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ABSTRACT
Gamma ray spectroscopy is the quantitative use of photons emitted during the decay of
radioactive nuclides. Compton suppression is a technique used to reduce the contribution of scattered
gamma ray photons to the detector response allowing full energy peaks to be better resolved. Often,
Compton suppression is coupled with neutron activation analysis (NAA) for nondestructive trace
isotope identification.

In this study, the application of the Compton suppression technique is

evaluated for deployment in a measurement system envisioned for nuclear safeguards verification at
reprocessing facilities.
Material accountancy and process monitoring in a nuclear fuel reprocessing facility is
uniquely challenging, due to the complexity of the highly radioactive process stream. The measured
gamma ray spectra of spent nuclear fuel solutions result from all the decays of the conglomerate of
radio-nuclides that exist in that solution. The gamma ray spectral lines indicate the nuclides present
which in turn can characterize various chemical conditions in a known process. The dissolver
solutions and distribution of nuclides during separations can be correlated to process variables such as
burnup, acid concentration, organic ligand concentration, temperature, etc.

The Multi-Isotope

Process (MIP) project detects subtle changes in the nuclides and their distribution in a reprocessing
stream by measuring its gamma ray spectra. Due to the shielding requirements and subsequent access
limitations of a facility, safeguard tools such as a process monitor must function as unattended
systems, capable of parsing data to manageable, easily intelligible results. The Multi-Isotope Process
monitor combines gamma ray spectra with multivariate analysis techniques to track the distribution of
nuclides in the process stream. It is also a non-destructive and will be an autonomous system. The
nuclide 137Cs is a prominent fission product with a relatively long half-life, 30 years, when compared
to the average age of used nuclear fuel, which can range from anywhere several decades. The high
concentration of

137

Cs in the aqueous process stream before the separation stage masks potential
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valuable minor gamma-ray lines because of the dominant 661.7 keV peak and subsequent Compton
scattering effects.
The Compton suppression technique was developed to reduce the continuum background
resulting from Compton scattering. A Compton suppression spectrometer is generally comprised of a
primary, high resolution detector which is surrounded by lower resolution, high stopping power guard
detectors. The detectors operate in anticoincidence with one another such that if a signal is generated
in both detectors within a set time window, the pulse will not be added to the spectrum. The
Pennsylvania State University Radiation Science and Engineering Center (RSEC) is equipped with a
custom-designed Canberra build Compton suppression system (CSS). The system is comprised of an
HPGe primary detector surrounded by NaI(Tl) annulus and plug detectors. The CSS system has a
measured Peak-to-Compton ratio of 1000:1 compared to the stand-alone HPGe Peak-to-Compton
ratio of 58:1.
The existing PSU-CSS system was utilized to evaluate the efficacy of a Compton suppression
spectrometer for applications involving spent nuclear fuel using empirical data and simulation. Using
material available at PSU, the source was counted in suppressed and unsuppressed mode with the
PSU-CSS.

The surrogate source was designed to simulate detection challenges posed by fuel

samples, in particular high

137

Cs activity and weak low-energy features.

The initial Monte Carlo

model of the PSU-CSS was generated using the high energy particle physics transport code Geant4.
By validating the treatment of anticoincidence spectral gating in the model with the PSU-CSS system,
the model can then be extended to other detectors and geometries.

The CSS was calibrated using

NIST standard sources to determine the energy and FWHM of the gamma peaks of interest as a
function of energy to apply during modeling. The model was tested with several standard button
sources to evaluate summing and Compton reduction algorithms as well as with the more complex
surrogate source which mimic spent nuclear fuel.
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The measured suppression factor of the constructed surrogate source was found to be 4.85.
This is less than the ideal suppression factor of 10 which is found when measuring under optimum
counting conditions (low dead time, single source measurements). The detector geometry of the
PSU-CSS Geant4 model has been optimized and the dead-layer thickness was determined using the
measured efficiency calibration of the Penn State system. The dead-layer thickness which satisfied
the experimental measurements was 4.2mm.

A source specification technique capable of simulating

accidental coincident peaks has been demonstrated. A simulated spectrum of the surrogate sources
has been compared to the spectrum measured by the PSU-CSS. It was found that comparing the
Compton continuums between the measured and simulated data that the Geant4 modeled spectrum
has a peak-to-Compton ratio of 45.44 compared to the measured value or 45.12. The relative error is
0.7%. The modeled Compton edge was higher than the measured, with values of 28.76 and 34.58
peak-to-edge ratio respectively and relative error of 16.8%. The Peak Area-to-Total Area ratio was
0.120 and 0.105 for the measured and modeled spectrum respectively with an error of 12.4%. This
was attributed to slight peak tailing in the PSU-CSS HPGe that was not accounted for in the model.
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Chapter 1
Introduction
Three general groups of isotopes that are produced when a nuclear fuel is irradiated in a
reactor: fission products, the actinides, and activation products [1]. The composition of spent fuel
encompasses the entire periodic table; more than 350 isotopes have been identified [1]. After a
cooling period at a reactor facility, the relatively short-lived isotopes have decayed away but several
long lived isotopes still remain. Among these fission products is 137Cs, 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 until the fuel rod is punctured. For
example, this happens when the fuel is chopped prior to dissolution at a reprocessing facility.
One goal of current commercial reprocessing is to recover the uranium and plutonium from
the cladding, fission products, and other actinides in the fuel assembly after it has been irradiated for
several reactor cycles. The United States currently operates with an open fuel cycle where the fuel is
fabricated, irradiated, removed from the core and aged in the pool before being moved to temporary
dry storage. If the industry moves to close the fuel cycle, reprocessing and fuel recycling will require
the application of domestic and possibly international safeguards to such facilities. 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.
The Nuclear Non-Proliferation Treaty (NPT) has been a fundamental international agreement
designed to prevent the spread of nuclear weapons technology and support the United Nations in the
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maintenance of international peace and security [2]. Verification requirements of the NPT treaty are
defined in Article III as the task of the International Atomic Energy Agency through the use of
comprehensive safeguards [3]. The goal of the IAEA safeguards is to verify a state‟s NPT obligations
are being met by prevention and detection any diversion of nuclear material from peaceful to military
purposes. The Additional Protocol (AP) was added following the discovery of the clandestine
weapons program in Iraq and increases the Agency‟s ability to perform its duties [4]. It provides 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 [2]. 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. 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 Agency to apply
safeguards to its civil nuclear facilities [5]. Material accountancy is achieved by sectioning a facility
into zones or material balance areas (MBAs) where all of the inlets and outlets are well characterized,
monitored, and measured. In addition, key measurement points (KMP) are selected to verify the flow
of materials within an MBA at critical points in the process [2].
Safeguarding a commercial reprocessing facility is a much greater challenge than
safeguarding a power plant. The IAEA estimates that the verification requires 750 man-years, as
opposed to 6 to 12 man-years at a commercial reactor [3]. Another obstacle to material measurement
is the limited access and heavy shielding requirements necessary to protect the operators during
dissolution and initial separation. The solution to this is transparency between the operator and the
Agency in the facility design process so that monitoring systems can be integrated directly into the
construction.

The Rokkasho-Mura facility in Japan, the largest IAEA safeguarded commercial

reprocessing facility, is an example of the effective use of cooperation [2]. The facility is designed to
process annually 800 metric tons of spent fuel and recover 8 metric tons of plutonium and is the only
reprocessing facility in a nonnuclear weapons state that is party to the NPT [2]. Approximately three-
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quarters of the data collected is done by unattended sensors [2]. Without this cooperation, the
Japanese authorities would not be able to provide convincing assurances to the Agency and the
international community that material is accounted for and safe [3]. While the U.S. does not currently
operate any civil reprocessing facilities, domestic regulations for process control and monitoring
would be a similarly burdensome task as the application of Agency safeguards. Cooperation between
vendor and regulatory officials in the incorporation of monitoring equipment would be required in the
domestic case.
In general, aqueous reprocessing begins by chopping the fuel rods into smaller pieces which
are then dissolved, in nitric acid. The zirconium alloy cladding is then removed as hulls. Then the
PUREX process (plutonium-uranium-recovery-extraction) which utilizes solvent extraction, recovers
the uranium and plutonium for further processing, leaving the fission products and actinides behind.
This process was originally developed to support the nuclear weapons production complex and today
it is also used commercially, making diversion of material from reprocessing facilities a major
verification challenge for the safeguards community. Commercial reprocessing operations exist in
several nations, including a non-nuclear weapon state. Verification of reprocessing facilities in
nuclear weapon states would likely become mandatory if the Fissile Material Cut-Off Treaty1 is
agreed upon and ratified [6].
Irradiated fuel is intensely radioactive, on the order of thousands of curies per gram, with
gamma radiation posing the greatest biological hazard [7]. A large component of the fission products
decay by emission of a beta particle followed by a gamma ray photon which provides for roughly half
of the total energy emission [7]. This intense radiation requires substantial shielding but also allows
for passive analysis of the material. Due to the shielding requirements and subsequent access
limitations, a process monitor relying on gamma ray detection employed behind the biological shield

1

The discussion of a Fissile Material Cut-Off Treaty began in 1994 with Conference on Disarmament
resolution (CD/1299). The CD mandated the negotiations in 2009. The CD operates on consensus vote, which
has not yet been achieved in negotiations of this treaty.
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must be totally unattended and stable. Liquid nitrogen is difficult to manage in field measurements so
other suitable, high resolution, room temperature detectors need to be explored.

Though this

experiment utilizes a HPGe detector cooled by liquid nitrogen, the Compton suppression technique
can be applied to other lower resolution detectors such as cadmium-zinc-telluride (CZT) or lanthanum
bromide (LaBr).
Researchers at Idaho National Laboratory have studied similar detector designs for
applications measuring in-tact spent fuel assemblies using CZT and NaI(Tl) detectors [8]. They have
performed modeling using MCNP to investigate the feasibility of such systems and found that the
technique improved the peak-to-Compton ratio by a factor of 4.

With further modifications,

including addition of a bismuth-germinate (BGO) guard detector, the group anticipates achieving
suppression factors around 8 [9]. Peerani et al., from the Institute for Transuranium Elements in
Germany, has applied the technique for the detection of trace fission products in environmental
samples [10]. Their work also shows promising results of a reduction in the detection limits for both
low and high activity samples. In the case of the low activity samples, suppression of the background
lowered the detection limits by factor of two or three [10].

1.1 Objective
Compton suppression technology is a well-established technique that has been widely used in
applications involving trace isotope detection. However, the unique design challenges posed by the
operation of a Compton suppression system in a reprocessing facility in a process monitor
configuration require adaptations from the optimized laboratory system to something more rugged.
While other detectors such as LaBr3 and CZT do not provide the superior resolution of HPGe
detectors, the efficiency at low energies, reasonable resolution, and room temperature operation make
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it them better choice for unattended applications. Integrating such a system with the Multi-Isotope
Processing (MIP) monitoring system would enhance the ability to safeguard reprocessing facilities.
The methods described here are an investigation of the feasibility of incorporating a Compton
suppression system into a novel safeguards detection system called the Multi-Isotope Process (MIP)
Monitor.

The Multi-Isotope Process (MIP) detects subtle changes in the nuclides and their

distribution in a reprocessing stream using the gamma ray spectra coupled with multivariate analysis
techniques. The dissolver solutions and distribution of nuclides can be correlated to process variables
such as burnup, acid concentration, organic ligand concentration, temperature, etc.

The high

concentration of 137Cs in the aqueous process stream masks potential valuable minor gamma-ray lines
because of the dominant 661.7 keV peak and subsequent Compton scattering effects.
The Monte Carlo simulation package Geant4 (GEometry ANd Tracking) has been used to
develop a model of the Compton Suppression System at The Pennsylvania State University Radiation
Science and Engineering Center. The first stage of the work was to create and validate the detector
model in unsuppressed operation. The Geant4 model was constructed based on the Radioactive
Decay example, rdecay02, which is provided with the Geant4 tool-kit installation. Validation of the
initial model has been performed with a collection of sources to mimic the gamma ray spectra of
spent nuclear fuel. An amendment is underway regarding the University‟s isotope possession license,
which will allow for dissolved spent fuel samples prepared at Pacific Northwest National Laboratory
to be counted in the Penn State Compton Suppression System to perform further validation. Since the
model has been effectively validated using the commercially available system, anticoincidence gating
features will be implemented and another validation will be performed. The final model can be
modified to meet the MIP monitor program‟s needs by simulating spectra from spent fuel while also
optimizing detector and shielding configurations
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Chapter 2
Background
The safeguards verification, material control and accountability requirements of a
reprocessing facility are costly and very time consuming because they mainly rely on destructive
analysis [11]. With the growth occurring in the nuclear industry and the possibility of closing the fuel
cycle by embracing fuel recycling, the number of reprocessing facilities is likely to grow. The IAEA
will need supplemental systems that are less man-power intensive to provide verification assurance.
The MIP monitor concept is a next generation safeguarding detection system which is nondestructive, autonomous, and operates in near-real-time [11]. The efficacy the gamma ray analysis
technique Compton suppression to the MIP Monitor has been evaluated.
Following the extraction stage, the raffinate stream contains the activation and fission
products and the organic phase contains mainly uranium and plutonium. The high level of activity
present in the raffinate reprocessing stream is due to its constituency of fission products, which
primarily decay through beta and gamma emission. The Compton continuum from the dominant
661.7 keV 137Cs peak obscures lower energy lines which could be used for spectral analysis.

2.1 Photon Interactions in Matter
This section is devoted to interpreting the information obtained when high energy photons
interact with detection materials. Gamma ray photons emitted during nuclear decay interact with
matter through primarily three mechanisms that are of interest in radiation measurements: the
photoelectric absorption, Compton scatter, and pair production [12]. 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
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corresponds to the interaction energy between the incoming photon and the electrons in 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 when interactions occur
via Compton scattering as well as pair production.
The interaction probability of a photon in a material can be described by the linear 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.
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Figure 2-1. Energy dependence of the photon linear absorption coefficient for sodium iodide (NaI(Tl))
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2.1.1 Photoelectric Absorption
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 [12]. The photon disappears and the ejected
electron carries with it the energy of the incident gamma ray minus the ionization energy of its shell,
as mathematically described by Equation 2-1 [12].
(2-1)
In Figure 2-1, the two peaks 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 probability of
absorption. It 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 [12].

2.1.2 Pair Production
Pair production occurs when an incident gamma ray of sufficient energy interacts with the
electric field near the nucleus of an atom [12]. The incident photon vanishes and creates a positronelectron pair, which subsequently annihilate. 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.
(2-2)
The positron will quickly thermalize 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
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MeV less than the true photopeak. They are referred to as escape peaks because some of the radiation
escapes the detector.

2.1.3 Compton Scattering
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.
Compton scattering occurs when the incident photon interacts with a free electron instead of
an atom as a whole as in the photoelectric effect [13]. As the name implies, the photon scatters like a
billiard ball, thereby imparting a portion of its kinetic energy to an electron. Compton scattering can
occur several times, each time losing more energy until the photon is either fully absorbed or escapes
the detector. The process is depicted schematically in Figure 2-2. During the inelastic collision,
energy is transferred from the photon to the electron which recoils at angle φ. The photon, with new
energy hv’, is deflected through angle θ from the incident direction. The change in photon energy is
given by Equation 2-3 [12].

(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.
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(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. The recoil electron will interact
through Coulomb interactions until its kinetic energy has dissipated.

Figure 2-2. A diagram of the Compton scattering interaction.

The Compton continuum is similar to a background contribution and is a problem that cannot
be removed by shielding. Compton scattering is particularly a problem for measurements of lowlevel radiation sources, such as environmental samples which typically contain many peaks [14]. At
Penn State, an ongoing dendrochronology study quantifies the gold content in neutron activated tree
ring samples. The location and strength of the 198Au peak (411.8 keV) makes it difficult to resolve in
some samples due to the Compton continuums of 24Na and 42K [15], [16]. A standard technique used
to reduce the contribution of scattered photons to the spectrum is Compton suppression spectroscopy.
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2.2 Compton Suppression
The response function of an ideal detector would be comprised of full energy deposition
peaks without a scattering continuum and energy loss. For this to occur, the detector would need to
be very large. 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 smaller peaks. Compton
suppression is a technique used to reduce the contribution of the scattered photons to the detector
response using anticoincidence timing as a gate [12]. This allows for better counting statistics and
analysis of peaks that are obscured by the Compton continuum of another photopeak. In this method
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.

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 Compton suppression technique has often been applied during neutron activation
analysis (NAA) to make weak lines in a complex spectrum more visible. NAA is a non-destructive
technique used for multi-elemental analysis of solid samples [17]. The method takes advantage of the
thermal capture cross sections of materials to produce radioactive species through irradiation by
thermal neutrons from a research reactor. When the sample is bombarded by thermal neutrons, some
atoms will capture them to form an unstable compound nucleus which emits a prompt gamma ray.
The gamma rays are then collected with a detector where their energy depositions are translated to
electoral pulses. By calibrating the pulse energy to the incident photon energy, unknown nuclides can
be identified using measured photopeaks . There are two types of NAA; prompt-gamma and delayed-
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gamma analysis. Prompt-gamma NAA detects the gamma ray emitted by the compound nucleus.
Due to the extremely rapid photon emission (<1 µs), measurement must happen simultaneously with
irradiation.

After the emission of the prompt gamma ray, the radioactive isotope decays by beta-

gamma emission. These decays typically happen on a much longer timescale allowing for more
measurement flexibility.
Appling the CSS technique to NAA to aid in trace isotope quantification raises the challenge
of detecting cascade-decay emitters. Cascade-decays occur when more than one gamma ray is
emitted seemingly simultaneously when a nuclide decays through a series of energy levels [17]. If
the photons are detected in both the main and guard detectors within the timing gate, 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 [17]. 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. However, since the goal of the MIP is not to quantify the trace isotopes
present, only to monitor changes in their distribution, the ill effects of cascade decay isotopes should
not adversely affect the analysis.

2.3 Features of Spent Fuel Gamma Ray Spectra
Gamma ray emission from spent fuel assemblies is mainly due to the fission and activation
products that arise as the fuel is consumed, which can be categorized for analytical purposes in terms
of their half-lives. An example of the typical composition of spent commercial nuclear fuel and its
evolution over time since discharge is shown in Figure 2-3. The shortest lived isotopes, those with
half-lives of a few hours, come to equilibrium between production and removal during irradiation.
These emitters are quick to disappear after irradiation and are therefore not of concern by the time the
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fuel reaches a reprocessing facility. Fuel must cool in a storage pond for at least a year before
removal to dry storage [18]. For example, samarium-149 and xenon-135, two well-known reactor
poisons, both reach an equilibrium state during irradiation due to their short half-lives, but disappear
quickly, on the order of a few days, once irradiation has ended [19].
The fission products which are useful for burnup estimation have half-lives on the order of
many years because they do not reach equilibrium during typical irradiation periods [19]. The
dominant spectral lines from aged spent nuclear fuel are due to

137

Cs, which decays by beta emission

133m

to

Ba followed by the release of a 661.7 keV gamma ray to bring it to the ground state. Since

these isotopes do not decay rapidly, accounting for decay time before each measurement is less of an
issue. Typical measures of burnup rely on 134Cs, 154Eu, and 137Cs with half-lives of 2.065, 8.593, and
30.07 years respectively [20]. Cesium-137 is a direct fission product and therefore has a linear
buildup with respect to burnup [21]. Due to the about equal fission yields of 235U, 239Pu, and 241Pu for
137

Cs, the burnup indicator is relatively unaffected by initial enrichment [21].
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Figure 2-3. Typical composition of spent nuclear fuel after irradiation in a commercial facility. Source:
http://energyfromthorium.com/2010/06/22/whats-in-spent-nuclear-fuel-after-20-yrs/

Appendix B lists the 200 isotopes with the highest activities present in high burnup BWR nuclear fuel
after cooling for approximately 17 years. The activities listed are relative to a 10µCi sample. This
list was generated using irradiation and decay calculations performed using ORIGEN-ARP.

2.4 The PUREX Process
Reprocessing of nuclear fuel is broadly defined as the chemical recovery of product nuclei
following irradiation of fuel material [13]. The PUREX (Plutonium-Uranium-EXtraction) process is
the conventional approach to recovering fissionable material from irradiated nuclear fuel [1]. Since
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fission products, many of which are reactor poisons, build up faster than plutonium isotopes, in order
to sustain criticality the fuel must be removed from the reactor [13]. Solvent extraction has been the
method of extraction since the early days of the Cold War weapons race. Initially, several processes
were investigated to extract plutonium for the weapons program such as the REDOX, HEXONE, and
BUTEX processes. The PUREX process was an improvement upon the earlier generations because it
used chemicals with lower solvent volatility, better radiation stability, and lower costs [3]. This
technique was converted into large scale industrial chemical engineering projects focused on the
extraction of 239Pu from 238U blankets at Savannah River and Hanford [13]. While there are peaceful
applications of reprocessing technology, specifically the recycling of fuel in a closed loop fuel cycle,
diverting material from a reprocessing stream is a pathway for a state to pursue nuclear weapons [3].
This is why monitoring of such processes is of concern to the safeguards community.
PUREX relies on solvent extraction and oxidation-reduction reactions. Solvent extraction
separates substances from a mixture by exploiting the differences in the solubilities of different
immiscible liquids [1].

Before the extraction of plutonium and uranium from the fission products,

the plutonium is reduced from the +6 to the +4 state [13]. A select few actinide nitrates are very
soluble some organic solvents [7]. Uranium and plutonium are extracted using the solvent tributylphosphate (TBP) and an inert dilutant such as kerosene or dodecane [13]. The TBP complex
equilibrium equation for the extraction of uranium with TBP is shown below, where aq indicates the
aqueous phase and o the organic [7]
UO2(NO3)2·6H2O(aq) +2TBP(o)
.

UO2(NO3)2·2TBP(o)+6H2O(aq)

The high content of 137Cs in the aqueous phase of the reprocessing pathway makes low

energy gamma-ray emitters which could be used for process monitoring difficult to detect. Cesium137 also has a relatively long half-life (30.17 years) among fission products so it is still present in
high concentrations after cooling periods.
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2.5 Multi-Isotope Processes (MIP) Monitor
Modern reprocessing techniques utilize solvent extraction between the organic and aqueous
phases to remove fission and activation products. The distribution of elements in each phase is
determined by the process variables which include the burnup, acid concentration, organic ligand
concentration, reduction potential, and temperature [11]. The Multi-Isotope Process (MIP) monitor
utilizes passive gamma ray detection coupled with multivariate analysis methods to determine
changes in process variables which can indicate deviations from the declared activity of a facility.
The multivariate analysis algorithms can potentially be more successful if they use more nuclides (i.e.
peaks) in their analysis.
The burnup of fuel is one measure of interest in order to calculate the throughput of
plutonium in processing facility. Traditional non-destructive analysis (NDA) techniques to determine
burnup rely on activities and ratios of activities of select isotopes and their direct relationship to
burnup, which is often non-linear. Depending on the details of the measurement scenario, such as
cooling time of the fuel, the particular measure used varies.
correlating the activities of

137

Cs, the 134Cs/137Cs-, and

Some typical measures include

154

Eu/137Cs activity ratios to a known burnup

calibration curve [22]. By plotting burnup versus isotope content ratios for known samples, a formula
can be derived in order to predict the burnup of an unknown sample based on its isotopic
composition. Forms for the correlation between different measures and burnup are available in the
literature [19], [21-23].
Different isotopes have different production pathways in a nuclear reactor. For example,
137

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

134

Cs arises by a

more complex production path from either direct fission and/or from activation and subsequent beta
decay.

Primarily

decays of

133

I via

134

133

Cs arises as an activation product of

Xe [21]. The behaviors of

145

133

Eu and

Cs, which in turn comes from the beta

134

Cs are very dependent on irradiation

history as well as the void fraction in BWR reactors [21], [23]. Certain measures are more sensitive to
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irradiation history than others; cesium isotope ratios can change by as much as 30% with different
irradiation histories [22]. As a result, the activity of different isotopes and their resulting ratios have
different relationships to burnup.
The traditional NDA passive gamma spectroscopy methods are very dependent on irradiation
history [22]. Without consistency in the irradiation history of the training and testing set samples, the
gamma ray intensities emitted from a test assembly cannot be accurately linked with the burnup.
Lebrun and Bignan (2001) showed the dependence of the 134Cs/137Cs ratio on irradiation history based
on the length of an outage. Corrections can be made to account for fluctuations in cooling time,
power history and initial enrichment [24]. However, this is not a suitable procedure for safeguards
verification because the technique relies on operator declared values.

2.6 Summary
Material accountancy and process monitoring in a reprocessing facility is uniquely
challenging due to the complexity of the highly radioactive process stream. Gamma ray spectroscopy
is a passive, nondestructive technique that utilizes the energy emitted by unstable nuclides as they
transition to stable nuclear states. These photon emissions interact in a detector mainly through three
interactions (PE, CS, and PP) but energy losses occur that can make resolving peaks difficult.
Compton suppression is a technique that has been extensively utilized to improve of detection by
removing unwanted scattering contributions from the spectra. The MIP monitor utilizes gamma ray
spectroscopy to detect subtle changes in the process streams of spent nuclear fuel reprocessing
operations, but the high concentration of 137Cs in the aqueous stream can obscure smaller peaks due to
the Compton scatter. Instead of traditional peak fitting and nuclide identification that is normally
associated with gamma spectroscopy, the MIP project uses multivariate techniques such as partial
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least squares analysis. The accuracy of the analysis should be improved by increasing the number of
peaks resolved, which is why Compton suppression is being considered for implementation.
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Chapter 3
Compton Suppression Detection System
The Radiation Science and Engineering Center at Pennsylvania State University is equipped
with a Canberra Compton suppression system (CSS). The PSU-CSS utilizes a high purity germanium
(HPGe) semiconductor detector as the main detector to record the gamma ray spectra. Thalliumdoped sodium iodide (NaI(Tl)) detectors surround the primary detector and provide the timing gate.
While the detection system employed in a reprocessing facility would need to operate unattened at
room (or facility) temperature, the PSU-CSS can provide a proof of concept evaluation for the
application of Compton Suppression to spent fuel.

3.1 Penn State Compton Suppression System
The following sections provide information and specifications on the detectors and other
components used in the experimental Compton suppression system. A cross sectional schematic of
the detector geometry is shown in Figure 3-1. Figure 3-2 shows the PSU-CSS detection system as a
whole.
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Figure 3-1. Cross section model of the PSU Compton suppression system detector geometry
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Figure 3-2. 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 is
running Genie 2000 software.

3.1.1 Primary Spectroscopic Detector
The primary spectroscopic detector is a reverse electrode closed-end coaxial high purity
germanium (HPGe) with 50% relative efficiency. There are several different types of HPGe detectors
which vary based on their geometry or contact material depending on their application [14]. A
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detector can either be p-type or n-type which refers to the valence shell of the impurities of the
crystal. If the impurities have valance shells that can accept electrons (acceptors), it is a p-type
crystal. Likewise, n-type crystals contain impurities that produce free electrons (donors). Electrical
contacts are applied to the sides of the detectors to perform charge collection which are also referred
to as the p+ or n+ contacts based on whether they accept or donate electrons [12]. The electrons and
holes are drifted across the detector and collected by the electrodes. The diagram in Figure 3-3
illustrates the charge collection processes which produce a signal.
“Reverse electrode closed-end coaxial” refers to the detector shape and the location of the
electrodes. This geometry maximizes the detection efficiency and the peak-to-Compton ratio [14].
The detector diagram shown in Figure 3-4 illustrates the coaxial shape of the detector. A reverse
electrode coaxial detector has the p+ contact implanted on the outer surface and the n+ electrode on
the inner well.

Figure 3-3. Diagram depicting the charge collection and signal generation mechanism in a HPGe
detector. This image is borrowed from Luke and Amman [25].
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Standard measures of HPGe detector performance are the relative efficiency, full-width-athalf-max (FWHM), and the peak-to-Compton ratio. The PSU-CSS HPGe detector has a 54% relative
efficiency and a FWHM of 2.2 keV at the 1.33 MeV 60Co peak [26]. The measured peak-to-Compton
ratio of the HPGe detector alone was found to be 58:1 [26]. The detector hardware, container, and
internal hardware are all composed of low background materials.
The physical dimensions of the detector and components are shown in Figure 3-4 and Table
3-1. These values were used to construct the modeled geometry, which is discussed in Chapter 5. A
bias voltage of 4,000 volts is applied to the HPGe during operation.

Figure 3-4. Diagram of the HPGe detector showing the geometry of a coaxial reverse electrode detector.
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Table 3-1. HPGe detector component specifications

Detector Component
Cryostat to IR window distance
Endcap Radius
Crystal length
Crystal diameter
Core hole length
Core hole radius
Dead layer

Dimension
5 mm
4.1275 cm
77 mm
64 mm
44 mm
4.25
0.7 mm

Material
Air
Aluminum
Germanium
Germanium
Air
Air
Germanium

3.1.1.1 Dead Layer Considerations
The detector dead layer is a portion of the crystal that does not collect charge deposition from
incident gamma rays [12]. It is caused by the presence of the lithium n+ contact. Through the
lithium drifting process, a layer of impure germanium forms near the contact [27]. The effect is
more pronounced in p-type detectors than n-type, and for photons above about 200 keV, the effect is
negligible [12]. The dead layer is reported by the manufacturer, but these measurements often
contain uncertainties. Also important to consider is that the dead layer thickness has also been shown
to increase over time [27]. Accurate description of the detector dead layer is an important component
of modeling with Monte Carlo methods. Typically when the dead layer is not considered, there is a
10-20% higher efficiency reported through modeling when compared to the experimental data [27].
Since the half-thickness for low energy photons in germanium is less than a millimeter, very small
changes in the dead layer can lead to significant changes in the efficiency [28]. When the detector is
defined in the model, the dimensions of the active crystal should be defined as the sensitive detector
and the dead layer should not be included in the charge collecting region.
Dead layer thicknesses can be determined using a collimated 241Am source which emits a 60
keV photon. The energy is low enough such that most of the photons should not be able to penetrate
through the dead layer of the detector (the half thickness of Ge for 60 keV photons is 0.7mm). The
measurement is performed at two different angles of incidence and the relative change between the
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two measurements indicates the thickness of the dead layer [27]. However, the positioning of the
PSU-CSS makes it extraordinarily difficult to perform such dead layer estimation techniques and thus
estimation of the actual thickness is based on modeled results.
Correction methods to account for the difference in modeled and experimental detector
efficiencies will be discussed in Chapter 5. The reported manufacturer dead layer is listed in Table
3-1 to be 0.5 mm.

3.1.2 Guard Detectors
Thallium-doped sodium iodide (NaI(Tl)) surrounds the HPGe detector and is used to detect
scattered photons that were not fully absorbed in the primary detector. Sodium iodide detectors are
much more efficient that HPGe, meaning that it stops more photons, while HPGe provides much
higher resolution spectra. The NaI(Tl) guard detectors are comprised of a 9 inch diameter by 9 inch
tall annulus and a 3 inch by 3 inch 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. A bias voltage of 1,000 volts is applied to the NaI(Tl)
detectors.
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3.1.3 Data Acquisition Electronics and Calibration
Signals from each detector 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 a set amount of time, the gate is closed and the HPGe signal will not be sent to the
multi-channel analyzer (MCA). This removes coincident photons from the final spectra. A block
diagram of the wiring circuit is shown in Figure 3-5.

Figure 3-5. Block diagram of the CSS electronics [15].

Genie-2000 Gamma Acquisition and Analysis software was used for the collection and
processing of data. The detector was energy and efficiency calibrated using measurements like those
in Figure 3-6 of NIST standard reference material (SRM) 4275, which consists of

125

Sb,

154

Eu, and

155

Eu. The multiple decay lines of the three isotopes cover an energy range of about 100 keV to 1200

keV. The energy and efficiency calibrations are shown in Figure 3-7 and Figure 3-8 respectively.
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Each calibration was performed in the unsuppressed counting mode to avoid cascade-decay emitter
losses that occur during suppressed operation.
During the initial Monte Carlo model validation, the detector spectra are not suppressed.
Validation of each individual detector behavior is required before suppression can be included. Once
the model is expanded to include suppression capabilities, a new suppressed efficiency calibration
will be collected.

Figure 3-6. Spectra collected with the PSU-CSS in suppressed and unsuppressed mode used for the calibration of
detector efficiency. The source was NIST Standard Reference Material SRM4275C-109, which contains 125Sb, 154Eu,
and 155Eu.
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.
Figure 3-7. Energy calibration curve generated the NIST standard reference material (SRM) 4275 in
unsuppressed counting mode.
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Figure 3-8. Efficiency calibration curve generated using the NIST standard reference material (SRM)
4275 in unsuppressed counting mode.

The detector response to gamma ray energies is not a constant, but is instead a function of
energy. Calibrating the detector efficiency provides a way to relate the number of photons incident
on the detector with the number of pulses recorded [12]. The suppressed output spectrum depends
on the isotopes measured, the geometry of the primary-to-guard detectors, and the geometry of the
sample and therefore requires correction factors when quantifying constituents of NAA samples [17].
Only single emission gamma emitters are to be included in a suppressed efficiency calibration. The
total intrinsic efficiency is determined by assuming that all radiation quanta incident on the detector
are counted. Conversely, the intrinsic peak efficiency only includes full energy deposition counts
which contribute to a photopeak [12]. Peak-to-Total ratios can be determined over a range of
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energies using several different single decay emission line sources (meaning without cascading
decays).
The efficiency calibration of a Compton suppression system must be handled differently than
a typical detector due to the different response to multiple photons emitted from single decays [29].
The photopeaks of isotopes that decay through the emission of several photons in a cascade are often
omitted from the spectra because they are detected in both the guard and primary detectors within the
timing gate. This phenomenon has a high probability of occurring since the photons are emitted
almost simultaneously. The result is the suppression of the full energy peaks. The effect is dependent
on the disintegration scheme of the isotope and therefore complicates the efficiency calibration [10].
To make a quantitative assessment of a sample containing cascade emitters, an efficiency
calibration must be carried out without the Compton suppression feature activated. The cascade
emitters can be identified in the suppressed spectra, but the efficiency calibration will not be accurate
to quantify the content of the cascade emitter. This determination must be performed in unsuppressed
mode for each cascade emitter, with a new unsuppressed efficiency calibration. With regards to the
MIP monitor project, quantification based on the peak area is not being performed. The goal is only
to visualize the pattern changes in the spectrum.
Canberra Industries, the maker of Genie-2000 software, has developed a Peak-to-Total
efficiency calibration which has been suggested to be capable of correcting some of the losses due to
cascade summing and true coincidence summing losses using correction factors generated using
Monte Carlo modeling [30].

The Peak-to-Total calibration is fed into In-Situ Object Counting

System (ISOCS) software, also produced by Canberra, which is intended for adjusting efficiency
calibrations for large sample sizes. The Peak-to-Total efficiency calibration is only able to provide
the efficiency for unsuppressed detectors and requires an extensive evaluation at the factory.
According to the Genie-2000 manual, the Peak-to-Total calibration is only carried out with single
gamma emitting nuclides and is not the solution to the cascade emitter efficiency calibration issue.
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3.1.4 Definition of Performance Measurements
There are several measures of a Compton suppression spectrometer‟s performance which
estimate the advantage of using such a system. These include the Peak-to-Compton ratio (P/C), the
Peak Area-to-Compton Area ratio (A(P/C)), the Peak Area-to-Total Area ratio (A(P/T)), and the
Suppression Factor (SF)). Detector performance is best assessed using

137

Cs because of its singular

peak in the center of the typical measurement range [17]. Several of these measures utilize the peak
amplitude corrected for the width of the peak ( ), which is defined by Equation 3-1, where N2 is the
number of counts at the top of the peak and N1 and N3 are the number of counts on either side of N2
[14].
(3-1)
A correction for channel width is also required which utilizes the FWHM is defined in Equation 3-2
[14].
(3-2)
The Peak-to-Compton ratio is a measure of detector performance which is 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 [12]. For

137

Cs, the value used from the Compton continuum

should be located within the relatively flat portion of the plateau, between channels 358 keV to 382
keV [12]. The Peak-to-Total ratio is given by Equation 3-3. The indices ci and cj refer to the range of
channels in the Compton continuum, defined as about as between channels 358 keV and 382 keV for
137

Cs and cp is the number of counts in the peak.
(3-3)
Another measure of the effectiveness of the Compton suppression is the suppression factor

(SF) [10]. It is given by Equation 3-4.
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(3-4)
The suppression factor compares the Peak-to-Compton ratios of suppressed and unsuppressed spectra.
The Peak Area-to-Compton Area ratio is given by Equation 3-5. The indices pi and pj refer to
the range of channels around the photopeak.
(3-5)
The Peak Area-to-Total Area ratio is given by Equation 3-6. The index T refers to the total
number of channels in the spectrum.
(3-6)
Çetiner et al. reported the Peak Area-to-Total Area of the PSU-CSS using a natural background
spectrum to be 0.066 [15]. The Peak-Area-to-Total Area Suppression Factor is reported to be 6.

3.1.5 Results of Performance Measurements
Extensive characterization of the PSU-CSS was performed in 2008 [15]. These performance
values are reported in the previous section. Figure 3-9 is the comparison of the unsuppressed and
suppressed

137

Cs recorded after installation. Note the height of the Compton edge of the suppressed

spectrum as compared to the suppressed Compton edge in Figure 3-10. The spectra contained in
Figure 3-9 and Figure 3-10 were obtained using a button source which allows for an, ideal compact
geometry. The plug detector location was determined by the sample size and geometry of the spent
nuclear fuel container. The plug detector was placed as close to the sample as possible. For larger
samples, this compact, optimal geometry may not be passible and the plug detector will have to be
operated in the raised position. Adjustments to the plug to source distance lead to a reduction in the
height of the Compton edge and an overall increase in the suppression factor from 6.09:1 to 7.45:1.
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Figure 3-9. Initial performance measurement performed at installation in 2005 [26].
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Figure 3-10. Measurement of the performance measurements of the PSU-CSS using 137Cs after
adjustments to the source to plug detector distance and shaping time.

High count rate situations were also evaluated in the optimization of the system for the spent
fuel samples. High count rates lead to high values of dead time, in which the detector is saturated and
is not recording counts. In a Compton suppression system, high count rates also lead to a lowering of
the suppression efficiency. It has been reported that this effect is not reasonable to correct for [17].
Again, the MIP monitor is not aimed at determining the sample constituents based on their peak areas
and will instead use a multivariate analysis of the changes over the entire spectrum. Also, the MIP
monitor is to be deployed in reprocessing facilities measuring spent nuclear fuel.

The largest

contribution to the spectra is from 137Cs, which is conveniently a single gamma photon emitter.
The typical method to reduce dead time in gamma ray analysis using one detector is to
increase the distance between the sample and the radiation source.

However, the geometry of the

CSS complicates the problem. Moving the source away from the HPGe detector does lower the dead
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time, but it also lowers the Peak-to-Compton ratio allowing more scatter to register in the spectrum
because the solid angle of detection of the plug detector is reduced.
Figure 3-11 is a comparison between two measurements of a

137

Cs button source with the

same live time. In one measurement, a 1 inch plastic spacer is placed between the source and the
HPGe detector. In both cases the plug detector is as close as possible to the source.

The dead time

of the spectra collected with the spacer is 6%, but has a lower Peak-to-Compton ratio than the
measurement without the spacer. This is due to the fact that the source emits isotropically, therefore
more counts are recorded in the NaI detector that are not actually scattered photons which reduces the
height of the photopeak. Raising the plug detector another inch away from the source, while the
source is positioned 1 inch above the HPGe detector on the spacer lowers the dead time by less than
half a percent and lowers the Peak-to-Compton ratio by about 25.
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Figure 3-11. Comparison of 137Cs spectra collected with and without a 1 inch spacer between the source
and the HPGe detector.
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Chapter 4
Preliminary Experiments
Experiments were performed using the PSU-CSS to confirm the capability to predict spectra
using the Geant4 model. Due to current licensing restrictions, an actual spent fuel sample could not
be counted in the PSU- CSS. The license regarding the possession limits for the Radiation Science
and Engineering Center (RSEC) are in the process of being amended. In the meantime, a surrogate
source was constructed using check sources from the RSEC. The model of the Compton suppression
system was validated using an array of sources combined to mimic the attributes of a spent fuel
sample, i.e. a high 137Cs contribution and several small, low energy peaks.

4.1 Spent Fuel Sample
The radioactive spent fuel samples available for testing are segments of fuel assemblies
Approved Testing Material (ATM) 105 and 109, which are commercial fuel assemblies that were
stored for research purposes after completion of their last power cycle. The ATM-105 sample
consists of rods from two fuel assemblies which were in the reactor for a total of five cycles. The fuel
samples are comprised of two 7x7 fuel assemblies manufactured by General Electric in 1972 which
were obtained from the Copper River Power Plant. The initial enrichment of the rods was 2.94%.
The approximate burnup of segment P, 1.46 meters from the top of the rod, is 28.7 MWD/kgU. The
burnups range from 16 to 30 MWd/MTU and have been cooling for approximately 28 years at the
time of dissolution and measurement. The complete irradiation history of ATM-105 is shown in Table
4-1. The ATM-109 sample has an approximate burnup of 70 MWd/MTU and had been cooling for
approximately 17 years before dissolution and measurement. Its initial enrichment was also about
3%.
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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 brought back up in dilute nitric acid (0.5 molar). The samples
were also centrifuged to separate any un-dissolved material. The final sample was diluted to more
manageable activity levels and removed from the hot cell. Predicted activity values for the top 200
isotopes were generated using irradiation and decay calculations performed using ORIGEN-ARP and
were provided to Penn State normalized based on a 10µCi sample. The predicted activities are shown
for spent fuel sample ATM-109, as an example, in Appendix B. These activity values are used to
calculate the necessary dilution to meet waste regulations because it represents the „worst case
scenario‟ in terms of waste regulations due to its higher burnup.

Table 4-1. Irradiation history of ATM-105

Cycle

Average Reactor
Power (MW)

Startup

Shutdown

1
2
3
6
7

1500
1750
1750
2150
1750

07/04/74
11/16/76
10/18/77
06/08/80
06/08/81

09/17/76
09/17/77
03/31/78
04/20/81
05/21/82

Bundle Burnup (MWd/kgU)
CZ-346
CZ-348
ΔBU
Total ΔBU
Total
13.90
13.90 13.10
13.10
5.24
19.14
5.93
19.03
2.78
21.92
3.08
22.11
3.28
25.20
2.66
24.77
2.85
28.05
2.71
27.48

4.2 Surrogate Source
Using the composition list of dominant nuclides (in terms of activity) present in the spent fuel
samples generated by ORIGEN-ARP as a starting point, an abbreviated list was compiled of those
nuclides and photopeaks to mimic was compiled. Table 4-2 summarizes the nuclides‟ dominant
gamma ray emission energies as well as the source(s) used to mimic them. Gaseous elements such as
krypton were excluded from the abbreviated list because after dissolution, they would no longer be
present in the sample.
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Table 4-2. Comparison of nuclides present in the spent fuel samples with the spectral lines present in surrogate sources

Spent Fuel Isotope
147

Pm
151
Sm
239
Pu
155
Eu
234
Th
234
Pa
125
Sb
235
U
106
Rh
99
Tc
144
Pr
126
Sb
233
Pa

Prominent Energies (keV)
121
21
98, 103, 115, 116, 451
86.5, 105
63.3, 92.4, 92.8, 112
131, 152, 186
427, 463
143, 185, 205
873, 1050
89
696.5, 1489
414.8, 666.3, 695.0, 720.5, 856.7
312

Surrogate Source
152

Eu
U ore
155
152
Eu, Eu, & U ore
available
U ore
available
available
U ore(226Ra)
154
Eu & U ore
available
U ore
152
154
Eu, Eu, U ore, & 54Mn
U ore

Energies (keV)
121.78
lots of x-rays
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Figure 4-1 is image of the sources that comprise the surrogate. They include
154

Eu,

155

Eu,

234

Pa,

125

137

Cs,

152

Eu,

Sb, 99Tc, 54Mn, and uranium ore. In the lower right corner of Figure 4-1 is the

uranium ore.

Figure 4-1. Sources available at Penn State which were used to mimic the dominant lines present in the
sample of spent fuel.
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4.3 Results
The measured spectra from the CSS are shown in Figure 4-2 along with a spectra collected at
Pacific Northwest National Laboratory of an actual spent fuel sample using a stand-alone HPGe
detector. Each partitioned fuel sample is about 1 µCi in activity, which mainly from 137Cs. The
spectra are normalized to 1 so that they can be compared directly with one another. The contribution
from the extra spectral lines, those which are not present in the spent fuel sample but are present in
the surrogate sources mainly due to the 152Eu and 155Eu, drive up the higher energy portion of the
surrogate spectra. This extra contribution reduces the measured suppression factor by saturating the
detector and thereby increasing the dead time so that the coincidence gate remains open. While this
initial investigation shows that the use of Compton suppression will accentuate small peaks obscured
in a Compton continuum, it does not provide an accurate estimate of what the spectrum from a spent
fuel sample will look like. The measured peak-to-Compton ratio of the unsuppressed surrogate
spectrum was 45.12 and the suppressed spectrum was 218.70. This gives a suppression factor of
4.85. The modeled Compton edge was higher than the measured, with values of 28.76 and 34.58
peak-to-Compton edge ratios respectively and relative error of 16.8%. The results of these
calculations are summarized in Table 4-3.
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Figure 4-2. Comparison of gamma ray spectra collected with the PSU Compton Suppression system in
both normal and anti-coincidence mode of the surrogate source with a spectrum collected from a
standalone HPGe detector and a real sample of spent fuel.

Table 4-3. Summary of the calculation of suppression factor for 137Cs in the surrogate spent fuel source.
137

Cs Suppression Factor

Suppressed

Unsuppressed

Peak Amplitude

5,174,926

5,556,864

Continuum (358 keV to 382 keV)

23,660.63

123,190.0

Peak-to-Compton Ratio

218.7

45.12
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Chapter 5
Monte Carlo Modeling of Compton Suppression System
Monte Carlo mathematics arose out of the Manhattan Project at Los Alamos during the
development of atomic weapons [31]. Nuclear interactions and decay are stochastic processes that
are described in terms of probabilities instead of concrete predictions. For example, cross sections
and decay constants do not determine how one, individual particle will behave, but can estimate the
behavior of a large number of particles based on measured interaction rates.

Monte Carlo

calculations are performed in a similar way. They are an alternative method for solving problems that
are too complex to be handled deterministically. The term Monte Carlo was coined by its inventors
during the Manhattan Project because the method is based on random sampling.

5.1 Methodology
A model was first developed using the Monte Carlo N-Particle (MCNP) version X particle
transport code.

The motivation to pursue this method was from the positive results reported by

Scates et al. in their investigation of modeling Compton suppression with MCNPX with the new
features recently added to the code [8].

However, reported results only simulated uncomplicated

sources, such as 137Cs. After initial attempts to accurately model complex spectra using MCNP were
unsuccessful and GEANT4 was pursed instead.
The model has been validated with a variety of surrogate sources designed to mimic the spent
fuel samples.

The measured surrogate source data was presented in Chapter 4, Preliminary

Experiments
Typical methods for correcting a discrepancy between modeled and measured efficiency
include introducing a correction factor based on the incident photon energy or adjusting the thickness
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of the modeled dead layer and/or detector dimensions until the efficiency is correctly replicated [27].
In this study, the dead layer thickness in the model was optimized as best as possible and any further
shortcomings were corrected using an efficiency correlation equation.

5.2 Monte Carlo N-Particle (MCNP) Model
Initially, the transport code Monte Carlo N-Particle (MCNP) was utilized to estimate the
expected reduction in the Compton continuum. MCNP is a software package developed at Los
Alamos that utilizes Monte Carlo methods to simulate radiation transport. The code generates
particles as defined by the user and tracks their stochastic interactions with the medium to create
histories which estimate average particle behavior [32]. The results of each particle history are tallied
based on user definitions.
The geometry is defined as shown in Figure 4-1. The various colors correspond to differing
materials: blue is NaI(Tl), red is HPGe, cyan is the detector shielding, pink is aluminum, and mustard
yellow is air.
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Figure 5-1. Image of the detector geometry as defined in the MCNP model of the PSU-CSS.

Energy resolution was handled by the Gaussian energy broadening (GEB) option, which is a
special tally identifier found on the f8 tally card. The identifier allows the user to approximate the
detector energy resolution by specifying the measured characteristics of the detector. The card
requires three entries, the constants a, b, and c, for the fit found in Equation 4-1.

(4-1)
The FWHM as a function of energy was determined from a measured spectrum of five
sources (57Co,

137

Cs,

113

Sn, 54Mn, 65Zn). Genie 2000 Gamma Acquisition and Analysis software was
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used to determine the FWHM of each peak which is summarized in Table 5-1. The solver function of
the analysis tool pack in Excel was used to find the fit parameters using a least squares fit.
Table 5-1. Experimentally determined FWHM as a function of energy used to generate the Gaussian
Energy Broadening card.

Energy
122.1
136.5
391
661.7
834.8
1115

FWHM (keV)
1.594
1.623
1.817
2.16
2.332
2.567

0.003

0.0025

FWHM (MeV)

0.002

0.0015

Measured
Calculated

0.001
a = 0.001126534
b = 0.001267025
c = 0.001274291

0.0005

9E-18
0

0.2

0.4

0.6

0.8

1

1.2

-0.0005
Energy (MeV)

Figure 5-2. Least squares curve fit used to generate parameters for the Gaussian Energy Broadening
feature for the HPGe detector.

The anti-coincidence timing of the Compton suppression system was simulated using the FT8
special tally treatments card PHL modifier to the F8 tally. Aryaeinejad et. al. at Idaho National
Laboratory used this method to model LaCl3 and CZT detectors with NaI(Tl) guard detectors [10].
The tally card modeling the PSU-CSS read:
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c ###Tally Cards###
c
f8:e 1
$ HPGe pulse height
ft8 geb 0.0011265 0.0012670 0.00127429 $ HPGE FWHM
e8 0 1499i 1.5
$ 1-keV bins from 0 to 1.5 MeV
c
f18:e (2 3)
$ NaI(Tl) total pulse height tally
ft18 geb 0.0 0.05086 0.30486
$ NaI(Tl) FWHM
e18 0 1499i 1.5
$ 1-keV bins from 0 to 1.5 MeV
c
f6:e 1 $ energy deposition in HPGe
f16:e 2 $ energy deposition in NaI(Tl)
f26:e 3
c
f108:e 1
ft108 phl 2 16 1 26 1 1 6 1 geb 0.0011265 0.0012670 0.00127429
e108 0 1499i 1.5 $ 1-keV bins from 0 to 1.5 MeV
fu108 -1e-5 0.0010 8
c geb Simulates HPGe resolution
c phl Handles the anticoincidence

A comparison between the measured spectrum and the modeled spectrum in unsuppressed
detection mode is shown in Figure 5-3. The unsuppressed modeled spectrum closely matches that of
the actual PSU-CSS. The features that are missing from the spectrum are several sum peaks which
were not explicitly written into the model. This illustrates a crucial problem with using MCNP to
model a highly complex sample. Spectral features that are products of the detector and electronics
need to be written into the code. According to the MCNP manual, the tally energy bins accrue energy
deposited in a region over all the tracks of a history, not over all the histories. This limits the
predictive capabilities of the model.
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Figure 5-3. Comparison of the unsuppressed spectra measured using the PSU-CSS and modeled using
MCNP.

A comparison between the measured spectrum and the modeled spectrum operating in
suppressed detection mode is shown in Figure 5-4. The suppression of the 137Cs Compton continuum
is the easiest to view the shortcomings. The back edge of the continuum has approximately the right
amplitude, but suppression of the backscatter peak is not complete. This is likely due to problems
coupling the plug and annulus spectra before suppression. Also, there is a gap between the modeled
and measured spectra before the continuums of the 57Co peaks and the

137

Cs peak. This effect was

also present in the unsuppressed spectra. Since the effect is in the reduction of scattered photons, it
may be due to lack of appropriate statistics.
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Figure 5-4. Comparison of the suppressed spectra generated by the MCNP model and the PSU-CSS.
Note the features in the modeled spectrum above 800 keV are a result of insufficient histories tracked.

Changes to the PHL command bin structure may be the solution to the inaccurate suppression
shown in the model. Specifically, the FUbin card specifies the bin structure of the PHL coincidence
tally, but it does not take the form of the standard F8 tally. The results of the PHL tally are reported
using the same bin structure as the F8 tally (in this case from 0 to 3000 in increments of 1keV) while
the FU8 bin adds additional tallies in the intervals specified. It is unclear whether it is an energy bin,
as in the F8 bin structure that the FU8 bins are linked to, or a timing bin but experiments with
differing bin structures indicate that it is likely not an energy binning structure. Figure 5-5 shows the
results of the experiments performed. The standard F8 tally was compared to FU8 bins in increments
of powers of 10. The results show that the 0.001 bin suppressed the middle of the Compton
continuums, but let the edges untouched. Neither of the next two bins, 0.01 and 0.1, recorded a
significant number of counts so it is difficult to determine what interactions are occurring or being
suppressed. The shape of the 10 FU8 bin resembles the appropriate shape of the Compton suppressed

spectra, but the count rate falls off after the

137
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Cs 661.7 keV for no apparent reason. If work with

MCNPX were continued, more investigation into the behavior of the FU8 timing bins would be
necessary.

Figure 5-5. Results of FU8 bin testing. Counts were tallied into bins in increments of powers of 10. The standard F8
tally was included for comparison. It is identical to the FU8 Total bin.

Although the simulated results were promising, the model run time required upwards of 48
hours to achieve minimally appropriate statistics, as can be seen in the energy region about 800 keV
in Figure 5-4. MCNP is also unable to predict the summing of peaks which would occur in a real
detector if two photons interact in coincidence. Due to the complexity of the spent fuel samples, it
was not feasible to predict a measured spectrum without accounting for the presence of summing
effects. The long run time and lack of predictable output led to a change in simulation packages.
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5.3 Geant4 Model
The simulation toolkit Geant4, for GEometry ANd Tracking, was utilized to predict the
expected spectrum and to estimate the expected reduction in the Compton continuum. Geant4 is a
Monte Carlo-based technique for simulating particle transport through matter, written in object
oriented C++ programming language [33]. It was originally developed at CERN to model high
energy accelerator physics and collisions, although low energy libraries have now been established.
Future work can use this model in the development of detector and shielding configurations
optimized for use in a commercial reprocessing facility.
Version 4.9.4 patch 01 was utilized for the simulation. The physics processes include every
step in the particle detection process. It allows definition of the geometry and materials present in the
system, the generation of source particles and their interactions to create secondary particles, as well
as the detector response [33].

Physics lists utilized in this simulation are the G4EMLOW6.2,

G4PhotonEvaporation2.1, and RadioactiveDecay3.3. These packages are available from the Geant4
Collaboration Installation page at: http://geant4.web.cern.ch/geant4/support/download.shtml.
The model formulated here is based on the second Radioactive Decay example, rdecay02,
provided with the Geant4 installation package. The initial geometry was constructed using a model
developed by Dagistan Sahin of a similar HPGe detector and then merged with the Radioactive Decay
example provided with the Geant4 software package [34]. Mr. Sahin‟s model was edited based on
the Extended Example for Radioactive Decay, exRDM, also provided with the Geant4 installation
package. The HPGe and NaI(Tl) detectors as well as the shielding and cryostat configuration are
defined in exrdmDetectorConstruction.cc shown in Appendix B. The physics processes are defined
in the file PhysicsList.cc, which includes the photoelectric effect, Compton scattering, pair
production, Raleigh scattering for gamma rays, multiple scattering, ionization, Bremsstrahlung, and
annihilation for electrons and positrons.
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The HPGe detector geometry is based on the values provided by the vendor given in Table
3-1. It is a Canberra detector model GR5022 with a cryostat model 7500SL. The detector is a reverse
electrode closed end coaxial geometry. Figure 5-6 is a graphic representation of the primary HPGe
detector modeled in two pieces. It consists of the open cylinder portion (shown in red) and the solid
cylinder portion in cyan and white. The green and gray cylinders represent the aluminum casing and
detector window. Figure 5-7 is a view of the HPGe detector surrounded by the NaI(Tl) guard and
plug detectors. The guard detector is shown by the cyan cylinder and the plug detector is the gray to
the left of the HPGe detector. Figure 5-8 is the image of the entire Compton Suppression System
geometry complete with the shielding layers.
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Figure 5-6. Geant4 model of HPGe primary CSS detector.
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Figure 5-7. HPGe detector surrounded by the NaI(Tl) guard detectors and the NaI(Tl) plug (in
white) modeled in Geant4.
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Figure 5-8. Geant4 model of the Compton Suppression detectors and lead shielding cave.

5.3.1 Source Definitions
Source definitions were provided using a text file read by the model. Geant4 only requires
the nuclide name and isotope number to retrieve the decay data from the libraries. The User Interface
package allowed only the isotope and activity to be defined, and the Geant4 databases provided the
gamma ray energies and emission rates. The source input text is included in Appendix A.
Complex source lists of modeled spent fuel samples were generated using irradiation and
decay calculations performed using ORIGEN-ARP and a Matlab script to convert the output files to a
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format recognized by Geant4. In ORIGEN, the Express Form was used to define fuel parameters,
burnup, irradiation pattern, cooling time, and enrichment. The modeled fuel samples were based on
the parameters of the ATM fuel samples, which are defined in Chapter 4.1. The modeled fuel was
irradiated for 5 cycles and cooled for 28 years. The PlotOPUS function provides user specified
output for displaying the results. Here, the decay and activity information was queried for the 200
most active nuclides in the samples and used as the source definition for Geant4. Gaseous elements
were removed from the source term as they would have been released from the solid fuel matrix at
dissolution. The model has been compared to the dissolved spent fuel sources since the actual MIP
detector will be measuring a spent fuel processing stream.

5.3.2 Anti-Coincidence Spectral Gating
Initial attempts at suppressing the spectra based on anticoincidence have not yet been
successful. The tracker function as it is written does not have the capability to track the time incident
particles interact in the detector. With the inclusion of the second Radioactive Decay, rdecay02,
example provided with the Geant4 installation tool-kit, relative timing may be available and could
possibly be used to gate the spectra. However, based on recommendations from scientists at Pacific
Northwest National Laboratory, one option would be to write a script external to Geant4 to handle the
suppression in post-processing. Post processing has also been utilized in experimental systems now
that computers are more able to handle the extensive computational load. Another suggested method
of applying the anti-coincident timing gate to the model is by utilizing the Run-and-Event example
and two individual trackerSD commands for each detector. Using the relative time of each event
within a track, a suppressed spectra could be generated. The actual pulse rejection gate can be
implemented using the EventAction class and the relative interaction time for each particle track.
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An alternate application of the Geant4 model being developed would be to apply the external
script directly to the experimental data collected by the PSU- CSS. This would require an addition of
digital system running in parallel with the analog setup, but may be the solution to efficiency
calibration problems of cascade emitting sources.

5.4 Results
The HPGe and NaI(Tl) detectors were each validated using the same measured spectra from
the PSU-CSS which was used for the MCNP validation. Figure 5-9 contains the modeled results of
the five calibration sources (137Cs, 57Co, 113Sn, 54Mn, and 65Zn) showing both the HPGe and NaI(Tl)
detector responses. The energy and FWHM calibration were input into the Geant4 model to produce
the correct output spectra. The measured efficiency calibration was achieved by adjusting the dead
layer thickness of the detector.
Figure 5-9 utilizes the GammaReader.rtf file that passes the nuclide identification
information and activity to the general particle source (gps) individually and runs them sequentially in
a sort of “batch mode”. It should be noted that Figure 5-9 does not contain sum peaks at 691 keV or
783 keV which are evident in the measured PSU-CSS spectrum shown in Figure 5-3.
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Figure 5-9. Modeled HPGe and NaI(Tl) gamma ray spectra of the five calibration sources generated
using the batch mode particle source. Note the x-ray peak present in the NaI(Tl) spectrum as well as the
small peak at the same location in the HPGe detector.

An adjustment was made to the particle generating method that allowed the model to simulate
accidental coincidences. After the adjustment, the nuclide information was passed to the model using
a macro which is called when the model is executed, where each nuclide is added to the isotope list
using the command /gps/source/add. Then the /run/beamOn command was executed once with the
number of particles to decay. Figure 5-10 shows the resulting spectra complete with sum peak present
at 783 keV. However, this method required a much longer run time even though the same number of
histories was used.
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Figure 5-10. Comparison between the Geant4 modeled five source spectra, this time generated using the
second method of decaying source described above. Note the presence of the sum peak at 783 keV. Also
note, the lack of counts recorded in the HPGe detector as compared to Figure 5-9.

A comparison between the Geant4 modeled and measured HPGe spectra alone is shown in
Figure 5-11. There is evidence of a sum peak at 783 keV which corresponds with a line in the
measured spectra. Based on the sources included in the sample, it is most likely that this peak is an
accidental coincidence between the 137Cs 661.7 keV and the 57Co 122 keV peaks. It appears that with
a great enough number of particles run, Geant4 will handle accidental coincidence. Energy
deposition in a detector modeled in Geant4 is recorded using the track and step algorithms. G4Track
is a record of the final status of a particle after the completion of a series of steps, but the tracks
themselves are recorded sequentially without reference to one another [35]. To produce the spectrum
in Figure 5-11, all nuclides were added to the isotopes list and then decayed at once, with one
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/run/beamOn/ command to the User Interface. The NaI(Tl) spectrum shown in Figure 5-14 also shows
an interesting feature at 1022 keV that demonstrates the Geant4 model‟s ability to handle accidental
coincidence interactions. The 1022 keV peak is the result of summing within the detector which
occurs when both annihilation photons interact within the detector. In the PSU-CSS, this type of
interaction is much more likely due to the annulus geometry. Figure 5-12 and Figure 5-13 are a
magnified view of the spectra shown in Figure 5-11. The FWHM has been accurately simulated.

Figure 5-11. Comparison between the HPGe spectra from Geant4 and the PSU-CSS. Spectra are
normalized to more easily compare spectra while modeling fewer particles.
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Figure 5-12. Measured and Geant4 modeled 137Cs spectra showing the 661.7 keV peak magnified.
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Figure 5-13. Measured and Geant4 modeled spectra of the five calibration sources magnified to show the 54Mn 834
keV. Also shown in the 783 keV sum peak from the 122 keV 57Co line and the 661.7 137Cs line.
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Figure 5-14. Comparison between the Geant4 modeled NaI(Tl) spectrum and the PSU-CSS measured
NaI(Tl) spectrum. The presence of the x-ray peak is much more evident than in the HPGe spectra. A
sum peak of the pair production annihilation photons is present at 1022 keV.

Figure 5-15 is a comparison between the Geant4 modeled spectrum and the PSU-CSS
measured spectrum of the surrogate source. There are discrepancies in some of the peak heights of
nuclides present in the uranium ore. Since the uranium ore sample is very old and has decay through
many half-lives, it was necessary to enter each nuclide in the decay chain individually to correctly
adjust the peak heights. Since the exact disintegration rate of each individual nuclide was not
calculated precisely, they were estimated. Regardless, there is good agreement in the Compton
continuum region and in the location and FWHM of the peaks. Table 5-2 summarizes the calculation
of the Peak-to-Compton, Peak-to Compton Edge, and Peak Area-to-Compton Area ratios of the
spectra in Figure 5-15. The Geant4 modeled spectrum has a peak-to-Compton ratio of 45.44
compared to the measured value of 45.12. The relative error is 0.7%. However, there are too many
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counts in the higher energy edge of the 137Cs Compton continuum. The location and height of the
Compton edges matched in the comparison of the five source spectra in Figure 5-11. The „mint
date‟ is not provided with all of the calibration button sources, so an estimation of their current
activity had to be made. Also, since the uranium ore used is very old and the decay products have
reached equilibrium, each nuclide present in the decay chain had to be specified. The Peak Area-toTotal Area was found to be 0.105 for the modeled spectra and 0.120 for the measured spectra. The
relative error is 12.4%. The discrepancy is likely due to a small amount of tailing present in the
measured HPGe spectrum. This feature will be added to the model before the next round of
validation.

Figure 5-15. Comparison between the PSU-CSS measured and the Geant4 modeled surrogate spectra.
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Table 5-2. Comparison between the measured and modeled peak-to-Compton, Peak-to-Edge, and Peak Area-to-Total
Area ratios of the spectra found in Figure 5-15.

Performance Measurements

Modeled

Real

Peak Amplitude

20,160

5,556,864

Continuum (358 keV to 382 keV)

443.65

123,190.0

Peak-to-Compton Ratio

45.44

45.12

Peak Amplitude

20,160

5,556,864

Compton Edge

701

160,167

Peak-to-Edge Ratio

28.76

34.58

Peak Area

132347.23

1260532

Total Area

55407257.46

462342430

Peak Area-to-Total Area

0.105

0.120

The measured, unsuppressed HPGe detector efficiency was compared with the modeled
efficiency. The model was initially built using the manufacturer‟s specifications with a dead layer
thickness of 0.7 millimeters. The comparison between the modeled and measured detection absolute
efficiency results are shown in Figure 5-16. The thickness of the dead layer was then adjusted in the
detector construction source file in the model to reflect the measured efficiency of the detector. This
was done iteratively until an accurate dead layer thickness was identified.

This is shown in Figure

5-17. The dead layer thickness that best fit the measured efficiency was 4.2 mm.
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Figure 5-16. Comparison between the measured efficiency calibration and the modeled calibration
generated when the manufacture’s stated dead layer thickness of 0.7 mm was used in the detector
construction.

67

Figure 5-17. Comparison between the measured efficiency calibration and the modeled calibration when
the dead layer was increased to 4.2 mm.

In summary, the HPGe and NaI(Tl) PSU-CSS detectors have been accurately modeled using
the Geant4 simulation package. The energy and efficiency behavior of the detectors has been
accounted for in the model. The efficiency of the detector was adjusted using the modeled thickness
of the detector and was found to be 4.2 mm. Good agreement was found between the measured
surrogate spectrum and the Geant4 modeled spectrum with peak-to-Compton ratio values of 45.44
and 45.12 respectively. More computing power will improve the statistics of the model and will all
for more isotopes to be included in the source term.
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Chapter 6
Conclusion

6.1 Summary of Research
The safeguards verification, material control, and accountability requirements of a
reprocessing facility are costly and time consuming because they mainly rely on destructive analysis.
With the growth occurring in the nuclear industry and the possibility of closing the fuel cycle by
embracing fuel recycling, the number of reprocessing facilities is likely to grow. Due to the shielding
requirements and subsequent access limitations of a facility, safeguard tools like a process monitor
must be unattended systems capable of parsing data to manageable, easily intelligible results. The
Multi-Isotope Process monitor is non-destructive and autonomous system which can detect subtle
changes in the process stream variants such as burnup, acid concentration, temperature, etc. using the
distribution of gamma emitting radionuclides and multivariate analysis techniques. The work
presented in this study focused on the efficacy of incorporating a Compton suppression approach into
the MIP design in order to resolve more photopeaks from the aqueous stream where 137Cs dominates
the spectra.
The MIP system relies on gamma ray spectra collected at of the process stream and uses the
change in detected photopeaks to determine process variables with multivariate analysis. Due to the
dominate contribution to the gamma ray spectra of the aqueous stream from 137Cs, smaller peaks are
masked which could be utilized by the multivariate methods and potentially improve the analysis.
Methods to reduce the Compton continuum and uncover smaller peaks were sought. Compton
suppression is one method that can be used to achieve this goal.
Though spent fuel samples were available at PNNL, PSU was not able to count them due to
the existing isotope possession license restricting the receipt of plutonium. Instead, a modeling
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solution was sought which would benefit both PSU and PNNL. Since the PSU-CSS is also used for
trace nuclide identification and quantification, a model would enable for predicted output spectra
based on the sample activity as well as generation of cascade decay peak loses due to the Compton
suppression anticoincidence gating.

Two Monte Carlo models were developed to predict the

expected spectrum and to estimate the expected reduction in the Compton continuum. Initially, the
transport code Monte Carlo N-Particle (MCNP) was utilized. The final model of the Penn State CSS
was developed in Geant4. A first attempt at the model was made using the code MCNPX. Though
results were promising, lack of spectral summing, which is important when predicting spectra from
highly complex samples, drove the choice to change software packages. The detector geometry and
shielding model are complete. Validation measurements were performed using the Penn State system
and a collection of sources chosen to mimic the gamma ray emission lines of spent fuel. The
appropriate dead layer thickness of the Penn State HPGe detector was determined using the Geant4
model.
A Geant4 model of the Penn State Compton Suppression System is in development with
which to verify the ability to model anticoincidence spectral gating. Due to the high cost and limited
availability of spent fuel samples, once validated, the model will be used to predict spectra from a
range of spent fuel samples for system testing purposes. Though initially successful using MCNPX,
deficiencies in handling complex source terms led to a change to using Geant4. The geometry of the
Penn State Compton Suppression System has been modeled optimized. The modeled dead layer
thickness was optimized using the measured efficiency calibration of the Penn State system.
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6.2 Conclusions
The first stage of a Geant4 model of the PSU-CSS has been constructed and validated. Issues
simulating the accidental coincidence peaks have been realized, but an increase in computing power
will improve the spectra. Accidental coincidence peaks missing from a modeled spectrum due to
computing statistics are not an issue for calculating cascade decay losses and applying them to trace
nuclide identification, since only true peaks are of interest. However, they are useful in the MIP
multivariate analysis technique. The more peaks that can be resolved, the more accurate the analysis
is, no matter where the peaks originate.
The Geant4 model constructed may be used in conjunction with the Activity Predictor
software developed by Dagistan Sahin for the Penn State Radiation Science and Engineering Center
to predict spectra from irritated samples. It was found that a large numbers of particles must be
simulated to produce accidental coincidence peaks. Compton scattered photons can be removed
from the spectra using the relative time for each step within each individual track. The detector
efficiency was adjusted to match the PSU-CSS by making changes to the dead layer thickness.
The validation of the individual detectors (both the primary detector and guard array) has
been completed. The next step is to add the Compton suppression functionality to the model. This
may also be performed outside of the Geant4 code in the same manner as post processing list mode
data or from within Geant4 using the Run-and-Event example. Once the model has been effectively
validated using the PSU-CSS, it can be modified to meet the MIP monitor program‟s needs and
simulate spectra from spent fuel, to reduce the need of very costly and time consuming spent fuel
dissolution, separation and counting. It may also be used as a basis for a model that would be used to
design and optimize the shielding geometry necessary for operation in a reprocessing facility.
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6.3 Future Work
The first stage of this work was to validate the detector model in unsuppressed operation.
Now that the detector response function and efficiency have been validated, the anticoincidence gate
timing gate will be added. This addition will require another validation. Initial validation has been
performed using a collection of sources to mimic the gamma ray spectra of spent nuclear fuel. An
amendment is underway regarding the University‟s isotope possession license, which will allow for
spent fuel samples prepared at Pacific Northwest National Laboratory to be counted in the Penn State
Compton Suppression System to perform further validation. Once the model has been effectively
validated using the commercially available system, it can be modified to meet the MIP monitor
program‟s needs and simulate spectra from spent fuel, instead of relying on the very costly and time
consuming process of dissolution and counting.
Room temperature, high-resolution detectors such as cadmium-zinc-telluride (CZT) and
lanthanum bromide (LaBr3) have been developed in response to growing homeland security needs for
a more robust detector [25]. Since the goal of the MIP monitor will require its installation behind the
biological shield of a reprocessing facility, robust room temperature detectors would be more ideal for
the application than the cooling requirements and sensitivity of HPGe. A 10x10x10mm eV-Products
coplanar grid CZT detector and a 1.5”x1.5” LaBr3 detector are available at PNNL for measurement of
spent fuel samples. Once the Geant4 model of the PSU-CSS is validated, the model can be adjusted
and applied to whatever detector material is ultimately chosen for the MIP system. Using the spectra
collected at PNNL, the new model can be validated and simulated spectra from the model can be used
to test the system. Also, shielding configurations may be evaluated with the model before the final
detector package is built. Because dissolution and measurement of real spent fuel samples is time
consuming, expensive, and limited, a validated model of the MIP system would provide another
avenue for testing and optimization.
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Modeling of the charge collection processes in CZT is especially challenging due to
incomplete charge collection caused by poor hole transport [25], [36]. Instead of a uniform Gaussian
peak, non-uniform charge collection affects the spectra by broadening the tail on the low energy side
of the peak. Charge collection effects which alter the shape of a peak are referred to as ballistic
deficit effects [37]. Electromagnetic field modeling is included in Geant4 and may be used to
simulate the unique charge collection. Also, the effects may be artificially introduced using the
FWHM simulation algorithm in the Sensitive Detector definition portion of the Geant4 model.
Lanthanum bromide is also challenging due to the material‟s self-activity from trace amounts of
138

La, which decays by internal conversion and beta emission producing photons at 788.7 and 1435.8

keV [20][38]. Neither detector is affected by the efficiency correlation issue experienced by HPGe
detectors, so a detailed profile of the dead layer as described in Chapter 4 and Chapter 5 is not
required.
Also, a possibility exists to improve the efficiency calibration of the existing PSU-CSS. As
explained in Chapter 3, accurate efficiency calibration of suppression spectrometers is difficult when
using sources which decay in cascade through the emission of multiple photons. The system is
designed to remove all coincident interactions between the HPGe and the NaI(Tl) guard detectors
regardless of the energies involved. Instead of suppressing the spectrum based on gating signals,
separate signals could be collected simultaneously and post processed, possibly in near real time, with
a simple code. In this way, accidental coincidence of simultaneously emitted photons will not be
removed from the photopeaks of cascade emitters allowing for more accurate quantification with
suppression enabled.
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Appendix A
Geant4 Model
Main Class
//
// ********************************************************************
// * License and Disclaimer
*
// *
*
// * The Geant4 software is copyright of the Copyright Holders of *
// * the Geant4 Collaboration. It is provided under the terms and *
// * conditions of the Geant4 Software License, included in the file *
// * LICENSE and available at http://cern.ch/Geant4/license . These *
// * include a list of copyright holders.
*
// *
*
// * Neither the authors of this software system, nor their employing *
// * institutes,nor the agencies providing financial support for this *
// * work make any representation or warranty, express or implied, *
// * regarding this software system or assume any liability for its *
// * use. Please see the license in the file LICENSE and URL above *
// * for the full disclaimer and the limitation of liability.
*
// *
*
// * This code implementation is the result of the scientific and *
// * technical work of the GEANT4 collaboration.
*
// * By using, copying, modifying or distributing the software (or *
// * any work based on the software) you agree to acknowledge its *
// * use in resulting scientific publications, and indicate your *
// * acceptance of all terms of the Geant4 Software license.
*
// ********************************************************************
//
#include "G4RunManager.hh"
#include "G4UImanager.hh"
#include "G4Timer.hh"
#include "exrdmDetectorConstruction.hh"
#include "exrdmPhysicsList.hh"
#include "exrdmEventAction.hh"
#include "exrdmRunAction.hh"
//#include "exrdmSteppingAction.hh"
#include "exrdmPrimaryGeneratorAction.hh"
//#include "exrdmAnalysisManager.hh"
#include "Randomize.hh"
#include "InputReader.hh"
#ifdef G4VIS_USE
#include "G4VisExecutive.hh"
#endif
#ifdef G4UI_USE
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#include "G4UIExecutive.hh"
#endif
int main(int argc,char** argv)
{
G4Timer timer;
timer.Start();
// random engine
CLHEP::HepRandom::setTheEngine(new CLHEP::RanecuEngine);
// Construct the default run manager
G4RunManager* runManager = new G4RunManager;

//

// Creation of the analysis manager
exrdmAnalysisManager::getInstance();
// set mandatory initialization classes
exrdmDetectorConstruction* Detector = new exrdmDetectorConstruction;
runManager->SetUserInitialization(Detector);
exrdmPhysicsList* exrdmPhysicsList1 = new exrdmPhysicsList();
exrdmPhysicsList1->SelectPhysicsList("Standard_EM");
//runManager->SetUserInitialization(new exrdmPhysicsList);
runManager->SetUserInitialization(exrdmPhysicsList1);

// set mandatory user action class
runManager->SetUserAction(new exrdmPrimaryGeneratorAction);
// runManager->SetUserAction(new exrdmRunAction);
runManager->SetUserAction(new exrdmEventAction);
//runManager->SetUserAction(new exrdmSteppingAction);
#ifdef G4VIS_USE
// visualization manager
G4VisManager* visManager = new G4VisExecutive;
visManager->Initialize();
#endif
// Initialize G4 kernel
// do this at run time so the geometry/physics can be changed
runManager->Initialize();
// get the pointer to the User Interface manager
G4UImanager* UImanager = G4UImanager::GetUIpointer();
if (argc == 1)
// Define UI session for interactive mode.
{
#ifdef G4UI_USE
//G4UIExecutive* ui = new G4UIExecutive(argc, argv);
//ui->SessionStart();
//delete ui;
#endif
}
else
// Batch mode
{
/*UImanager->ApplyCommand("/vis/open OGLSWin32");
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UImanager->ApplyCommand("/vis/viewer/set/viewpointThetaPhi 45 0"); //rotate the
detector visualization
UImanager->ApplyCommand("/vis/viewer/set/background black");
UImanager->ApplyCommand("/vis/drawVolume");
//UImanager->ApplyCommand("/vis/viewer/flush");
UImanager->ApplyCommand("/vis/scene/add/trajectories");
UImanager->ApplyCommand("/vis/modeling/trajectories/create/drawByCharge");
UImanager->ApplyCommand("/vis/modeling/trajectories/drawByCharge0/default/setDrawStepPts true");
UImanager->ApplyCommand("/vis/modeling/trajectories/drawByCharge0/default/setStepPtsSize 4");
*/
G4String command = "/control/execute ";
G4String fileName = argv[1];
UImanager->ApplyCommand(command+fileName);
InputReader reader;
reader.readInput();
while(reader.getNextIsotope()){
Isotope isotope=reader.getIsotope();
G4cout<<"running " << isotope.getName() << "
"<<(isotope.getStrength()) <<" "<< isotope.getIsotopeText()<< G4endl;
UImanager->ApplyCommand(isotope.getIsotopeText());
G4cout<<"called UI get text"<< G4endl;
UImanager->ApplyCommand(isotope.getStrength());
G4cout<<"called UI get strength"<< G4endl;
}
// Efficiency Calibration Method
Source* gen_action = new Source(detector);
runManager->SetUserAction(gen_action);
//Source dimensions
gen_action->setWidth(10);
gen_action->setHeight(10);
for ( i = 0; i < 12; i++) {
gen_action->setGammaEnergy(i*100000); // 100 kev energy
runManager->BeamOn(10000); //10000 particles at this energy
}
}
timer.Stop();
G4cout<<"Real time passed: "<< timer.GetUserElapsed() << G4endl;
// job termination
#ifdef G4VIS_USE
//delete visManager;
#endif
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//exrdmAnalysisManager::dispose();
delete runManager;
return 0;
}
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Detector Construction
//
// ********************************************************************
// * License and Disclaimer
*
// *
*
// * The Geant4 software is copyright of the Copyright Holders of *
// * the Geant4 Collaboration. It is provided under the terms and *
// * conditions of the Geant4 Software License, included in the file *
// * LICENSE and available at http://cern.ch/Geant4/license . These *
// * include a list of copyright holders.
*
// *
*
// * Neither the authors of this software system, nor their employing *
// * institutes,nor the agencies providing financial support for this *
// * work make any representation or warranty, express or implied, *
// * regarding this software system or assume any liability for its *
// * use. Please see the license in the file LICENSE and URL above *
// * for the full disclaimer and the limitation of liability.
*
// *
*
// * This code implementation is the result of the scientific and *
// * technical work of the GEANT4 collaboration.
*
// * By using, copying, modifying or distributing the software (or *
// * any work based on the software) you agree to acknowledge its *
// * use in resulting scientific publications, and indicate your *
// * acceptance of all terms of the Geant4 Software license.
*
// ********************************************************************
//
#include "exrdmDetectorConstruction.hh"
#include "exrdmDetectorMessenger.hh"
//#include "exrdmDetectorSD.hh"
#include "ExN02TrackerSD.hh"
#include "G4UImanager.hh"
#include "G4Tubs.hh"
#include "G4Polycone.hh"
#include "G4LogicalVolume.hh"
#include "G4PVPlacement.hh"
#include "G4SDManager.hh"
#include "G4Region.hh"
#include "G4RegionStore.hh"
#include "exrdmMaterial.hh"
#include "G4VisAttributes.hh"
#include "G4Colour.hh"
#include "G4ios.hh"
#include <sstream>
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo......
exrdmDetectorConstruction::exrdmDetectorConstruction()
:solidWorld(0), logicWorld(0), physiWorld(0),
solidTarget(0), logicTarget(0), physiTarget(0),
solidDetector(0),logicDetector(0),physiDetector(0),
TargetMater(0), DetectorMater(0),
fWorldLength(0.)
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{
detectorMessenger = new exrdmDetectorMessenger(this);
DefineMaterials();
fDetectorThickness = 2.* cm;
fTargetRadius = 0.01 * cm;
fDetectorLength = 5.8 * cm;
fDetectorRadius = 2.9 *cm;
fTargetLength = 0.01 * cm;
//--------- Sizes of the principal geometrical components (solids)
fWorldLength = 10. *m;
fWorldRadius = 10. *m;
}

---------

//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo......
exrdmDetectorConstruction::~exrdmDetectorConstruction()
{
delete detectorMessenger;
}
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo......
void exrdmDetectorConstruction::DefineMaterials()
{
//--------- Material definition --------materialsManager = new exrdmMaterial();
// Lead
materialsManager->AddMaterial("Lead","Pb",11.3*g/cm3,"");
//Germanium
materialsManager->AddMaterial("Germanium","Ge",5.323*g/cm3,"");
//Dead Germanium
materialsManager->AddMaterial("DeadGermanium","Ge",5.323*g/cm3,"");
//CsI
materialsManager->AddMaterial("CsI","Cs-I",4.51*g/cm3,"");
//NaI(Tl)
materialsManager->AddMaterial("NaI(Tl)", "Na-I", 3.67*g/cm3, "");
//Aluminium
materialsManager->AddMaterial("Aluminum", "Al", 2.70*g/cm3, "");
//Kapton
materialsManager->AddMaterial("Kapton", "H-C-N-O", 1.42*g/cm3, "");
//Tin
materialsManager->AddMaterial("Tin", "Sn", 5.769*g/cm3, "");
//Copper
materialsManager->AddMaterial("Copper", "Cu", 8.94*g/cm3, "");
// G4cout << G4endl << "The materials defined are : " << G4endl << G4endl;
// G4cout << *(G4Material::GetMaterialTable()) << G4endl;
DefaultMater = materialsManager->GetMaterial("Air");
TargetMater = materialsManager->GetMaterial("Air");
DetectorMater = materialsManager->GetMaterial("Germanium");
DetectorDLMater = materialsManager->GetMaterial("DeadGermanium");
GuardDetectorMater = materialsManager->GetMaterial("NaI(Tl)");
DetectorAlCoverMater = materialsManager->GetMaterial("Aluminum");
LeadCanMater = materialsManager->GetMaterial("Lead");
TinCanMater = materialsManager->GetMaterial("Tin");
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CopperCanMater = materialsManager->GetMaterial("Copper");
}
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo......
G4VPhysicalVolume* exrdmDetectorConstruction::Construct()
{
//--------- Definitions of Solids, Logical Volumes, Physical Volumes --------//--------- Sizes of the principal geometrical components (solids) --------fWorldLength = std::max(fTargetLength,fDetectorLength);
fWorldRadius = fTargetRadius + fDetectorThickness;
G4double startAngleOfTheTube = 0.*deg;
G4double spanningAngleOfTheTube = 360.*deg;
fDetectorThickness = 2.* cm;
fTargetRadius = 0.01 * cm;
fDetectorLength = 58.5 * mm;
fDetectorRadius = 2.9 *cm;
fTargetLength = 0.01 * cm;
G4double
G4double
G4double
G4double
G4double
G4double
G4double
G4double

innerRadiusOfTheCrystal=0.0*mm;
outerRadiusOfTheCrystal=29.0*mm;
deadLayerThickness=0.5*mm;
thicknessOfTheCrystal=58.5*mm;
coreHoleRadius=4.25*mm;
coreHoleDepth=44*mm;
detectorAlBaseHeight=17.31*cm;
thicknessOfTheTop=14.5*mm;

//-----------------------------// World
//-----------------------------solidWorld= new G4Tubs("world",0.,2. *m,1. *m,0.,360.*deg);
logicWorld= new G4LogicalVolume( solidWorld, DefaultMater, "World", 0, 0, 0);
// Must place the World Physical volume unrotated at (0,0,0).
//
physiWorld = new G4PVPlacement(0,
// no rotation
G4ThreeVector(), // at (0,0,0)
logicWorld,
// its logical volume
"World",
// its name
0,
// its mother volume
false,
// no boolean operations
0);
// no field specific to volume
logicWorld->SetVisAttributes(G4VisAttributes::Invisible);
//-----------------------------// Target
//-----------------------------G4ThreeVector positionTarget = G4ThreeVector(0,0,thicknessOfTheCrystal/2

*cm);

solidTarget = new G4Tubs("target",0.,fTargetRadius,fTargetLength/2.,0.,360.*deg);
logicTarget = new G4LogicalVolume(solidTarget,TargetMater,"Target",0,0,0);
physiTarget = new G4PVPlacement(0,
// no rotation
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positionTarget,
logicTarget,

// at (x,y,z)
// its logical volume

"Target",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* TargetAttributes = new G4VisAttributes(G4Colour(1.,0.,1.));
logicTarget->SetVisAttributes(TargetAttributes);
//-----------------------------// Detector Dead Layer: defined as outside of the detector
//-----------------------------G4ThreeVector positionDetectorDL = G4ThreeVector(0,0,0);
G4double IRDL[4] = {coreHoleRadius, coreHoleRadius, 0., 0.};
G4double ORDL[4] = {outerRadiusOfTheCrystal, outerRadiusOfTheCrystal,
outerRadiusOfTheCrystal, outerRadiusOfTheCrystal};
G4double ZDL[4] = {-thicknessOfTheCrystal/2, -thicknessOfTheCrystal/2 +
coreHoleDepth/2, -thicknessOfTheCrystal/2 + coreHoleDepth/2, thicknessOfTheCrystal/2};
solidDetectorDL = new
spanningAngleOfTheTube,
logicDetectorDL = new
"DetectorDL",0,0,0);
physiDetectorDL = new

G4Polycone("DetectorDL", startAngleOfTheTube,
4, ZDL, IRDL, ORDL);
G4LogicalVolume(solidDetectorDL ,DetectorDLMater,
G4PVPlacement(0,
// no rotation
positionDetectorDL, // at (x,y,z)
logicDetectorDL,
// its logical volume

"DetectorDL",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* DetectorDLAttributes = new G4VisAttributes(G4Colour(1.,0.,0.));
logicDetectorDL->SetVisAttributes(DetectorDLAttributes);
//-----------------------------// Detector: defined as inside the detector by the thickness of the dead layer
//-----------------------------G4ThreeVector positionDetector = G4ThreeVector(0,0,0);
DeadLayerThickness = 0.7 *mm;
G4double IR[4] = {coreHoleRadius + DeadLayerThickness, coreHoleRadius +
DeadLayerThickness, 0., 0.};
G4double OR[4] = {outerRadiusOfTheCrystal - DeadLayerThickness,
outerRadiusOfTheCrystal - DeadLayerThickness,
outerRadiusOfTheCrystal - DeadLayerThickness,
outerRadiusOfTheCrystal - DeadLayerThickness};
G4double Z[4] = {-thicknessOfTheCrystal/2 + DeadLayerThickness, thicknessOfTheCrystal/2 + coreHoleDepth/2 + DeadLayerThickness,
-thicknessOfTheCrystal/2 + coreHoleDepth/2 +
DeadLayerThickness, thicknessOfTheCrystal/2 - DeadLayerThickness};
solidDetector = new G4Polycone("Detector", startAngleOfTheTube,
spanningAngleOfTheTube, 4, Z, IR, OR);
logicDetector = new G4LogicalVolume(solidDetector ,DetectorMater, "Detector",0,0,0);
physiDetector = new G4PVPlacement(0,
// no rotation
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positionDetector, // at (x,y,z)
logicDetector,
// its logical volume
"Detector",
// its name
logicDetectorDL,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* DetectorAttributes = new G4VisAttributes(G4Colour(0.,1.,0.));
logicDetector->SetVisAttributes(DetectorAttributes);
/*solidDetector = new
G4Tubs("Detector",0,outerRadiusOfTheCrystal,thicknessOfTheCrystal/2,startAngleOfTheTub
e,spanningAngleOfTheTube);
logicPlug = new G4LogicalVolume(solidDetector,DetectorMater, "Detector",0,0,0);
physiPlug = new G4PVPlacement(0,
// no rotation
positionDetector,
// at (x,y,z)
logicDetector,
// its logical volume
"Detector",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* DetectorAttributes = new G4VisAttributes(G4Colour(1.,0.,0.));
logicDetector->SetVisAttributes(DetectorAttributes);*/
//-----------------------------// Inner Detector Al Cover
//-----------------------------G4ThreeVector positionDetectorInnerAlCover = G4ThreeVector(0,0,0);
G4double innerRadiusInnerAlCover = coreHoleRadius-0.5*mm;
G4double outerRadiusInnerAlCover = outerRadiusOfTheCrystal+0.5 *mm;
G4double thicknessOfInnerAlTube = thicknessOfTheCrystal+3;
G4double IRAlInnerCover[3] = {innerRadiusInnerAlCover, innerRadiusInnerAlCover,
outerRadiusInnerAlCover};
G4double ORAlInnerCover[3] = {outerRadiusInnerAlCover, outerRadiusInnerAlCover,
outerRadiusInnerAlCover};
G4double ZAlInnerCover[3] = {-thicknessOfInnerAlTube/2,-thicknessOfInnerAlTube/2 +
coreHoleDepth/2, thicknessOfInnerAlTube/2-1.5};
solidDetectorInnerAlCover = new G4Polycone("DetectorInnerAlCover",
startAngleOfTheTube, spanningAngleOfTheTube, 3, ZAlInnerCover, IRAlInnerCover,
ORAlInnerCover);
logicDetectorInnerAlCover = new G4LogicalVolume(solidDetectorInnerAlCover
,DetectorAlCoverMater, "DetectorInnerAlCover",0,0,0);
physiDetectorInnerAlCover = new G4PVPlacement(0, // no rotation
positionDetectorInnerAlCover, // at (x,y,z)
logicDetectorInnerAlCover,
// its logical volume
"DetectorInnerAlCover",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* DetectorInnerAlCoverAttributes = new
G4VisAttributes(G4Colour(1.,0.,1.));
logicDetectorInnerAlCover->SetVisAttributes(DetectorInnerAlCoverAttributes);
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//-----------------------------// Outer Detector Al Cover
//-----------------------------G4ThreeVector positionDetectorAlCover = G4ThreeVector(0,0,0);
G4double innerRadiusOfAlTube = outerRadiusOfTheCrystal+5;
G4double outerRadiusOfAlTube = outerRadiusOfTheCrystal+5+1.5;
G4double thicknessOfAlTube = thicknessOfTheCrystal+10;
G4double TopBottomAlCasing = 1.5 *mm;
G4double IRAlCover[6] = {0., 0., innerRadiusOfAlTube, innerRadiusOfAlTube, 0., 0.};
G4double ORAlCover[6] = {outerRadiusOfAlTube, outerRadiusOfAlTube,
outerRadiusOfAlTube, outerRadiusOfAlTube, outerRadiusOfAlTube, outerRadiusOfAlTube};
G4double ZAlCover[6] = {-thicknessOfAlTube/2-TopBottomAlCasing/2, thicknessOfAlTube/2, -thicknessOfAlTube/2 , thicknessOfAlTube/2,
thicknessOfAlTube/2,
thicknessOfAlTube/2+TopBottomAlCasing/2 };
solidDetectorAlCover = new G4Polycone("DetectorAlCover", startAngleOfTheTube,
spanningAngleOfTheTube, 6, ZAlCover, IRAlCover, ORAlCover);
logicDetectorAlCover = new G4LogicalVolume(solidDetectorAlCover
,DetectorAlCoverMater, "DetectorAlCover",0,0,0);
physiDetectorAlCover = new G4PVPlacement(0,
// no rotation
positionDetectorAlCover, // at (x,y,z)
logicDetectorAlCover,
// its logical volume
"DetectorAlCover",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* DetectorAlCoverAttributes = new
G4VisAttributes(G4Colour(0.,0.,1.));
logicDetectorAlCover->SetVisAttributes(DetectorAlCoverAttributes);
//-----------------------------// Annulus Guard Detector
//-----------------------------G4double innerAnnulusRadius = 4.1 *cm;
G4double outerAnnulusRadius = 11.63 *cm;
G4double AnnulusLength = 22.86 *cm;
G4ThreeVector positionAnnulus = G4ThreeVector(0,0, 3. *cm);
solidAnnulus = new
G4Tubs("annulus",innerAnnulusRadius,outerAnnulusRadius,AnnulusLength/2,startAngleOfThe
Tube,spanningAngleOfTheTube);
logicAnnulus = new G4LogicalVolume(solidAnnulus,GuardDetectorMater,
"annulus",0,0,0);
physiAnnulus = new G4PVPlacement(0,
// no rotation
positionAnnulus, // at (x,y,z)
logicAnnulus,
// its logical volume
"annulus",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* AnnulusAttributes = new G4VisAttributes(G4Colour(0.,0.,1.));
logicAnnulus->SetVisAttributes(AnnulusAttributes);
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//-----------------------------// Plug Guard Detector
//-----------------------------G4double outerPlugRadius =
G4double PlugLength = 7.62
G4double HPGeToPlugSpacing
PlugLength/2 +4 *cm;
G4ThreeVector positionPlug

3.81 *cm;
*cm;
= thicknessOfAlTube/2 + TopBottomAlCasing/2 +
= G4ThreeVector(0,0,HPGeToPlugSpacing);

solidPlug = new
G4Tubs("plug",0,outerPlugRadius,PlugLength/2,startAngleOfTheTube,spanningAngleOfTheTub
e);
logicPlug = new G4LogicalVolume(solidPlug,GuardDetectorMater, "plug",0,0,0);
physiPlug = new G4PVPlacement(0,
// no rotation
positionPlug,
// at (x,y,z)
logicPlug,
// its logical volume
"plug",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* PlugAttributes = new G4VisAttributes(G4Colour(1.,0.,0.));
logicPlug->SetVisAttributes(PlugAttributes);
//-----------------------------// Shielding
//-----------------------------G4ThreeVector positionShield = G4ThreeVector(0,0,0);
G4double LeadCanThickness = 61. *cm;
G4double LeadTopBottomThick = 11.4 *cm;
G4double IRLeadCan[6] = {0., 0., 14.21 *cm, 14.21 *cm, 0., 0.};
G4double ORLeadCan[6] = {25.4 *cm, 25.4 *cm, 25.4 *cm, 25.4 *cm, 25.4 *cm, 25.4
*cm};
G4double ZLeadCan[6] = {-LeadCanThickness/2 - LeadTopBottomThick, LeadCanThickness/2, -LeadCanThickness/2,
LeadCanThickness/2, LeadCanThickness/2, LeadCanThickness/2
+ LeadTopBottomThick};
solidLeadCan = new G4Polycone("LeadCan", startAngleOfTheTube,
spanningAngleOfTheTube, 6, ZLeadCan, IRLeadCan, ORLeadCan);
logicLeadCan = new G4LogicalVolume(solidLeadCan ,LeadCanMater, "LeadCan",0,0,0);
physiLeadCan = new G4PVPlacement(0,
// no rotation
positionShield, // at (x,y,z)
logicLeadCan,
// its logical volume
"LeadCan",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* LeadCanAttributes = new G4VisAttributes(G4Colour(0.,1.,0.));
logicLeadCan->SetVisAttributes(LeadCanAttributes);
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solidTinCan = new G4Tubs("TinCan",14.06 *cm,14.21 *cm,60.7/2
*cm,startAngleOfTheTube,spanningAngleOfTheTube);
logicTinCan = new G4LogicalVolume(solidTinCan,TinCanMater, "TinCan",0,0,0);
physiTinCan = new G4PVPlacement(0,
// no rotation
positionShield,
// at (x,y,z)
logicTinCan,
// its logical volume
"TinCan",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* TinCanAttributes = new G4VisAttributes(G4Colour(0.,0.,1.));
logicTinCan->SetVisAttributes(TinCanAttributes);
solidCopperCan = new G4Tubs("CopperCan",13.91 *cm,14.06 *cm,60.4/2
*cm,startAngleOfTheTube,spanningAngleOfTheTube);
logicCopperCan = new G4LogicalVolume(solidCopperCan, CopperCanMater,
"CopperCan",0,0,0);
physiCopperCan = new G4PVPlacement(0,
// no rotation
positionShield,
// at (x,y,z)
logicCopperCan,
// its logical volume
"CopperCan",
// its name
logicWorld,
// its mother volume
false,
// no boolean operations
0);
// no particular field
G4VisAttributes* CopperCanAttributes = new G4VisAttributes(G4Colour(1.,0.,0.));
logicCopperCan->SetVisAttributes(CopperCanAttributes);

//-----------------------------------------------// Sensitive detectors
//-----------------------------------------------G4SDManager* SDman = G4SDManager::GetSDMpointer();
G4String DetectorSDname = "exrdm/DetectorSD";
ExN02TrackerSD* aDetectorSD = new ExN02TrackerSD(DetectorSDname);
SDman->AddNewDetector(aDetectorSD);
//LogicTarget->SetSensitiveDetector(aDetectorSD);
logicDetector->SetSensitiveDetector(aDetectorSD);
logicAnnulus->SetSensitiveDetector(aDetectorSD);
logicPlug->SetSensitiveDetector(aDetectorSD);
//
//------------------------------------------------// regions
//
//if(targetRegion) delete targetRegion;
//if(detectorRegion) delete detectorRegion;
targetRegion = new G4Region("Target");
detectorRegion
= new G4Region("Detector");
targetRegion->AddRootLogicalVolume(logicTarget);
detectorRegion->AddRootLogicalVolume(logicDetector);
detectorRegion->AddRootLogicalVolume(logicAnnulus);
detectorRegion->AddRootLogicalVolume(logicPlug);
//------------ set the incident position ------
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// get the pointer to the User Interface manager
G4UImanager* UI = G4UImanager::GetUIpointer();
UI->ApplyCommand("/run/verbose 0");
UI->ApplyCommand("/event/verbose 0");
UI->ApplyCommand("/tracking/verbose 0");
//G4double zpos = 2.;
G4String command = "/gps/pos/centre ";
//std::ostringstream os;
//os << zpos ;
//G4String xs = os.str();
//UI->ApplyCommand(command+"0. 0. "+xs+" cm");
UI->ApplyCommand("/gps/pos/type Point");
//command = "/gps/position ";
// UI->ApplyCommand(command+"0. 0. "+xs+" mm");
//UI->ApplyCommand("/gps/particle proton");
//UI->ApplyCommand("/gps/direction 0 0 1");
//UI->ApplyCommand("/gps/energy 100 MeV");
//
return physiWorld;
}
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo......
void exrdmDetectorConstruction::setTargetMaterial(G4String materialName)
{
// search the material by its name
G4Material* pttoMaterial = G4Material::GetMaterial(materialName);
if (pttoMaterial)
{TargetMater = pttoMaterial;
if (logicTarget) logicTarget->SetMaterial(pttoMaterial);
G4cout << "\n----> The target has been changed to " << fTargetLength/cm << " cm
of "
<< materialName << G4endl;
}
}
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo......
void exrdmDetectorConstruction::setDetectorMaterial(G4String materialName)
{
// search the material by its name
G4Material* pttoMaterial = G4Material::GetMaterial(materialName);
if (pttoMaterial)
{DetectorMater = pttoMaterial;
if (logicDetector) logicDetector->SetMaterial(pttoMaterial);
G4cout << "\n----> The Deetctor has been changed to" << fDetectorLength/cm << "
cm of "
<< materialName << G4endl;
}
}
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....
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Source Definition
Below is the Geant4 source term for spent fuel contained in the one-iso.mac file. Nuclides
defined in this manner are decayed simultaneously and will generate sum peaks in the spectrum
measured by the detector from accidental coincidences.
/gps/position 0 0 3
/gps/energy 0. keV
#/gps/pos/centre
#
#1 Cs-137
/gps/source/add 25.22262
/gps/particle ion
/gps/ion 55 137 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#2 Ba-137m
/gps/source/add 23.8122
/gps/particle ion
/gps/ion 56 137 0 661.7
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#3 Y-90
/gps/source/add 18.0995
/gps/particle ion
/gps/ion 39 90 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#4 Sr-90
/gps/source/add 18.0995
/gps/particle ion
/gps/ion 38 90 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#5 Pu-241
/gps/source/add 11.2712
/gps/particle ion
/gps/ion 94 241 0 0

/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#6 Am-241
/gps/source/add 1.0935
/gps/particle ion
/gps/ion 95 241 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#8 Pu-238
/gps/source/add 0.6383
/gps/particle ion
/gps/ion 94 238 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#9 Pu-240
/gps/source/add 0.2356
/gps/particle ion
/gps/ion 94 240 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#10 Eu-154
/gps/source/add 0.1994
/gps/particle ion
/gps/ion 63 154 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#11 Cm-244
/gps/source/add 0.1643
/gps/particle ion
/gps/ion 96 244 0 0
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/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#12 Pu-239
/gps/source/add 0.1215
/gps/particle ion
/gps/ion 94 239 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#13 Sm-151
/gps/source/add 0.1064
/gps/particle ion
/gps/ion 62 151 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#14 H-3
/gps/source/add 0.0526
/gps/particle ion
/gps/ion 1 3 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#15 Pm-147
/gps/source/add 0.0512
/gps/particle ion
/gps/ion 61 147 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#16 Eu-155
/gps/source/add 0.0171
/gps/particle ion
/gps/ion 63 155 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
# 17 Tc-99
/gps/source/add 0.0064
/gps/particle ion
/gps/ion 43 99 0 0
/gps/position 0 0 12

/gps/energy 0. keV
/gps/pos/type Point
#
#18 Np-239
/gps/source/add 0.0059
/gps/particle ion
/gps/ion 93 239 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#19 Am-243
/gps/source/add 0.0059
/gps/particle ion
/gps/ion 95 243 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#20 Cs-134
/gps/source/add 0.004
/gps/particle ion
/gps/ion 55 134 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#21 Sn-121m
/gps/source/add 0.0039
/gps/particle ion
/gps/ion 50 121 0 6
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#22 Sn-121
/gps/source/add 0.0031
/gps/particle ion
/gps/ion 50 121 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#23 Sb-125
/gps/source/add 0.0028
/gps/particle ion
/gps/ion 50 121 0 0
/gps/position 0 0 12
/gps/energy 0. keV
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/gps/pos/type Point
#
#24 Am-242m
/gps/source/add 0.0023
/gps/particle ion
/gps/ion 95 242 0 48
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#24 Am-242m
/gps/source/add 0.0023
/gps/particle ion
/gps/ion 95 242 0 2200
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#25 Am-242
/gps/source/add 0.0023
/gps/particle ion
/gps/ion 95 242 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#26 Cm-243
/gps/source/add 0.0021
/gps/particle ion
/gps/ion 96 243 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#27 Cm-242
/gps/source/add 0.0019
/gps/particle ion
/gps/ion 96 242 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#28 Zr-93
/gps/source/add 0.0008
/gps/particle ion
/gps/ion 40 93 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point

#
#29 Pu-242
/gps/source/add 0.0008
/gps/particle ion
/gps/ion 94 242 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#30 Eu-152
/gps/source/add 0.0007
/gps/particle ion
/gps/ion 63 152 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#31 Te-125m
/gps/source/add 0.0007
/gps/particle ion
/gps/ion 52 125 0 145
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#32 U-234
/gps/source/add 0.0006
/gps/particle ion
/gps/ion 92 234 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#33 Nb-93m
/gps/source/add 0.0006
/gps/particle ion
/gps/ion 41 93 0 30
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#34 U-237
/gps/source/add 0.0003
/gps/particle ion
/gps/ion 92 237 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
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#35 Sb-126m
/gps/source/add 0.0002
/gps/particle ion
/gps/ion 51 126 0 40
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#36 Sn-126
/gps/source/add 0.0002
/gps/particle ion
/gps/ion 50 126 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#37 Cs-135
/gps/source/add 0.0002
/gps/particle ion
/gps/ion 55 135 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#38 Th-234
/gps/source/add 0.0002
/gps/particle ion
/gps/ion 90 234 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#39 Pa-234m
/gps/source/add 0.0002
/gps/particle ion
/gps/ion 91 234 0 74
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#40 U-238
/gps/source/add 0.0002
/gps/particle ion
/gps/ion 92 238 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#41 U-236

/gps/source/add 0.0001
/gps/particle ion
/gps/ion 92 236 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#42 Np-237
/gps/source/add 0.0001
/gps/particle ion
/gps/ion 93 237 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#43 Pa-233
/gps/source/add 0.0001
/gps/particle ion
/gps/ion 91 233 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#44 Pd-107
/gps/source/add 0.0000452
/gps/particle ion
/gps/ion 46 107 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#45 Cd-133m
/gps/source/add 0.0000397
/gps/particle ion
/gps/ion 48 113 0 263
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#46 Se-79
/gps/source/add 0.0000337
/gps/particle ion
/gps/ion 34 79 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#47 Sb-126
/gps/source/add 0.0000317
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/gps/particle ion
/gps/ion 51 126 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#48 Cm-245
/gps/source/add 0.0000227
/gps/particle ion
/gps/ion 96 245 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#49 I-129
/gps/source/add 0.0000118
/gps/particle ion
/gps/ion 53 129 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#50 Np-238
/gps/source/add 0.0000103
/gps/particle ion
/gps/ion 93 238 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#51 Th-231
/gps/source/add 0.0000082
/gps/particle ion
/gps/ion 90 231 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#52 U-235
/gps/source/add 0.0000082
/gps/particle ion
/gps/ion 92 235 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#53 C-14
/gps/source/add 0.0000057
/gps/particle ion

/gps/ion 6 14 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#54 Cm-246
/gps/source/add 0.0000042
/gps/particle ion
/gps/ion 96 246 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#55 Pb-212
/gps/source/add 0.0000042
/gps/particle ion
/gps/ion 82 212 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#56 Rn-220
/gps/source/add 0.0000042
/gps/particle ion
/gps/ion 86 220 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#57 Bi-212
/gps/source/add 0.0000042
/gps/particle ion
/gps/ion 83 238 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#58 Po-216
/gps/source/add 0.0000042
/gps/particle ion
/gps/ion 84 238 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#59 Ra-224
/gps/source/add 0.0000042
/gps/particle ion
/gps/ion 88 238 0 0
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/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#60 Th-228
/gps/source/add 0.0000041
/gps/particle ion
/gps/ion 90 228 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#61 U-232
/gps/source/add 0.0000041
/gps/particle ion
/gps/ion 92 232 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#62 Pm-146
/gps/source/add 0.00000284
/gps/particle ion
/gps/ion 61 146 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#63 Po-212
/gps/source/add 0.0000027
/gps/particle ion
/gps/ion 84 212 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#64 Tl-208
/gps/source/add 0.00000151
/gps/particle ion
/gps/ion 81 208 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#65 Ba-133
/gps/source/add 0.00000126
/gps/particle ion
/gps/ion 56 133 0 0
/gps/position 0 0 12

/gps/energy 0. keV
/gps/pos/type Point
#
#66 Ru-106
/gps/source/add 0.00000101
/gps/particle ion
/gps/ion 44 106 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#67 Rh-106
/gps/source/add 0.00000101
/gps/particle ion
/gps/ion 45 106 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#68 Pm-145
/gps/source/add 0.00000033
/gps/particle ion
/gps/ion 61 145 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#69 Pa-234
/gps/source/add 0.00000022
/gps/particle ion
/gps/ion 91 234 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#70 Th-230
/gps/source/add 0.00000017
/gps/particle ion
/gps/ion 90 230 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#71 Be-10
/gps/source/add 0.00000010
/gps/particle ion
/gps/ion 4 10 0 0
/gps/position 0 0 12
/gps/energy 0. keV
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/gps/pos/type Point
#
#72 Pu-236
/gps/source/add 0.00000008
/gps/particle ion
/gps/ion 94 236 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#73 Ho-166m
/gps/source/add 0.00000008
/gps/particle ion
/gps/ion 90 116 0 6
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#74 Pa-231
/gps/source/add 0.00000001
/gps/particle ion
/gps/ion 91 231 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#75 Rb-87
/gps/source/add 0.00000001
/gps/particle ion
/gps/ion 37 87 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#76 Ag-108m
/gps/source/add 0.00000001
/gps/particle ion
/gps/ion 47 108 0 109
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#77 Pr-144
/gps/source/add 0.00000001
/gps/particle ion
/gps/ion 59 144 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point

#
#78 Ce-144
/gps/source/add 0.00000001
/gps/particle ion
/gps/ion 58 144 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#79 Po-215
/gps/source/add 0.00000001
/gps/particle ion
/gps/ion 84 215 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
#80 Rn-219
/gps/source/add 0.00000001
/gps/particle ion
/gps/ion 86 219 0 0
/gps/position 0 0 12
/gps/energy 0. keV
/gps/pos/type Point
#
/run/beamOn 100000000
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Appendix B
Sample Constituents
As an example, Table B-0-1 lists the top 200 isotopes in the ATM-109, approximately 70
MWd/MTU fuel sample with the highest activities along with estimates of their mass. If a mass value
is not listed, it was not one of the top 200 isotopes according to mass. The isotopes are listed in order
of ascending isotope number. These values were generated using ORIGEN-ARP based on the bundle
irradiation history and 17 year cooling time. ATM-109 was irradiated at the Quad Cities 1 reactor
between February 1979 and September 1987 and then again between November 1989 and September
1992 to achieve high burnup [39]. ATM-109 is the highest burnup sample being considered for
transport to Penn State and therefore the highest activity sample, so it represented the worst case
scenario in terms of waste limits.
Table B-0-1. Isotopes present in ATM-109 with the highest 200 activities.

ATM-109
Nuclide

Activity (Ci) of
a 10 µCi Sample

Mass (g)

Atomic
Number

Decay mode

Half-life (y)

H3
Be10
C14
Na22
Ga68
Ge68
As73
Se75
Se79
Kr81
Kr85
Rb83
Rb87

1.06E-08
8.94E-15
1.54E-11
1.64E-37
1.87E-31
1.87E-31
4.56E-38
4.24E-30
2.64E-12
1.70E-17
8.17E-08
4.88E-34
6.88E-16

1.10E-12
4.00E-13
3.46E-12
2.62E-41
---2.92E-34
1.72E-10
8.22E-16
4.68E-09
-8.04E-09

1
4
6
11
31
32
33
34
34
36
36
37
37

β
β
β
EC
EC
EC
EC
EC
β
EC
EC
EC
β

12.33
1510000
5730
2.6019
1.29E-04
0.7419
0.22
0.3282
650000
229000
10.7792
0.2362
4.75E+10

97
Sr85
Sr89
Sr90
Y88
Y90
Y91
Zr88
Zr93
Zr95
Nb91
Nb92
Nb93m
Nb94
Nb95
Nb95m
Mo93
Tc97
Tc97m
Tc98
Tc99
Ru106
Rh101
Rh102
Rh102m
Rh106
Pd107
Ag108
Ag108m
Ag109m
Ag110
Ag110m
Cd109
Cd113
Cd113m
In113m
In115
Sn113
Sn119m
Sn121
Sn121m

2.92E-41
1.11E-40
1.42E-06
1.26E-27
1.42E-06
8.89E-36
1.05E-38
6.23E-11
6.21E-33
1.12E-18
1.90E-21
3.89E-11
6.91E-15
1.37E-32
7.31E-35
4.59E-18
3.59E-20
3.88E-34
3.93E-16
4.78E-10
2.83E-10
2.54E-18
5.12E-19
6.00E-17
2.83E-10
6.90E-12
9.43E-17
1.08E-15
1.47E-15
2.36E-16
1.73E-14
1.47E-15
4.46E-25
4.52E-12
3.59E-33
3.01E-22
3.59E-33
2.66E-15
3.74E-10
4.82E-10

1.23E-45
3.82E-45
1.009E-08
-2.620E-12
3.63E-40
-2.480E-08
2.89E-37
1.94E-19
1.71E-17
1.63E-13
3.68E-14
3.48E-37
1.92E-40
4.17E-18
2.53E-17
2.61E-38
4.526E-13
2.790E-08
8.532E-14
-3.606E-08
-7.92E-20
1.342E-08
1.28E-25
4.16E-17
5.64E-25
5.66E-26
3.65E-18
5.69E-19
1.310E-12
2.013E-14
2.14E-40
4.266E-11
3.57E-37
7.09E-19
3.91E-16
8.976E-12

38
38
38
39
39
39
40
40
40
41
41
41
41
41
41
42
43
43
43
43
44
45
45
45
45
46
47
47
47
47
47
48
48
48
49
49
50
50
50
50

EC
β
β
EC
β
β
EC
β
β
EC
EC, β
IT
β
β
IT, β
EC
EC
IT, EC
β
β
β
EC
EC, β
IT, EC
β
β
EC, β
IT, EC
IT
EC, β
IT, β
EC
β
IT, β
IT
β
EC
IT
β
IT, β

0.1776
0.1384
28.79
0.2922
0.0073
0.1603
0.2285
1530000
0.1754
680
34700000
16.13
20300
0.0958
0.0099
4000
2600000
0.2468
4200000
211100
1.0235
3.3
0.5671
2.9
9.45E-07
6500000
4.51E-06
418
1.26E-06
7.80E-07
0.6844
462.6
7.70E+15
14.1
1.89E-04
4.41E+14
0.3153
0.803
0.0033
55

98
Sn123
Sn126
Sb124
Sb125
Sb126
Sb126m
Te121
Te121m
Te123
Te123m
Te125m
Te127
Te127m
Cs134
Cs135
Cs137
Ba133
Ba137m
La137
La138
Ce139
Ce144
Cf249
Pr144
Pr144m
Nd144
Pm143
Pm144
Pm145
Pm146
Pm147
Sm145
Sm146
Sm147
Sm148
Sm151
Eu149
Eu152
Eu154
Eu155

7.66E-22
2.60E-11
1.71E-37
3.75E-09
3.64E-12
2.60E-11
2.60E-27
2.61E-27
5.31E-23
6.85E-25
9.16E-10
2.04E-23
2.09E-23
3.14E-08
1.91E-11
2.72E-06
3.65E-12
2.57E-06
3.90E-16
6.16E-21
4.62E-25
9.99E-12
2.26E-14
9.99E-12
1.40E-13
8.06E-20
3.93E-26
4.50E-22
5.85E-14
3.14E-13
3.87E-08
1.49E-18
2.11E-17
1.47E-16
2.65E-21
4.97E-09
1.23E-36
3.16E-11
5.60E-08
1.17E-08

9.31E-26
9.167E-10
9.79E-42
3.577E-12
4.36E-17
3.31E-19
4.04E-32
3.73E-31
2.265E-13
7.72E-29
5.082E-14
7.73E-30
2.21E-27
2.423E-11
1.654E-08
3.126E-08
1.43E-14
4.78E-15
8.97E-15
2.495E-13
6.76E-29
3.14E-15
5.53E-15
1.32E-19
7.71E-22
6.783E-08
--4.20E-16
7.10E-16
4.167E-11
5.63E-22
8.884E-13
6.414E-09
8.691E-09
1.889E-10
1.31E-40
1.790E-13
2.070E-10
2.376E-11

50
50
51
51
51
51
52
52
52
52
52
52
52
55
55
55
56
56
57
57
58
58
58
59
59
60
61
61
61
61
61
62
62
62
62
62
63
63
63
63

β
β
β
β
β
IT, β
EC
IT, EC
EC
IT
IT
β
IT, β
β
β
β
EC
IT
EC
EC
EC
β
α
β
IT, β
α
EC
EC
EC, α
EC, β
β
EC
α
α
α
β
EC
EC, β
EC, β
β

0.354
100000
0.1644
2.7582
0.0341
3.64E-05
0.04597
0.4301
>10000000000000
0.3279
0.1573
0.0011
0.2986
2.0648
2300000
30.07
10.51
0.0044
60000
1.05E+11
0.3771
0.7805
351
1.90E-06
1.37E-05
2.29E+15
0.726
0.9945
17.7
5.53
2.6234
0.9315
103000000
1.06E+11
8.00E+15
90
0.2551
13.537
8.593
4.7611

99
I129
Gd151
Gd152
Gd153
Tb157
Tb158
Tb160
Dy159
Ho163
Ho166m
Tm168
Tm170
Tm171
Tl206
Tl207
Tl208
Tl209
Pb209
Pb210
Pb211
Pb212
Pb214
Bi208
Bi210
Bi211
Bi212
Bi213
Bi214
Po210
Po211
Po212
Po213
Po214
Po215
Po216
Po218
At217
Rn219
Rn220
Rn222

1.16E-12
4.88E-28
7.25E-23
2.95E-18
8.68E-17
7.11E-16
2.40E-32
8.12E-27
2.43E-18
1.27E-13
6.45E-35
4.65E-25
1.22E-14
6.57E-24
2.70E-16
3.85E-13
9.13E-19
4.35E-17
4.98E-18
2.70E-16
1.07E-12
1.79E-17
1.98E-26
4.98E-18
2.70E-16
1.07E-12
4.35E-17
1.79E-17
4.98E-18
7.43E-19
6.86E-13
4.26E-17
1.79E-17
2.70E-16
1.07E-12
1.79E-17
4.35E-17
2.70E-16
1.07E-12
1.79E-17

6.562E-09
-3.329E-12
8.34E-22
5.71E-18
-2.12E-36
1.43E-30
5.07E-18
7.097E-14
-7.79E-29
1.12E-17
3.02E-32
1.42E-24
1.30E-21
2.23E-27
9.43E-24
6.52E-20
1.09E-23
7.70E-19
5.45E-25
4.24E-24
4.01E-23
6.49E-25
7.30E-20
2.25E-24
4.05E-25
1.11E-21
7.17E-30
3.84E-30
3.38E-33
5.56E-32
9.17E-30
2.97E-24
6.42E-26
2.70E-29
2.08E-26
1.16E-21
1.16E-22

63
64
64
64
65
65
65
66
67
67
69
69
69
81
81
81
81
82
82
82
82
82
83
83
83
83
83
83
84
84
84
84
84
84
84
84
85
86
86
86

β
EC, α
α
EC
EC
EC, β
β
EC
EC
β
EC, β
EC, β
β
β
β
β
β
β
α, β
β
β
β
EC
α, β
α, β
α, β
α, β
α, β
α
α
α
α
α
α, β
α
α, β
α, β
α
α
α

15700000
0.3397
1.08E+14
0.6586
71
180
0.1981
0.3956
4570
1200
0.2551
0.3523
1.92
7.99E-06
9.08E-06
5.81E-06
4.19E-06
3.71E-04
22.3
6.87E-05
0.0012
5.10E-05
368000
0.0137
4.07E-06
1.15E-04
8.67E-05
3.79E-05
0.3791
1.64E-08
9.48E-15
1.33E-13
5.21E-12
5.65E-11
4.60E-09
5.90E-06
1.02E-09
1.26E-07
1.76E-06
0.0105

100
Fr221
Fr223
Ra223
Ra224
Ra225
Ra226
Ra228
Ac225
Ac227
Ac228
Th227
Th228
Th229
Th230
Th231
Th232
Th234
Pa231
Pa233
Pa234
Pa234m
U232
U233
U234
U235
U236
U237
U238
U240
Np235
Np236
Np237
Np238
Np239
Np240
Np240m
Pu236
Pu238
Pu239
Pu240

4.35E-17
3.73E-18
2.70E-16
1.07E-12
4.35E-17
1.79E-17
4.64E-21
4.35E-17
2.70E-16
4.64E-21
2.67E-16
1.07E-12
4.35E-17
2.89E-15
7.27E-15
6.62E-21
5.99E-12
6.63E-16
7.98E-12
7.79E-15
5.99E-12
1.06E-12
7.21E-16
1.42E-11
7.27E-15
5.04E-12
2.43E-11
5.99E-12
5.42E-17
2.04E-17
3.51E-17
7.98E-12
4.67E-13
2.66E-09
6.50E-20
5.42E-17
2.19E-13
1.15E-07
4.06E-09
1.43E-08

2.51E-25
9.63E-26
5.28E-21
6.72E-18
1.11E-21
1.81E-17
1.70E-23
7.49E-22
3.73E-18
2.08E-27
8.67E-21
1.30E-15
2.19E-16
1.401E-13
1.37E-20
6.039E-14
2.59E-16
1.40E-14
3.84E-16
3.90E-21
8.72E-21
4.788E-14
7.482E-14
2.277E-09
3.362E-09
7.791E-08
2.98E-16
1.781E-05
5.85E-23
1.45E-20
2.67E-15
1.132E-08
1.80E-18
1.14E-14
5.14E-27
4.99E-25
4.19E-16
6.734E-09
6.535E-08
6.277E-08

87
87
88
88
88
88
88
89
89
89
90
90
90
90
90
90
90
91
91
91
91
92
92
92
92
92
92
92
92
93
93
93
93
93
93
93
94
94
94
94

α, β
α, β
α
α
β
α
β
α
α, β
β
α
α
α
α, SF
α, β
α, SF
β
α
β
β
β, IT
α
α, SF
α, SF
α, SF
α, SF
β
α, SF
β
EC, α
α, β, EC
α, SF
β
β
β
β
α, SF
α, SF
α, SF
α, SF

9.32E-06
4.19E-05
0.0313
0.01
0.0408
1600
5.75
0.0274
21.773
7.02E-04
0.05129
1.9116
7340
75380
0.00291
1.41E+10
0.066
32760
0.0739
7.65E-04
2.23E-06
68.9
159200
245500
703800000
23420000
0.0185
4.47E+09
0.00161
1.0852
154000
2144000
0.0058
0.00646
1.18E-04
1.37E-05
2.858
87.7
24110
6564

101
Pu241
Pu242
Pu243
Pu244
Pu246
Am241
Am242
Am242m
Am243
Am245
Am246
Cm242
Cm243
Cm244
Cm245
Cm246
Cm247
Cm248
Cm250
Bk249
Bk250
Cf250
Cf251
Cf252
Es254

1.03E-06
1.69E-10
2.48E-16
5.43E-17
5.60E-21
4.11E-07
1.03E-10
1.04E-10
2.66E-09
3.69E-22
5.60E-21
7.93E-10
4.20E-07
4.59E-11
4.67E-11
2.48E-16
2.08E-15
2.24E-20
2.54E-17
4.81E-21
9.99E-14
1.46E-15
1.92E-14
1.67E-21

9.831E-09
4.270E-08
9.54E-23
2.962E-12
1.14E-25
1.197E-08
1.28E-16
9.911E-12
1.330E-08
5.91E-29
2.85E-28
2.581E-14
1.535E-11
5.190E-09
2.673E-10
1.520E-10
2.745E-12
4.911E-13
2.72E-19
1.55E-20
1.23E-27
9.14E-16
9.17E-16
3.59E-17
8.96E-25

94
94
94
94
94
95
95
95
95
95
95
96
96
96
96
96
96
96
96
97
97
98
98
98
99

α, β, SF
α, SF
β
α, SF
β
α, SF
EC, β
IT, SF, α
α, SF
β
β
α, SF
α, SF, EC
α, SF
α, SF
α, SF
α
α, SF
α, β, SF
α, β, SF
β
α, SF
α
α, SF
α, β, SF, EC

14.35
373300
5.66E-04
80000000
0.0297
432.2
0.00183
141
7370
2.34E-04
7.42E-05
0.446
29.1
18.1
8500
4760
15600000
348000
9700
0.8767
3.67E-04
13.08
898
2.645
0.75534

