of
Rod 202, which has a cooling time of 18.8 years.
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Figure 3-16. Comparison between unsuppressed and suppressed measured LaBr3 spectra of
Rod 202, which has a cooling time of 18.8 years.
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Figure 3-17. Comparison between unsuppressed and suppressed measured NaI(Tl) spectra of
Rod 202, which has a cooling time of 18.8 years.

3.1.3 Discussion of Compton Suppressed PSBR Fuel Element Measurements
Table 3-4 summarizes the number of additional peaks identified by Genie 2000 using
Compton suppression for fuel elements of each range of cooling time. The large photopeak in the
spectra from rod 238 is the

140

La 1596 keV peak instead of the

137

Cs 661.7 keV peak, so the

greatest effect of suppression is evident where the Compton continuum from this peak lies. The
additional peaks that were unresolved in the unsuppressed spectrum occur around and above 1
MeV. In all cases, suppressing the NaI(Tl) detector response had little effect because the large
volume of the NaI(Tl) primary detector made it effectively more efficient than the other two
detectors.
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Table 3-4. Summary of the number of additional peaks located by applying Compton
suppression for a fuel element of each range of cooling time.
Detector
HPGe
LaBr3
NaI(Tl)

Fuel Element
230 238 202
4
8
0
4
4
0
0
0
0

Table 3-5 summarizes the peak-to-Compton ratio (P/C) and suppression factor (SF)
results for each rod using the HPGe and LaBr 3 detectors. The NaI(Tl) detector results were not
included in the table because a benefit from Compton suppression was not observed in any of the
measurements. The suppression factors for both detectors are very similar with the exception of
the LaBr3 suppression factor from fuel element 238. The average value of the three suppression
factors is higher for the LaBr 3 than for the HPGe detector. The values are 2.44 and 2.27
respectively.
Table 3-5. Summary of the peak-to-Compton ratios and suppression factors found in the
measurements of fuel elements 202, 230, and 238. Fuel elements 202 and 230 represent values
for the 137 Cs 661.7 keV peak and fuel element 238 is for the 140 La 1596 keV peak.
Fuel
Unsuppressed
Element
P/C
202
79.40
230
49.05
238
62.88

HPGe
Suppressed
P/C
173.17
93.49
168.62

SF
2.18
1.91
2.68

LaBr3
Unsuppressed Suppressed
P/C
P/C
9.20
18.32
4.94
9.46
6.24
21.32

SF
1.99
1.92
3.42

A very high count rate measurement scenario was created during the measurement of the
core fuel element 238 which was recorded with a detector dead time of 41.7%. The detector
resolution decreased slightly in the HPGe spectra due to peak tailing. Comparing the spectra
from the core rod to the fuel cooling more than one year, the FWHM increased slightly at 661.7
keV from 1.735 to 1.916 and at high energies (1332 keV for the old fuel and 1596 keV for core
rods) the FWHM increased from 2.040 to 2.839. A comparison cannot be made between the
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suppression factor for the high count rate, core fuel element 238 and the low count rate, long
cooling time fuel element 202 because the 137 Cs 661.7 keV is not pronounced in the spectra and
the 140 La peak is much higher in energy and therefore varies in photon detection efficiency.
Sum peaks, a typical effect of measurements made with high source emission rates, are
not present in the PSRB fuel element measurements. This is due to the measurement geometry of
the source with respect to the detectors. The source was located far away from the detector with
collimators restricting the radiation so therefore the solid angle subtended by the detector was
very small. It is very unlikely that photons emitted from either simultaneous decay or cascade
decay emissions will fall within the solid angle of the detector and create a sum peak. Another
benefit of the beam source measurement configuration is avoidance of photopeak losses as a
result of suppression from radionuclides which emit photons in cascade as they decay, e.g.

60

Co

and 154 Eu. The 60 Co photopeaks at 1173 keV and 1332 keV in Figure 3-14 and Figure 3-15 show
that the detector recorded about the same number of photopeaks counts regardless of Compton
suppression.

3.2 Dissolved Fuel Sample Compton Suppressed Measurements
In addition to the PSBR used fuel inventory, commercial fuel samples were available
from Pacific Northwest National Laboratory (PNNL) that had been dissolved in nitric acid. The
samples were obtained for the validation of the Geant4 simulation, which is described in Chapter
4. The samples were also used to emphasize the effects of measurement geometry on the
resulting measured gamma-ray spectrum. These commercial fuel samples mimicked the feed
solution of a reprocessing facility.
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3.2.1 Penn State Compton Suppression System
The Pennsylvania State University (RSEC) utilizes an HPGe based CSS (hereafter
referred to as the PSU HPGe-CSS), shown in Figure 3-18.

The primary spectroscopic

detector is a reverse electrode closed-end coaxial high purity germanium (HPGe) with 54%
relative efficiency. The HPGe detector has a FWHM of 2.2 keV at the 1.33 MeV 60 Co peak
[21]. The measured peak-to-Compton ratio of the unsuppressed HPGe detector was found to
be 58:1 for the 137 Cs 661.7 keV peak [21][65]. Measured suppression factors for the PSUCSS system are typically on the order of 10 for measurement of a

137

Cs point source, which

represents ideal counting conditions [21]. The detector hardware, container, and internal
hardware are all composed of low background materials. NaI(Tl) detectors surround the
HPGe detector and is used to detect scattered photons that were not fully absorbed in the
primary detector. The NaI(Tl) guard detectors are comprised of a 9 inch (22.86 cm) diameter
by 9 inch (22.86 cm) tall annulus and a 3 inch (7.62 cm) by 3 inch (7.62 cm) cylindrical plug
detector which is positioned above the sample. The plug detector is positioned such that it
can detect backscattered photons, which are deflected 180 degrees in their initial interaction.
These photons contribute to the low energy edge of the Compton continuum and form a small
peak. There are a total of five photomultiplier tubes (PMT) used to collect scintillation light
from the NaI(Tl) detectors. All five PMTs are gain matched and combined into one signal
before proceeding further in the analysis hardware. Genie-2000 Gamma Acquisition and
Analysis software was used for the collection and processing of data.
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Figure 3-18. PSU Compton Suppression System at the Radiation Science and Engineering
Center. The detectors are housed in the shield cave (upper right) above the Dewar. The data
acquisition computer runs Genie 2000 software.

3.2.2 Approved Test Material (ATM) Fuel Samples
The radioactive spent fuel samples available for testing were segments of commercial
fuel assemblies that were stored for research purposes after completion of their last power cycle,
known as Approved Testing Material (ATM) 105G and 109A. The ATM-105G sample was
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irradiated in a BWR reactor for a total of five cycles from 1974 to 1978 and then again from 1980
to 1982. The initial enrichment of the rod was 2.94%. The approximate burnup of ATM105
segment G, which was located 1.46 meters from the top of the rod, was 28.7 MWD/kgU. The
segment identifier denotes the vertical location of the sample within the rod. The assembly was
removed from the reactor in 1982 and was cooled 31 years before measurement [39], [66]. The
ATM-109A sample had an approximate burnup of 70 MWd/MTU and had been cooling for
approximately 21 years at the time of measurement. Its initial enrichment was approximately 3%.
The assembly was irradiated from 1979 to 1987 and then again from 1989 to 1992.
The spent fuel rod segments were separated from their cladding and dissolved in
concentrated nitric acid in the hot cells at the Shielded Analytical Laboratory at PNNL. The fuel
solution was then boiled down and the samples were rehydrated in dilute nitric acid (0.5 molar).
The samples were also centrifuged to separate any undissolved material. The final sample was
diluted to more manageable activity levels and removed from the hot cell. Predicted activity
values for the top 40 isotopes were generated using irradiation and decay calculations performed
using ORIGEN-ARP and were provided to Penn State for each sample. The fuel samples
received by Penn State are 5 µCi and 1µCi of ATM-105G and ATM-109A. The samples are
contained in polypropylene jars that are 2 inches tall and 2.5 inches in diameter, as shown in
Figure 3-19. Appendix A contains the detailed nuclide composition of the fuel samples and the
waste class determination calculation for their disposal.
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Figure 3-19. Dissolved ATM spent fuel samples received by Penn State from PNNL.

The irradiation and decay simulation code ORIGEN-ARP, part of the SCALE package,
has been used to generate the nuclide composition of spent fuel samples with varying parameters
[67].

ORIGEN-S is preloaded with parameterized cross-section libraries for varying fuel and

operation conditions such as burnup, enrichment, power history, and moderator density [67].
The ARP module takes the user input and interpolates the case dependent library. Determining
the cross-section libraries in this way, as opposed to re-calculating them from transport codes
before each simulation, allows ORIGEN-ARP to provide fuel composition reports in typically
less than one minute.
The sample packaging as received from PNNL, shown in Figure 3-19, was too wide to fit
in the CSS guard detector annulus. The outer packaging was opened and discarded, after a check
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for contamination. The sample vials were repackaged in outer, plastic bags that were horsetail
taped to prevent leakage in the event the inner container was damaged. Due to the height of the
sample outer packaging, the NaI(Tl) plug detector was removed from both the HPGe and LaBr 3
CSS detectors. This was expected to reduce suppression efficiency due to the escape of scattered
photons through the top of the system.
The ATM spent fuel samples were measured in unsuppressed and suppressed mode for
two hours with both primary HPGe and LaBr 3 detectors. Following measurement of each sample,
swipes were performed of the detectors that were counted in a liquid scintillation counter (LSC)
to verify that the samples vials were secure and no instrument or personnel contamination had
occurred. No contamination was observed.

3.2.3 HPGe Compton Suppressed Results
The results of the unsuppressed and suppressed gamma-ray spectra measured from the
ATM fuel samples using the PSU HPGe-CSS are presented in this section. The measured spectra
from the 5µCi ATM109 sample are shown in Figure 3-20. The remainder of the fuel sample
measurements are shown in Appendix B. The rise in the

137

Cs Compton edge is due to the

removal of the NaI(Tl) plug detector, which detects photons scattered 180° from the primary
detector. No additional photopeaks were able to be resolved, and in many cases photopeaks lost
counts, through the use of Compton suppression by either detector due to the intricacies of the
measurement geometry.
In all of the measured spent fuel spectra, though the Compton continuum from the

137

Cs

661.7 keV peak is suppressed, many other peaks have significant losses in the number of
recorded counts. The

154

Eu and

152

Eu peaks were affected the most by the peak losses with

Compton suppression activated. These nuclides are cascade decay emitters that emit several
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photons during the de-excitation which can be rejected during Compton suppression counting as
scattered photons. The photopeak degradation continued as the count rate increased from 1 µCi
to 5 µCi as the percentage of lost peak counts in the suppressed spectrum increased from 31% to
42% respectively in the ATM 105G samples. The same effect was observed in the ATM 109
samples. The photopeak losses to cascade decay emitters was not observed in the PSBR fuel
element spectra because of the differing measurement geometries.
Photopeak losses are observed in the measurements of the dissolved ATM fuel samples
because the spectra were recorded with the source in very close proximity to the detector and
surrounded by the guard annulus so the solid angle of the system, and therefore the detection
probability, is very high. This leads to sum peaks in both the suppressed and unsuppressed
spectra and losses to photopeak counts in the suppressed spectra.
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Figure 3-20. Unsuppressed and suppressed measured spectra from the 5µCi ATM 109 spent
fuel samples using the HPGe CSS.
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The results of the measured peak-to-Compton ratio and suppression factors for each of
the fuel samples are summarized in Table 3-6. The peak-to-Compton ratio of the 5 µCi ATM 109
sample is slightly lower than that of the 1 µCi sample indicating that count rate may have may
have had an effect. It is difficult to make a determination because the change in the peak-toCompton ratios is within the standard deviation, which is about 10 for the 1µCi samples and 22
for the 5µCi samples. However, the suppressed peak-to-Compton ratio of the 5µCi ATM 109
sample is significantly less that of the corresponding 1 µCi sample due to the rise in the Compton
edge with increasing activity.

Table 3-6. Summary of the PSU-CSS peak-to-Compton ratio and suppression factor results
from the PNNL spent fuel sample measurements.
HPGe
P/C Ratio
SF

ATM 105G 1µCi
UNSUP
SUP
103.77
465.90
4.49

ATM 105G 5µCi
UNSUP
SUP
107.71
489.17
4.54

ATM 109 1µCi
UNSUP
SUP
107.97
532.63
4.93

ATM 109 5µCi
UNSUP
SUP
101.58
468.10
4.61

3.2.4 LaBr3 Compton Suppressed Results
The suppressed and unsuppressed spectra from PNNL fuel sample ATM 109 5µCi is
shown in Figure 3-21, as measured by the LaBr 3 -CSS. The measured spectra of the other three
fuel samples can be found in Appendix C. Note that the peak-to-Compton ratios are significantly
less than those recorded using the HPGe detector. This is due to the superior resolution of the
HPGe detector; counts are recorded in a smaller number of channels w hich results in a much
greater number of higher peak counts. Since the peak-to-Compton ratio is based on the number
of counts in the highest channel, the detector resolution has an effect on the value. The
suppression factor, however, being a ratio of the suppressed and unsuppressed peak-to-Compton
ratios, removes the resolution dependency and can be used to generally compare CSS systems.
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In the measured unsuppressed and suppressed spectra from the 1 µCi ATM 105G sample,
only 137 Cs, 152 Eu, 154 Eu, and 241 Am are able to be resolved for the LaBr 3 detector. The peak-toCompton ratio of the

137

Cs peak in the unsuppressed spectrum was 12.31 and 52.92 in the

suppressed spectrum, which gives a suppression factor of 4.30. As noted in the results presented
from the PSU HPGe-CSS, there were significant peak losses in the suppressed spectra due to the
cascade decay emitting nuclides. In the case of the 5 µCi ATM 105G sample, the peak-toCompton ratio of the

137

Cs peak in the unsuppressed spectrum was 12.37 and 51.90 in the

suppressed spectrum, which results in a suppression factor of 4.19. The 1 µCi ATM 109 sample
measurement showed a peak-to-Compton ratio of the 137Cs peak in the unsuppressed spectrum of
11.07 and 52.29 in the suppressed spectrum, giving a suppression factor of 4.73. Lastly, the 5
µCi ATM 109 sample exhibited a peak-to-Compton ratio of the 137 Cs peak in the unsuppressed
spectrum of 11.54 and 50.54 in the suppressed spectrum of the measurement, resulting in a
suppression factor of 4.38.
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Figure 3-21. Unsuppressed and suppressed measured spectra from the 5µCi ATM 109 spent
fuel samples using the LaBr3 CSS.
Table 3-7 summarizes the results of the measured peak-to-Compton ratios and
suppression factors from each PNNL spent fuel sample. All of the measured values are similar to
one another, as was the case for the PSU-CSS. There is a slight reduction in the suppression
factor with count rate that corresponds to a reduction in the suppressed peak-to-Compton ratio.
This effect is observed when comparing the peak-to-Compton ratios of spectra measured from
fuel samples of the same fuel element segment but of different activity.
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Table 3-7. Summary of the LaBr3 -CSS peak-to-Compton ratio and suppression factor results
from the PNNL spent fuel sample measurements.
LaBr3 -CSS
P/C Ratio
SF

ATM 105G 1µCi

ATM 105G 5µCi

ATM 109 1µCi

ATM 109 5µCi

UNSUP
SUP
12.31
52.92
4.30

UNSUP
SUP
12.37
51.90
4.19

UNSUP SUP
11.07 52.29
4.73

UNSUP SUP
11.54 50.54
4.38
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Chapter 4
Geant4 Compton Suppressed System Simulation Construction
This chapter describes the construction and validation of a detector model that can
accurately simulate a Compton suppressed spectra measurements of gamma radiation from spent
fuel. Previous evaluation of multivariate analysis of spent fuel gamma-ray measurements utilized
the SYNTH code to generate libraries of simulated spectra.

SYNTH is a one-dimensional

radiation transport code capable of rapidly simulating spectra from a number of detector materials
in several geometric configurations. While simulated SYNTH spectra were found to adequately
mimic measurements of spent fuel for the purposes of testing potential multivariate analysis
techniques, there were significant differences between the simulated and experimentally
determined spectra. Also, SYNTH is not capable of simulating Compton suppressed detectors
because it only allows the definition of one detector in a range of standard geometries. Therefore,
a Compton suppressed model capable of simulating spent fuel spectra was required if multivariate
analysis techniques are to be tested on large libraries of fuel types.
The model developed in this study was built to mimic the PSU HPGe-CSS detector in
order to validate the suppression algorithm with a well characterized system. Section 4.1
describes the methodology behind the model, which is based on the Monte Carlo techniques , and
the reasoning for the selection of the Geant4 simulation toolkit and the other components that
support the model. Section 4.2 provides the details of the PSU HPGe-CSS model construction
and functionality. Section 4.3 describes the construction of the LaBr 3 -CSS and the validation
measurements used to complete the model transformation.
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4.1 Monte Carlo Methods
Though the name Monte Carlo was coined with the development of radiation transport
calculations, the technique had been used for centuries as a means of numerical integration [68].
Radioactive decay is a stochastic process, which means the decays occur at seemingly random,
unpredictable times.

The average behavior of a population can be predicted with enough

observations, or histories in modeling parlance. The law of large numbers states that if enough
histories are performed, the Monte Carlo game will converge on the solution, as given by
Equation 4-1.

̅

〈 〉

Equation 4-1

This means that the sample mean will converge to the population mean at large number
of samples.
While random events cannot be outright predicted, they can be described in terms of
probabilities.

The probability density function (PDF), given by Equation 4-2, describes the

probability that a random sample, xi , of the stochastic variable x, will have a particular value and
is normalized to unit area [68].
Equation 4-2

The cumulative distribution function (CDF), given by Equation 4-3, is the integral of the
PDF and is always increasing because it is a measure of the probability that the random selection
of X will be found at a value equal or less than to x [68], [69].

∫

Equation 4-3
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The situation becomes more complex with the addition of more variables. For example,
the probability of scattering in a particular direction can be described by PDFs for the polar and
azimuthal angles.
The uncertainty of these observations can be derived from the central limit theorem. For
large numbers of samples, N, the theorem can be written as Equation 4-4, where λ is the number
of standard deviations from the mean u and s(x) is the sample standard deviation.
{

̅
√

〈 〉

̅
√

}

√

∫

⁄

Equation 4-4

The right side of Equation 4-4 is called the confidence limit. Data is typically reported in
the familiar form ̅

. In the limit that the number of samples approaches infinity, the

sample mean becomes the true mean [68].
In a Monte Carlo calculation, the PDF is often not known ahead of time, but instead is
approximated by simulating a large number of histories. Once the PDF is determined, the
estimated average value can be found.

In radiation transport calculations, the behavior of

particles is dictated by sets of probabilities models describing every possible interaction. A
calculation in which the particle tracked exactly mimics its behavior in nature is called analog
Monte Carlo. Simulations which enable some form of bias, or variance reduction, to reduce the
calculation time are referred to as non-analog Monte Carlo.

4.1.1 Geant4 - GEometry ANd Tracking Monte Carlo based code
While Monte Carlo N-Particle (MCNP) has been the standard radiation transport
simulation code in nuclear engineering, Geant4 is developed and maintained by an international
nuclear physics collaboration, including major accelerator facilities like CERN, FermiLab, and
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SLAC, high energy physics experiments, and universities. The open source nature of Geant4
allows the user to incorporate their tailored libraries, cross sections, and tallying routines. Geant4
is a Monte Carlo-based code for simulating particle transport through matter, written in object
oriented C++ programming language, and first released in 1998 [13]. Though Geant4 was
originally developed at CERN to model high energy accelerator physics and collisions, low
energy physics libraries applicable for this work have now been established. The Evaluated
Nuclear Structure Data File (ENSDF) was utilized to provide the decay branching ratios [14].
A Geant4 based CSS model developed in this work utilized version 4.9.4 patch 4 and
the low energy electro-magnetic physics models based on the Livermore Libraries. These models
are valid for energies from 250 eV to 100 GeV.

Physical processes including Compton

scattering, pair production, photoelectric effect, Raleigh scattering, bremsstrahlung production,
and ionization processes were activated.
Geant4 uses limits to the scattering range of photons, as opposed to MCNP which uses
energy cutoffs, to limit the tracking of scattered particles and reduc e the calculation time. The
advantage of particle production cuts based on stopping range instead of energy is that the correct
final location and energy deposition of the particle are preserved.

Using stopping range

production cuts, if the particle cannot generate primaries that travel the cut distance, then discrete
energy loss and secondary particle production stops and the primary is tracked down to zero
energy using continuous energy loss. However, in the case of energy production cuts, particle
tracking is halted after the energy of the particle falls below the given threshold and the remaining
energy is deposited at that location.
Unlike MCNP, the Geant4 code does not limit simulation to primary particles or sources
defined in the simulation package. Exotic particles, real or not, can be defined along with their
decay pathways. For example, the Geantino is a fictional particle used in many of the example
simulations provided with the package download. There are also a variety of methods to generate
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primary particles in Geant4. These various methods were essential to the generation of very
detailed spent fuel source terms and are explained in detail in Section 4.2.2 with focus on the
techniques used in the Geant4 CSS model.

4.2 Geant4 PSU HPGe -CSS Simulation Construction
The geometry of the initial simulation was modeled after the CSS housed at the Penn
State RSEC, which was introduced in Section 3.2.1. Signals from the primary and guard
detectors are processed through a Canberra model 2040 Coincidence Gate which is operated in
anti-coincidence mode. If an event is collected in both the NaI(Tl) and HPGe detectors within the
timing window of 1 µs, the gate is closed and the HPGe signal will not be sent to the multichannel analyzer (MCA). This removes the majority of coincident photons from the final spectra.

4.2.1 Active Volume Determination
In order to accurately represent the interaction volume of the detector, accurate
dimensions of the detector volume are required. It is typical for Monte Carlo simulations to
overestimate the detector efficiency of HPGe detectors by anywhere from 10-50% [70]. The
discrepancy is commonly accounted for by increasing the dead layer dimensions of the detector,
since it is a feature of the detector that grows over time [70]. However, the detector dead layer
dimensions cannot be directly measured without dismantling and destroying the detector, s ince
the detector must be held at vacuum. Berndt and Mortreau have published a procedure for
measuring the detector dimensions without destroying the detector. The authors found that not
only was their dead layer much larger than the manufacture’s stated value (2.1 mm), the detector
length was almost a full centimeter shorter than expected [70].
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Based on the method detailed by Berndt and Mortreau, a steel collimator, shown in
Figure 4-1, was constructed to scan the detector volume. The inner collimator was surrounded by
an outer structure of steel, making it approximately seven inches wide overall. This thickness
was required to prevent leakage of the higher energy photons through the walls of the collimator.
Figure 4-2 shows the collimator-detector alignment before the installation of the additional steel
shield.
A 152 Eu source was initially chosen to examine the detector dimensions because it emits
four primary photopeaks, at energies of 39 keV, 122 keV, 344 keV, and 1403 keV. This range of
energies is useful for characterizing the different features of the detector because of their different
penetrating depths. For example, the 39 keV photon is best for determining outer dimensions,
like the active length of the outside of the detector, because its signal is most sensitive to changes
in dead layer and support structure. The 122 keV photon is slightly more penetrating, but still
sensitive to the outer dimensions, and its signal can be used to confirm the results of this analysis.
The 344 keV photon is useful for determining the location of the central cryostat cavity because
the half thickness in germanium allows enough photons to reach the center of the detec tor. The
scan of the 1403 keV photons represents the absorption efficiency over the entire cross section of
the detector.
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Figure 4-1. Diagram of the inner steel collimator showing its dimensions. This collimator was
surrounded by an outer, solid steel that brought the outer dimensions to 6” wide, 6´deep, and 6
¾” tall.
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Figure 4-2. View of the lateral scanning apparatus without the outer shield box in place.
Table 4-1 shows the calculated values for the effective fan beam width at the face of the
detector. The collimator was placed as close to the detector’s outer aluminum case as possible.
Half-thickness values, the energy dependent distance in a material that results in the attenuation
of half the beam, can be found using the expression in Equation 4-5 [71].

Equation 4-5

The coefficient μ was found from the NIST Mass Attenuation Coefficient Database
(NISTIR5632) [72].
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Table 4-1. Summary of half thickness values and effective fan beam width for each photon
energy of interest from 152Eu.
Energy
(keV)
39
122
344
1403

Half Thickness in
HPGe(mm)
0.2
3.6
12.7
27.0

Half Thickness
in Fe (mm)
0.25
3.2
8.7
17.6

Effective Fan Beam
Width (mm)
1.00
1.04
1.12
1.24

The collimator was surrounded by an outer layer of steel to reduce the number of photons
reaching the detector through the collimator wall. The additional shielding limited the solid angle
of the detector so well that higher activity sources were required. Unfortunately, a sufficiently
large 152 Eu source was not available. Instead, a collection of several sources were obtained that
emitted photons of similar energies. A 240 µCi

57

Co source was used to provide the 122 keV

peak and an approximately 200 µCi 60 Co source was used for the 1173 keV and 1332 keV peaks.
Scans were performed by recording spectra in increments of one millimeter axially across the top
of the detector, beginning and ending at the edges of the aluminum detector cover, and laterally
across the side.

Measurements using the

57

Co source were recorded for 10 minutes and

measurements using the 60 Co source were recorded for 5 minutes.
The results of the lateral scan using the 122 keV peak from the

57

Co source are shown in

Figure 4-3. From this plot, the sensitive detector boundaries are much more apparent than with
the unshielded collimator. The position and thickness of the aluminum support straps, shown in
Figure 4-6, were able to be determined as well. It was found that there is also a slight loss of
efficiency towards the bottom of the detector crystal. The active length of the detector begins 7
mm from the top of the aluminum cap, which is consistent with the manufacturer specifications.
The active volume ends at 76 mm, which leaves 69 mm of net active length. This is two
millimeters shorter than the manufacturer specified length. The two aluminum support bands are
2.71 mm and 2.57 mm thick which is consistent with the specified value of 2.5 mm. These values
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were calculated using the average intensity reduction and the mass attenuation coefficient for
aluminum.

Figure 4-3. Lateral scan of the HPGe detector using the 57 Co source showing the change in
peak area of the 122 keV photopeaks as a function of distance. The detector edge boundaries
and location of the aluminum support structures are apparent.

The lateral scan of the detector using the

60

Co source is shown in Figure 4-4. The edge

labels match those determined in Figure 4-3. There is uniform efficiency at the edges of the
detector, but the efficiency falls off at a higher rate at the top of the detector (7 mm to 42 mm)
than at the bottom (42 mm – 76 mm) due to the presence of the cryostat and support structures
below the crystal which may scatter escaped photons back into the detector.
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Figure 4-4. Lateral scan (side) of the HPGe detector using the 60Co source showing the change
in peak area of both the 1117 keV and 1332 keV photopeaks as a function of distance.

The axial scan, across the top face of the detector, using the

57

Co source is shown in

Figure 4-5. The consistency in the average peak area across the top of the detector indicates that
the dead layer is uniform. It is evident that the active region begins 12 mm from one side and 8
mm from the other. This indicates that the HPGe detector is not quite centered on the central axis
of the aluminum cap.

The full efficiency regions of the detector are labeled between 18 to 36

mm and 50 to 67 mm across the detector face, though the curved edges that drop off are still
within 90% of the full efficiency. This efficiency loss at the outer radius of the detector is not
included in the estimation of an outer dead layer because it is believed that the efficiency loss is
instead due to scattered interactions that do not deposit their full energy. The Compton edge of
the 122 keV 57 Co peak is located at 39.4 keV. In the spectra measured at the edges of the detector
(the tapering-efficiency regions), more counts were recorded in the Compton edge than in the

89
regions of the detector with full detection efficiency. This indicates that photopeak losses
increase at the edge of the detector due to scattering away from the detector volume.
The central well can also be seen in Figure 4-5. This region is located at positions 41 to
45 mm. The dead layer surrounding this region is estimated to be about 2 mm. In this case, the
boundary is not precisely determined where the detector transitions back to full detection
efficiency due to scattering losses. Since the cryostat well is located at the center of the detector,
it remains likely that full energy deposition will occur there because it is surrounded by active
detector material.

Figure 4-5. Axial scan of the HPGe detector with the 57Co source. Note that the aluminum cap
dimensions span from 0mm to 80mm indicating that the detector is not centered.

To summarize, the HPGe detector was found to be 69 mm tall and sits 7 mm from the top
of the aluminum end cap. There are two aluminum support structures, each 7 mm long, which are
positioned at 18.5 and 46.5 mm from the top of the detector. In comparison, the manufacture
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states that the detector is 71 mm long and 5 mm from the window. The detector diameter was
found to be 60 mm, as compared to the manufacturer’s stated value of 64mm. Well depth and
diameter parameters were not provided by the manufacture for this detector. The well diameter
was determined to be 12 mm in diameter. A mid-range energy photon like the 661.7 keV from
137

Cs is required to determine the well depth as it was not discernible from Figure 4-4. The

manufacturer’s stated well diameter for a similar detector is 8.5 mm. This leaves 2 mm on each
side of the empirically determined value as the inner contact and dead layer. It was also
determined that the HPGe detector is situated 4 mm off the central axis.

A detailed diagram of

the HPGe detector is shown in Figure 4-6. This schematic is a composite of information obtained
from the manufacturer and the results of the active volume scan.
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Figure 4-6 Details of the HPGe part of the Compton suppression system model, confirmed by
the active volume scan of the detector.

4.2.2 Source Definition
There are several methods available within the Radioactive Decay Module (RDM) to
define the emission of photons from the decay of radioactive materials in Geant4. Each has
advantages and disadvantages depending on the specifics of the simulation and multiple methods
may be incorporated simultaneously to attain the desired effect. Throughout the development of
the Compton suppression system model, various source definition methods were incorporated as
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the structure of the code was evolving. There are two general methods of defining the emission
of primary particles, ions, or photons within the RDM: the G4GeneralParticleSource (GPS) and
the G4ParticleGun.

Both methods allow the definition of sources as point or extended

geometries.

4.2.2.1 General Particle Source (GPS)
The GPS method allows the user to define a source through the User Interface using
external macro files, text files, or hard coded commands. The GPS module will accept energy
spectrum histograms for each primary particle, or a nuclide’s mass and energy state data where it
retrieves the decay data from its library. The simulation of radioactive decay processes was
handled with the RDM. This allows the user to simply define the unstable nuclei of interest and
utilize the RDM libraries to generate the primary and secondary particles and radiations.
If the GPS is asked to decay an unstable ion, all particles generated in the process,
including all secondary electrons, are tracked until they recombine and vanish. This increases the
computing time. For example, one typical 60 Co decay requires tracking about eleven electrons, an
anti-neutrino, and intermediate excited

60

Ni ion in addition to the two gamma-rays that are of

interest. Though its ease of defining long lists of nuclides makes it attractive, due to the increased
computational expense, the GPS method was found not suitable for simulating spent fuel source
terms. One exception, however, is the simulation of the self-activity of the LaBr3 detector. Since
the decay occurs within the detector itself, the energy deposited by the beta particles is significant
to the shape of the resulting spectrum and therefore the full decay process must be simulated. For
sources located outside of the detector volume, only photons contribute to the final spectrum.
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4.2.2.2 Particle Gun
In the Geant4 code, each time the G4ParticleGun is called, one primary particle is ‘fired’
with a user defined energy and direction. The particle gun may be called as many times as
needed within the same event to produce overlapping particle histories. The advantage of the
G4ParticleGun is the calculation time is significantly reduced compared to the GPS routine, since
only the particles which would be measured by the detector, as defined by the user, are tracked.
Instead of decaying a nuclide through a series of particle emissions, the Particle Gun simply
shoots the particle or photon of interest and the given energy. The particle gun can be less
flexible because it must be hard coded into the PrimaryGeneratorAction source file of Geant4. An
external code package called RadSrc, discussed in the following section, allows the user to
change the source definition without recompiling the code.
The ability to produce overlapping particle histories with Particle Gun also allows for the
simulation of sum peaks, which is not possible when using GPS to define the source.

4.2.2.3 RadSrc Application
During early simulation development, it was noted that simulating alpha-emitting heavy
nuclides with long decay chains using the GPS method required an exorbitant amount of
computational expense, on the order of months of CPU time, which was impractical for
developing the spent fuel radiation model. The RadSrc Suite is a code developed by scientists at
Lawrence Livermore National Laboratory that is capable of interfacing with both Geant4 and
MCNP to streamline the calculation of abundances of decay products from mixtures of heavy
nuclides [73]. After calculating the decay products present after a user specified age, RadSrc
generates a photon emission spectrum that is used by the Monte Carlo code of choice. This
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method was employed in the CSS model to reduce the processing speed of the spent fuel
simulations.

The advantage of implementing RadSrc in this instance is that all the decay

pathways and emitted photon probabilities are pre-calculated, so that the number of calculations
is greatly reduced, drastically increasing simulation speed. For example,

238

U required more than

three weeks of simulation time when defined using the GPS. Using RadSrc to define the source
and the same detector geometry, the simulation was completed in less than 300 seconds. The
RadSrc primary particle generation method could be considered a variance reduction technique
because it eliminated extraneous particles whose tracking only increased simulation time.
The RadSrc standard radionuclide library available with the package download may be
easily supplemented by the user to include any additional nuclides due to the object oriented
structure of the code. Many of the nuclides present in spent fuel were not present in the original
RadSrc nuclide library. The missing information was incorporated by the addition of new text
files (with extension “.GAM”) in the data folder of the RadSrc program files. Isotope decay
branching ratios and absolute photon emission data for additional nuclides was found in the
ENSDF library through the National Nuclear Data Center managed by Brookhaven National
Laboratory[74].

4.2.3 Coincidence and Anticoincidence Timing Effects
As discussed in Section 2.3.1, the energies of coincident photons emitted from a
radionuclide with a cascading decay series may be added together in the resulting spectrum to
produce a sum peak. Coincidence may also occur accidentally, between multiple photons emitted
by different atoms. The probability of accidentally coincident photon interactions increases with
increasing source activity. Measurements of gamma-ray spent fuel spectra therefore have a very
high probability of detecting true and accidentally coincident photons. To accurately model the
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spectra of spent fuel using Compton suppression, the Geant4 model was constructed to mimic
these effects of high count rate measurements on both the shape and peak heights of the spectra.
The effect of a high count rate measurement environment on the suppression ability of a
Compton suppressed detector is shown in Figure 4-7, which compares two 137Cs spectra recorded
from sources with different activities. The rise in the Compton edge, and consequently the peakto-Compton ratio of the high count rate case is very apparent in the measurement of the high
activity source. The height of the main 661.7 keV photopeak is significantly lower in the high
count rate spectrum signaling the loss of photopeak counts due to coincident interactions.
Coincident interactions not only contribute to sum peaks, they also form an additional scattering
continuum below the sum peak as demonstrated in Figure 4-7.
The 137 Cs sum peak at 1322 keV and its corresponding Compton edge are much higher in
the high count rate spectra than in the low count rate scenario. The charge collection and signal
processing time cause moments where the system is unable to register new counts. This is
referred to as dead time, and was discussed in Section 2.3.1. When the photon interaction rate is
high, so is the probability that multiple photons will interact in both detectors during the dead
time. The result is the loss in true photopeak counts through energy deposition lost during the
dead time and removed by the anti-coincidence gate by interactions by two unrelated photons.
The LaBr 3 -CSS equivalent spectra comparison is shown in Figure 4-8. The plug detector
was not installed at the time these measurements were made in preparation for the ATM fuel
sample measurements which resulted in a higher Compton edge than in previous LaBr

137

Cs

spectra, present in Figure 3-12. The growth of the height of the 137 Cs sum peak at 1322 keV
corresponding to an increase count rate was evaluated using the ratio sum peak height to the
photopeak height

(

).

The LaBr3 -CSS and HPGe-CSS have the same peak summing

rate in the low activity spectra for both suppressed and unsuppressed modes of operation.
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However, at high count rates differences between the two detectors arise. The LaBr3 -CSS peak
sum rate increased to 0.58% for the high activity measurement, but this value was consistent for
both the unsuppressed and suppressed spectra. The HPGe detector, however, recorded a higher
sum rate of 0.89% for the suppressed and unsuppressed measurement of the high activity source.
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Figure 4-7. Comparison between suppressed spectra from the measurement of a 16 µCi and a
1 µCi 137 Cs source with count time of 10 minutes (live time).
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Figure 4-8. Comparison between measured, suppressed LaBr3 spectra from a 16 µCi and a 1
µCi 137 Cs source. The Compton edge of the 661.7 keV photopeak is not suppressed because the
LaBr3 -CSS was configured for measurement of the LaBr3 samples.
The Geant4 model simulates accidental coincidence through the emission of multiple
photons using the RadSrc application and multiple calls to the ParticleGun.

The RadSrc

application uses a data library to determine the net probability that a photon will be emitted when
provided a list of several radionuclides. The ParticleGun is then used to call one or multiple
particles per history, as determined by the user defined sum rate. For the LaBr 3 detector, the
contribution to the spectrum from the natural

138

La self-activity is included by calling the GPS

and ParticleGun simultaneously, which allows the activity of the spent fuel source to be defined
independently from the self-activity. The GPS is used for the detector self-activity because the
source emanates from within the detector. Therefore all of the decay particles have a high
detection probability and need to be emitted, not just the gamma rays.
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Compton suppressed spectra are simulated using the interaction times of the photon
interactions in each detector. These interaction times are calculated dividing the photon track
length by the speed of light in the medium. A timing gate is used to determine whether the
energy deposited by the photon is written to the suppressed spectrum. The timing gate is
implemented as part of the tracker routine in the file Ex02Tracker.cc. Both routines from
PrimaryGeneratorAction.cc and Ex02Tracker.cc are contained in Appendix D.

4.3 Validation of the Compton Suppresse d Detector Simulation
The Geant4 simulation was constructed and validated in several stages. The initial
validation measurements in previous work were made using the PSU HPGe-CSS because the
detectors were very well characterized, which allowed for very precise model geometry definition
[14], [75]. The simulated spectra reached good agreement with the experimental results for both
sum peaks and the scattering continuum for a surrogate source designed to mimic the spectrum
from spent fuel. The experimental and simulated

137

Cs photopeak heights were within 3%

standard error. After the initial functionality of the suppression algorithm was confirmed using
the PSU HPGe-CSS model, the CSS model was adapted to utilize LaBr 3 as the primary
spectroscopic detector. Lastly, the model was validated using the ATM samples of commercial
spent fuel elements to confirm both the ability to reproduce anticoincidence timing and the very
detailed fuel source term. This validation was performed for both the PSU HPGe-CSS and the
LaBr3 -CSS models.
The source definitions for the Geant4 simulation were generated using the nuclide
inventory provided in the shipping documentation with the samples from PNNL, which is
provided in Appendix B. This list represented the nuclide content of the fuel prior to dissolution,
as evidenced by the presence of gaseous fission products. Detailed mass spectroscopy was not
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performed on the samples received and therefore there is uncertainty in the provided nuclide
activities. Discrepancies in the simulated spectra due to the potential inaccuracy in ORIGEN
output were considered a possible source of error.
Though the RadSrc source definition tool created allowed for the simulation of mixtures
of several nuclides with very complex decay chains, this feature also made it difficult to simulate
the nuclide activities as defined in the input. RadSrc requires the user to specify a source age in
the source definition file for the purpose of populating nuclides in the decay chain. Spent fuel,
however, contains a mixture of radionuclides with both short and long half-lives. The decay of
the radionuclide inventory was already performed by PNNL with ORIGEN-ARP. Any additional
decay of the sample inventory by RadSrc from the initial definition will change the relative
activities and alter the resulting simulated spectrum. For this reason, the spent fuel source
definition was generated using SYNTH, which uses a library to produce a list of photons and
corresponding intensities which was read by the Geant4 simulation using the GPS. SYNTH
version 6.0.37 beta from Spring 2010 was used with source library PC_NuDat-04.
The PSU HPGe-CSS model validation results using the PNNL defined source term are
presented in Figure 4-9 and Figure 4-10 for the unsuppressed and suppressed modes, respectively.
The LaBr 3 -CSS model validation results are presented in Figure 4-11 and Figure 4-12 for the
unsuppressed and suppressed modes, respectively. Additional comparison spectra are presented
in Appendix E. The spectra are area normalized for ease of comparison.
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Figure 4-9. Comparison between the measured and simulated unsuppressed spectra of the
5μCi dissolved fuel element sample ATM109 from the PSU HPGe -CSS and Geant4 model.
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Figure 4-10. Comparison between the measured and simulated suppressed spectra of the 5μCi
dissolved fuel element sample ATM109 from the PSU HPGe -CSS and Geant4 model.
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Figure 4-11. Comparison between the measured and simulated unsuppressed spectra of the
5μCi dissolved fuel element sample ATM109 from the PSU LaBr 3 -CSS and Geant4 model.
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Figure 4-12. Comparison between the measured and simulated suppressed spectra of the 5μCi
dissolved fuel element sample ATM109 from the LaBr3 -CSS and Geant4 model.
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The self-shielding effect of the heavy metals in the samples was not included in the
Geant4 simulation because the samples are very dilute. Each sample was dissolved in 50 mL of
dilute nitric acid.

Since the density and photon scattering cross section of water and

polypropylene are similar, the sample volume was approximated in the Geant4 model as
additional thickness of the sample container. As noted in Section 2.2, a study of the selfshielding effects of increasing fuel mass in a 2-inch diameter pipe found no appreciable loss in
the number of photons detected [25].
The 137 Cs sum peak located at 1322 keV was properly simulated and is labeled in each of
the spectra. The peak summing mechanism is also capable of summing photopeaks from the
decay of different radionuclides. However, in the measurement of the ATM105 and ATM109
fuel samples,

137

Cs is dominant and sum peaks generated from accidentally coincident photons

emitted by different radionuclides are not pronounced.
In both HPGe and LaBr 3 -CSS simulated spectra of ATM109 fuel samples, the
contribution from

134

Cs photopeaks is higher than anticipated from the sample measurement.

This discrepancy is likely due to errors in the sample inventory list generated by PNNL using the
burnup and decay simulation code ORIGEN. The unique irradiation history of a fuel element has
been shown to change the cesium isotopic content for fuel elements with the same burnup.
Figure 4-13, from Lebrun and Bignan, shows the variation of

134

Cs with varying outage lengths.

Fuel element ATM-109 has a unique irradiation history which included a two year period of
decay between irradiations [31]. The detailed irradiation history of ATM-109 was described in
Section 3.2.2. In comparison, the 134 Cs content of the measured ATM105 fuel sample spectra,
presented in Appendix D, matches that of the simulation. Therefore, it has been inferred that the
decay period was not included in the PNNL ORIGEN model which resulted in a higher predicted
134

Cs sample content.
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Figure 4-13. Cesium isotope dependency on irradiation history [31]. ©ANS 2001
The sample content lists provided by PNNL were normalized to their respective activity,
though they contained some gaseous radionuclides that would no longer be present in the fuel
samples following dissolution. Gaseous radionuclides like 85 Kr were removed from the source
definition to prevent extra photopeaks, but the actual radionuclide activities were therefore
slightly altered.
The 1124 keV 154 Eu photopeak is not visible in the simulated unsuppressed HPGe-CSS
spectrum and while present in the suppressed spectrum, it is smaller than the measured result. All
other 154 Eu peaks have the appropriate photopeak height. The discrepancy is therefore likely due
to an imprecise branching fraction in the SYNTH data library.
In order to reduce the simulation time to reasonable levels, photon libraries from RadSrc
and SYNTH were relied upon to avoid generating long decay chains and secondary particles that
were unnecessary to track. However, by removing the simulation of full decay chains and
replacing them with only single photons, the correlation between photons emitted during a
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cascade de-excitation was removed.

Consequently, the

154

Eu photopeaks in the simulated

suppressed spectra are all too tall because they are not emitted at the same time as they are in
reality. The Geant4 simulation is therefore more appropriate for use with the beam source
geometry where the chance of accidentally coincident photon interactions is low. As shown in
Chapter 3, the beam source geometry is better suited for monitoring spent fuel.
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Chapter 5
Research Summary, Conclusions, and Future Work
Current methods for safeguarding and accounting for nuclear fuel in reprocessing
facilities are extremely resource and time intensive. The incorporation of autonomous passive
gamma-ray detectors into the procedure could make the process significantly less burdensome.
The use of Compton suppression in such detectors will reduce the Compton continuum,
potentially revealing more photopeaks in the spectrum for analysis. The objectives of this study
were to quantify the number of additional resolvable peaks available for multivariate analysis
from the application of Compton suppression to the collection of spent fuel gamma-ray spectra,
establish reliable models to simulate the Compton suppressed detection process that can be
applied to measurement of spent fuel, and to analyze the effect of Compton suppressed gammaray detection in the presence high radiation field.
The first objective was achieved using direct measurement of spent fuel elements in two
measurement configurations: collimated beam and enclosed source positions.

In addition,

primary detectors with high (HPGe), medium (LaBr 3 ), and low (NaI(Tl)) resolution were used.
These gamma spectroscopy measurements are the first recorded spectra of spent fuel using a
LaBr3 based CSS. The results of the measurements of the three PSBR used fuel elements of
different ages show that the LaBr 3 based CSS had a 7% higher average suppression factor, 2.44,
compared to the HPGe-CSS, which recorded a suppression factor of 2.27. Measurements using
the Compton suppressed LaBr 3 were able to resolve four additional spectral features from the fuel
element cooled for one year (48 keV, 427 keV [125 Sb], 835 keV [54 Mn], and 1040 keV [134 Cs]),
and four additional features from the active fuel element (1028 keV [ 238 Np], 1132 keV [154 Eu],
1215 keV [91 Sr], 1281 keV [170 Lu]). In comparison, the HPGe-CSS measured four and eight
additional features in the spectra from the cooled and active fuel rods, respectively. The eight
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peaks identified in the suppressed spectrum from the active fuel rod were 75.44 keV [ 153 Sm],
250.36 keV [177 Lu], 351.12 keV [ 182Re], 557.54 keV [154Eu], 1025.33 keV [238Np], 1036.06 [132 I],
1296.27 keV [154 Eu], 1299.22 keV [152Eu]. The four additional peaks identified in the suppressed
spectrum from the cooled fuel rod were 463 keV [125 Sb], 475 keV [134 Cs], 670 keV [154 Eu], and
675 keV [152 Eu].
More spectral features were able to be resolved using the suppressed HPGe detector
compared to the suppressed LaBr 3 detector due to the superior resolution of the HPGe. The
LaBr3 -CSS demonstrated a significant improvement over unsuppressed LaBr 3 -CSS measurements
through appreciably lower Compton continuum of dominant photopeaks, such as 137 Cs and 140 La.
While HPGe-based Compton suppression systems resolve many more photopeaks, LaBr 3 is better
candidate for applications where maintenance is difficult because it operates at room-temperature
and is more resistant to neutron damage.
The measurement of the dissolved ATM fuel sample measurements showed several
photopeaks from 137Cs, 134Cs, 154Eu, 152 Eu, and 241Am which were appropriate based on the age of
the samples. The average suppression factor of the 137Cs peak of the four samples measured with
the HPGe and LaBr 3 Compton suppression systems were very similar, 4.64 and 4.4 respectively.
While the Compton continuum from the

137

Cs 661.7 keV peak was largely suppressed, many

large peaks have significant losses in the number of recorded counts. The 154 Eu and 152 Eu peaks
were affected the most by the peak losses with Compton suppression activated. These nuclides
are cascade decay emitters that emit several photons during the de-excitation which can be
rejected during Compton suppression counting as scattered photons. The comparison between
the two source geometries identified an important detector system design concern. The enclosed
geometry of a typical, low count rate Compton suppression system was determined to be
ineffective for the measurement of spent fuel. This configuration simulated that of a sub-stream
diverted from the main process line to reduce the activity for measurement. With the sample
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placed inside the annulus, the solid angle of detection is very high and photons emitted by
radionuclides which decay through a cascade preferentially lose counts in their photopeaks. This
is due to the high probability that they will interact in the annulus and primary detector at the
same time. The beam source geometry allows the count rate to be precisely determined through
collimation and avoid photopeak losses through the very narrow solid angle of detection.
To achieve the second objective, a Monte Carlo detector model was constructed using
Geant4 that can simulate a Compton suppressed spectral measurement of gamma radiation from
spent nuclear fuel using HPGe or LaBr 3 detectors. This is the first detector model capable of such
an accomplishment. The model uses the Geant4 toolkit coupled with the RadSrc application and
it accepts spent fuel composition data in list form. The model has been validated using dissolved
ATM fuel samples in the standard, enclosed geometry of the PSU HPGe-CSS. The model
showed good agreement with the measured fuel sample spectra, however the simulation is more
appropriate for the generation of gamma-ray spectra in the beam configuration, where the source
is highly collimated and impinges the primary detector face in a small spot. By pursuing a source
definition technique that allowed for the simulation of a complete spent fuel sample, the trade-off
was the loss of the correlation between photons emitted by the same radionuclide. Consequently,
photopeak losses due to cascade decay emissions in the Compton suppressed spectra , like those
from 154 Eu and 134 Cs, were not appropriately managed by the simulation.
Finally, an analysis of Compton suppression to measurements in high radiation fields
was accomplished using information obtained from the dual measurement geometries used to
analyze the PSBR and ATM fuel samples. High count rate effects on Compton suppression were
also identified through the construction and validation of the Compton suppressed detector model
with the spent fuel source terms. High count rate measurement environments increase the rate of
coincident interactions which lead to summed photopeaks, like the 1322 keV sum peak from
137

Cs 661 keV main photopeak which was detected in the measurements of the ATM fuel
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samples.

In Compton suppressed measured spectra the increase in accidentally coincident

interactions, those not as a result of the same scattered photon, result in losses to photopeak
heights. These effects are largely reduced when the photons emitted from the sample are highly
collimated and are only allowed to strike the face of the primary detector. This eliminates the
circumstance where emissions from the decay of a radionuclide can interact in the guard detectors
before the primary and contributing to the scattering continuum.
In conclusion, Compton suppression has been shown to improve measured gamma-ray
spectra of spent fuel for multivariate analysis by notably lowering the Compton continuum from
dominant photopeaks, due to scattered interactions in the detector, which allowed more spectral
features to be resolved. There was a significant advantage demonstrated when measurements
were recorded using the beam source configuration as opposed to the standard, enclosed CSS
measurement geometry. The subtraction of photopeak counts emitted by cascade decay photon
emitting radionuclides reduced the number of resolvable peaks in the spectrum, primarily from
154

Eu and 134 Cs. The high count rate from spent fuel may be mitigated by fast signal processing

hardware as well as externally through collimation and shielding. These experiments have shown
that even with an elevated detector dead time, the application of Compton suppression allowed
more photopeaks to be resolved.

5.1 Future Work
Due to time constraints from the reactor operation schedule, an evaluation of the spectral
degradation from each detector with increasing count rates was not able to be performed using the
PSBR fuel elements. Additional collimator sizes could be constructed for such an analysis to
provide variable count rates using the same fuel element position. In addition, the LaBr3 detector
used to collect the spent fuel measurements was a not large volume detector and was undersized
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for the annulus hole diameter by 1.5 inches. Better peak-to-Compton ratios and suppression
factors are expected if the primary detector volume is increased. A 3”x3” LaBr 3 detector should
be obtained and a comparison study should be performed to quantify the improvement in the
suppression factor.
The PSU HPGe-CSS is an analog measurement system which utilizes a timing gate based
on when signals are received in the primary detector. If a photon interacts in the guard detector
prior to interacting in the primary detector, the timing gate does not activate and the count will
not be suppressed. Digital acquisition hardware, like the Canberra Lynx, collects data in list
mode which can document the interaction time in each detector. This allows the user to write
custom scripts which dictate how the counts are binned. They may also be binned in different
ways to achieve different analyses. The spectral acquisition hardware used for the PSBR fuel
element measurements should be converted to a digital system since data collection for in a
possible unattended detection system utilizing multivariate analysis will most likely be performed
in this manner for ease of analysis.
A data set of measured PSBR spent fuel elements could be produced to test the MIP
multivariate analysis algorithm against the irregular irradiation pattern of research reactor fuel.
This would require a more detailed description of PSBR irradiation history to be compiled.
The next step in the evolution of the Compton suppressed Geant4 model should be to
configure the measurement geometry to accept a beam source orientation in response to the
finding that the enclosed measurement geometry does not improve the measured spectrum. The
model may then be used to generate libraries of spent fuel samples of varying characteristics with
which to test the MIP multivariate algorithm.
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Appendix A
PSBR Fuel Element Burnup Determination
Gamma-ray spectroscopy of spent fuel assemblies have been a preferred method of
burnup determination because they are non-destructive, relatively inexpensive, and efficient. The
alternative approach is destructive chemical measurements carried out in hot cells that requires
expensive disposal of destroyed rods and longer analysis time. Burnup measurements of spent
nuclear fuel are used to verify the operator declaration prior to reprocessing and to calculate the
safe storage limits in spent fuel storage pools in order to remain at sub-critical levels [32].
However direct measurement of the 235 U is impossible in unseparated fuel due to the presence of
fission products that emit gamma rays. Instead, fission product content can be used to determine
the burnup. The burnup indicator used is dependent on the length of time the fuel has cooled
outside the reactor.
The two main methods for determining burnup utilize either the activity of a single
burnup monitor or the ratio between two monitor nuclides. Since

137

Cs is a direct product of

fission, it linearly builds in the fuel with respect to irradiation and its activity can be used in a
direct determination of burnup. Absolute activity measurements require very precise efficiency
calibration methods and repeatable geometries [29]. Nuclide ratio methods have the advantage of
being independent of measurement geometry because the geometry dependent terms cancel out in
the ratio [30]. Correlation curves relating the activity ratio of two nuclides to the burnup are
generated using fuel measurements of very well characterized fuel, e.g. knowledge of cooling
time, irradiation history, and initial heavy metal mass. These correlations can then be used to
rapidly determine the burnup of fuel with the same characteristics. The correlation approach was
not pursued in this study because of the uncertainty present in the operation history of the PSBR
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used fuel elements. The irregular operating pattern of research reactor fuel makes it difficult to
very precisely know the burnup.
In this evaluation, the burnup of the PSBR spent fuel elements has been directly
determined from the measured 137 Cs activity. Expected burnup values were generated using the
PSBR neutronics code TRIGSIMS (for TRIGA Simulator-S) [63]. These values were then
compared to the measured burnups from the gamma-ray peak intensities. TRIGSIMS is a Monte
Carlo code coupled with deterministic transport theory to provide depletion capability using
ORIGEN-S and pre-calculated TRIGA specific cross section libraries [63]. The code was
validated, in part, by comparing simulated core reactivity values to measured ones and is used to
track the fuel element burnup since 1965 [63]. The work presented in this study represents the
first effort at a direct measurement of the PSBR fuel rod burnup in the facility history so the
comparison has been made to calculated TRIGSIMS values. The PSBR fuel elements measured
in this study are composed of a 12.0 w/o zirconium-uranium fuel matrix enriched to between 19.5
and 19.9% 235 U.

A.1 Attenuation Correction Factors for Absolute Activity Determination
In the absolute burnup determination method, the measured count rate from the fuel
element is used to calculate the change in enriched uranium mass. Several correction factors are
required to account for the attenuation due to the measurement geometry and fuel parameters.
These correction factors are not necessary in the ratio method because they negate each other.
Only the relative detector efficiency between the two energy peaks of interest is required.
The attenuation of the photons due to the fuel element is corrected using Equation A-1,
where a is the fuel meat thickness, µ is the linear attenuation coefficient at energy E, I1 and L1 are
the modified Bessel and Struve functions respectively [76].
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Equation A-1
The correction factor for attenuation in the fuel rod cladding,

, is given by Equation A-

2, where and µAl is the linear attenuation coefficient for stainless steel and x c is the thickness of
the stainless steel cladding.

Equation A-2
The correction factor for the attenuation in the water between the fuel element and the
beam port flange, the flange itself, and the air in the beam port tube,
3, where

is the thickness of water between the pin and the pool wall,

aluminum beam port cover,

, is given by Equation Ais the thickness of the

is the length of the beam port, and µH2O and µair are the linear

attenuation coefficients for water and air respectively.

Equation A-3

A.2 Fuel Element Activity Calculation
The total activity of the burnup monitor, D, is given by Equation A-4, where Q is the
measured count rate from the fuel element, I is the absolute emission intensity for the 661 keV
gamma ray,

is the detector efficiency at 661 keV,

is the counting efficiency of the

geometry, tr is the real time, and tc is the live time of the measurement.

Equation A-4
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A.3 Efficiency Calibration
The absolute detector efficiency calibration for the counting geometry shown in Figure
3-1 was determined using an activated sample of 76 As, which has a half-life of 25.87 hours [74].
The peak emission rates for the 559 keV (100%) and 657 keV (13.7%) from 76As were used as an
efficiency standard. The activity induced in the efficienc y standard was determined based on the
activation time, reactor power, and core location flux. The thermal and resonance fluxes were
determined using bare and cadmium covered gold-aluminum wires activated at the same location.
The thermal and fast neutron flux values were determined for the irradiation position of the As 2 O3
sample at the core face using a bare and a cadmium covered gold-aluminum wire. The samples
were packaged in the same polyethylene vial, separated by a small polyethylene disk. The
samples were irradiated at the core face at grid position B9 for 40 minutes at 150 kW. These are
the same irradiation location, time, and power as the As 2 O3 sample.
The measured gamma-ray spectrum from the samples were used to calculate the flux
values. A lead shielded HPGe detector was used to measure the sample spectra and background
in one hour counting periods. The thermal and resonance flux values w ere calculated using
Equations E-5 and E-6 respectively, where
shielding factors,

and

are the thermal and epithermal self-

is the count rate of the bare aluminum wire,

cadmium covered wire, λ is the half-life of
irradiation and the start of counting,
the gold-aluminum wire,
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Au,

is the decay time between the end of

is the irradiation time,

is the detector efficiency,

is the count rate of the

is the number of gold atoms in

is the gamma-ray abundance factor, and

is the resonance integral [77].
[

(

)] (

)

Equation A-5
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Equation A-6

A 75 As target was irradiated at the face of the PSBR core, at reactor core position B9, to
produce

76

As through thermal neutron activation as shown in Figure A-1.

A 0.79086 gram

sample of As 2 O3 was sealed in a quartz vial and packaged in a water-tight polyurethane capsule.
The sample was irradiated at the face of the reactor core to produce 17.38 mCi of

76

As. The

efficiency standard was then moved underwater from the core to the fuel alignment apparatus.
The activated sample was placed in the fuel rod holder in front of the beam port and measured
with the HPGe detector to determine the efficiency for the counting geometry.

Figure A-1. Image of the As 2O3 sample being irradiated at the core face with the protective
screen in front of the reactor.

The total activity of the arsenic sample is given by Equation A-7, where q is the
measured count rate for the

76

As 559 keV peak

is the self shielding factor for the As 2 O3
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sample and

has been omitted because there is no cladding present. The definitions of the

remaining terms are the same as presented previously.

Equation A-7
The efficiency of the counting geometry, given by Equation A-8, is found using the ratio of the
measured activity, α, to the total activity, A, and the difference between the arsenic and fuel
elements geometries, where

and

are the ratios of the sample volume subtended by the

detection solid angle to the total sample volume for the arsenic calibration sample and fuel
element respectively [77].

Equation A- 8

A.4 Burnup Determination
The number of burnup monitor nuclei present in a fuel element immediately after the end
of irradiation is found using Equation A-9, where D is the total activity of the burnup monitor, λ
is the decay constant for

137

Cs and

is the cooling time.

Equation A-9
The burnup is then found using Equation A-10, where ΔU is the fissioned mass of

235

U,

is the initial number of total uranium atoms in the fuel rod, m0 is the initial mass of all
isotopes of uranium, Y is the average yield of the burnup monitor, and f is the irradiation history
burnup monitor decay correction given by Equation A-10 [78].

Equation A-10
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The burnup calculated in Equation A-8 is expressed as a percentage. Equation A-11 was
used to convert this value to units reported by reactor operators, MWd/MTU, where E is the
effective energy released per fission [32].

(

)

[

]

Equation A-11

A.4.1 Irradiation History Correction Factor
The irradiation history of the fuel element influences the remaining content of the burnup
monitor due to periods of decay between cycles. The irradiation history correction factor is
necessary to include in the calculation only if the irradiation time exceeds the half-life of the
burnup monitor [32]. In this study the irradiation time does not exceed the half-life of the burnup
monitor, however due to the complex irradiation history of the PSBR the correction was still
calculated. The correction factor for the irradiation history is given by Equation A-12, where λ is
the decay constant, P k is the average relative power for the kth irradiation period, n is the total
number of irradiation periods,

is the duration of the kth irradiation period, and

is the time

interval between the end of the kth irradiation period and the last irradiation period.

∑
∑

Equation A-12

The PSBR operates very irregularly; there are no typical days as for a commercial
reactor. The reactor may be power cycled several times some days and operated at a constant
power the next day due to the facility’s mission of research, education and service activities. The
PSBR is also able to perform pulses, where the rapid removal of one of the control rods causes
the power to rapidly multiply beyond its normal operating power up to 2000 MW(t) between 10-
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20 milliseconds. This complex irradiation history made it difficult to establish a precise value of
f. Instead, the monthly average powers were applied over eight-hour operating periods and the
decay lengths,

, were calculated from the end of each day.

A.5 Results and Analysis
Table A-1, Table A-2, Table A-3, Table A-4, and Table A-5 summarize the results of the
burnup measurements and calculations for fuel elements 202, 205, 211, 214, and 230 respectively
without the use of the irradiation history correction factor. The relative error reported compares
these burnup values with those generated by TRIGSIMS. Fuel elements 211, 214, and 230 all
have low relative error values in the average element burnup, 7.72%, 9.28%, and 5.49%
respectively.

Fuel elements 202 and 205 have significantly higher average relative errors,

32.37% and 28.31% respectively. During the development and validation process of TRIGSIMS,
simplifying assumptions were made by combining short-run core loadings, effectively averaging
the reactor power over these loadings [63]. Also, TRIGSIMS uses a constant temperature value
for each fuel element when calculating element reactivity changes. This approximation generates
additional error in the calculated burnup values through the calculation of the neutron flux. The
effect of these assumptions on the calculated burnup in terms of error has not been investigated
by the authors of TRIGSIMS, which limits the analysis of this study. A new PSBR simulation
tool, developed by Dr. Dagistan Sahin, which is not yet in use for fuel management uses
temperature measurements from the reactor instrumentation to calculate local rod power to better
determine neutron flux values and consequently burnup [79]. The calculated burnup values from
the new core simulation tool would be a more accurate comparison and will be used in future
studies.
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Table A-1. Summary of the measured burnup values without the irradiation history correction
factor applied for fuel element 202 and the relative error (%) value with respect to the
simulated value determined using TRIGSIM.
Element Position (cm)
3.81
11.43
19.05
26.67
34.29
Average

Fuel Element 202
Measured TRIGSIMS Relative Error
11595
16250
28.65%
18323
25869
29.17%
21619
32855
34.20%
21542
32229
33.16%
15342
23547
34.84%
17684
26150
32.37%

Table A-2. Summary of the measured burnup values without the irradiation history correction
factor applied for fuel element 205 and the relative error (%) value with respect to the
simulated value determined using TRIGSIM.
Element Position (cm)
3.81
11.43
19.05
26.67
34.29
Average

Fuel Element 205
Measured TRIGSIMS Relative Error
10553
13936
24.27%
16064
22200
27.64%
19491
28689
32.06%
20554
28141
26.96%
14694
20527
28.42%
16271
22698
28.31%

Table A-3. Summary of the measured burnup values without the irradiation history correction
factor applied for fuel element 211 and the relative error (%) value with respect to the
simulated value determined using TRIGSIM.
Element Position (cm)
3.81
11.43
19.05
26.67
34.29
Average

Fuel Element 211
Measured TRIGSIMS Relative Error
9172
6995
31.13%
12392
11704
5.88%
15260
16683
8.53%
13722
17116
19.83%
9684
12766
24.14%
12046
13053
7.72%
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Table A-4. Summary of the measured burnup values without the irradiation history correction
factor applied for fuel element 214 and the relative error (%) value with respect to the
simulated value determined using TRIGSIM.
Element Position (cm)
3.81
11.43
19.05
26.67
34.29
Average

Fuel Element 214
Measured TRIGSIMS Relative Error
11303
11989
5.73%
19932
19726
1.04%
24673
27723
11.00%
23708
28161
15.81%
18959
21062
9.99%
19715
21732
9.28%

Table A-5. Summary of the measured burnup values without the irradiation history correction
factor applied for fuel element 230 and the relative error (%) value with respect to the
simulated value determined using TRIGSIM.
Element Position (cm)
3.81
11.43
19.05
26.67
34.29
Average

Fuel Element 230
Measured TRIGSIMS Relative Error
11654
13319
12.50%
18613
20400
8.76%
22399
24209
7.47%
21869
22592
3.20%
16901
16226
4.16%
18287
19349
5.49%

The irradiation history correction factor, f, calculated for this project, is an approximate
value due to the complexity of the actual operation schedule of the PSBR. Application of the
correction factor approximately doubled the average relative error. In this study, the average
yearly power values were applied over uniform, daily eight hour irradiation periods.

As

discussed in Section A.4.1, the reactor operates at irregular intervals and at variable powers to
fulfill its manifold missions. It is clear that approximations are not sufficient when calculating
this term. In a future study, a more precise value of the irradiation history correction factor may
be determined by manual calculation from the operator’s logbook.
A probable source of error is due to the migration of cesium isotopes within the fuel
element. In future measurements, this could be evaluated with measurements where the fuel
element is rotated in the measurement apparatus. In the current configuration, this would be
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difficult to achieve but the PSBR underwater camera could be used to verify correct rotation
around the fuel element radius. Another source of error in the measurement is the fuel vertical
positioning in the fuel alignment apparatus. The PSBR fuel handling tool has a flexible section
that makes precise vertical positioning difficult.
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Appendix B
Waste Class Determination for the Spent Fuel Samples
Waste disposal requirements are defined based on the activity and contents of the sample.
Determinations are made based on the amount of long-lived radionuclides, for which institutional
controls may not outlive, and the short-lived radionuclides for which the institutional controls are
designed. The qualifications for class A waste are defined by NRC regulation (10 CFR) part
61.55: Waste Classification. Table B-1 summarizes the sample activity and density information
used in each waste classification. The radionuclide content of each spent fuel sample was
provided by PNNL.
Table B-1. Summary of the names, activity, volume, and density of each spent fuel sample.
Sample Information
Sample Activity (µCi)
Sample volume (mL)
Sample density (dilute HN0 3) (g/mL)

Container 1
ATM 109
0.971
50

Container 2
ATM 105
0.965
50

Container 3
ATM 109
4.86
50

Container 4
ATM 105
4.86
50

1.42

1.42

1.42

1.42

Table B-2 and Table B-3 list the activities in curies of the radionuclides present in the
spent fuel samples. Table B-4 through Table B-7 summarize the class A waste limits and the
amount of each radionuclide present in each sample. The sum of the fractions, the sum of the
ratios between the amount present in the waste and the regulatory limit, must be less than one in
order to be considered class A waste.
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Table B-2. ATM 109 radionuclide content

Am241

ATM 109
Container 1
~1µCi (Ci)
3.99E-09

Container 3
~5µCi (Ci)
2.00E-08

Am242

1.00E-11

Am242m
Am243

Table B-3. ATM 105G radionuclide content

Am241

ATM 105G
Container 2
~1µCi (Ci)
1.19E-08

Container 4
~5µCi (Ci)
5.99E-08

5.03E-11

Am242

9.46E-11

4.76E-10

1.01E-11
2.58E-10

5.05E-11
1.29E-09

Am242m
Am243

9.50E-11
4.03E-11

4.79E-10
2.03E-10

Ba137m
Cm242
Cm243

2.50E-07
8.30E-12
7.69E-11

1.25E-06
4.16E-11
3.85E-10

Ba137m
C14
Cm242

2.24E-07
3.60E-12
7.82E-11

1.13E-06
1.81E-11
3.94E-10

Cm244
Cm245

4.08E-08
4.46E-12

2.04E-07
2.23E-11

Cm243
Cm244

2.33E-11
1.01E-09

1.17E-10
5.07E-09

Cm246
Cs134
Cs135

4.54E-12
3.05E-09
1.85E-12

2.27E-11
1.52E-08
9.26E-12

Cs134
Cs135
Cs137

3.78E-11
2.90E-12
2.37E-07

1.90E-10
1.46E-11
1.19E-06

Cs137
Eu152
Eu154

2.64E-07
3.07E-12
5.43E-09

1.32E-06
1.54E-11
2.72E-08

Eu152
Eu154
Eu155

3.60E-11
2.03E-09
1.84E-10

1.81E-10
1.02E-08
9.27E-10

Eu155
H3

1.14E-09
1.03E-09

5.69E-09
5.17E-09

H3
Kr85

5.29E-10
6.83E-09

2.67E-09
3.44E-08

Kr85
Nb93m
Np239

7.94E-09
3.78E-12
2.58E-10

3.97E-08
1.89E-11
1.29E-09

Nb93m
Ni63
Np239

6.05E-12
6.83E-12
4.03E-11

3.05E-11
3.44E-11
2.03E-10

Pm147
Pu238
Pu239

3.75E-09
1.12E-08
3.94E-10

1.88E-08
5.61E-08
1.97E-09

Pm147
Pu238
Pu239

5.03E-10
7.17E-09
1.61E-09

2.53E-09
3.61E-08
8.12E-09

Pu240
Pu241

1.38E-09
9.87E-08

6.93E-09
4.94E-07

Pu240
Pu241

2.43E-09
1.23E-07

1.22E-08
6.19E-07

Pu242
Rh106
Ru106

1.64E-11
2.75E-11
2.75E-11

8.21E-11
1.38E-10
1.38E-10

Pu242
Sb125
Sb126m

5.53E-12
2.36E-11
2.14E-12

2.79E-11
1.19E-10
1.08E-11

Sb125
Sb126m
Sm151

3.64E-10
2.53E-12
4.83E-10

1.82E-09
1.26E-11
2.42E-09

Sm151
Sn121
Sn121m

1.32E-09
2.86E-11
3.69E-11

6.62E-09
1.44E-10
1.86E-10

Sn121
Sn121m

3.64E-11
4.68E-11

1.82E-10
2.34E-10

Sn126
Sr90

2.14E-12
1.72E-07

1.08E-11
8.69E-07

Sn126
Sr90
Tc99

2.53E-12
1.38E-07
4.64E-11

1.26E-11
6.92E-07
2.32E-10

Tc99
Te125m
U234

6.37E-11
5.76E-12
6.95E-12

3.21E-10
2.90E-11
3.50E-11

Te125m
U237
Y90

8.89E-11
2.36E-12
1.38E-07

4.45E-10
1.18E-11
6.92E-07

U237
U238
Y90

2.94E-12
1.99E-12
1.73E-07

1.48E-11
1.00E-11
8.70E-07

Zr93
Total
activity (Ci)

6.05E-12

3.03E-11

8.22E-12

4.14E-11

9.71E-07

4.86E-06

Zr93
Total
activity (Ci)

9.65E-07

4.86E-06

Radionuclide

Radionuclide
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Table B-4. Sample content and class A waste limits for Spent Fuel Sample Container 1: ATM
109 Feed

10CFR
61.55

Isotope
TRU Alpha
> 5 y t1/2
Pu-241
Cm-242

ATM 109 Feed: ~ 1µCi
Total Activity
Sample
per sample
mass (g)
Ci
nCi

Waste
(nCi/g)

Ratio
(waste/limit)

5.81E-08

58.13

71

10

0.82

0.08

9.87E-08

98.70

71

350

1.39

0.00

8.30E-12

0.01

2000

1.169E-4

5.84507E-08

Limit
(Ci/m^3)

Waste
(Ci/m^3)

0.3

9.28E-07

3.09E-06

0.8

0.00E+00
Sum of
fractions

0.00E+00

Tc-99

4.64E-11

4.64E-02

71
Sample
volume
(m^3)
5.00E-05

C14

0.00E+00

0.00E+00

5.00E-05

Table 1

Table 2
(column A)

Limit
(nCi/g)

0.09

< 5 y t1/2

3.97E-07

3.97E+02

5.00E-05

700

7.94E-03

1.13E-05

H3

1.03E-09

1.03E+00

5.00E-05

40

2.06E-05

5.15E-07

Sr90

1.38E-07

1.38E+02

5.00E-05

0.04

2.76E-03

6.90E-02

Cs137

2.64E-07

2.64E+02

5.00E-05

1

5.28E-03
Sum of
fractions

5.28E-03
0.07
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Table B-5. Sample content and class A waste limits for Spent Fuel Sample Container 2: ATM
105G Feed

10CFR
61.55

Isotope
TRU Alpha
> 5 y t1/2
Pu-241
Cm-242

ATM 105G Feed: ~ 1µCi
Total Activity
Sample
per sample
mass (g)
Ci
nCi

Waste
(nCi/g)

Ratio
(waste/limit)

2.43E-08

24.28

71

10

0.34

0.03

1.23E-07

123.00

71

350

1.73

0.00

7.82E-11

0.08

2000

1.10E-3

5.51E-07

Limit
(Ci/m^3)

Waste
(Ci/m^3)

0.3

1.27E-06

4.25E-06

0.8

7.20E-08
Sum of
fractions

9.00E-08

Tc-99

6.37E-11

6.37E-02

71
Sample
volume
(m^3)
5.00E-05

C14

3.60E-12

3.60E-03

5.00E-05

Table 1

Table 2
(column A)

Limit
(nCi/g)

0.04

< 5 y t1/2

3.98E-07

3.98E+02

5.00E-05

700

7.96E-03

1.14E-05

H3

1.03E-09

1.03E+00

5.00E-05

40

2.06E-05

5.15E-07

Sr90

1.38E-07

1.38E+02

5.00E-05

0.04

2.76E-03

6.90E-02

Cs137

2.64E-07

2.64E+02

5.00E-05

1

5.28E-03
Sum of
fractions

5.28E-03
0.07
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Table B-6. Sample content and class A waste limits for Spent Fuel Sample Container 3: ATM
109 Feed

10CFR
61.55

Isotope
TRU Alpha
> 5 y t1/2
Pu-241
Cm-242

ATM 109 Feed: ~ 5µCi
Total Activity
Sample
per sample
mass (g)
Ci
nCi

Waste
(nCi/g)

Ratio
(waste/limit)

2.91E-07

290.85

71

10

4.10

0.41

4.94E-07

494.00

71

350

6.96

0.02

4.16E-11

0.04

2000

5.86E-4

2.93E-07

Limit
(Ci/m^3)

Waste
Ci/m^3)

0.3

4.64E-06

1.55E-05

0.8

0.00E+00
Sum of
fractions

0.00E+00

Tc-99

2.32E-10

2.32E-01

71
Sample
volume
(m^3)
5.00E-05

C14

0.00E+00

0.00E+00

5.00E-05

Table 1

Table 2
(column A)

Limit
(nCi/g)

0.43

< 5 y t1/2

1.99E-06

1.99E+03

5.00E-05

700

3.97E-02

5.67E-05

H3

5.17E-09

5.17E+00

5.00E-05

40

1.03E-04

2.59E-06

Sr90

6.92E-07

6.92E+02

5.00E-05

0.04

1.38E-02

3.46E-01

Cs137

1.32E-06

1.32E+03

5.00E-05

1

2.64E-02
Sum of
fractions

2.64E-02
0.37
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Table B-7. Sample content and class A waste limits for Spent Fuel Sample Container 4: ATM
105G Feed

10CFR
61.55

Isotope
TRU Alpha
> 5 y t1/2
Pu-241

ATM 105G Feed: ~ 5µCi
Total Activity
Sample mass
per sample
(g)
Ci
nCi

Waste
(nCi/g)

Ratio
(waste/limit)

1.23E-07

122.80

71

10

1.73

0.17

6.19E-07

619.00

71

350

8.72

0.02

Cm-242

3.94E-10

0.39

3.21E-10

3.21E-01

2000
Limit
(Ci/m^3)
0.3

5.55E-3
Waste
(Ci/m^3)
6.42E-06

2.77E-06

Tc-99

71
Sample volume
(m^3)
5.00E-05

C14

1.81E-11

1.81E-02

5.00E-05

0.8

3.62E-07
Sum of
fractions

4.53E-07

Table 1

Table 2
(column A)

Limit
(nCi/g)

2.14E-05

0.20

< 5 y t1/2

2.01E-06

2.01E+03

5.00E-05

700

4.01E-02

5.73E-05

H3

2.67E-09

2.67E+00

5.00E-05

40

5.34E-05

1.34E-06

Sr90

8.69E-07

8.69E+02

5.00E-05

0.04

1.74E-02

4.35E-01

Cs137

1.19E-06

1.19E+03

5.00E-05

1

2.38E-02
Sum of
fractions

2.38E-02
0.46
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Appendix C
Additional ATM Fuel Sample Measured Spectra
This section contains the remainder of the measured, suppressed and unsuppressed
spectra from the ATM fuel samples using the PSU-HPGe-CSS and the LaBr 3 -CSS.
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Figure C-1. Unsuppressed and suppressed measured spectra from the 1µCi ATM 105 spent
fuel samples using the HPGe CSS.
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Figure C-2. Unsuppressed and suppressed measured spectra from the 5µCi ATM 105 spent
fuel samples using the HPGe CSS.
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Figure C-3. Unsuppressed and suppressed measured spectra from the 1µCi ATM 109 spent
fuel samples using the HPGe CSS.
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Figure C-4. Unsuppressed and suppressed measured spectra from the 1µCi ATM 105 spent
fuel samples using the LaBr3 CSS.
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Figure C-5. Unsuppressed and suppressed measured spectra from the 5µCi ATM 105 spent
fuel samples using the LaBr3 CSS.
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Figure C-6. Unsuppressed and suppressed measured spectra from the 1µCi ATM 109 spent
fuel samples using the LaBr3 CSS.
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Appendix D
Geant4 Simulation of Penn State Compton Suppression System
This section contains the portions of the Geant4 model that control the source generation
and energy deposition functions. The PrimaryGeneratorAction.cc file provides primary particle
emission capabilities using RadSrc or the GPS. The EX02TrackerSD.cc file contains the
algorithm to record energy depositions and reject Compton suppressed counts from the final
spectrum.
PrimaryGeneratorAction.cc
// **********************************************************************
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include

“exrdmPrimaryGeneratorAction.hh”
“ExN01PrimaryGeneratorM essenger.hh”
“G4Event.hh”
“G4GeneralParticleSource.hh”
“globals.hh”
“G4HEPEvtInterface.hh”
“G4ParticleGun.hh”
“G4ParticleTable.hh”
“G4ParticleDefinition.hh”
“Randomize.hh”
“radsource.h”
“cpp_api.h”

//....oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo....
exrdmPrimaryGeneratorAction::exrdmPrimaryGeneratorAction(G4String FileName)
{
//***** GPS Way *****
//particleGun2 = new G4GeneralParticleSource ();

//***** RadSrc Way *****
NewInput=true;
t1RadSource = radsrc::Capi::newSource();
t1Good = radsrc::Capi::loadConfig(t1RadSource, (const std::string) FileName);
if(t1Good) pRadSource=t1RadSource;
gunM essenger = new ExN01PrimaryGeneratorM essenger(this);
G4int n_particle = 1;
//for(n = 0, n = n_particle, n++){
particleGun = new G4ParticleGun(n_particle);
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G4ParticleTable* particleTable = G4ParticleTable::GetParticleTable();
G4String particleName;
particleGun->SetParticleDefinition(particleTable->
FindParticle(particleName=”gamma”));
}
exrdmPrimaryGeneratorAction::~exrdmPrimaryGeneratorAction()
{
delete particleGun;
//delete particleGun2;
}
double exrdmPrimaryGeneratorAction::localran(void)
{
return G4UniformRand();
}
void exrdmPrimaryGeneratorAction::RadsrcFromFile(G4String InputLine)
{
t2RadSource = radsrc::Capi::newSource();
t2Good = radsrc::Capi::loadConfig(t2RadSource, InputLine);
if(t2Good) pRadSource=t2RadSource;
}
void exrdmPrimaryGeneratorAction::InputRadsrc(G4String InputLine)
{
if(NewInput){
t2RadSource = radsrc::Capi::newSource();
NewInput=false;
}
radsrc::Capi::addConfig(t2RadSource, InputLine);
}
void exrdmPrimaryGeneratorAction::UpdateRadsrc()
{
t2Good = radsrc::Capi::sourceConfig(t2RadSource);
if(t2Good) pRadSource=t2RadSource;
NewInput=true;
}
void exrdmPrimaryGeneratorAction::GeneratePrimaries(G4Event* anEvent)
{
//***** RadSrc Way *****
// The member function GetPhoton() is invoked to sample the
// energy distribution previously defined.
//
if(pRadSource == NULL){
G4Exception(“ExN01PrimaryGeneratorAction::GeneratePrimaries”,
“RADSRC has not been defined”,RunM ustBeAborted,
“ see the interface manual to insure that your
input is formatted correctly ”);
}
G4double energy;
G4double phi ;
G4double costheta;
G4double sintheta;
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G4double CountsPerIntegration = 35;
//G4double CountsPerIntegration = 85; works for Cs-137
if(x == CountsPerIntegration){
for(int a = 0; a <= 1; a++){
//Two Photon Event
//First photon (full energy)
energy = radsrc::Capi::getPhoton(pRadSource, localran ) * keV;
particleGun->SetParticleEnergy(energy);
phi = 2.0*pi*G4UniformRand();
costheta = 2.0*G4UniformRand()-1.0;
sintheta = pow(1.0-pow(costheta,2.0),0.5);
particleGun->SetParticlePosition(G4ThreeVector(0,0,-4.2*cm));
// -5.4 is flush with the face of the HPGe
particleGun->SetParticleM omentumDirection(
G4ThreeVector(costheta,sintheta*cos(phi),sintheta*sin(phi)));
particleGun->GeneratePrimaryVertex(anEvent);
}
x=0;
}
else{
//One Photon Event
energy = radsrc::Capi::getPhoton(pRadSource, localran ) * keV;
particleGun->SetParticleEnergy(energy);
phi = 2.0*pi*G4UniformRand();
costheta = 2.0*G4UniformRand()-1.0;
sintheta = pow(1.0-pow(costheta,2.0),0.5);
particleGun->SetParticlePosition(G4ThreeVector(0,0,-4.2*cm));
particleGun->SetParticleM omentumDirection(
G4ThreeVector(costheta,sintheta*cos(phi),sintheta*sin(phi)));
particleGun->GeneratePrimaryVertex(anEvent);
x++;
}
}
/*void exrdmPrimaryGeneratorAction::GeneratePrimaries(G4Event* anEvent)
{
//***** GPS Way *****
particleGun2->GeneratePrimaryVertex(anEvent);
}*/
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EX02TrackerSD.cc
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include

“ExN02TrackerSD.hh”
“G4HcofThisEvent.hh”
“G4Step.hh”
“G4ThreeVector.hh”
“G4SDM anager.hh”
“G4ios.hh”
“G4Vprocess.hh”
“iostream”
“fstream”
“printHPGeData.hh”
“printNaIData.hh”
“printSuppressedData.hh”
“G4TouchableHistory.hh”
“Randomize.hh”

//....oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo......
ExN02TrackerSD::ExN02TrackerSD(G4String name):G4VsensitiveDetector(name)
{
HPGetotalEnergy = 0;
NaItotalEnergy = 0;
HPGeedep = 0;
NaIedep = 0;
Suppedep = 0;
NaIsum = 0;
PrimaryDet = 0;
GuardDet = 0;
t = 0;
deltaT = 0;
HPGeTime = 0;
NaITime = 0;
trackNum = 0;
gammaNum = 0;
BremCheck = 0;
PPCheck = 0;
}
//....oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo......
ExN02TrackerSD::~ExN02TrackerSD(){
HPGePrinter.printAll();
SuppressedPrinter.printAll();
}
//....oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo......
void ExN02TrackerSD::Initialize(G4HcofThisEvent* HCE)
{
}
//....oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo........oooOO0Ooooo......
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G4bool ExN02TrackerSD::ProcessHits(G4Step* aStep,G4TouchableHistory*)
{
thePreRInfo = aStep->GetPostStepPoint()->GetPhysicalVolume()->GetLogicalVolume()->GetM aterial()>GetName();
trackNum = aStep->GetTrack()->GetTrackID();
trackLength = aStep->GetTrack()->GetTrackLength();
parentNum = aStep->GetTrack()->GetParentID();
Particle = aStep->GetTrack()->GetDefinition()->GetParticleName();
if(aStep->GetPostStepPoint()->GetProcessDefinedStep() != NULL){
procName = aStep->GetPostStepPoint()->GetProcessDefinedStep()->GetProcessName();
}
//***********************Initial Check******************************************
//GammaNum can be zero and still have pair production it’s a positron decay
if(gammaNum = 0 && Particle == “e+” && procName == “annihil”){
PPCheck = trackNum;
}
if(gammaNum == 0 && Particle == “gamma”){
gammaNum = trackNum;
}
//***********************Subsquent gamma checks*********************************
if(Particle == “gamma” && gammaNum != trackNum){ //if it has moved on past the first gamma (or is a PP)
if(parentNum != BremCheck && parentNum != PPCheck){ //skip brem and PP gammas
PrimaryDet = 0;
GuardDet = 0;
gammaNum = trackNum;
//Suppedep = 0;
}
}
if(Particle != “anti_nu_e” && Particle != “nu_e”){
if(procName != “Transportation
t = ((trackLength/1000)/299792458)*1000000000; //keeps the units in ns
//HPGe
if(thePreRInfo == “Germanium”){
HPGeedep += aStep ->GetTotalEnergyDeposit();
Suppedep += aStep->GetTotalEnergyDeposit();
HPGeTime = t;
PrimaryDet = 1;
if(procName == “eBrem”){
BremCheck = trackNum;
}
if(procName == “annihil”){
PPCheck = trackNum;
}
}
//Guard Detectors
if(thePreRInfo == “NaI”){
NaIedep += aStep->GetTotalEnergyDeposit();
NaITime = t;
deltaT = NaITime – HPGeTime;
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if(deltaT < 0.005){
GuardDet = 1;
}
if(procName == “eBrem”){
BremCheck = trackNum;
}
if(procName == “annihil”){
PPCheck = trackNum;
}
}
}
}
return true;
}
void ExN02TrackerSD::closeTheGate(){
}
void ExN02TrackerSD::EndOfEvent(G4HcofThisEvent*)
{
if(HPGeedep>0.0){
HPGetotalEnergy=getHPGeNormal(HPGeedep,getHPGeFWHM(HPGeedep));
HPGePrinter.add(HPGetotalEnergy);
}
if(NaIedep>0.0){
NaItotalEnergy=getNaINormal(NaIedep,getNaIFWHM (NaIedep));
NaIPrinter.add(NaItotalEnergy);
}
if(PrimaryDet == 1 && GuardDet == 0 && EC == false){
if(G4UniformRand() > 0.1){
SupptotalEnergy=getHPGeNormal(Suppedep,getHPGeFWHM(Suppedep));
SuppressedPrinter.add(SupptotalEnergy);
}
}
HPGetotalEnergy = 0;
NaItotalEnergy = 0;
SupptotalEnergy = 0;
HPGeedep=0;
NaIedep=0;
Suppedep = 0;
PrimaryDet = 0;
GuardDet = 0;
t = 0;
deltaT = 0;
HPGeTime = 0;
NaITime = 0;
trackNum = 0;
gammaNum = 0;
BremCheck = 0;
PPCheck = 0;
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}
G4double ExN02TrackerSD::getHPGeFWHM (G4double energy) {
energy*=1000;
return ((0.60 + 0.0204 * sqrt(energy)) )/1000; //HPGe FWHM calibration
}
G4double ExN02TrackerSD::getHPGeNormal(G4double energy,G4double fwhm){
G4double x,y,r,z;
do {
x = 2.0*G4UniformRand() – 1.0;
y = 2.0*G4UniformRand() – 1.0;
r = x*x+y*y;
} while (r >= 1.0);
z =sqrt(-2.0*log®/r);
return energy + fwhm*y*z;
}
G4double ExN02TrackerSD::getNaIFWHM (G4double energy) {
energy*=1000;
return ((10+2.04e-1 * sqrt(energy)) )/1000; //NaI FWHM calibration
}
G4double ExN02TrackerSD::getNaINormal(G4double energy,G4double fwhm){
G4double x,y,r,z;
do {
x = 2.0*G4UniformRand–) - 1.0;
y = 2.0*G4UniformRand–) - 1.0;
r = x*x+y*y;
} while (r >= 1.0);
z =sqrt(-2.0*®(r)/r);
return energy + fwhm*y*z;
}
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Appendix E
Additional ATM Fuel Sample Simulated Spectra
This section contains additional comparisons between the measured, suppressed and
unsuppressed gamma-ray spectra from the ATM fuel samples using the PSU-HPGe-CSS and the
LaBr3 -CSS and the simulated spectra generated by the Compton suppressed Geant4 model.
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Figure E-1. Comparison between the measured and simulated unsuppressed spectra of the
1μCi dissolved fuel element sample ATM105 from the PSU HPGe -CSS and Geant4 model.
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Figure E-2. Comparison between the measured and simulated suppressed spectra of the 1μCi
dissolved fuel element sample ATM105 from the PSU HPGe -CSS and Geant4 model.

147
0.1

137Cs

137Cs

x-ray

ATM105 5µCi Unsuppressed

Geant4 Unsuppressed

Normalized Counts

0.01

241Am

154Eu

0.001

154Eu

0.0001

154Eu

154Eu

154Eu

137Cs

Sum
Peak

154Eu

0.00001

154Eu

0.000001

0.0000001

0

200

400

600
800
Energy (keV)

1000

1200

Figure E-3. Comparison between the measured and simulated unsuppressed spectra of the
5μCi dissolved fuel element sample ATM105 from the PSU HPGe-CSS and Geant4 model.
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Figure E-4. Comparison between the measured and simulated suppressed spectra of the 5μCi
dissolved fuel element sample ATM105 from the PSU HPGe -CSS and Geant4 model.
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Figure E-5. Comparison between the measured and simulated unsuppressed spectra of the
1μCi dissolved fuel element sample ATM109 from the PSU HPGe -CSS and Geant4 model.
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Figure E-6. Comparison between the measured and simulated suppressed spectra of the 1μCi
dissolved fuel element sample ATM109 from the PSU HPGe -CSS and Geant4 model.
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Figure E-7. Comparison between the measured and simulated unsuppressed spectra of the
1μCi dissolved fuel element sample ATM105 from the LaBr 3 -CSS and Geant4 model.
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Figure E-8. Comparison between the measured and simulated suppressed spectra of the 1μCi
dissolved fuel element sample ATM105 from the LaBr 3 -CSS and Geant4 model.
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Figure E-9. Comparison between the measured and simulated unsuppressed spectra of the
5μCi dissolved fuel element sample ATM105 from the LaBr 3 -CSS and Geant4 model.
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Figure E-10. Comparison between the measured and simulated suppressed spectra of the 5μCi
dissolved fuel element sample ATM105 from the LaBr 3 -CSS and Geant4 model.
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Figure E-11. Comparison between the measured and simulated unsuppressed spectra of the
1μCi dissolved fuel element sample ATM109 from the LaBr 3 -CSS and Geant4 model.
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Figure E-12. Comparison between the measured and simulated suppressed spectra of the 1μCi
dissolved fuel element sample ATM109 from the LaBr3 -CSS and Geant4 model.
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Appendix F
PSU HPGe-CSS Hardware and Software Installation Procedure
This section details the correct arrangement of the NIM modules and gamma-ray
detectors for proper operation of the PSU-CSS. Software quirks that effect its operation are also
detailed.

F.1 System Assembly
First, the HPGe Dewar should be placed under the shield can. A rubber mat should be
placed under the Dewar to reduce electronic noise from floor vibrations. A small, overflow
Dewar bucket should be placed on the floor to the side of the HPGe Dewar to catch the excess
LN that is ejected during filling. This will prevent the rubber mat and tile floor from freezing and
cracking under the weight of the detector.
Next, the HPGe detector is inserted into Dewar, through the bottom of the shielding can.
The HPGe must be inserted before the annulus is in place because of a copper shield attached to
the preamplifier. Figure F-1 shows the standard alignment of the dipstick with respect to the
Dewar based on the distance from the black clamp to the bottom on the preamplifier. A ½ inch
spacing places the HPGe 4.5 inches down from the top of the annulus (The annulus is 10 inch tall,
but the NaI(Tl) detector material is 9 inches). There is a rubber bumper on the bottom on the
preamplifier that should be set against the black plate. The rubber Dewar insert (the red cylinder
in Figure F-1) and collar clamp must be removed from the dipstick because they won’t fit through
the bottom of the shield. Loosen the three screws on the top and one side screw of the black disk
with a 7/64 inch Allen wrench before inserting the HPGe detector dipstick. These screws secure
the dipstick in place when it is located at the appropriate height for the sample.
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Figure F-1. A) Standard alignment of the HPGe detector with respect to the annulus. B)
Location of side screw that locks the dipstick in place.

Once the HPGe detector is situated in the Dewar and centered in the shielding can, the
annulus is inserted into the shielding can. The annulus may be lifted to the top of the shielding
can from the sides or the bottom, but for insertion, the two rails for the NaI(Tl) plug detector must
be used. They should be securely tightened using a 7/16 inch nut driver. After installation of the
annulus, these rails must be loosened so that they are allowed some movement while the NaI(Tl)
plug is in place or else it will become stuck. If that occurs, use an Allen wrench to loosen the
screws on the sides of the grey detector supports and slide the detector off the rails. Then remove
the bolts which attach the rails to the annulus with the 7/16 inch nut driver and ask the machinist
for help unlodging them. There should be white petroleum lubricant available near the system to
keep the rails in working order.
To fill the detector with LN2 , one of the rubber hoses attached to the Dewar may be
connected to the fill tank and the other should be placed in the overflow bucket. During normal
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detector operation, these rubber hoses should be attached to the ports at the side of the shielding
can to allows the off gas to recirculate and keep the detector environment chilled. There are
lights on the side of the preamplifier that indicate the temperature status of the detector, shown in
Figure F-2. There is also an inhibit trip switch that will prevent the high voltage from being
applied to the HPGe crystal if the detector is not sufficiently cooled. However, do not rely on this
switch. If the detector is known to be warm, disconnect the high voltage supply. The indicator
lights will function if the preamplifier power is applied.

Figure F-2. Indicator lights on the side of the HPGe preamplifier.
It is advised that jewelry and watches be removed when inserting samples into the
detector. They will scratch the equipment.
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F.2 System Wiring
The system cables are labeled with the unit model number and port where they are to be
connected. The front of the PSU-CSS NIM bin is shown in Figure F-3. An additional power
supply, next to the one labeled “GE”, and an additional amplifier, the brown ORTEC amplifier in
the third position from the right, are used to operate a LaBr 3 detector. The additional amplifier is
only necessary to provide pre-amplifier power. Figure F-4 is a closer view of the connections and
the coaxial cable labels.
The coax cable bundle that connects to the annulus and plug detector is passed through a
small access port just below the lid of the shielding can. While this access port has screw s, it
cannot be removed without removal of the shielding can lid, which is very difficult. Instead, pass
each coax cable through the port separately to avoid removing the port cover.
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Figure F-3. Front face of the NIM bin which operates the PSU-CSS. There is an additional
power supply and amplifier in place to operate a LaBr 3 detector.
The HPGe amplifier receives a negative signal from the preamplifier so the toggle switch
on the front face of the amplifier labeled “polarity” must be set to “-“. The NaI(Tl) (and LaBr 3 if
in use) on the other hand receives a positive signal from the preamplifier so its polarity toggle
switch should be set to “+”. If the detector high voltage or amplifier input polarity are incorrectly
set, the resulting spectrum will look like a left-tailed Gaussian with a steep drop off at the center
of the pulse. The pulse will also have no energy dependence.
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Figure F-4. Close up of the CSS NIM bin wiring between the feed-through, amplifiers, and
coincidence units. Note the BNC t-junction at the output of the coincidence unit is not
required for normal operation, only for signal analysis.

The HPGe detector coax cable bundle is shown in Figure F-5. The preamplifier power is
on the left and may be plugged in when the detector is warm to use the temperature indicator
lights. The inhibit cable must also be plugged in to avoid any inadvertent application of power to
the HPGe crystal. The high voltage supply is connected using the insulated coax cable and the
signal cable is labeled “energy”.

158

Figure F-5. PSU-CSS HPGe detector cable bundle.

F.3 Software
The computer account setup for measurements using the PSU-CSS is called “Compton
Suppression” and the password is RSEC. The PSU-CSS computer is not connected to the
internet. This was due to the lack of functioning Ethernet ports before the building renovations.
At the time of writing (May 2013), Genie 2000 can only connect to the multiport using
32 bit software, though Windows XP and Windows 7 all seem to function (the author has no
experience using Genie 2000 software on a Vista machine). If Genie 2000 software is upgraded,
be sure to update the registry file as well. In the registry editor (run “REGEDIT”), shown in
Figure F-6, in the directory:
My Computer/HKEY_LOCAL_MACHINE/SOFTWARE/Canberra Industries, Inc./Genie 2000
Environment/Multiport II:
ADCConicidence Polarity “0”
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ADCCoinicence Trigger “1”.
The computer must be restarted after making changes to the registry values.

Figure F-6. Location of values in the Registry Editor that need to be changed to use Compton
suppression.

F.4 Operation
The high voltage settings for each detector are given in Table F-1. The high voltage
polarity may be changed by opening the cover (the side opposite that which the breadboard is
attached. It can be seen through the vents on the side) and moving the jumper from between the
“POS” and “NEG” positions. Note that since the PSU-CSS HPGe detector is a reverse-electrode
detector, it operates with negative bias voltage. The difference between a reverse-electrode
HPGe and a standard HPGe is that the n+ contact is in the inner coaxial layer instead of along the
outer perimeter. This makes the outer perimeter detector dead layer only a few microns in
thickness instead of millimeters. The manufacturer will state that the dead layer is very small,

160
however it will grow over time and should be verified with modeling and measurements as
described in Section 4.2.1.
Table F-1. High voltage settings for each detector.
Detector High Voltage
HPGe
(-)4000
NaI(Tl)
(+)1000
LaBr3
(+)670
The amplifier dial positions that have shown to be most successful at generating high
peak-to-Compton ratios for the energy range of 0 to 1500 keV are given in Table F-2. These
settings are provided as a starting point. The author makes no guarantee that they will remain
constant as the detectors age. Also, if a broader energy range is required, the gain settings will
need to be changed.

Table F-2. Gain settings for each detector associated with the Compton suppression system.
Note: the LaBr3 detector listed is the 1.5”x1.5” Saint Gobain/Canberra detector used in the
spent fuel measurements detailed in Chapter 3 and Appendix E. Under normal circumstances
it is not installed in the Compton suppression system.
Fine Gain
Detector
Coarse Gain
Shaping Time
(window-dial)
HPGe
20
14-0
10
NaI(Tl)
5
9-0
0.5
LaBr3
10
14-0
1
To switch between unsuppressed and suppressed mode operation, unplug the “input B”
cable from the coincidence unit so that there is no second signal to compare. To view the NaI(Tl)
detector signal, move the output cable from the HPGe amplifier to the NaI(Tl) amplifier.
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