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SUMMARY

The growing concern regarding regulation and accountability of plutonium and
SNM produced in commercial and research nuclear reactor fuel has driven the need for
new spent nuclear fuel characterization methods to enable quantification and qualification
of radioisotopes contained in used fuel in a reliable, quick, and inexpensive manner, with
little to no impact on normal reactor operating procedures. This research aims to meet
these objectives by employing advanced computational radiation transport methods
incorporated into an algorithm to post process scintillator detector data gathered from
used nuclear fuel in a spent fuel pool or in air. An existing, novel post processing
algorithm, SmartID, has been updated to extract and identify unique photopeaks
represented in the underwater environment for pool cooled used fuel. The resulting
spectral data will be post-processed using an updated SmartID algorithm folded with
deterministic adjoint results to render both qualitative and quantitative fuel content and
irradiation estimates. This work has much significance to the nuclear power industry,
safeguards, and forensics communities, since it yields this information at room

temperature for a relatively low cost.
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CHAPTER 1

INTRODUCTION

The growing concern regarding regulation and accountability of plutonium and
SNM produced in commercial and research nuclear reactor fuel has prompted the need
for rapid, low cost characterization and attribution of fuel materials and mixed
radioisotopes for forensics purposes, and has driven the need for new spent nuclear fuel
characterization methods. Moreover, any new methods must also enable quantification in
addition to traditional qualification of radioisotopes contained in used fuel in a reliable,
quick, and inexpensive manner, with little to no impact on normal reactor operations.
Achieving this with low cost detectors augmented by advanced algorithms, as outlined in
this work, will not only aid in strengthening weaknesses in the current safeguards
protocols, but also will yield a capability for rapid, cost effective identification of

radionuclide content supporting a variety of nuclear forensics applications.

1.1 Background

The IAEA estimates that by the year 2020, approximately 445,000 tons of heavy
metal will have been discharged from the world’s commercial nuclear power plants [1].
One quarter of this amount (111,250 tons) is expected to be sent to fuel reprocessing
facilities. Given this large amount of material, the risk for undetected diversion or
tampering through loss of continuity of knowledge is real. Additional safeguards
measures are important and necessary to mitigate this risk by providing low cost methods
to quickly account for and confirm relative isotopic content of spent fuel rods in order to
flag discrepancies and enable forensics assessments of SNM where needed.

Additionally, the DOE Radiological Assistance Program (RAP) team currently

utilizes gamma data collected from Nal detectors in both ground-based and airborne



platforms as part of their mission. This requires forensic analysis of the data to determine
whether or not one can identify a potential nuclear threat. A real-time data analysis
method optimized for this type of detection equipment is necessary for the detection of a
nuclear threat if a spent fuel pin or assembly was stolen and configured into a
radiological dispersal device (RDD). The RAP team typically flies on the order of 100-
1000 feet above the ground to take gamma spectra data. From a Compton Scattering
mass integral perspective, gamma spectra behave similarly for sources at thousands of
feet from the detector in air and sources about 40 cm from the detector in water.
Therefore, the techniques and detector response functions developed for analyzing
gamma spectra in water from spent fuel are similar to analyzing gamma spectra collected

from an aircraft from a possible RDD.

1.2 Objectives

This research aims to meet the needs discussed by employing advanced
computational radiation transport methods incorporated into an algorithm to post-process
scintillator detector data gathered from used nuclear fuel in a spent fuel pool or in air. An
existing, novel post-processing algorithm, SmartID, will be modified to extract and
identify unique photopeaks represented in the underwater environment for pool-cooled
used fuel. Because of the manner in which SmartlD processes the spectrum through
unfolding using interpolated transport theory detector response functions, it removes all
artifacts of scattering to yield the collective of photopeaks, even in regions where these
are normally masked due to severe Compton pileup in a typically low cost room
temperature scintillator. The resulting spectral data in this work will be post-processed
using the SmartlD algorithm modified for water based operations, folded with
deterministic radiation transport adjoint computations to render both qualitative and
guantitative fuel content and irradiation estimates. As already noted, this work has much

significance to the nuclear power, safeguards, and forensics communities, since it yields



this information at room temperature for very low cost. The proposed work is subdivided
into five key goals, as follows:

1.) To employ computational radiation transport methods to model how a scintillator
detector responds to the radiation from a spent fuel assembly in water.

2.) To determine how Compton scattering in water affects the gamma spectrum at
singular discrete energies.

3.) To update an existing post processing algorithm for the characterization of gamma
peaks in order to extract radionuclide information important to determining plutonium
content and fuel burnup.

4.) To test the algorithm by irradiating a natural uranium metal fuel rod and measuring
the emitted gamma radiation transported through water during active irradiation, and as a
function of cool-down time, with particular attention to short term irradiation products.
5.) To integrate adjoint transport computations with the radionuclide information

extracted from the post processed spectral data for plutonium content from fuel burnup.

1.3 Current Technologies and Methodologies

A great deal of work has been accomplished using passive gamma signatures and
integrated gamma counts to determine burnup and cooling time of spent fuel assemblies
in pools; however, no work has been done leveraging the algorithm post-processing of
low cost “pool temperature” scintillators as proposed here. The “Fork™ detector is
currently used at power plants, along with MOX python (SMOPY), and Cherenkov
viewing devices [2]. The Fork detector consists of cadmium-zinc-telluride (CZT) gamma
detectors along with a cadmium covered fission chamber to measure epithermal neutrons,
and an uncovered fission chamber to measure thermal neutrons [3]. These detectors can
produce the data to determine burnup, cooling time and assembly declarations, but they
do not have the capability to do so independently, or determine initial enrichment. Early

models only included ionization and fission chambers to measure gross gamma and



neutron yields, rather than considering spectral information, but these models were
improved by adding CZT detectors to gather spectral information.

The Fork detector is designed to focus on three key radionuclide signatures: **'Cs
peak at 662 keV, **Cs peaks, and the '°°Ru peaks. It has long been studied and validated
that the burnup value of spent fuel has a nearly linear relationship with the **’Cs content
in the fuel. **’Cs is a proven indicator of burnup due to its negligible neutron absorption
cross section, approximately equal yields from fission of ?**U and “*Pu, and a long 30
year half-life [1]. The combination of these three attributes removes the necessity to
correct for reactor power history [1].

Furthermore, ratios of fission products will also result in linear relationships with
burnup for limited burnup ranges. The ***Cs/**'Cs activity ratio and the ***Eu/**'Cs
activity ratio are valid for low and medium burnup (<50GWd/t), while the *3*Cs/***Eu
ratio is valid at high burnups (>50GWd/t) [4]. However, it is important to note that after
approximately 12 years of cooling, the entire ***Cs signal is practically lost due to ***Cs
decay (half-life of 2.0652 years). As mentioned, *¥'Cs has a relatively linear relationship
with burnup, but this linear relationship must be corrected for short cooling times due to
indicators from **Cs and *®Ru/Rh causing deviations from linearity [3]. Therefore, it
has been shown that corrections must be made to the gross gamma signal to determine an

“adjusted” *3'Cs count. This adjustment is shown by the following equation,

G

Gan =
377 1 4 2.620R3, + 0.324R

1)

where G 37 is the adjusted **’Cs count rate, G is the gross gamma emission rate, R4 is the
measured activity ratio of ***Cs/**'Cs, and Rys is the measured activity ratio of

16Ru/"%Rh [3]. This correction has been shown to greatly improve results for a linear



trend of *3'Cs with burnup in the experiments performed at the TVO KPA Store in 1999
[3].

The Safeguards MOX Python (SMOPY) is an underwater detection system that is
designed to distinguish between MOX and LEU fuel. It consists of a CZT gamma
detector and a fission chamber to measure neutron emission and determine the ***Cs/**’Cs
ratio. Similar to the Fork detector, this device must use operator data to determine
burnup, and it cannot detect fuel pin diversions [5].

Cherenkov viewing devices are used to observe the intensity of the visible blue
Cherenkov glow from used fuel assemblies in a spent fuel pool. They do not typically
provide any quantifiable information in relation to fuel burnup, but can indicate whether
or not a “dummy” fuel element is present. The user must be well trained to be able to
discern if an element has Cherenkov glow, or it is being illuminated by a near-neighbor
spent fuel element [6]. In some cases, the glow intensity can be utilized to estimate
burnup by comparing it to a known reference spent fuel assembly that has been measured

in the same storage pool [7].

2.3.1 Limitations

The desire of the IAEA is to find a low-cost, non-destructive method to quantify
plutonium content in spent fuel assemblies and detect the diversion of fuel pins. This is
not possible with current passive gamma methodologies discussed. Current passive
gamma measurements are also unable to detect pin diversions. In this work, | determine
how post-processing of room temperature scintillator spectra (from Nal) impacts this
IAEA requirement.

Many researchers have expressed in the literature that any gamma spectral
information from low energy gamma emitters such as plutonium is “washed out” due to
the substantial count rates and Compton pileup from the numerous fission products in the

source term. After fuel rods are removed from the reactor for one year, fission products



produce a total gamma-ray intensity of approximately 2 x 10'° gamma/g-s, but major
plutonium gamma rays only have intensities in the range of 10° to 10* gammas/g-s [8].
With the addition of Compton pileup effects in the detector, plutonium gammas are
completely hidden in the spectra. According to the PANDA manual, the principle

gamma signatures emitted by plutonium isotopes are listed in Table 1.1.

Table 1.1: Principle gamma-ray signatures for plutonium isotopes [9].

Isotope Half-Life (y) Energy (keV) Branching Ratio  Activity( gamma/g-s)

28py  87.74 152.7 9.37x10° 5.90x10°
766.4 2.20x107 1.387x10°
2¥py 24,119 129.3 6.31x107 1.436x10°
413.7 1.47x10° 3.416x10*
0py 6564 45.2 4.50x10™ 3.80x10°
642.5 1.30x10°’ 1.044x10°
24py  14.348 148.6 1.85x10°® 7.15x10°
208.0* 2.12x10% 2.041x10’
MAm 432 59.5 3.59%x10% 4.54x10'°
125.3 4.08x10° 5.16x10°

It is seen that the majority of plutonium gamma lines emit with energies less than
400 keV, which can be problematic to detect in cooling pools, although several key lines
are observed at 413.7 keV, 652.5 keV, and 766.4 keV. A sample spectrum of a used
PWR assembly, as shown in Figure 1.1, depicts how these key gamma peaks are lost in
the overabundance of high activity fission product gamma sources. The lowest energy

peaks visible are from '°Rh and **Cs, and no plutonium peaks are visible.

! This is from 2*'Pu daughter product %U.
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Figure 1.1: A high resolution gamma-ray spectrum of a PWR fuel assembly burned to 32

GW(d/tU and cooled for 9 months [9].

There are currently 99 commercial nuclear reactors operating in the United States
[10]. Like any other nonrenewable fuel source, nuclear fuel has a finite lifetime;
therefore as the fuel diminishes, it must be replaced with new fresh fuel. In the case of
nuclear fuel, this process is not as basic as simply replacing old rods with new rods and
throwing out the old. The basis of a nuclear fission reaction is when an atomic nucleus
splits into two new lighter nuclei plus additional neutrons. The nuclei produced will
depend on the isotope undergoing fission. Different fission nuclei have differing yields

depending on the original heavy isotope shown by Figure 1.2.
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Figure 1.2: Mass distribution of fission products for the thermal fission of 2°U and % Pu

[9].

These new nuclei are in an unstable state and go through many radioactive decay
processes before finding a more stable configuration (most often they are neutron heavy
and undergo beta decay to new daughter products). These daughter products have intense
radioactivity resulting in heat generation and harmful gamma radiation. Because of this,
spent fuel rods must be placed into temporary storage until they cool down enough, e.g. 5
— 10 years, to be placed in more permanent storage configurations. Additionally neutron
absorption reactions also take place in the fuel creating additional isotopes such as ***Pu,
240py 241py and 2*?Pu. These isotopes are of sufficient mass and lead to non-
proliferation and safeguards concerns. Figure 1.2 shows how these isotopes grow into

the fuel assembly along with other U isotopes and fission products.
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Figure 1.3: Change in fuel composition versus neutron fluence for Pu, U, and fission

products. Neutron fluence is directly related to burnup [11].

1.4 Challenges

One of the key challenges is finding a detector that will be capable of resolving
spectral peaks while keeping costs at a minimum. | considered three types of detector
materials for use in this project: solid-state, gas, and scintillator. Each type has certain
advantages and disadvantages, and there are many different material compositions within
each type. HPGe and CZT are the most talked about in spent fuel measurements above
water and below, Nal, and Csl are commonly used for their ruggedness and integrated
activity, but are often relied on for individual gamma ray assay, and HPXe is a newer
type that shows promise for spent fuel applications. In order to narrow down these
detector choices to only one for experimentation, one can compare the most common and
relevant detectors available commercially. At sufficiently low burnup levels, less than

1,000 MWD/MTU, the concentrations of plutonium are consistent with weapons grade



plutonium (WGPu). WGPu is defined as having a >**Pu concentration greater than 90%

of the total plutonium content [12]. It is important that a detection system can distinguish

this level of burnup.

Table 1.2: Comparison of specifications for different types of detectors.

HPGe CcZzT HPXe LaBr; Nal(TI) Csl(Na)(TI)
(undoped)
Type Solid-state  Solid-state Gas Scintillator Scintillator Scintillator
Shape Planar Rectangular Cylindrical
2.3 cm? 5 cm?
XSecC area 5cm 1.5 cm [13] 5cm [13]
depth 15em
Density 5.3 glcc 6.0 g/cc 0.4-0.5 g/cc 3.7 glcc 4.5 glcc
Intrinsic *1.4% at * 8% at * 3% at Better than *15% at *35% at
Efficiency 662keV 662keV 662keV Nal(TI) [14]  662keV 1MeV[15]
* 81% at * 100% at * 1% at * 100% at
122keV 122keV 1.332MeV 122keV [13]
* Small
[13] [13] photo-peak
efficiency
Resolution *0.15% at  *3.2% at * 2-2.5% at +2.8-35%at +7.5-85%at <5.8-6%at
1.332MeV  662keV 662keV 662keV 662keV 662keV
*0.2% at *6.3% at *1.5-2% at * Better than * 12% at *15% at
662kev 122keV 1.332MeV Nal at 122keV 122keV
*0.4% at * 7% at 122keV
122keV [13] 122keV [16]
Operating Need For resistive 15-200[9] 4-43 degree Change in
Temperature cryogenic type, the Superior C [Canberra]  gain with
Range | cooling resolution temperature Gain change  temp. Some
significantly stability [13]  at high commercial
changes at temperature systems track
T>10C changes gain drift and
For a schottky compensate,
type, changes widening the
T>33C [17] temp range
[13]
Lifetime
Cost Expensive  Expensive Not as Moderate Inexpensive Inexpensive

expensive as
HPGe

10

costs relative
to Nal



Table 1.2 Continued

Operational
mode

Contamination

Radiation
exposure
effects

Availability

Convention
al Ge
detector
show
resolution
change
after 107
n/cm? [18]
but
gamma-x
detector
claims
show little
change up
to 10%°
nicm? [22]

Significant
resolution
losses after
7x10%° n/cm?
but resolution
losses largely
recovered
after 12 weeks
of annealing at
room temp.
[19]

lyr after order

lonization
and
scintillation
(2ns decay
time)

Resistant to
radiation
damage[13]

Constellation
Technology
Not mass
produced

2TAc and
138La
impurities
Significant
change of
yield and E
resolution
after 1%
irradiation
with 0.1kGy
dose. As
much as 22%
of yield lost
and res inc
from 2.8% to
4.6%

4-8 wks after
order

Susceptible
to radiation
damage.
Prolonged
exposures
degrades
performance
[20]

2 wks after
order

Only
undoped Csl
is radiation
hard. No
substantial
changes up
to 10° rad.
Doped
versions are
susceptible
to radiation
damage [21]

Table 1.2 shows which detectors have potential in my proposed application, and

which ones do not. High Purity Germanium (HPGe) detectors are ideal for high

resolution spectra, but they suffer from many drawbacks for an underwater system.

These detectors will become severely damaged or non-functioning without proper

cryogenic cooling, either from liquid nitrogen or an electronic cooling system. They are

also extremely expensive, typically more than twenty times the cost of a single Nal

crystal; therefore, utilities or inspection agencies are often unwilling to subject them to

harmful radiation in wet/hostile environments, where they have a greater likelihood of

being damaged. Because of this, HPGe detectors cannot be a viable low cost option for

underwater spent fuel NDA.
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Scintillators are known to have low energy resolutions, but make up for that in
their efficiency, ruggedness and low cost. Nal has the lowest energy resolution out of all
of the detectors listed, and a high intrinsic efficiency which would result in this type of
detector needing sufficient shielding to mitigate detector deadtime. Although it is rugged
in many applications, it is susceptible to radiation damage after prolonged exposures that
will degrade its performance. Csl (doped with Na, TI, or undoped) is similar to Nal in
that it is also a scintillator, is relatively inexpensive, and has low energy resolution. This
detector material has slight modifications to its operating specifications depending on
whether or not it has been doped with Na or TI. Doping does help with energy
resolution, but it also makes the detector much more susceptible to radiation damage.
Undoped Csl detectors are “radiation hard,” meaning they are relatively immune to
changes in resolution due to high radiation exposures. These undoped detectors see no
substantial changes up to a dose of 10° rad [21]. This should not be a concerning issue
since a background measurement must be taken with the detector and subtracted out for
proper analysis. Therefore, Csl is a better candidate for spent fuel detection than a Nal
detector.

The third scintillator under consideration is a LaBr; detector. These detectors
have a much better energy resolution than both Nal and Csl, but they also may
experience significant gain change with increasing temperature, and have a natural
radioactivity inherent in the material. These detectors are more expensive than Nal, but
are still much less expensive than HPGe detectors. LaBr; detectors experience gamma
ray contamination from *’Ac, and **8La impurities. They also suffer from significant
radiation damage effects after 0.1 kGy dose.

The final detector considered, HPXe, is a relatively new detector that has shown a
lot of promise for applications in spent fuel pools. HPXe detectors are very rugged
allowing them to be able to operate for years without maintenance and servicing [13].

One of the most beneficial attributes of an HPXe detector is that its high energy

12



resolution stays stable over a wide temperature operating range of 15 to 200°C. This
detector is also the most resistant to radiation damage out of the group since it is a gas
and not a plastic scintillator or solid-state detector. Its intrinsic efficiency is much lower
than the other detectors considered, a quality desired for high activity sources such as
spent fuel. Therefore, less rigorous shielding will be necessary for protection and dead
time optimization. There are, however, some downfalls to this detector. It is subject to
electronic noise caused by the high-voltage power supply, acoustic/microphone noise and
the geometry of the electrodes causing excessive electrical capacitance [13]. Brookhaven
National Lab is working to overcome these problems by using a better high-voltage
power supply, and using a new multi-anode design to help improve the energy resolution
and reduce the sensitivity to acoustic/microphonic noise of large volume HPXe ionization
chambers [13]. Some researchers claim that the high-purity xenon needed for HPXe
detectors is a lot lower than that of HPGe and CZT, at $1/g as opposed to $50/g for HPGe
and $300/g for CZT [23]. However, they are not currently mass produced, making it
much more difficult to procure which would drive up production costs.

Although I showed that Nal(Tl) is potentially not the best ideal detector for
measuring gamma radiation from a spent fuel assembly, it is the easiest detector system
to acquire, most cost effective, and is not susceptible to large electronic noise
interferences. By choosing this detector, my work will also essentially eliminate the
limitations of HPGe systems in water based environments. Although Nal detectors
produce much lower resolution spectra in comparison to HPGe detectors, this issue will
be largely solved through the use of a novel post-processing algorithm, SmartlD. The
SmartID algorithm is designed to extract detailed spectral information from a low
resolution detector spectrum such as one from Csl or Nal. Using transport results
adapted to the data, it enables one to screen out all Compton and other spectral
interference features with an optimized analysis to unveil gamma photopeaks across the

energy spectrum. Figure 2.3 shows an example Nal(Tl) gross spectrum of shielded
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weapons grade plutonium (WGPu) and the background spectrum for the measurement;
note how the resulting photopeaks are rendered from the region. The background was
subtracted out, and SmartID subsequently extracted each photopeak to reveal the many
red photopeak lines representing full energy peaks normally masked by Compton pileup.
The spectra gathered from the irradiated fuel experiment will be similarly processed in a
few seconds by SmartID to determine the key fission products discerned with nuclide

attribution in an underwater environment.
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Figure 1.4: Correctly identified shielded WGPu spectrum in air by SmartID post
processing algorithm. The measured spectrum is shown in blue and the background is

shown in yellow. Gamma emissions are identified by the red vertical lines. [24]

A second challenge | faced in this work was to profile a system that will provide
limited disruption to normal plant refueling operations for forensics, safeguards, or
simple burnup assessment purposes. Power plants must pay attention to minimizing

costs, meaning any time they spend not producing power and conducting normal plant
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operations, they are losing money. If a detector system is built that can determine
relative isotopic content but significantly inhibits refueling operations, utilities and
governments will not see this as an acceptable option that is cost effective with enough
benefit. Therefore, my work follows a detector design that will ensure there will be a
relatively small impact to plant operations while still providing additional cost saving
benefits. The spectrum from a fuel bundle can be collected while fuel is being removed
from the reactor core to be placed into the spent fuel pool.

Further challenges arise in measuring the gamma spectrum for spent fuel
assemblies with short cooling times. Detector dead time is a prominent issue when trying
to make reasonable measurements. Collimator material, size, and geometry depend on
detector efficiency and radiation exposure limitations. It is important to make sure a
detector system is not heavily weighed down by shielding/collimation. A proper support
structure is necessary to hold the detector and collimation in place. | considered
collimation constructed from tungsten with a 1 mm pin hole in order to stop a majority of
the high energy gammas, and limit detector dose and field of view.

The greatest challenge of this dissertation effort was the analysis of data produced
by SmartID and coupling that with deterministic transport adjoint importances to estimate
fuel content, specifically relating to plutonium. This is a difficult task that has not been
demonstrated previously, but I have been successful in developing a method to alias
scintillator detected SNM photon peaks identified in SmartID to the actual activity for
each nuclide identified at specific locations in the 3-D fuel assembly.

This dissertation outlines the many integral parts to meeting this challenge. In
Chapter 2 | discuss in detail the theory behind the SmartID post-processing algorithm,
how this algorithm has been updated to consider an underwater spent fuel scenario. In
Chapter 3 I present how SmartIlD performed with experimental spectra data, and in
Chapter 4 | show MCNP simulations developed for a complicated spent nuclear fuel

assembly. Chapter 5 details the deterministic transport models generated, and how | can
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use the adjoint to estimate burnup from key gamma emissions. All of these parts are

fully integrated to show how I can achieve an estimate of plutonium in the spent nuclear

fuel. This research has the potential to greatly contribute to the many needs of nuclear

forensics, safeguards, and facility operations as specified earlier.
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CHAPTER 2

SMARTID

2.1 Background

SmartlD is a post processing algorithm designed to reveal detailed spectral
information from low resolution detectors such as Nal, Csl, or LaBrs. This algorithm at
its current state is the result of almost a decade of development. It has been rigorously
tested and verified for identifying radioactive sources in air, but has not yet been applied
to highly complex fuel characterization applications in water. The logic behind
extracting photonuclear peaks and aliasing them to specific nuclides is continued and
extended here from previous work, however, many challenges arise with changing the
detection environment from air to water. Compton scattering has a much more dominant
role in the particle transport, significantly altering the gamma spectrum. Additionally, a
strong 2.2 MeV gamma peak resulting from (n, y) hydrogen interactions with the fission
neutrons arises, further complicating nuclide identification. Therefore, | must develop an
entirely new detector response function (DRF) database in order to properly enable the
algorithm to extract photopeaks in a Compton-rich environment and identify nuclides in

water.

2.1.1 Peak Finding

SmartID employs a systematic procedure for discovering and identifying
individual energy peaks in a Csl or Nal detector spectrum. It begins by removing noise
in the measured spectrum through an adaptive Chi-square called ‘ACHIP’ smoothing
algorithm [1]. This is especially important for short counting times or low count spectra.

The Chi-square analysis was selected over a weighted average analysis in order to limit
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further spectral resolution reduction. This method determines whether or not the
differences between counts in neighboring channels are statistically significant or if they
are electronic noise. SmartlD conducts this analysis based on a user-specified test
parameter, «, which is a significance value spanning from 0.005 to 0.995. This value
provides the limit at which the differences in counts between neighboring channels are
considered significant. The process begins by looking at three channels; the center
channel is the channel of interest for noise removal. A least squares fit is utilized to
create a parabolic model fitting the 3 points [1]. Once these 3 points are fit, additional
points are considered and Chi-square values are computed. If the Chi value is greater
than the Chi value for the specified a statistical significance parameter and corresponding
degrees of freedom, the previous Chi-square satisfying model is applied [1]. This ensures
that an apparent “peak” in the spectrum is a “true feature” while mitigating resolution
degradation [1]. Additionally, a smooth parabolic least squares approach is also
implemented in order to mitigate “chopping” effects [2]. Figure 2.1 depicts a Nal(Tl)
spectrum before denoising and after denoising. Note how the peak resolution remains

unchanged.
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Counts

keV Erergy

Figure 2.1: Collected spectrum before (yellow points) and after (blue line) the ACHIP

denoising procedure.

Once both the raw collected spectrum and background spectrum have been
denoised, the time scaled and denoised background spectrum is subtracted from the gross
collected spectrum. Included in SmartID is the option to weight the background
spectrum by a Background Significance Factor in order to increase or decrease the effect
background has on the subtracted spectrum. The effect shown by this factor on the signal

spectrum is shown by

Se =8, — F,8, — (2.1)

Where S; is the signal spectrum, S; is the total, measured spectrum, S, is the background
spectrum, Ts is the signal spectrum counting time, Ty, is the background spectrum
counting time, and Fy, is the background significance factor. By default, Fy, is set equal to

one. This allows the user to adjust the background in order to see what information can
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still be discerned from the spectrum if the location for measurement were to change to an
area with greater background, such as at a higher altitude.

Once the signal spectrum is computed, the search for photopeaks commences.
SmartID searches for gamma peaks between the energies 20 keV and 3 MeV. The peak
search begins at 3 MeV and scans progressively lower energies. Once a photopeak is
located, SmartID determines the corresponding detector response, accounting for the
various physics effects taking place. The detector responses are precomputed by Monte
Carlo simulations, and are included in a data library for the SmartID code. MCNP5 was
the selected Monte Carlo code for the simulations.

The Monte Carlo computational method as implemented in the MCNP code is
currently the most extensively used, straight forward technique for particle transport. It
has been widely demonstrated as being capable of representing very complex geometries
in a rigorous manner using robust particle physics by statistically tracking the outcome of
individual particle histories [3]. MCNP can be used in several transport modes, and was
developed with over 500 person-years of effort at Los Alamos National Laboratory. It
operates in neutron only, photon only, electron only, and combined neutron-photon
transport problems where the photons are produced by neutron interactions, neutron-
photon-electron interactions, photon-electron, or electron-photon interactions.

The detector response simulations, now referred to as Detector Response
Functions (DRFs), were generated using photon only mode in MCNP. They are included
in the SmartID package for multiple types of detectors and shielding configurations,
including, but not limited to 2”’x 2” Nal(Tl) detector in air, 4”x4” Nal(TI) detector in air,
and a Csl detector in air. For each detector scenario, 61 DRFs were generated for
individual gamma emissions. The energy emissions were chosen at 50 keV intervals
starting at 50 keV and ending at 3 MeV, with an additional emission at 20 keV.
However, it is important to note that the peaks identified in SmartID will fall in between

many of these intervals and will have a response somewhere in between that of the
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nearest two DRFs. Instead of computing many more DRFs to account for every keV
gamma emission, a special interpolation procedure is incorporated to generate the
expected response. A simple interpolation is not sufficient to accurately portray every
physics interaction taking place, and the algorithm must conserve these interactions.
Depending on the incident gamma emissions energy, different features will arise. For
example, single escape peaks and double escape peaks only occur when the incident
gamma is greater than 1.022 MeV. Details on these types of interactions and features
will be described in more detail later on in the Section 2.2.

Spectral information occurring near these features is linearly interpolated based
on how far from the feature the point of interest is. For example, consider a gamma
emission with an energy of 460 keV. The two closest DRFs in SmartID’s library are for
450 keV and 500 keV. Arbitrarily choosing an energy in the spectrum, 180 keV, it is
seen that this occurs 116 keV from the Compton edge. Therefore, the detector responses
compared for the 450 keV and 500 keV are also predicted to occur also at energies 116
keV from their respective Compton edge. These resulting energies are 181 keV and 175
keV respectively. Now that the comparison energies are determined, a simple linear
interpolation can be applied to determine the response, f, at 180 keV for a 460 keV

gamma emission shown by

oo (181 keV) — fo50 (175 keV)
500 keV — 450 keV

fieo(180 ke?) = ( ) (460 kev — 450 ke?)  (22)

where f460(180 keV) is the number of counts per second at 180 keV for a 460 keV gamma
emission. Similarly, fs00(181 keV) is the number of counts per second at 181 keV for a
500 keV gamma emission, and f450(175 keV) is the number of counts per second at 180
keV for a 450 keV gamma emission. Once an identified energy peak’s full detector

response is determined, Gaussian broadening is applied to account for electronic
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“detector” broadening. The relative amount of broadening applied for each energy is
determined from FWHM data incorporated in a file to be read by SmartIiD. The
“FWHM.txt” file properly accounts for the specific detector properties, and a new file
must be created for every new spectrum collected when the energy calibration has
changed. This file contains full width half maximum (FWHM) data that can be

determined from known calibration sources. Figure 2.2 shows how this file is organized.

FWHM.txt - X
Energv(lkeV) FWHH{leV) —d
45 3 7.1 0
86 55 g 44
105 .31 9.05
511 ag .1
661 .657 44 EE
1173 . 228 56.59
1274 537 58 .59
1332 . 492 59 .21
2614 94 .03
|

IK |

Figure 2.2: SmartID “FWHM.txt” file.

This information is applied in the following equation to determine the Gaussian

distribution,

1
e
oV2m

M 2.35 _2.35%(E-w)?

G(E;u,0) = 202 =————— ¢ 2FWHM? 2.3
(E:p,0) FWHMNV?2n @3

where « is the mean or energy of the peak, ¢° is the variance, E is the energy, and G is the
probability density. To determine the appropriate counts at an energy, E, the following is

applied,

24



Cnew(E) = Z Cold(i)G(E; i, O'i) (2_4)

where Chpey is the new number of counts at energy E, and C,q is the old number of counts
at energy i [4].

After the full detector response is transformed, it can be subtracted from the
measured spectrum to unveil additional hidden photopeaks. This process is repeated for
the remaining counts until no more peaks are found in the spectrum. Figure 2.3
summarizes the procedure of how SmartID identifies energy peak information from an

initial raw spectrum.

Scale Background
and Subtract from
Spectrum

Denoise Spectrum
and Background

Subtract peak
spectrum from Remainder Net

remainder Spectrum

Apply Detector
Response Functions Search for Peak

Report Peak
Characteristics No more peaks to

identify... Finish!

Figure 2.3: Paradigm of the ASEDRA peak identification algorithm [4].
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Once all peaks are identified, additional options selected or adjusted in the
SmartlD input will determine how isotope energy emissions will be matched to these
peaks. Emissions within a specified tolerance of an identified peak are considered a
match for the peak. This tolerance is determined by the SmartID user and can be set such
that any emission within the tolerance is considered a match, or set to determine the most
likely scenario within a maximum set tolerance. In the latter method, a search begins
with a tolerance of 0.01 (1% energy window), and gradually increases by given step size
(0.005 by default) until the maximum tolerance is reached or an isotope is scored greater
than the specified high correlation threshold, or the highest scored isotope does not
change when increasing tolerance. Details on how nuclides are scored are described later
on in the following section. On occasion, one peak may be identified as two peaks. In
order to resolve this scenario, a blur coefficient is specified to determine whether or not
two peaks should actually be combined into one. This coefficient is by default set to
0.15, which essentially combines gamma lines that are within the energy window of the
energy’s FWHM multiplied by the blur coefficient. The higher the coefficient, the

greater the energy range for combining peaks.

2.1.2 Nuclide Scoring

Once the algorithm has completed its search for peaks, it compares the peaks
identified with emission energies from various isotopes in a database. The SmartlD
isotope database consists of 204 nuclides plus gamma emissions from (n,y) interactions
with hydrogen, Ge-Kesc, and W-Kalpha. The isotopes are listed in the library along with
their emissions, probabilities of decay, half-life, and classification. Isotopes are classified
by fission product, special nuclear material, medical isotope, daughter product, or parent
of important nuclides, such as 2°Pu.

SmartlD identifies the peaks through a synthetic scoring scheme designed by a

combination of a base score and bonus scores. Equation 2.5 shows how these scores
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contribute to an overall total score which identifies the most likely nuclides present in a

spectrum.

St = AO + A1 + AZ + A3 = Sb + alsl + azsz + a353 (25)

where S, is the base score with 0 < S, < 1, S,'s are bonus scores, ay's are bonus score
weights, and S; is the total score [4]. Additionally, the total score is multiplied by a
scaling factor of 100 to achieve the final score for nuclide identification.

The base score is computed from an equation relating the number of peaks

matched to the number of emissions of a given isotope shown by,

_1 # of matched peaks
# of emissions (2.6)

tan

Sb: T
4

This equation is further developed by taking into account how the emissions from a given
nuclide are actually released. For example a ®°Co nuclide emits two gammas at the same
rate, but a °Nb nuclide emits three gammas at different fractions of yield of decay. For
example the 765.81 keV emissions for *°Nb only account for 99.8% of the total decay
rate of the nuclide. Equation 2.7 shows how these branching ratios are taken into

consideration when computing the base score,

_, X BR;D;M;

%BRiDi (2.7)

4

tan
Sb =
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where B; is the branching ratio (yield) for the i gamma emission, and D; is the
detectability for the i™ emission [4]. M; is the matching factor for the peak matching
emission.

Detectability is based purely on the properties of the detector and possible shield
in place, and is calculated for each energy emission. The intensity of a gamma emission
will exponentially decrease as it passes through the detector in a similar manner as it

decreases through a shield. This is depicted in Figure 2.4.

Figure 2.4: Detectability for a typical detector with shielding [4].

Equation 2.8 shows how the detectability is calculated as an estimate of the

detector and possible shield attenuation properties.

D(E;) = ('[;D'l) exp(—aslits) [1 — exp(—aD,itD)] (2.8)

]

where E; is the i" emission energy; Up,i is the i™ detector photoelectric attenuation
coefficient at energy E;; op ; is the i detector total macroscopic cross section at energy
E;; o ; is the shielding total cross section at energy E;; t;, and tg are the detector

characteristic size and shielding size, respectively [4].
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The final variable, M, in Equation 2.9 relates how much the emission energy is

aligned with the peak energy found in the spectrum. This is computed by

sz{A+(1—A>(1—§), 5<e 9
0, o0=>¢

|Eemissi0n_Epeak|

where § = , and § is the relative difference between the emission j energy

Epeak

and a given peak energy, A is a pre-defined constant (by default, A=0.85), and ¢ isa
user-defined tolerance to identify matching peaks [4]. This tolerance refers to the energy
window. For example, if ¢ = 0.02, then the energy window spans from 0.02 X E to
1.02 X E.

In addition to the base score, three bonus scores are computed to account for the
number of matched peaks, peak height score, and an emission/peak height distribution
preference. The first bonus score, similar to the base score, relates the number of peaks

identified to the total number of emissions a given nuclide. The relationship is shown by

N,
Ay = S, = ay (N, — 1) (1 + N—”‘) (2.10)
e

where N,, is the number of matched emissions, N, is the total number of emissions, and
@, is a fixed factor to adjust the contribution of the bonus score to the total score [4]. The
power coefficient, k, is designated constant set by the user. The default setting is k=1.8,
which gives increasing score emphasis as the number of matched peaks increases. This
scoring method helps to identify high emission nuclides such as fission products. For
example, **I has 173 emissions listed in SmartID’s nuclide library. It is nearly

impossible for SmartID to identify every emission in a spectrum, especially at the lower
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energies. Therefore, this scoring technique helps compensate for number of missing
emissions when a nuclide has a large number of matched emissions.

The second bonus score accounts for the number of counts expected in the full
energy peak for each emission. There are many cases where multiple nuclides have
emissions within the window energy range of the identified peak, but this does not
necessarily mean every nuclide is present. Introducing a scoring technique to account for
the peak height helps identify which isotopes are more likely present. The bonus score is

calculated by

L5
X Fy

AZ == azsz = a, (211)

where a, is a fixed multiplier to adjust the contribution of this bonus score relative to the

total score, and F is defined as the adjusted peak height

_ Ji

F, =

(2.12)

where again, D is the detectability, and f is the number of counts attributed to an
identified peak, k [4].

The final bonus score takes into account the emission to peak height distribution
preference. Much like the second bonus score, where detectability of a peak is
considered, the emission branch distribution is considered to determine how well a

nuclide is matched to an identified energy peak. This is calculated by

. F
Ay = Dy, = Z FinG) (2.13)
l
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where F; and B; are the normalized adjusted peak height and branch ratio value,
respectively. This bonus score is a function of the Kullback—Leibler divergence of the
two normalized distributions (B and F) [4]. The lower the divergence (meaning the

distributions agree with each other better), the higher the bonus score.

2.2 Enhancements for Water Stored Fuel

In order to properly capture the complex interactions taking place in an
underwater fuel storage scenario, | employed computational modeling. | developed
MCNP simulations to show the behavior of photons emitted from a spent fuel assembly
when they reach and interact with a Nal(TI) detector submerged in water. The MCNP
models were created for a Nal(TI) detector placed 40 cm distal from a Westinghouse
PWR fuel assembly. Figure 2.5 shows the MCNP model geometry created for the DRF

simulations.

Figure 2.5: MCNP model geometry for a Westinghouse 17x17 PWR fuel assembly in
water (yellow) with a Nal(TI) detector (green) collimated by tungsten shielding (pink) in
front of a concrete wall (orange). The left image shows a cross section along the y-axis,

and the right image shows a cross section along the z-axis.
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DRFs were generated from pulse height simulations in MCNP. In a real spent
fuel scenario, the detector would need to be highly shielded. The original design
simulated was to completely surround the detector with tungsten shielding collimated by
a small, 1 mm in diameter, pinhole. However, in order to achieve reasonably good
counting statistics for the Monte Carlo simulations (regarding model efficiency), the
tungsten collimation was adjusted to allow for a wider field of view. The collimation was
opened up at an angle equal to the average Compton scattering angle for a 1 MeV photon.
This required the calculation of the average scattering angle for 1 MeV photons,
determined to be 53.2424°. Details regarding Compton scattering for this application are

shown by Figure 2.6.

g 2 T
E,'=hv
Figure 2.6: Compton scattering interaction.
The new photon energy can be solved for by
E
1o Y
Ey = £ (2.14)

1+ﬁ(1—cos<p)

32



Where E,, is the Compton energy of the photon, E,,, is the incident energy of the photon,
and ¢ is the Compton scattering angle [4].

The source definition is set up to show the detector response from a single gamma
emission. Appendix A shows the MCNP input for a 200 keVV gamma emission. As
described in Chapter 2.1.1, DRFs were generated for individual gamma emissions at 50
keV intervals. However, since the medium for gamma transport has changed from air to
water, the gamma emissions with low energies are much less likely to reach the detector.
Therefore, 1 only included gamma emission intervals starting at 100 keV and ending at 3
MeV for a total of 59 DRF cases. Figures 2.7, 2.8, 2.9 and 2.10 show four gamma
energies chosen to represent the typical gamma spectrums detected by Nal(Tl) in the

configuration discussed for producing the DRFs.

Pulse Height

10° 10 ‘ ‘ ‘ ‘ ‘ ‘
00 05 10 15 20 25 30

MeV Energy

Figure 2.7: 3.0 MeV incident gamma MCNP pulse height spectrum with detector 40 cm
from source in water. Average and maximum 1-sigma errors were 1.71% and 3.82%,

respectively for 1x10* particle histories.
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Figure 2.8: 2.25 MeV incident gamma MCNP pulse height spectrum with detector 40 cm
from source in water. Average and maximum 1 sigma errors were 1.57% and 3.05%,

respectively for 1x10* particle histories.

Pulse Height

00 05 10 15 20 25 30
MeV Energy

Figure 2.9: 1.50 MeV incident gamma MCNP pulse height spectrum with detector 40cm
from source in water. Average and maximum 1 sigma errors were 1.50% and 2.74%,

respectively for 1x10* particle histories.
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Figure 2.10: 0.55 MeV incident gamma MCNP pulse height spectrum with detector 40
cm from source in water. Average and maximum 1 sigma errors were 1.98% and 3.66%,

respectively for 1x10* particle histories.

These four energies were selected to illustrate how with increasing photon energy,
additional peaks with respect to the energy of interest show up in the energy spectrum.
These additional peaks are a result of different interactions taking place with the high
energy photons and the low Z material. Although it is much less likely than Compton
scattering, pair production can occur when the incident photon energy is sufficiently high
(>1.02 MeV). This reaction results in the complete disappearance of the photon, while at
the same time, the creation of an electron-positron pair. The electron and positron are
only able to travel a few millimeters before losing all of their kinetic energy; therefore,
they never leave the detector and the energy deposited in the detector is the 2m,yc? less
than the energy of the incident photon [5]. This is evident in Figure 2.9, where the 1500
keV incident photon occasionally undergoes pair production resulting in a peak in the
spectrum at 480 keV, and in Figure 2.8 where the 2250 keV incident photon produces an

additional peak in the detector at 1230 keV. This is referred to as the double escape peak
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since both annihilation photons escape from the detector. A single escape peak can also

occur when only one annihilation photon escapes while the other is absorbed in the

detector [5]. This results in a peak at myc? less than the energy of the incident photon.

A third phenomenon that is apparent with incident gamma energies greater than 1.02

MeV is annihilation or combination with a normal electron of the positron in the detector.

If this occurs, both electron and positron disappear, and are replaced by two annihilation

photons with an energy of mqc? (0.511 MeV) [5]. Equations 2.14 to 2.18 summarize

these effects.

Epeak = Eemission

Esk. = Eemission — 511, for Eemission > 1.022 MeV

Ep k. = Eemission — 1,022, for Eemission > 1.022 MeV

E 511
backscatter = £ 114
24 511

Eemission

EComptonEdge = Eemission - Ebackscatter

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

where E,qq refers to the incident gamma emission, Egpyssion, from a source. Eg g is the

energy of the single escape peak, E, ¢ is the energy of the double escape peak.

Epackscatter 1S the energy of the incident gamma emission when it is backscattered.

This

is derived from equation 2.14 when ¢ is 180°. E¢omproneage refers to the gamma energy

where the Compton edge begins [4].
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Referring back to Figures 2.7 to 2.10, the MCNP models with pulse height tallies
show the DRFs are consistent with all necessary nuclear physics and interactions. These
models will be used to update the SmartID algorithm so that the Compton effects, along
with other radiation physics events in the water will be removed, leaving only the key
peak photoelectric related information to remain, as is consistent with the SmartID

algorithm.

2.2.1. Running SmartID

Post-processing spectra with SmartlD is a relatively simple task. Only five files
are needed. These include a spectrum file in “.Spe” form, a FWHM file “FWHM.txt”, an
energy calibration file “Energy.txt”, a background spectrum file in “.Spe” form, and an
input file “smartid.inp”. The “Energy.txt” file is setup with the channel number in the
first column followed by the corresponding energy in units of keV in the second column.
The “FWHM.txt” file is set up in a similar manner. The first column lists the energy in
units of keV for a peak, and the second column lists the corresponding width of the
FWHM in units of keV. Figure 2.11 shows the “smartid.inp” input file needed to run the

program.
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Spectrum File
"zspectrum.Spe"
Baclkground File
"blgd . Spe"
Baclkground Significance Factor
1.0
Hazx Energy FWHHM calibration table
" FWHH. t=t"
Low energy tailing: height ratio, FUHHM in keV
10 0. 2500000 23
11| Aliasing Factor (-1 diablse=s. :0 elim pk wsin fract FWHHM)

R apun it Wu pid g I RR T G ) o

12 -

13| Energy Calibration Tabl
14 "Energy . tmt"

15| Chi-=quared threshold
16 -1

17| Alphal for adaptive chi
1a 0,005

19| Dector response function (DREF) tvpe (0-5=Hal. &6=HPG=, 7-8=C=I., 9=Water)
9

21| Rejection Threshold {(minimum peal height)
3

23| Relative channel threshold percent of total spectrum in a channel

24 1
25| Scattered counts scale factor

26 1.0

27| smartid paramethers: low energy cutoff (MeV)
28 0.100

29| high energy cutoff (HeV)

an 3.0

31| min halflife unit {(ignore smaller than s==second m=minute h=hour d=davy w=vear)
2l =
33| detector material (3=Nal. 4=C=I L5=LaBr3 &6=SrI2)

34 3

35| mean detector thickness (cn)

3B 5.0ao0

37| shield material (1=Fe. 2=Pb. O=uncertain—-—-iterate)
a8

39| shield thicknes=s (cm,.<0:iteratiwely =earch for optimum thickness <absolute walues
40 -5

41| tolerance ratio (pk v= emiss E; <0.fized walues: :0:adaptive up to wal)
42 n.o1

43| blur coefficient (combine gamma lines if closer than FUWHM=hlur)

44 o.o1

45| energy mis=match weight

416 1.0

47| output file

48| "spectrum.out”

49| correlation threshold (highsmoderateslow setpoints)

Lol 108 99 &0

1| tol_start, tol_step. iso range (iterate tol ratio)

L2 0.001 0,005, 3

Figure 2.11: Input file, “smartid.inp,” SmartID utilizes for post-processing. Each line

numbered for description.

Many of the lines are self-explanatory, however, each line will be explained along
with options for clarification. Lines 1and 2 point to the location of the spectrum file in
“.Spe” format to be post-processed. Lines 3 and 4 refer to the background spectrum and
points to its location. Lines 5 and 6 refer to the background significance factor which is
used to increase or decrease the contribution from the background spectrum when

subtracting from the gross count spectrum. Lines 7 and 8 point to the location of the
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“FWHM.txt” file. Low energy tailing, as listed in lines 9 and 10, refers to low energy
regions in the spectrum where the right side of the photopeak has a larger FWHM than
the left. The first parameter is the weight of the Gaussian with the larger FWHM, and the
second parameter is the larger FWHM in units of keV [6].

Lines 11 and 12 refer to peak aliasing which aliases peaks too close to dominant
peaks. This will eliminate these minor incidental peaks and add to the dominant peak.
This option helps with the accuracy by decreasing sensitivity to a specific DRF model
[6].

The energy calibration is determined from the “Energy.txt” file which is pointed
to in lines 13 and 14. Lines 15 and 16 introduce the chi-square threshold option. It is
recommended that this option be set to -1 since this refers to the adaptive chi-processed
denoising explained in Chapter 2.1.1. If this is chosen, the following lines, 17 and 18,
must be included. The alpha setting refers to the rejection criteria used in denoising. The
minimum value is 0.005. This can be increased to 0.995. Increasing this value decreases
the amount of denoising taking place, but also decreases the risk of removing real
features [6].

I introduced the new DRFs into SmartID in lines 19 and 20. Option “9” refers to
these new DRFs modeled specifically for a PWR fuel assembly in water. Options 0-5
refer to a Nal detector, but in different configurations and size. Option 0 is fora 2” x 2”
Nal detector point source with no shield. Option 1 is similar to option 0 with an added
thin iron shield [6]. Option 3 is a 4” X 4” X 16” Nal bottom portal monitor with a small
source and no shield. The source is located 140 cm off of the ground and 140 cm from
the steel portal monitor box [6]. Option 3 is similar to option 2, but the portal monitor
box is located above the lower box assembly. Option 4 is similar to option 2 with an
added steel shield. Option 5 is similar to Option 3 with an added steel shield. Option 6

refers to a 3” in diameter by 1 Portable HPGe detector as an option with a point source
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and concrete floor [6]. Options 7 and 8 consider a 2”” X 2” CslI detector with a point
source. Option 8 also includes a small cast-iron scattering plane [6].

The rejection threshold in lines 21 and 22 gives the minimum number of counts
that will be accepted as a peak. Peaks found that do not meet the minimum number of
counts will be rejected. The relative channel threshold option in lines 23 and 24 helps
prevent “leftover” subtracted counts from leading to “false” peaks [6]. This setting has
the user input a minimum percentage of the original spectrum at that point that a
synthetic peak must represent. It is recommended that this value is set to at least 5% [6].

The scattered counts scaling factor in lines 25 and 26 lets the user input the degree
upon which scattered counts are associated with a full energy photopeak. For example,
inputting a value of 2 would double the amount of scattered counts [6].

Lines 27 and 28 give the user the option for the user to input the lowest energy
SmartID will consider for peak identification, whereas lines 29 and 30 show the option
for the highest energy considered. The maximum is currently 3.0 MeV. The nuclides
SmartID will consider for peak attribution are selected by the minimum highlife unit
considered which is inputted in line 32. The detector material is selected in lines 33 and
34. This should match with the detector response function chosen in line 20. The
corresponding detector thickness is referred to and inputted in lines 35 and 36. A
thickness of 5.080 cm refers to a typical 2” X 2” detector.

SmartlID is also unique in that it has the ability to determine the most likely
shielding scenario that a source may be placed behind. Lines 37 and 38 refer to the
selected shield material. This could be chosen as either iron or lead, or it can be
uncertain. In the latter case, the code iterates between the different shielding scenarios
and scores each. In a similar manner, the thickness of the shield can be either set at a
specific thickness or can be unspecified in lines 39 and 40. If unspecified, the code will

iterate up to the maximum specified thickness in units of cm.

40



Identified peaks are attributed to gamma emissions by the options specified in
lines 41 to 46, and lines 49 to 52. The tolerance ratio in lines 41 and 42 refer to the
energy range in which a peak will be matched to an emission. This is described in more
detail in chapter 2.1.1. This value can either be set as a maximum or be used in an
iterative scenario for best attribution [7]. Lines 43 and 44 refer to a blur coefficient. If
two identified peaks fall within the energy determined by this coefficient, the 2 peaks will
be combined. The energy mismatch weight is set in lines 45 and 46, and is typically set
to1[7].

The location and name of the resulting output file compiled by SmartID can be
established by the user in lines 47 and 48. It is best to make the name as descriptive as
possible in order to remember which spectrum was analyzed.

Lines 49 and 50 let the user set the scoring parameters for the correlation
thresholds of how well a nuclide is matched. Typical values are set as 110 for highly
matched, 90 for moderately matched, and 60 for low matched nuclides [7]. The final 2
lines, 51 and 52, include the parameters for determining the best tolerance value for
nuclide identification. The first value represents the starting tolerance; the second value
represents the increasing tolerance step size; and the third value represents the minimum
number of highly scored nuclides (score set in line 50). The maximum tolerance value
was set by the user in line 42.

Now that all options have been described in detail, I’ll apply SmartID in post-
processing real and simulated source scenarios to determine if the algorithm is
performing well, and which options must be included or altered to achieve the most

reliable results.
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CHAPTER 3

LABORATORY EXPERIMENTS

3.1 Calibration Source Experiment

Real world experiments with SmartlD were required to establish the code for the
fuel assessment application for the project. Therefore, | designed an experiment to verify
SmartID’s ability to identify radionuclides in an air medium, and to determine if SmartID
is capable of correctly identifying radionuclides through a water medium. The spectra
were collected by a Canberra 2 in. x 2 in. Nal(TI) scintillator detector.

| created a simple experimental setup to minimize any external interference. On a
free standing table in the center of a detection laboratory, | aligned a Nal(TI) detector 40

cm away from a stand to hold various radiation sources, as shown in Figure 3.1.

Figure 3.1: Experimental setup of Nal detector facing source stand.
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Additionally, I purchased a 40 cm long plastic tub and filled it with water. This
was later placed between the detector and source stand for the water medium spectra
collections. 1 collected spectra of sources in this configuration through air, and also
collected spectra for the same sources after adding a container of water in between the
detector and sources. My two radionuclides of initial interest were **’Cs and ®®Co. The
137Cs calibration source had an activity of 262.8 uCi. This source was dated February 1,
1999. Taking into account a half-life of 30 years, the current activity of the source was
calculated to be 180 uCi. The ®°Co sources were much weaker (each 1 uCi on January
28, 2008 and 0.4 pCi on date of measure); therefore | placed two of these sources on the
source stand for data acquisition.

| calibrated the detector using both of these sources, plus a natural thorium glass
source (that included a *®T1 source) and a #Na calibration source through air. From the
calibration spectra, | calculated the FWHM values for various energy peaks for use in the
SmartID analysis of the collected spectra. Table 3.1 lists the calibration data for use in

the “Energy.txt” and “FWHM.txt” files needed to properly run SmartID.

Table 3.1: Calibration gamma peak data for a 2 in. x 2 in. Nal(TI) detector in air.

Energy (keV) Channel FWHM (keV)

511 243 37.85
661.657 311 46.526
1173.23 542 55.365
1332.49 614 66.36
2614 1191 86.618

As previously stated, the *¥'Cs source was much stronger than the ®°Co sources.
Figure 3.2 shows the spectrum collected with air between the detector and source, and

with water between the detector and source. *¥'Cs has only one major gamma energy
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emission at 662 keV. Due to its strength, its peak was still easily discernable in the water
spectrum, but it is noteworthy to see how significantly the signal drops off for the number
of counts collected over 30 minutes from an air environment to a water environment.

The peak in the air case is 20 times greater than the peak for the water case.

o Water
1047 :
’ . Air

Bkgd
100 :

Counts

0oL b

0 500 1000 1500 2000 2500 3000
keV Energy

Figure 3.2: **¥'Cs spectrum in air shown in blue. **’Cs spectrum in water shown in pink.

Background spectrum shown in yellow.

The measurements were taken in a laboratory located on the top floor of the
Boggs building at Georgia Tech. This laboratory stores many types of calibration sources
for radiation detection research. The storage of these radioactive sources contributes to a
noisy, elevated background shown in yellow in Figure 3.2. Identifiable peaks are visible
at energies near 2600 keV (relating to 2°®Tl), and 1400 keV (relating to “°K). It is also
evident that this background contributes to the overall shape of the spectra collected for

the 2*’Cs sample. It is important to verify that SmartID is able to perform well in noisy
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environments by removing all background effects without removing important features of
the measured source. | verified this by employing the SmartID algorithm with the **’Cs
in air spectrum with the background spectrum subtracted and without the background
subtracted. Figure 3.3 shows the identified **'Cs in air spectrum without background

subtraction, and Figure 3.4 shows the corresponding nuclides identified by SmartID.

0 500 1000 1500 2000 2500 3000
keV Energy

Figure 3.3: **'Cs spectrum in air shown in blue. Background was not subtracted. All

identified peaks are shown by the red vertical lines.

I'included a shielding search in my “smartid.inp” file since many of the sources
contributing to the overall background are most likely stored and shielded. The most
likely shielding scenario scored was 3 cm of lead. This resulted in **’Cs as the most
likely nuclide. This is actually highly likely since I know that *’Cs was the source used
for spectrum collection. *°Co was also identified, and I find this to be likely since I know
that this source was in the vicinity of the detector, for later use. The remaining nuclides

scored present a unique background. There is a natural thorium glass source present in
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the laboratory; however, its exact nuclide content is unknown. The background suggests
that this is not a pure source, and might have at one time been subjected to irradiation or
been in the presence of a neutron source. In order to be sure that SmartID would best
match nuclides present, | set the tolerance ratio, or energy window, to 1%. Looking
closely at the individual nuclide’s emission attributions, I see that it is unlikely that both
231pa and %*'Th are present. Both have 2 very similar gamma emissions, and the 302.74
keV photopeak and 331.54 keV photopeak are attributed to both nuclides. The 302.74
keV photopeak is also attributed to ?*?Ph, a daughter product of natural Th. Therefore,
this is actually the nuclide present. The 2600.7 keV photopeak identified is clearly
shown, and is most likely from the 2614 keV emission attributed to “®TI. In fact,
SmartID attributes 3 out of the 4 *°*TI emissions. It is also likely that ?Na is present in
the background, since the spectrum collection took place on the top floor of the Boggs
building at Georgia tech. Both emissions for this nuclide are attributed by SmartiD.
Since | believe this nuclide, ?Na, is present, it is unlikely that ®Zn is present. This
nuclide shares an emission at 511 keV with ?Na, and its second emission is double
counted by “®Sc, and #*Bi, which is a daughter product of 22U. | determined that it is
more likely that 238U is present rather than “°Sc since ***Ra, also a >*®U daughter product

is scored, along with *®U itself.
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Score Details for Shielding Options:

Po==ible Shielding Setting: 1 Total Score: 2037 .46

Shielding Material: Fb Thicknes=s (cm): 3.00

Hote:

baze =core : fuction of (¥matched-#emissions). weighted by vield,detectability

bonu= I : bonus from number of matched peaks

bonu=s II : bonus from relative peak height

bonu= III : bonus from alignment between pealkheights and emission vields

Score Summnary:

Huclide Total (ba=e + bonu=s I. II. III) Comment Correlation
137C= 125.63 ( 98.2 o.o0 27.4 0.0 7 Fi== Prod High
110mhg 114 .32 ( 79.5 6.8 28.1 0.0 3} Fi== Prod High
231Fa 109.60 ( 98.6 1.0 5.0 5.0 T-235_Deau+lrr T High
227Th 105.10  99.1 1.0 5.0 0.0 U-235_Daughter Moderate
B0Co 105.03 ( 99.0 1.0 0.0 5.0 c Moderate
465 104 61 ( 98.6 1.0 0.1 5.0 I Moderate
212Fh 10069  97.8 oo 2.9 0.0 Th-232_Daughter Moderate
657n 100.59  99.1 1.0 0.5 0.0 Fi=s=s Prod Hoderate
22Ha 100.39  98.9 1.0 0.5 0.0 Cosmic_spall_pr Hoderate
40K 98.39 ( 98.4 o0 o.0 0.0 HOEH Low
2414m 98 .38 ( g2.4 1.7 29.3 5.0 SHHM Low
LECo 98.11 ( 98.1 oo o.o0 o.0 c Low
2Z6Ha 49 .69 ( g89.0 oo 0.7 0.0 U-238 Daughter Low
1245k a4 .08 ( &5l1.8 1.6 0.7 20,0} Fi== Prod Loor
2380 7674 ( 76.7 o0 o.o0 0.0 SHHM Loor
208T1 74 51 ( 71.8 2.2 0.5 0.0 Th-232_Daughter Lonr
16emHo 71 26 ( BO.G B 4.1 0.0 Fi== Prod Lonr
239FPu 69 33 ( 24.7 8.2 36.3 0.0 7 SHH Lonr
134Cs 68.34 ( 45 .6 2.0 0.7 20.0 7} Fi== Prod Low
214Bi 67 .43 ( &0.3 6.4 0.7 0.0 U-238_Daughter Low
AEZr 65.70 ( &5.6 o0 0.1 0.0 Fi== Prod Low
1255hb £9.13 ( &8.4 oo 0.7 0.0 Fi== Prod Low
1921Ir 5042 ( 49.7 oo 0.7 0.0 medical_ RDD Low

Figure 3.4: Scored nuclides identified by SmartID for the **’Cs spectrum without

background subtraction.

| repeated analyzing the *’Cs spectrum in air with SmartID, this time taking into
account background subtraction. Figure 3.5 shows the resulting identified peaks.
Multiple peaks still are identified, but they no longer hold as much significance to the
overall gross count rate. SmartID was able to accurately identify **’Cs as the most likely

nuclide present.
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Figure 3.5: **’Cs spectrum in air shown in blue. Background shown in yellow. All

identified peaks are shown by the red vertical lines.
| processed the water case spectrum through SmartID, which successfully scored

137Cs as the most likely isotope. SmartIDFigure 3.6 shows the identified peaks of the

water spectrum with background subtraction.
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Figure 3.6: **'Cs spectrum in water with peaks identified by SmartID. Background

shown in yellow. All identified peaks are shown by the red vertical lines.

Although less pronounced, the 662 keV peak is clearly identified by SmartID, and
137Cs is the top scoring nuclide. Figure 3.7 shows the identified peaks, and resulting
nuclides scored for this case. The identified 657.23 keV peak is attributed to the 662 keV

emission associated with **"Cs.
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Smart ID-XP
Extended Protocol Synthetic Resolution Identifier
Ver 2.5J
By
5. Sjoden, C. Yi, E. LaVigne., J. Paul
Georglia Institute of Technology
June 2014

Contact: s=joden@gatech.edu

Spectrum Hame: . SmallExp-C=137 . Spe

4 Peali({=) Identified — Sort by Ensergy

keV Counts Horm* Cts Peak Id
657 .23 L 9867E+03 85 .09786 3
674 .94 1. 0291E+03 14 62813 4
905 . 26 6. 3920E+00 0.09086 2
1812 20 1. 2885E+01 0.18315 1
Fo=z=sible Shielding Setting: 1 Total Score: 472 .93
Shielding Material: Fe Thicknes=s (cm): o.oo

Hote:

ba=ze =core :

fuction of

{#mnatched-#emnissions) .

bonu= I : bonus from number of matched peals
bonu=s IT : bonus from relatiwve peal height
bonus III : bonus from

alignment between pealkheights and emnission vields

weighted by wield. detectability

Score Summary:

Huczlide Total {basze + bonu= I, II. III} Comment Correlation
137Cs 131.60  98.2 oo 334 0.0 Fi=z= Prod High
240FPu 126.62  94.9 o0 31.7 0.0 SHM High
110mag 114 .84  72.5 2.8 335 0.0 Fi=z= Prod High
5E7Co 99,87 ( 94.5 o0 5.4 0.0 C Hoderate

Figure 3.7: SmartID partial output file for **’Cs through water.

Although the spectrum shown in Figure 3.6 was greatly altered through the water,

| wanted further validation that a more complicated or weaker source could still be

correctly identified in this type of very noisy background medium. The isotope *°Co has

two gamma peaks; one at 1173.228 keV and one at 1332.490 keV. Figure 3.8 shows

these peaks when the spectrum was taken in air.
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Figure 3.8: ®Co spectra through 40 cm of air in blue with background in yellow.

In a similar manner to the **'Cs cases just presented, the background spectrum has
a noticable effect on the raw collected spectrum for the ®°Co source. However, in this
case, the ®°Co sources are much weaker, and the background produces a more
complicated spectrum with multiple energy peaks not associated with or expected to be
seen for a ®°Co source. Again, | utilized SmartID to identify energy peaks for the ®°Co
spectrum in air without subtracting background. Figure 3.9 shows the identified peaks.

A total of 40 peaks are identified when the only source to be directly measured was the

0co.
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Figure 3.9: ®®Co spectrum in air shown in blue. Background was not subtracted. All

identified peaks are shown by the red vertical lines.

The laboratory environment produced a highly complicated low radiation area.
Figure 3.10 shows the identified nuclides from the SmartID output file. | see high
correlations for many fission products and nuclides associated with **Th. At first, it
seems that SmartlID is innacurately identifiing nuclides, but the thorium source located in
the laboratory is actually highly complicated with numerous daughter products. Like the
previous *’Cs plus background analysis, the natural thorium source is creating this
unique spectrum. This source is in glass form, and was found left behind in another
laboratory at Georgia Tech. The history of the source is unknown, but I have confirmed
that it contains natural thorium. | have previously employed SmartID to try and identify
this source and found that it likely is not pure thorium. Although, its visual energy peak
features show the key energy peaks linked to ***Th, I believe it may also contain some
natural uranium. Figure 3.10 shows the complicated nuclide identification. In addition to
the daughter products and nuclides associated with Th, “°K, and *’Na are identified. The

key identifying nuclide for the presence of Th is *®TI. Two out of four peaks were
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identified by SmartID, and the peak heights follow the branching ratio and detectability

patterns of the emissions. Two additional **Th daughter nuclides, ?*?Bi and *®Ac, were

also identified. In addition to the many fission products discovered by SmartID, The “°K

peak is clearly visible in the spectrum. It has a gamma emission at 1460.83 keV and

attributed the peak identified at 1454.6 keV. The higher energy peak for 2Na was

identified 1263.9 keV for the 1274.5 emission. Again, | do not believe that *°Sc is

actually present due to double counting of attributed gamma emissions from *Bi and

234pa,

Hote:

bonus I
bonus II1
bonus III

base score

fuction of
; bonus from
. bonus from
; bonus from

Score Sumnmnary:

Fb

Score Details for Shielding Options:

Fo=s=ible Shielding Setting:
Shielding Haterial:

1 Total Score:
Thickne=s= (cm):

(¥matched - #emissions),

numnber of matched peals
relative peal height
alignment between peakheights and enission vields

1720.21
4.00

weighted by vield,detectability o

Huclide
60Co
465
223Ra
SEHn
40K
214FPh
65Zn
208T1
152Eu
22Ha
212B1
160Th
106Eu
56Co
214B1
1245hb
154Eu
1921Ix
228ACc
106Eh
234Pa

Total

124.
106.
100.
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94 .
93.
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g6
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70.
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Figure 3.10: Scored nuclides identified by SmartID for the ®°Co spectrum without

background subtraction.

Although it is impressive that the SmartID algorithm was able to pull out many

hidden energy peaks relating to Th, it is more impressive that the majority of these peaks
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are removed when background removal is applied. Figure 3.11 shows the same collected

raw spectrum for ®°Co in air with the background. The background was subtracted from

the raw spectrum and SmartlD identified far fewer energy peaks. Figure 3.12 shows the

new results which are much more limited in comparison to Figure 3.10. Some of the

background nuclides bleed through to the new net spectrum, but *°Co is overwhelmingly

identified as the most likely nuclide present.
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Figure 3.11: ®°Co spectrum in air with peaks identified by SmartID. Background shown

in yellow. All identified peaks are shown by the red vertical lines

Score Summary:

Huclide
60Co
40K
160Th
214B1
234Fa
1245h
56Co
154Eu
134C=
152Eu
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Figure 3.12: SmartID score summary for the ®°Co source through air.

Changing the medium of travel for the gamma emissions from air to water
significantly alters the spectrum’s appearance. These two peaks become nearly
undiscernible, as shown in Figure 3.13, due to the low resolution in a Nal(TI) detector,
the noisy background, the Compton scattering effects from the water, and the close
proximity between the peaks. | analyzed this spectrum with SmartID, accounting for the
background. If the DRFs were computed correctly, and SmartID is properly tuned, these
two peaks will be identified and the output will compute a high likelihood of ®°Co in the

sample. Figure 3.14 shows the identified peaks for this spectrum.
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Figure 3.13: ®Co raw spectra through 40 cm of water.
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Figure 3.14: Peaks identified for a ®°Co spectrum (blue) through 40 cm of water. The

background is shown in yellow.

The SmartID results show that the two peaks can be accurately identified. Figure

3.15 shows the output file describing the results.
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SmartID-XP
Extended Protocol Synthetic Resolution Identifier
Yer 2.57
By
G. Sjoden. C. ¥i, E. LaVigne., J. Paul
Georgia Institute of Technology
June 2014

Contact: sjoden@gatech.esdu

Spectrum Hame: . SmallExp-Cobl. Spe

5 Pealki{s) Identified — Sort by Energy

keV Counts Horm¥ Cts Peal Id
648 .36 6.5992E4+01 45 62806 4
681.59 4 2154E+01 29 . 14604 5
1171.00 1.2629E+01 8.73192 3
1334.70 2.0381E+01 14.09179 2
1505.70 3. 4743E400 2.40219 1
Po=s=sible Shielding Setting: 1 Total Score: 157 .37

Shielding Material: Fe Thickne=s= (cm): 0.0o0

Hote:

base score ;| fuction of (#matched-femnis=sions). weighted by yield.detectability and matching factor
bonu=s I . bonus from number of matched peaks

bonu=s II . bonus from relative pealk height

bonu=s III : bonus from alignment between pealkheights and emission vields

Score Summnary .

Huclide Total (base + bonus I. II. III) Comment Correlation
60Co 114 .23 ( 99.2 1.0 9.1 5.0 c High
1245b 24.39 ( 8.3 0.0 180 0.0 Fiss Prod Low
239Fu 18.75 ( 0.1 0.5 181 0.0 SHM Low
Scored nuclides details:
Huclide Score T1.-2 Ti-2_unit #Eni=sionInRange #Hatched Correlation Commen
60Ca 114.23 5. 2700E+00 v 2 High c
Emnission{KeV) FProbsDE Detectability 0.50% Energy Window Pealk(KeV) Horm¥_cts
+ 1173.23 1. 0000E400 3.0135E-02 { 1167.36 to 1179.10 ) 1171.00 g.7319
+ 1332 .51 1. 0000E400 2.4321E-02 { 1325.85 to 1339.17 ) 1334.70 14.0918

Figure 3.15: SmartID output file for ®°Co spectrum through water.

The most likely nuclide by far, identified by SmartID is ®*Co with a very tight
energy window. This is very impressive considering the complex background and how
weak the ®°Co sources considered were. It does appear from the peaks near 662 keV that
the strong *'Cs located in the laboratory is influencing the spectrum, but does not
interfere enough to significantly alter the scoring. From these studies, | have found that

SmartID has proven to work well in noisy laboratory environment, making it appropriate

for use in further studies.
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3.2 Irradiated Fuel Pin Experiment

In addition to the **’Cs and ®°Co calibration source experiment, | designed an
experiment to replicate a simplified spent fuel pool environment. 1 did this in order to
verify that key spectral information from irradiated fuel submerged in water can be
determined. The Radiological Science and Engineering Laboratory (RSEL) at Georgia
Tech has the facilities and sources available that allow a natural uranium metal fuel rod to
be irradiated by strong neutron sources, in order to produce fission products normally
seen in used nuclear fuel. The fission products’ gamma radiation will be measured with a
low cost scintillator detector, Nal(Tl).

To support the actual experiment setup and irradiation, | produced MCNP models
to profile the experimental outcome prior to running the experiment, and determine the
dose rates involved. The experiment was designed to take place in the D-T neutron vault
of the RSEL for this reason. Figure 3.16 shows the basic experimental setup. The light
pink area represents the concrete walls and floor of the lab, the purple represents the lab
space air. The fuel rod is the long vertical cylinder, the green is the water filled tub, and
the orange is lead shielding surrounding the detector, which is represented by the color

pink.

Figure 3.16: MCNP model of the experiment setup sliced along the x-axis.
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Water is an excellent neutron moderator due to its abundance of hydrogen, which
is nearly identical in mass to neutrons, greatly slowing down and thermalizing fast
neutrons. This thermalization is ideal, since most neutron induced fissions of natural
uranium result from thermal neutrons. The placement of the neutron sources allow the
emitted neutrons to travel through the container of water and scatter down to thermal
energies before interacting with the uranium fuel pin. This ideally induces fission
reactions in the uranium fuel which produce key fission products for detection. Figure
3.17 shows a close up view of the neutron interactions taking place near the natural

uranium fuel rod.

Figure 3.17: Neutron interactions for the MCNP model of the experiment setup along the

X-axis.

Once the computational modeling of the experiment was complete, the actual
experiment was set up in the RSEL neutron vault. Figure 3.18 shows the actual

experiment setup. The image on the left shows the 3 1-Ci PuBe sources and the 1.2x10°
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neutrons per second emitting AmBe source. These were held in place by small plastic
containers. The right image shows how the detector will be pointed at the fuel rod and
shielded by lead. The irradiation of the fuel rod continued for approximately 2 weeks.
For the first week of irradiation, the detector was removed from the vault, and it was
added after the sources were removed to take a 5 min and 1 hour gamma spectrum. Once
the spectra collection was complete, the neutron sources were added back to the
experiment. In the next sequence, the detector was left in place and fuel rod was
irradiated for an additional week. During this second week of irradiation, the detector
was set to collect, remotely, gamma spectra information at 8 hour time increments in
order to assess if the detector was able to detect a set of both short lived and long lived
fission products growing in the fuel pin with time. This culminated in a total of 21 eight
hour spectra over the course of one week. The sources were removed again, and 21
consecutive 5 minute spectra were taken in order to see how the short lived fission

products die out.

Figure 3.18: Actual experimental setup. Left: Sources in place. Right: Detector with Pb

sheilding.
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Before irradiation began, intial energy calibration and FWHM measurements
were aquired. Figure 3.19 shows a sample energy calibration for an *°°Eu/*’Na. Figure
3.20 shows a *¥'Cs source spectrum. The peaks were correctly identified by SmartID. A

total of four sources, **>Eu/?Na, **'Cs, ***Th, and *°Co were used to calibrate spectra

from 45 keV to 2614 keV.
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Figure 3.19: ™ Eu/?Na calibration source spectra with identified gamma peaks. The

yellow counts are from a background count; the blue counts are the gross counts.
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Figure 3.20: *'Cs calibration source spectra with identified gamma peaks. The yellow

counts are the background and the blue counts are the gross counts.

3.2.1 Spectra collection during irradiation

The initial and final 8 hr spectra gathered from the irradiation experiment are
shown by Figure 3.21. Since this spectrum was acquired during the irradiation period, a
clear 2.2 MeV gamma peak from (n,y) interactions with the hydrogen in the water is
observed at 2.21 MeV. The additional peaks visible are from the neutron sources
themselves and not from the irradiated fuel. The first and last 8 hour spectra collected
were compared to determine whether or not significant observable changes in resolution
due to detector radiation damage occured. A change in the FWHM of the visible peaks
are not apparent in Figure 3.21, indicating the detector did not incurr significant damage
due to the presence of the neutron sources. Although difficult to observe from Figure
3.21, close examination shows that the last 8 hour spectra has an overal greater count
rate, indicating the buildup of fission products in the fuel. This differenciation between

the first 8 hour and last 8 hour spectra is difficult to distinguish due to the neutron sources
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combined gamma strength being much stronger than the fission product’s gamma
strength. Figure 3.22 shows a closer view of the difference between counts over the 8

hour collection period. The last case has an overall increased count rate from the first

case of 204.23 counts per second.
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Figure 3.21: First 8 hour and last 8 hour spectra measured during irradiation of fuel

element.
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Figure 3.22: First 8 hour and last 8 hour spectra measured durring irradiation of fuel

element scaled linearly and plotted between 600 and 1400 keV.

Using SmartID, | analyzed the last 8 hour counting spectrum to identify peaks and
possible nuclides. The identified peaks are shown by Figure 3.23 and listed in Figure
3.24. These peaks are matched to gamma emissions to produce the results shown in
Figure 3.25. Although it does not appear that many peaks are identified, the SmartiD
nuclide scoring techniques are robust and take many factors into account as described in
detail in Chapter 2.1.2. It is important to take a close look at the scoring break down of
the nuclides identifiied. The High, Moderate, and Low correlation descriptors represent
how much emphasis is placed on the points scored for each isotope. These threshold
values are decided upon by the SmartID user and can be changed in the SmartID input
file. Sometimes these overall high scores actually have instances of very low base or
bonus scores in comparison to some moderately correlated nuclides. The long list of
short lived fission products, and the presence of (n,y) interactions appearing in the

spectrum are expected from this irradiation period.
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Figure 3.23: Identified peaks from last 8 hour spectrum accumulation during irradiation.

17 Peaki=) Identified — Sort by Energy
keV Counts Hormi Cts Peal. Id

476 .10 1.0734E+04 5.18365 17
1177 .90 2. 6120E+04 12 61383 10
1246 .50 2. 2040E+04 10 . 64352 11
1312.70 1.73c4E+04 2.62680 1z
1388 .60 1.4308E+04 7.15106 13
1459 .90 1. 2577E+04 6.07367 14
1520.50 g2.98317E+03 4 33743 15
1558 .50 1.8903E+03 0.91286 16
1632 .80 6.9370E+03 3.37415 7
1691 .90 3.1637E+D3 1.52781 a
1745 .00 2. 0494E+03 0.98%69 9
2213 .60 1.5779E+04 7.61997 3
2603 .40 2. 1456E+04 10. 36150 1
2681 .30 g2.8786E+02 0.42876 5
2744 .00 1. 8448E+04 g.908848 2
2814 .30 5. 7513E+03 2.77741 4
2881 .50 1.7537E+04 g8.46894 3

Figure 3.24: Identified peak energies for the last 8 hour accumulated spectrum during

irradiation.
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Focore Summnary:
Huzlide Total (baz=e + bonu= I, II., III) Conment Correlation
60CoD 137.06  97.8 1.0 8.3 30.0 c High
17 Ca 124.07  &88.0 o.a 5.2 30,0 c High
209T1 118.53 ( 95.3 1.0 2.3 20.0 ) Hp—237_Daughter High
24Ha 109.43 ¢ 97.2 1.0 6.3 5.0 n_activ_prod High
1351 106.39  31.9 &50.0 24.5 0.0} Fi=s Prod High
40K 101.7%7  99.3 oo 2.4 0.0 HORH High
H-1_n-g 101.57  98.6 oo 3.0 0.0 n_irrad=5SHM High
7Be 100.93  98.9 oo 2.1 0.0 c High
138C= 10014 ¢ 69.2 10.5 20.4 0.0 ) Fi==_FProd High
0¥ 100,09  98.1 oo 2.0 0.0 Fi=s Prod High
114r 99 .90 { 96.6 o.0 3.3 0.0% n_activ_prod Hoderate
223Fr 99.07 o 97.1 o0 2.0 0.0 U-235_Daughter Hoderate
143La 97,35 o 97.0 o.0 o.4 0.0 % Fi=z= Prod Hoderate
141la 97.12 ( 94.5 o0 2.6 0.0 Fiz= Prod Hoderate
1321 88,24 ¢ 4.0 50.0 34.3 0.0 Fi=s Prod Low
925r Ae.64 { 78.5 o7 2.4 0.0 Fi==_Frod Low
12K a3.20  81.%5 oo 1.7 0.0 c Low
140La 77.92 ( 53.3 8.1 16.5 0.0} Fi=zs_Prod Low
156Eu 59.84  32.1 a.5 14.2 5.0 Fi==_ Prod Low
1870 57.49 { EL5.K oo 2.0 0.0 c Low
214B1 5722 (170 19.0 21.3 0.0 %) U-238_Daughter Low
154Eu 56.96 { 22.0 0.6 4.3 30,0 Fi=s Prod Low
93Y fe.24 (147 21.8 19.7 0.0} Fi=zs_Prod Low
29Fb EE.78 { 35.8k 5.1 13.0 2.0 Fi==s_ Prod Low
A8Kr £2.92 { 26.8 9.9 16.2 0.0} Fi=s Prod Low

Figure 3.25: SmartID nuclide score summary of the last 8 hour spectrum accumulation

during irradiation.

Since this spectra was taken during the irradiation of the fuel rod, activation
products are expected to be identified. SmartID identifies activation products ?*Na and
“'Ar, as highly and moderately correlated. It also accurately identifies the 2.2 MeV
gamma emission from neutron interactions with the hydroden in the water with the peak
identified at 2213.6 keV. The water used in the experiment was tap water which contains
calcium. The *’Ca nuclide likely results from the calcium in the water being subjected to

high neutron radiation.

3.2.2 Spectra collection post irradiation

Although some fission products were identified by SmartID for the during
irradiation case, the neutron sources were much stronger in activity than the fission
products, making it difficult to resolve many of the fine details. Therefore, | decided to

collect spectra after irradiation without the neutron sources present.
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Immediately following irradiation, the neutron sources were removed from the
experiment and stored in their respective proper storage locations. 21 consecutive 5
minute spectra were then measured. Figure 3.26 shows the 1%, 5™ 10", 15™ and 21% 5
minute accumulated spectra for comparison. It is promising that fission products will be
identified since there appears to be a clear die away of counts in the detector with each 5

minute count.
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Figure 3.26: Counts per minute for a Nal(TI) detector minus the background. Each line
represents a different 5 minute counting interval, where 1% represents the first 5 minute

count, and 21% represents the last 5 minute count taken.

| post-processed each case with SmartID, and noticed that the greatest number of
peaks were identified in the first 5 minute count spectra. As spectra were collected later
and later after irradiation, less and less peaks were identified along with isotopes. This is
consistent with fission product behavior, since many of the fission products produced

during irradiation are very short lived with half-lives on the order of seconds. Since this
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experiment only utilized PuBe and AmBe irradiation sources over a week’s period of
time, | expected to see significantly less of the fission products typically seen in a reactor.
Figure 3.27 shows the 1* 5 minute count case collected 1 hour and 35 minutes after
irradiation, and Figure 3.28 shows the corresponding scoring of the identified nuclides for

the first 5 minute count case collected immediately after irradiation.
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Figure 3.27: 1*' 5 minute spectrum collected immediately following irradiation.

A significant challenge for nuclide identification took place in determining the
optimal options for the “smartid.inp” file. In Chapter 2.2.1, I described each option that
could be tailored to identify the peaks present and match the most likely isotopes from
the identified photopeaks. Since the experimental setup was not identical to the modeled
DREF cases for an assembly in water, | turned on the shielding option so that it would
iterate between shielding cases of iron or lead, and also allowed iteration of shield
thickness up to 10 cm. 1 expected to see one of the shielding options, especially the lead,

to be scored higher than an unshielded case due to the large amount of lead shielding
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surrounding the detector assembly. 1 also set the Aliasing Factor to 0.75, in order remove
possible incidental peaks. This feature helps in cases where the actual measurement
geometry is not an exact model matched by the DRFs. Since this was a real experiment, I
expected noise from electronics to be a real contributing phenomenon. In order to
mitigate the noise effects, | set the alpha parameter for chi-square analysis to 0.01. 1 risk
losing key spectral information if I set this value too low, but I also do not want to miss
true spectral changes due to closely lying photopeaks. The next setting | changed was to
have SmartID utilize the new water DRFs, so I set this option to “9”. 1 kept my rejection
threshold low since the overall counts in the spectrum were low due to the quick
collection time (5min). | set my low energy cutoff value to 0.3 MeV, since | know that
my DRFs lose accuracy along with my calibration at low energies. 1 also set the
minimum half-life unit to seconds in order to account for the very short lived isotopes
characteristic to uranium that has undergone fissions. | tried keeping a tight tolerance
ratio since many fission product emissions fall very close to one another, and | wanted to
minimize the effects of double counting peaks. Employing these settings provided the
results shown by Figure 3.28.

| spent significant time adjusting these parameters to determine the optimal
settings that I believe best represent what is truly present. When | changed some
parameters, such as the alpha value, | noticed significant changes in the scored nuclides.
| decided on the 0.1 value since the top scored nuclides matched the expected top gamma
emitters from fission. When my set parameters differed from the optimal settings I
discovered, |1 would see either very few nuclides scored, or nuclides scored that | knew
were very unlikely to be present in the highest distinguishable amounts such as *Co and

485,
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Foore Summary:

Huclide Total (ba=e + bonu=s I. II. III: Comment Correlation
1351 182 .46 ( 94.1 50.0 38.4 0.0 ) Fisz= Prod High
1321 144 08 ( 55.% 50.0 383.4 0.0 ) Fis=s Prod High
L9Fe 126.44 ( 98.7% 1.0 8.8 20.0 ) c High
28Rb 125 .08 ( 93.8 n.8 0.5 30.0 ) Fisz= Prod High
238Hp 124 69 ( 83.0 0.7 10.9 30.0 ) SHH High
12450 124 06 ( 91.9 9.9 22.3 0.0 Fi=z= Prod High
1401a 121.98 ( 90.9 10.6 20.5 0.0 ) Fisz= Prod High
93Y 112727 (71,1 25.3 17.3 0.0 ) Fis= Prod High
133Te 113,68 ( 87.5 6.9 19.2 0.0 ) Fi=z= Prod High
B0Co 111 .40 ( 97.7 1.0 7.7 5.0 c High
6EH1 109 68 ( 99.4 n.e 7.5 2.0 c High
160Th 106 .82 ( 77 .6 5.1 19.1 5.0 7 Fi== Prod Moderate
82Br 10e .40 ( 88.9 1.6 10.9 5.0 ) Fisz= Prod Moderate
141Ba 105 .86 ( 89.9 1.5 9.5 5.0 Fis= Prod Hoderate
106ERh 104 50 ( 99.1 oo 5.4 0.0 Fi== Prod Moderate
106Ru 104 .50 ( 99.1 oo 5.4 0.0 Fis= Prod Moderate
65Zn 104.33 ( 99.3 o.0 5.0 0.0 Fi=z=s Prod Hoderate
214B1 103 48 ( 72.4 14.6 16.4 0.0 ) T-238_Daughter Moderate
22Ha 103,36 ( 99.2 o0 4.1 0.0 Coszmic_spall_ pr Moderate
154Eu 101.82 ( B5.6 3.0 11.2 2.0 Fi=z= Prod Hoderate
1411a 100 .87 ( 97 .6 n.o 3.2 0.0 Fi== Prod Moderate
24Ha 100,58 § 96.4 1.0 2.2 0.0 n_activ_prod Moderate
414> 100.29 { 95.4 o.0 3.9 0.0 n_activ_prod Hoderate
209T1 99 .53 ( 97.7 oo 1.9 0.0 Hp—237_Daughter Moderate
L 2mMn 99. 34 ( 96.6 n.o 2.8 0.0 c Moderate
47Ca 99 .15 ( 95.2 oo 3.9 0.0 c Hoderate
40K 99 .14 ( 95.8 n.o 2.4 0.0 NORK Moderate
152Eu 99 .11  82.7 3.1 13.4 0.0 ) Fis= Prod Moderate
BliCu 98.10 ( 93.6 oo 4.5 0.0 c Low
42K 97 .72 ( 95.9 oo 1.8 0.0 I Low
2380 95.85 ( 91.3 0.0 5.e 0.0 SHHM Low
1431= 95.82 ( 95.8 oo 1.1 0.0 Fi=z= Prod Low
148FPm 94 35 ( 92.0 n.o 2.4 0.0 Fi=z= Prod Low
212B1 92.63 ( 91.1 n.o 1.5 0.0 Th—-232_Daughter Low
29Rb a9.90 ( BB8.8 5.1 11.0 5.0 Fi=z= Prod Low
L2Mn 89.32 ( B2.6 0.e &.0 0.0 c Low
240Hp 87.94 ( 71.4 1.5 10.1 5.0 ) SHHM Low
142B= a87.23 ( 65.9 4.6 14.8 2.0 ) Fi=z= Prod Low
1421a g86.99 ( B4 .2 11.2 11.5 0.0 ) Fisz= Prod Low
165c g6.83 ( 81.9 oo 4.9 0.0 c Low
131mTe ac.82 ( 63.3 2.6 15.9 5.0 7} Fi=z= Prod Low
1341 ge.66 ( 55,1 10.9 20.7 0.0 ) Fisz= Prod Low
28K 83.40 ( 67 .4 4.6 11.4 0.0 ) Fis=s Prod Low
485c g82.09 ( &50.3 0.7 11.1 20.0 ) c Low
l38C= 81.05 ( 71.9 1.6 7.6 0.0 Fisz= Prod Low
228Ac FRLTT (4901 1.5 7.1 20.0 ) Th—232_Daughter Low
234Pa 75.97 ( 45.9 9.7 15.3 5.0 ) U-238_Daughter Low
133mTe 74.58 ( 44.0 12.6 18.0 0.0 ) Fisz= Prod Low
l3eiC= 7060 ( BG.2 oo 5.4 0.0 Fis= Prod Low
2% 7015 ( B7.3 oo 2.8 0.0 Fi=z= Prod Low
24Br BE.14 ( B0O.1 4.6 3.4 0.0 Fisz= Prod Low
143Ce BE.72 ( 47.8 5.5 13.4 0.0 Fis= Prod Low

Figure 3.28: SmartID identified isotopes from a 5 minute spectra collected immediately

following irradiation of a natural uranium fuel rod.

Although peaks less than 982.7 keV were not identified, SmartlD was still able to

score the most active gamma emitters in spent fuel. The lack of peak identification in the

lower energy region was most likely due to the very high emission rates of the short lived
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fission products creating a large pileup effect. However, the higher energy emissions
provide key identifying information. Figure 3.28 shows the SmartID output listing the
most highly correlated nuclides to the peaks identified. The nuclides appearing in the
High correlated list are nuclides that are expected to be in high concentration
immediately following irradiation. Additionally, since the neutron sources were removed
very soon before the spectra were collected, it is highly likely that activation products
would be present which is confirmed by SmartID.

The top scoring nuclides for the top scoring shielding scenario (10 cm of lead) are
made up of highly active fission products, **I and **I1, along with other isotopes not
commonly acknowledged with spent fuel. *°Fe is the third highest scoring nuclide, but
this is most likely not from fission. The lab space has many metal objects, including the
detector stand, made up of iron. >®Fe is a naturally occurring isotope of Fe, and although
in small concentration, it can capture a neutron to become *°Fe. ®®Rb, 2®Np, '2*Sh, °La,
%y are high gamma emitting nuclides, but some peaks are attributed multiple times. |
decreased the tolerance to only allow a 1.5% energy window for peak attribution, to find
the order of scored nuclides to change slightly. **1, **Fe, and **I were still the highest
correlated nuclides, but ®°Co, ®Ni, and °Rh followed. These nuclides could be present
due to neutron capture interactions in many of the surrounding materials in the
laboratory. Nickel is naturally in steel, and cobalt is produced by neutron activation of
iron isotopes.

Utilizing the same parameters as the 1% 5 minute case, | post-processed the 20" 5
minute case through SmartID. Not only did this case show less counts per second in the
detector, but it also showed a change in the spectrum shape due to the short lived isotopes
dying out. | saw a decrease in the number of peaks identified using the water DRFs.

Figure 3.29 shows the spectrum with peaks identified.
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Figure 3.29: Peaks identified for the 20™ 5 minute spectrum using the water DRF option.

The same, 10 cm thick lead, shielding scenario was scored the highest, and the
resulting nuclide scoring is shown in Figure 3.30. The order of some nuclides change,
but the top 4, highly correlated, nuclides all represent some the highest gamma emitting
nuclides for irradiated fuel. Key identifying peaks for *°La are clear, especially since
many of **°La’s gamma emissions lie in the upper energies. **K is also highly correlated,
but 1 do not believe this nuclide is actual present in a discernable concentration. SmartlD
only identifies one possible emission out of 2 for this nuclide. Additionally, the
photopeak attributed, 1513 keV, is already attributed to emissions of ***I, which is a

much more likely nuclide to be present.
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Score Summary:

Huczlide Total (base + bonus I. II. III) Comnment Correlation
140La 121.88 { 93.5 5.9 22.5 0.0 Fi==_Prod High
1321 119.91 ( 35.1 50.0 34.8 0.0 Fi==_Prod High
238Hp 118 .89 { 83.0 0.7 5.1 30.0% SHH High
1351 109.65 ( 33.7 44.4 31.5 0.0 Fi==s Prod High
42K 102.39 { 9&8.0 oo 4.4 0.0 c Hoderate
B8Co 102.34 ( 97.5 oo 4.9 0.0 c Hoderate
88Eb 102.18 ( 93.9 n.g 2.5 5.0 Fi==s Prod Hoderate
106Fh 101.80  99.1 oo 2.5 0.0 Fi==s Prod Hoderate
106Fu 101.80  99.1 oo 2.5 0.0 Fi==s Prod Moderate
211Fb 101.27  96.5 oo 4.8 0.0 U-235_Daughter Moderate
143La 100.57 ( 9&8.9 oo 1.7 0.0 Fi==s_ Prod Moderate
S4Mn 100.54  95.8 oo 4.8 0.0 c Moderate
SZmMn 100.33  98.0 oo 2.3 0.0 o Hoderate
1245hb 100.12  86.2 2.911.0 0.0 Fi==_Prod Hoderate
209T1 99 .31 ( 97.5 oo 1.8 0.0 HNp—-237_Daughter Moderate
212B1 95 .94 ( 89.7 oo 6.2 0.0 Th-232_Daughter Low
23817 93.94 ( 91.3 oo 2.6 0.0 SHH Low
228Ac 91.31 ( 71.1 4.6 13.5 2.0 Th-232_Daughter Low
136C=s 90.11 ( 79.9 n.7 7.5 2.0 Fi==s Prod Low
LZln 83.64 ( 81.4 oo 2.3 0.0 c Low
138C=s 81.63 ( 72.4 0.e 8.6 0.0 Fi==s Prod Low
leemHo 80.38 ( 75.0 0.e 4.8 0.0 Fi==s_ Prod Low
485c 76.20 ( 50.3 0.7 5.2 20.0 % c Low
152Eu 74.87 ( b7.4 0.e 4.9 2.0 Fi==s_ Prod Low
927 6E.28 ( bB6.0 oo 2.3 0.0 Fi==_Prod Low
2d4Ha 6d 77 622 oo 2.6 0.0 n_activ_prod Low
SEMn 61.97 ( &0.5 oo 1.5 0.0 c Low
1341 £8.39 ( 37.7 4.1 14.5 2.0 Fi==s Prod Low
234Pa EB.10 ( 29.6 12.3 11.2 5.0 ) U-238_Daughter Low
240Hp £7.85 ( G54.5 n.e 2.8 0.0 SHH Low
1255n Ee.70 ( 48.7 n.e 7.3 0.0 Fi==s Prod Low
214Bi .28 ( 26.4 g.6 18.3 2.0 U-238_Daughter Low
133Te .14 ( 41.9 1.5 6.7 2.0 Fi==s Prod Low

Figure 3.30: Isotopes identified by SmartID using the water DRF option from a 5 minute

spectra collected 1 hour and 35 minutes following irradiation.

In order to see if the nuclide scoring would change significantly if | decreased the
tolerance (energy window), | post-processed this spectrum with a maximum 1.5% energy
window for photopeak attribution. The resulting nuclide scoring showed **°La and **1 as
the most likely nuclides followed by K, *3Co, #Rb, °°Rh, and '®Ru. As I described
previously, | do not believe **K to actually be present for the same reasons, but I do find
it promising that a cobalt isotope, along with ®Rb and '®Rh to be identified. These latter
two nuclides were also identified in the 1% 5 minute case, and *®*Rh can be directly
correlated to fission, especially fissions of >°Pu.

Since this experiment configuration did differ from the water DRF models, |

thought it would be useful to also to process the spectrum using the air DRF model while
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utilizing the scattering option. It is recommended that when using this option, it be set
initially to 1.25 [1]. | reprocessed the spectrum, each time increasing the scattering
option by .1, until | started losing key nuclides | knew should be present, but still
maintained a high score for the lead shielding option. | found that I needed to set the
scattering parameter to 1.85 for this to occur. Figure 3.31 shows the resulting peaks
identified in the spectrum. As noticed, many more peaks are identified in the lower

energy ranges than for the previous cases with the water DRFs.
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Figure 3.31: Peaks identified for the 20™ 5 minute spectra using the air DRF option and

scattered counts scaling factor of 1.85.

The difference between peak identification results shown in Figures 3.29 and 3.31
is most likely a result of the experimental environment. Unlike a spent fuel pool scenario
as modeled for the water DRFs, the experiment had greatly decreased the amount of

water surrounding the fuel rod and detector. Due to material constraints, the detector was
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not submerged underwater. Instead, the detector was pushed against the side of the water
tub and the remaining sides were surrounded by air. The irradiated fuel rod was also not
fully submerged, allowing some fission products to reach the detector without any
interaction with the water. The detector was surrounded by lead shielding, but due to the
configuration of the detector and stand, the lead shielding arrangement contained small
gaps, allowing gammas scattered off the walls and flooring to enter the detector, and
potentially allowing gammas directly from the exposed fuel rod to enter the detector
without ever interacting with the water. Referring back to Figure 3.18, it is easy to
identify gaps in shielding coverage.

The corresponding nuclides scored from the peaks identified in Figure 3.32.
Since the fuel rod is natural uranium, 1 would expect SmartID to identify the presence of
238, For this case, this was confirmed true through the attribution of 2*Pa, a daughter
product of *®U. Figure 3.33 shows the details of the individual gamma attribution for
this isotope. It is likely that this is only determined in this case since much of the
uranium fuel rod is exposed and out of the water. Many of the gamma emissions from
this isotope are most likely not scattered through the water, therefore more emissions
have the opportunity to interact with the detector, especially at lower energies.

It is promising to see the fission products scored in Figure 3.30 also scored in
Figure 3.32. Investigating further shows nuclides with a higher bonus score 1l match up
more closely with those scored in the water DRF case. Recalling Chapter 2, the base
score takes into account the overall number of emissions of and isotope and the number
of matched peaks with respect to detectability. The second bonus score takes into
account the number of counts expected to be observed in the full energy peak for each
emission. For this spectrum, since only a finite number of peaks are identified, bonus
score |l is a better measure of how likely an isotope is present in the spectrum. Now
looking back at Figure 3.31 with this perspective, | see that some of the highest scoring

nuclides in the scattering option case are likely not present. For example, *¥"W is not a
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likely nuclide. When looking closer at its peak attribution, I also see that the peaks
attributed have already been attributed to other, higher scored nuclides. | also do not see
*°3¢ as a highly likely nuclide do to similar reasoning. 1 believe **°La to be present due
to the specific emissions attributed. **°La is unique in that it has high emitting gammas in
the MeV range of energies. Looking closely at the peak attribution, Figure 3.34, it is
shown that the highest energy emission, 2899.61 keV is attributed, along with its high
probability of decay emission at 1596.21 keV. Although, it does attribute some other
photopeaks to its lower energy emission, | believe these are actually falsely attributed due
to the low probability per decay. | do not see this as an issue in determining the presence
of 1L a, since the high energy gammas are relatively unique to this nuclide, and the
emissions in question have already been attributed to other nuclides such as *** and
%8N p. Overall, the top nuclides scored also correspond to many of the most active
nuclides found in spent PWR fuel soon after removal from the reactor core and can be

correlated to burnup.
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Score Summary:

Huclide Total {ba=e + bonus I, II., III)} Comment Correlation
234FPa 159.63 (¢ 90.1 50.0 19.5 0.0 % U-238_Daughter High
1341 151.91 ( 97.4 35.8 18.7 0.0 % Fi== Prod High
1321 149 29 ( 64 .4 50.0 34.9 0.0 % Fi==_Prod High
1351 148.04 ¢ 70.7 50,0 27.3 0.0 3 Fis= Prod High
1401a 136.98 ( 94.6 20.6 21.8 0.0 % Fis= Prod High
151Fm 132 .47 ( 62.2 50.0 20.3 0.0 % Fi=z= Prod High
465 131 .35 ( 97 .3 1.0 3.0 30.00% c High
24Ha 130.78  98.5 1.0 1.3 30.0 % n_activ_prod High
99 Mo 126.22 ( 98.9 10.7 1le.6 0.0 3 nedical FP High
133nTe 123,727 (806 26.7 1.5 0.0 3 Fisz= Prod High
131nTe 123.57 ( 85.9 22.2 15.5 0.0 % Fi== Prod High
110mdg 1214 82 ( 923 16.4 13.2 0.0 % Fi==_Prod High
228Ac 120.30 ¢ 94.6 9.7 11.0 5.0 Th—232_Daughter High
142Ba 117.57 ¢ 90.9 16.4 10.3 0.0 3 Fis= Prod High
1870 116.52 ( 93.0 o7 2.8 20,0 % c High
238Hp 114 .33 ( 983 4.5 9.5 2.00% SHH High
97 Zr 112.14  85.9 3.0 3.2 20,0 % Fi== Prod High
214B1 110.61 ¢ 7?7.5 22.5 10.6 0.0 3 U-238_Daughter High
240Hp 108.86 ¢ 81.0 15.4 12.5 0.0 3 SHH High
915 108.50 ( 96.0 3.5 9.0 0.00% Fi== Prod High
134Te 108 46 ( 93.5 5.010.0 0.0 % Fi==_Prod High
152Eu 106.45 ¢ 83.5 12.2 5.7 5.0 3 Fis= Prod Moderate
1245hb 105.23 ( 87.9 2.110.3 0.0 % Fis= Prod Moderate
148Fm 103.62 ( 98.7 o7 4.2 0.0 Fi=z= Prod Hoderate
143Ce 103.07 ¢ 557 30.1 173 0.0 % Fi==_ Prod Moderate
28Rb 102.61  98.4 2.5 1.7 0.0 Fi== Prod Moderate
9251 101.74 ( 97 2 2.2 2.3 0.0 Fi== Prod Moderate
E7Co 100.87 o 99.3 o0 1.6 0.0 c Hoderate
leemHo ia0.80 § 83.2 6.6 8.9 2.0} Fi=s Prod Moderate
233Pa ia0.79 { 99.2 o0 1.6 0.0 % Hp—237_Daughter Hoderate
97mHb 100.725 ( 98.9 o0 1.8 0.0 Fis= Prod Moderate
B8Co 100.73 ( 97.5 o0 3.3 0.0 c Moderate
42K 100.37 ( 98.4 o0 2.0 0.0 c Hoderate
101T= 100 22 ( 98.6 oo 1.6 0.00% Fi==_ Prod Moderate
40K 99 .90 ¢ 99.1 o0 oo 0.0 HOREH Moderate
129nTe 99.89 ( 98.3 o0 1.6 0,00 Fi== Prod Moderate
209T1 99 .59 { 98.6 o0 1.0 0.0 Hp—237_Daughter Hoderate
65Zn 99 55 { 897.5 o0 2.1 0.0 3 Fi=s Prod Moderate
L2mMn 99 .43 { 98.0 oo 1.4 0.0 % c Hoderate
1431a 99 .41 ( 98.9 go.0 0.5 0.0 Fi== Prod Moderate
214Fb 98.92 ( 97.7 oo 1.2 0.0 U-238_Daughter Low
140Ba 98.74 ( 97.2 o0 1.6 0.0 Fi=z= Prod Low
1411a 98 .28 [ 97 .6 oo o7 o0.00% Fi==_ Prod Low
90Y 98.19 { 96.6 o0 1.5 0.0 Fi== Prod Low
445c 9753 { 96.9 o0 0.6 0.0 c Low
61Cu 95.71 ( 91.7 o7 4.3 0.0 c Low
1255n 95.68 ( 83.8 3.5 9.4 0.0% Fi== Prod Low
136C= 94 .38 ( 82.7 0.7 5.9 &5.00% Fi== Prod Low
5YHL 93.08 { 8m.4 0.7 0.9 &5.0% c Low
212B1 92.61  83.86 o.g 3.2 &5.00% Th—-232_Daughter Low
147Hd 91.89 ( 90.3 o0 1.6 0.0 % Fiz=z Prod Low

Figure 3.32: SmartlD identified isotopes with scores greater than 91.89 using the air
DRF and scattered counts scaling option from a 5 minute spectra collected 1 hour and 35

minutes following irradiation of a natural uranium fuel rod.
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Scored nuclides details:

Huclide Score T1-2 Tls2_unit #Emis==sionInFange #Matched Correlation
234Fa 159 .63 7.6500E-04 v 44 29 High

Emizsion(EKeV) Prob-DE Detectability 1.50% Energy Window FPeal(KeV) Horm¥_ct=

369,80 2.9600E-02 2. 6450E-01 { 364,25 to L35 )

372.40 1.3300E-02 2. 6102E-01 { 366,81 to 377.99 )

458 .80 1.5300E-02 1. 7609E-01 { 451 .92 to 465 68 )

C06 .80 1. 6300E-02 1. 4364E-01 { 499 .20 to £14 .40 )

E13.70 1.3300E-02 1. 4017E-01 { EO5.99 to E21.41 )
+ G5B5 .90 1.4300E-02 1. 1634E-01 { 557 .41 to 574.39 ) Eel. 22 1.5470
+ EBB.70 3. 0600E-02 1. 1517E-01 { Ee0.17 to E77.23 ) Eel. 22 1.5470
+ Eg9.50 1.09%00E-01 1.1484E-01 { Ee0.96 to E78.04 ) Eel. 22 1.5470

574.00 2.0400E-02 1. 1300E-01 { 565.39 to 582 .61 )

BE4 B0 1.3300E-02 8 6177E-02 { 654 .83 to 674.77 )

BBE .70 1.6300E-02 8. 572BE-02 { 656 .70 to B76.70 )

669 .90 1.4300E-02 8. 4978BE-02 { 659 .85 to 67995 )
+ 699.00 4 6900E-02 7. 8434E-02 { 688.52 to 709.49 ) 691 66 3.9224

706.10 3.1e00E-02 7.OB912E-02 { 695 .51 to 716.69 )
+ 733.00 8. 7700E-02 7. 1395E-02 { 722.01 to 744 .00 ) 741 .17 4 5257
+ 738.00 1.0200E-02 7. 0412E-02 { 726.93 to 749.07 ) 741 .17 4 5257
+ 742.81 2.4500E-02 6. 9479E-02 { 731.67 to 753.95 ) 741.17 4 5257

755 .60 1.4300E-02 6. 7053E-02 { 744 27 to 7HE .93 )
+ 780.70 1.1200E-02 6. 2526E-02 { 768.99 to 792 .41 ) 77867 3.0712
+  T8e .27 1.4300E-02 6. 1561E-02 { 774.48 to 798 .08 ) 778.67 3.0712

793 .60 1.5300E-02 6. 0314E-02 { 781.70 to 805 .50 )

796 .30 3.8B00E-02 5 9B60E-02 { 784 .36 to a08. 24 )

805 .60 3.3700E-02 B B5E3E-02 { 793.52 to 817 .68 )
+ 819 60 2 6500E-02 L 6959E-02 { 807 .31 to 831.89 ) 819 .18 g.2070
+ B26.30 4 0800E-02 5 6197E-02 { 813.91 to 838 .69 ) 819 .18 g.2070
+ 831.60 E . 6100E-02 B Ee02E-02 { 819.13 to 844.07 ) 819.18 g.2070
+ 8B76.40 4 0800E-02 5 0B03E-02 { 863 .25 to 889 .55 ) 886 .69 2.4800
+ 880.51 1.3220E-01 5 0383E-02 { 867 .30 to 893.72 ) 886 .69 2.4800
+ BE3.24 1.2200E-01 . 0108E-02 { 869.99 to 89649 ) 886,69 2.4800
+ 899.00 4 1800E-02 4 B535E-02 ( 885 .52 to 912 .48 ) 886 .69 2.4800
+ 925.00 2. 9600E-02 4 A045E-02 { 911.13 to 938.87 ) 915.19 8. 4563
+ 926.00 1.1200E-01 4 5952E-02 { 912.11 to 939,89 ) 915.19 8. 4563
+ 926.72 9.1800E-02 4. 5885E-02 { 912 .82 to 940,62 ) 915.19 8. 4563
+ 946.00 1.2200E-01 4. 4124E-02 { 931.81 to 960.19 ) 951 .20 2. 4658
+ 949.00 8. 1e00E-02 4. 3858E-02 { 934.77 to 963 .23 ) 951,20 2. 4658
+ 955 .59 1.0100E-02 4. 3273E-02 { 941 .26 to 969,92 ) 951. 20 2. 4658
+ 978.80 1.4300E-02 4. 1276E-02 { 964 .12 to 993 .48 ) 982 .70 8. 6883
+ 980.50 E. 1000E-02 4. 1134E-02 { 965.79 to 995 21 ) 982.70 8. 6883
+ 984.00 1.9400E-02 4. 0841E-02 { 969.24 to 998 .76 ) 982.70 8.6883
+ 1353.30 1.7300E-02 2 372BE-02 { 1333.00 to 1373 .60 ) 1367 .40 1. 6446

1394 .10 3.0600E-02 2. 2604E-02 ( 1373.19 to 1415.01 )
+ 1452.70 1.0200E-02 2.1081E-02 { 1430.91 to 1474.49 3 1458 .40 1.8213
+ 1668 50 1.2200E-02 1. 7114E-02 { 1643 .47 to 1693 .53 ) 1676 .80 3.3360
+ 1694 .60 1.2200E-02 1. 6715E-02 { 1689.18 to 1720.02 ) 1676 .80 3. 3360

Figure 3.33: Photopeak attribution for >**Pa using the air DRF and scattered counts
scaling option from a 5 minute spectra collected 1 hour and 35 minutes following

irradiation of a natural uranium fuel rod.
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Huclide Score Tl-2 Tl 2_unit #Emis=s=ionInRange #Hatched Correlation
140La 136.98 4 0300E+01 h 28 11 High
Enizsion(KeV) Prob-DE Detectability 1.50% Energy Window Peal (KeVW) Horm*_ct=
.aa 2.4800E-04 3.6098E-01 { 302.30 to 311.50 )
328.76 2.0300E-01 3.2465E-01 { 323 .83 to 333.69 )
397 .52 7.3500E-04 2.2929E-01 { 391 .56 to 403 .48 )
432 .49 2.9000E-02 1.9717E-01 { 426 .00 to 438 .98 )
438.50 3.9100E-04 1.9216E-01 { 431.92 to 445.08 )
445.50 2.8600E-05 1.8648E-01 { 438 .82 to 452.18 )
487 .02 4 5500E-01 1.5575E-01 { 479 .71 to 494 .33 )
B18.12 3.7200E-04 9.7921E-02 { 608 .85 to £27.39 )
+ 751.64 4.3300E-02 6.7795E-02 { 740 .37 to 762.91 ) 741 .17 4 528587
+ B15.77 2.3300E-01 5.7399E-02 { B803.53 to g28.01 ) g19.18 g.2070
867 .85 E.5000E-02 E.1687E-02 { 854 .83 to g880.87 )
+ 919 G55 2.6600E-02 4.6557E-02 ( 905 .76 to 933.34 ) 915.19 8.4563
+ 925.19 6.9000E-02 4. 6027E-02 { 911 .31 to 939.07 ) 915 .19 8. 4563
+ 950.99 5.1900E-03 4.3679E-02 { 936.73 to 965 .25 ) 951.20 2. 4658
+ 992.90 1.3400E-04 4.0107E-02 { 978 .01 to 1007.79 ) 982 .70 8.6883
+ 1045.05 2.4800E-04 3.6570E-02 ( 1029.37 to 1060.73 ) 1036.70 6.4133
+ 1097.20 2.2900E-04 3.3B807E-02 { 1080.74 to 1113.66 ) 1104.20 5.1494
1303.50 4. 2000E-04 2.5172E-02 ( 1283.95 to 1323.05 )
+ 1405.20 5.9100E-04 2.2308E-02 { 1384 .12 to 142p.28 ) 1423 .50 3.45863
+ 1596.21 9.5400E-01 1.8269E-02 { 1572.27 to 1620.15 ) 1610.00 4 B7EE
1877.29 4.1000E-04 1.4166E-02 { 1849.13 to 1905.45 )
1924 .62 1.3400E-04 1.3570E-02 { 1895.75 to 1953.49 )
2083.20 1.1500E-04 1.1978E-02 { 2051.95 to 2114 .45 )
2347 .88 8.4900E-03 1.0254E-02 { 2312 66 to 2383.10 )
2464 .10 1.1400E-04 9.5771E-03 {2427 .14 to 2501.06 )
2521 .40 3.4600E-02 9.2597E-03 ( 2483.58 to 2559.22 )
2547 .34 1.0100E-03 9.1195E-03 { 2509.13 to 2585.55 )
+ 2899 61 6.6800E-04 7.4109E-03 { 2856.12 to 2943.10 ) 2901.00 1.8885

Figure 3.34: Photopeak attribution for **°La using the air DRF and scattered counts
scaling option from a 5 minute spectra collected 1 hour and 35 minutes following

irradiation of a natural uranium fuel rod.

The results shown by Figure 3.32 from the air DRFs with scattered counts scaling
factor similarly emphasize the presence of fission products in the spectrum. But this time
with the additional energy peaks identified, the base score and bonus score | are
represented better. | mentioned that **1 would actually be one of the most likely fission
products seen for the water DRF case if | looked at bonus score Il. Bonus score 1l
examines the emission rates instead of the other scores due to the lack of peaks identified.
This is shown to be true in the Figure 3.22 case. Many more emissions are identified, and
the highest scoring nuclide is **I.
| have shown in this chapter that SmartID appears to perform very well under highly

complicated backgrounds, and irradiated fuel scenarios. The next chapter will build upon

this concept with simulated spectrums | developed from modeling a PWR fuel assembly.
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CHAPTER 4

SIMULATED SPECTRAL ANALYSIS

4.1 Origen Source

In the preceding chapter, I collected real spectra of known calibration sources and
also of an irradiated fuel rod. SmartlD performed well for each case, but in order to
justify and demonstrate that SmartID can identify with a high level of accuracy nuclides
in a complicated fuel assembly, | need to analyze a spectrum representing a
Westinghouse 17x17 PWR spent fuel assembly after 1 day since removal from the
reactor core. | considered simulated spectral information instead of collected data in
order to have clear comparison to the actual material present in the fuel assembly. Since
| am modeling a source with a known material composition, | will be able to compare the
results from SmartID and the original emissions modeled directly. For the purposes of
this dissertation, and the ideas explored, a collected spectrum is not needed.

In order to develop a representative burned PWR fuel assembly model in water, |
determined the individual gamma emissions expected from such a source. This was
completed by employing the ORIGEN/ORIGEN-ARP modules that are isotopic
depletion and decay analysis tools part of the Oak Ridge National Laboratory SCALE6G
code system [1]. This code system is used worldwide to provide fuel depletion analyses
as a much faster alternative to traditional burnup analyses [1]. The cross sections used
for analysis are pre-computed from a reactor physics transport code modeling the fuel
assembly design and reactor type. For the purposes of my evaluation of spent fuel, | have
considered a Westinghouse PWR 17x17 fuel assembly. ORIGEN allows the user to

define the fuel type, enrichment, and irradiation conditions, for which it interpolates from
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the pre-computed cross sections. This significantly reduces the computational time
without altering the accuracy of the solution.

All nuclides included in the ORIGEN-S library are analyzed, and ORIGEN
determines the isotopic compositions of the spent fuel materials as a function of time in
order to determine decay heat generation and the resulting radiation source terms [1].
Therefore, it produces a detailed output file accounting for all decay daughter products
and their radiation contributions based on mass yield. It also provides the unique gamma
and neutron spectra as a function of decay time per energy group for the material in
question. It has been validated extensively for light water reactor (LWR) spent fuel, and
many benchmarking studies have been completed for MOX fuel calculations [1].

For the Westinghouse 17x17 PWR fuel assembly, | set the initial enrichment to
2.6 weight percent 2°U, with the total amount of uranium in the assembly set to 1 Metric
Ton. | chose the 238 energy group SCALE neutron library group structure, and
constructed my gamma energy group structure equal to the 24 group structure outlined in
previous chapters. | considered three burnup cycles with continuous 37.8 MW/MTU at
95% power, resulting in a total burnup of 33,000 MWD/MTU. | set my decay cases for
0.01, 0.03,0.1, 0.3, 1, 3, 10, 30, 100, and 130 days after the last burn cycle. These cases
show the activities and masses for the fission products and actinides at the determined
times after the burn cycle concludes. For my analyses, | only considered the 1 day decay
case in order to determine the key gamma information that can be gathered by a Nal(Tl)
detector when a fuel assembly is moved from the reactor core to a spent fuel pool for
cooling.

The resulting ORIGEN output provides a list of the individual radionuclides
produced and their corresponding activities in Curies and concentrations in grams.
Additionally, gamma contributions, in photons/s/basis, from each energy group were
printed, providing a sense of how the overall gamma spectrum would behave. From this

information, the individual gamma emission contributions for each isotope were
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determined. The individual emission lines are plotted in Figure 4.1. There are over
3,000 gamma emissions present between energy range of 0.3 to 3.0 MeV. The rate of

gamma emission is for the total emission contribution from the entire fuel assembly.

1[:'15 T LA R R DL L B L L L LA AL |

1015 | ]

1|}14

1D13 !

gamImass

1D1:

A

1D11

101 MBI T
2500 3000

500 10:00 1500 2000
Energy(keV)
Figure 4.1: Identified gamma line emissions from a Westinghouse 17x17 PWR fuel
assembly burned to 33,000 MWD and cooled for 1 day, representing emissions from 73

nuclides.

The majority of gamma emissions originate in the lower energy range, with the
average photon emission from both x-rays and gammas at 0.7519 MeV. The large
quantity of gamma emissions, especially those with energies less than 1 MeV, pose a
challenge for SmartID to accurately account for every single emission. However, this is
not the intended scope of this study. | restrict my interest to be key radionuclides which
contribute the greatest emission rate to the spectrum, while also providing informative
data on the burnup to aid in estimating plutonium content. Therefore, | decreased the

number of fission products considered to fifteen, analyzing those with the greatest
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gamma peak contributions. Table 4.1 shows the considered nuclides, along with their
greatest contributing gamma emission. Details on the thermal fission yields from these

nuclides can be found in Chapter 5.5, Table 5.4.

Table 4.1: Top 15 gamma emitting isotopes from PWR fuel assembly burned to 33,000

MWD 1 day since removal from reactor.

Isotope LEY Energy (MeV) Emission rate (gamma/s)

0 4 1.6781d 1.5962 6.3082 10'°
®Ru 39.26 d 0.49709 5.9303 10*°
®Nb  34.975d 0.7658 5.5422 10*

132 1.387 h 0.66771 4.4540 10%
$7r  64.02d 0.75673 3.0665 10*
Nb  721m 0.65794 2.2804 10
MNb 52.7s 0.74336 2.1928 10*
7r 16.9 h 0.74336 2.1690 10*
983 12.752d 0.53726 1.4779 10"
Mo 65.94h 0.73950 6.5565 10™
13cs  2.0648y 0.60472 5.4602 10"
%Rh 2985 0.51186 45767 10
¥cst 30.07y 0.66166 3.3296 10"
“®Np  2.117d 0.98445 2.6747 10"
sy 9.63h 1.0243 2.1567 10"

Removing the remaining gamma emissions from isotopes not included in this list
results in a more manageable emission profile shown by Figure 4.2. However, there are
still many very close emission lines that would make computational modeling difficult in

order to produce a simulated spectrum. Reducing the number of nuclides considered

2 This emission is actually from *""Ba, a decay daughter of **'Cs
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from 15 to 10 reduces the number of gamma emissions considered from 319 to 130. | did
this by removing the isotopes **Sr, *¥I, *Mo, ®Nb, and *™Nb. **I has many emissions,
and removing this isotope from the source list greatly reduces the number of emissions by
137. The gamma emission from *Sr’s highest emitting gamma energy had the lowest
gamma emission strength in comparison to the other top 15 isotopes, and **Nb only had
two gamma emissions, both less than 0.766 MeV. Figure 4.3 shows the remaining
emissions. Comparing Figure 4.3 to Figure 4.2 shows a thinning out of gamma

emissions, but the overall emission profile is not significantly altered.
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Figure 4.2: 319 gamma emissions identified from 15 major isotopes found in spent fuel

after 1 day of cooling.
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Figure 4.3: 130 gamma emissions identified from 10 major isotopes found in spent fuel

after 1 day of cooling.

4.2 MCNP models

The MCNP models developed for the burned fuel assembly simulation were
developed from the models generated for the DRF computations. Therefore, it is
expected that SmartID can identify the gamma emissions included in the MCNP source
definitions for burnup analysis test cases.

Just as | created three gamma emission profiles, | created three MCNP source
models based on these profiles. For the 319 and 130 gamma emission source models, |
simulated spectra for both water and air as the gamma transport medium. Instead of
developing a model with all 3,000+ possible gamma emissions, | only considered the
strongest 1,022 emissions. In order to simulate the detector response for a Nal(Tl)
detector, | employed the Gaussian energy broadening (GEB) option for an F8 pulse

height tally [2]. Equation 4.1 shows how MCNP incorporates this option by utilizing 3
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user specified constants. Table 4.2 shows the resulting FWHM values computed from

the GEB setting employed in the models.

FWHM = a + b\E + cE? 4.1)

where a, b and c are user defined constants, and E is the energy of the emission in units
of MeV. For my model, | seta = —7.25 x 1073, b = 0.073219, and ¢ = 0.313286.
Including a GEB option for the MCNP simulations is necessary in order to best represent
a true detector spectrum. Scintillator detectors accumulate counts correlating to specific
gamma energies, but this does not mean all counts will be the exact energy emission.
Counts seen in a detector follow a Gaussian (or Normal) distribution [3]. The counts can

be represented by

G(E) = <'%<E_b?%ak)z> (4.2)

e
V2mo

Where from the mathematical definition for a Gaussian distribution relating the FWHM

to o.

FWHM

NN (43)

E is energy, and Epeak is the energy of the peak or emission [3]. Figure 4.4 shows a

Gaussian distribution and how the FWHM is determined.
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Figure 4.4: Gaussian distributions for a mean energy of 660 keV.

Table 4.2: FWHM values from Gaussian Energy Broadening setting in MCNP.

Peak Energy (keV) FWHM (keV)

81 13.85
121.8 18.78

356 38.80
661.7 58.19
1173.2 85.49
1274.5 90.52
1332.5 93.37
2614.5 152.42

The 319 emissions and 1,022 emissions models were executed for 102 particle
histories, and the 130 gamma emission water case was executed for 2 x 1012 particle
histories in order to minimize errors. All cases were executed in parallel on 100

processors. Computational time and demand was one of the greatest challenges for these
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simulations; MCNP requires significant time for particle transport through large
absorbing and scattering mediums such as water. | employed variance reduction
techniques and reduced the size of my model to decrease computation time, but the
models still required approximately 4 to 5 days to run on 100 processors.

Figure 4.5 shows both the water and air cases for the 15 isotope source. As
expected, the air model shows more defined peaks and valleys whereas the water model
seems relatively blurred due to the increased Compton interactions. Figure 4.6 shows
how much more error is introduced in the water MCNP model in comparison to the air

model.

Counts per second

100 ¢ :

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Energy (MeV)

Figure 4.5: MCNP simulated spectra for 319 gamma emissions from spent fuel in both
air and water. The spectrum in air is shown in blue and the spectrum in water is shown in

pink. Emissions are depicted by the vertical lines.

The blurry condition of the water case is not entirely an attribute of gamma
transport through water, but a result of increased statistical error from the Monte Carlo

calculations. Figure 4.6 shows how the 1 sigma errors differ for the air and water cases
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with the same number of particle histories. The significant errors due to the water
serving as a shield are observed in the water case, and this can cause large errors when
analyzing the spectrum for gamma emissions and the relative contributions of counts to

each emission. This should be taken into consideration when processing the spectrum

with SmartID.
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Figure 4.6: MCNP 1 sigma errors for 319 gamma emissions from spent fuel assembly

gamma spectrum through water and air.

4.3 SmartlID Analysis

The simulated spectra are unique in the fact that no background is introduced into
each case. SmartlD still requires a background .Spe file, so | created one with zero
counts in every bin. The detector “channels” are essentially the 1keV bin structure
implemented in my f8 MCNP tallies making the “Energy.txt” a list of channels
corresponding to the energy in keV [2]. The “FWHM.txt” file is no longer derived from

calibration spectra, but from the calculated GEB setting used for the f8 tally. Appendix B
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contains the “.Spe”, “Energy.txt”, and “FWHM.txt” files used for SmartID isotope

identification from each case.

4.3.1. 319 Emissions from 15 Isotopes Case

| continued to examine the 319 gamma emissions from the top 15 isotopes case
spectra shown by Figure 4.5. Both the in air and in water spectra were post processed by
the SmartID algorithm to extract peak information and predict the most likely nuclides
present. The results were intriguing. Although only emissions from 15 isotopes were
included in the models, SmartID scored additional fission products higher than many of
the isotopes actually present due to the number of isotopes with similar energies, and due
to the highly complex emission profile. Many of the emissions for fission products lie
within tight energy and magnitude ranges of other fission product emissions. Therefore,
it is important to incorporate only the most substantial gamma emitters in order to best
determine which peaks are actually correlated to certain emissions. | determined that for
spent fuel analysis, it would be important to develop a nuclide library specifically tailored
to short cooled spent fuel measurements. Including too many low yield and low gamma
emitting nuclides can result in many peaks being double counted and potentially falsely
attributed. Considering the greatest emitting nuclides release gammas on the order of
10, 1 only included nuclides in the library that had at least one gamma emission greater
than 1x10™ gammas per second for the total fuel assembly. Appendix C shows the new
gamma library.

Processing the 319 gamma emissions in air case with SmartID resulted in the

identification of 46 peaks. Figure 4.7 shows the air case with identified emissions.
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Figure 4.7: Peaks identified from a Nal(TI) spectrum measuring 319 gamma emissions

from a burned PWR fuel assembly in air.

SmartID does a great job of identifying energy peaks that were included in the
original MCNP models. With a narrow energy window of 0.5%, SmartID identified 10
out of the 15 included nuclides in the simulated spectrum. The top 3 nuclides, **Ru,
¥'mBa, and **'Cs were the highest scored and can all be attributed to the original MCNP
model. SmartID can score many nuclides not actually present in the spectrum. This is
due to the peak tolerance, €. The energy window is selected for determining whether an
emission lies within €E < peak < (1+€E). At especially high gamma energies, this range
can cause very large energy windows. For example, a 1596.21 keV emission with € =
1% will match peaks identified at energies between 1554.71 and 1637.71 keV. Since
many of the peaks identified fall in this upper energy range, it is best to tighten the energy
window so that I can best correlate the identified peaks. Table 4.3 shows the identified
energy peaks for the 15 nuclides included in the MCNP model that were matched within

an energy window of € = 0.5%.
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Table 4.3: Identified Peaks for the 15 nuclides in air included in the MCNP simulation.

Identified Counts Nuclide Attributed  Probability  Detectability

Peak Emission of Decay

(keV) (keV)

304 5.00x10° #°Ba  304.85 4.29x10%  3.65x10™

337 2.39x10°

362 4.14x108 ¥ 363.34 4.94x10°  2.73x10*

386 1.87x10° ¥ 387.9 8.88x10°  2.41x10?

408 3.32x108

433 2.70x10° La  432.49 2.90x10%  1.97x10%
132 431.8 474x10°  1.98x10%

465 1.25%10°

497 8.55x10° '®“Ru  497.08 8.89x10"1  1.49x10*

543 3.29x10°

573 2.29x108 1% 572.5 5.92x10%  1.14x10%

605 2.19x10° %zr 602.37 1.38x10%  1.02x10*
1%cs 6047 9.76x10"  1.02x10"

632 1.23x10% ¥ 630.19 1.33x10%  9.47x10%

663 4.86x10° *™Ba  661.65 9.00x10"  8.69x107

712 1.86x10°

758 8.40x10° *zr 756.73 5.45x107  6.68x107

808 1.73x10° ¥ 809.5 2.57x10%  5.81x107
132 812 5.53x10%  5.81x107

876 5.84x108 ¥ 876.6 1.04x10%  5.08x10%

949 0.34x10% La  950.99 5.19x10°  4.37x10%
132 947.2 4.44 x10*  4.40x10

1029 5.69x102 #**Np  1025.9 8.21x102  3.76x10?
28Ny 10285 1.74x10"  374%102
91g, 1024.3 3.25x10"  377x102

1073 4.15x10’

1108 3.58x108 ¥ 1112.4 6.51x10*  3.30x107

1172 5.05x10%8 '*Cs  1167.9 1.80x10%  3.04x10%
132 1172.9 1.09x10%  3.02x10%

1212 5.67x10" ¥ 1212.3 1.18x10*  2.84x10%

1282 5.66x10% °"zr 1276.07 9.40x10°  2.60x107

1337 1.21x108

1387 4.34x108 ¥ 1390.7 1.48x10"*  2.27x10%
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Table 4.3 Continued

1471 1.25x108 ¥ 1476.7 1.30x10°  2.05x10%
1512 2.88x10’ clol%gl 1519.6 7.90x10*  1.96x107
to
1594 1.36x10° *La  1596.21 9.54x10"  1.83x10%
132 1592.9 4.74x10%  1.83x107
1636 1.04x10% ¥ 1636.5 2.36x10%  1.76x1072
132 1639.1 7.90x10°  1.76x1072
132 1644 1.28x10*  1.75x10%
1659 6.84x10° ¥ 1661.4 1.58x10%*  1.72x10%
1730 1.73x10" ¥ 1727.2 6.71x10*  1.62x107
1821 2.09x10" ¥4 1814 1.58x10*  1.50x107
132 1830.1 2.76x10*  1.48x107
1880 4.24x10° *La  1877.29 4.10x10*  1.42x10%
132 1879.2 1.38x10*  1.41x1072
1906 8.15x10° % 1913.7 2.96x10*  1.37x10%
1989 2.93x10" ¥ 1985.64 1.18x10*  1.28x1072
2116 1.40x10’
2187 2.22x10° ¥ 2187 6.91x10°  1.13x107
2257 1.64x10"7 ¥ 2249.1 3.36x10*  1.09x10%
2324 1.07x10°
2380 1.00x107 ¥ 2390.48 1.88x10°  1.00x10%
2522 2.90x10" La 25214 3.46x10%  9.26x107
132 2525.14 3.95x10*  9.24x107
2642 8.61x10° ¥ 2653.8 9.87x10°  8.57x107
2745 2.21x10° ¥ 2757.8 1.28x10°  8.06x10°
2887 4.85x10° *La  2899.61 6.68x10*  7.41x107
2994 1.04x10°

The water case is more challenging not only due to the increased Compton
scattering interactions, but also the poor statistics as shown in Figure 5.5. However, even
with these challenges, SmartlD was successful in identifying 20 peaks and attributing

them to the greatest gamma emitters for spent nuclear fuel. Fission products often have
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many gamma emissions within the energy window SmartID uses to determine whether or
not a peak is correlated to an emission. This causes complications when a single peak
may be correlated to many different emissions. This can be mitigated by narrowing the
energy window; however, careful attention to the energy and FWHM calibration is
important for proper identification. The energy window was minimized to 0.05% for the
simulation spectra since | know the exact energy calibration. Figure 4.8 shows the peaks
identified, and Table 4.4 shows which peaks were contributed to the nuclides included in

the MCNP simulation.
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Figure 4.8: Peaks identified from a Nal(TI) spectrum measuring 319 gamma emissions

from 15 nuclides in a burned PWR fuel assembly in water.
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Table 4.4: Identified Peaks for 15 nuclides in water included in the MCNP simulation.

Identified Counts Nuclide Attributed Probability = Detectability

Peak Emission  of Decay

(keV) (keV)

377 1.78x10°

413 8.70x10" *Mo 411.49 1.46x10™ 2.16x10*"
538 6.09x10" | 535.4 5.13%10° 1.30x10*

19084 537.26 2.44x100  1.29x10%
Mo 537.79 3.28x10°  1.29x10%
623 2.79x10" ¥4 620.9 3.95x10°  9.72x107
18Rk 621.84 9.81x10%  9.69x107
Mo 620.03 2.30x10°  9.74x107
Mo 621.77 2.58x10%  9.70x107

769 2.89x10" ¥ 771.7 1.97x10*  6.41x10%

1145 5.75x107 ¥ 1143.3 1.35x10%  3.15x10%
132 1147.8 2.66x10°  3.13x107
S7r 114797  2.62x10%  3.13x10%

1274 5.01x10" ¥ 1272.8 1.68x10°  2.61x107

1336 3.71x10’

1399 4.99x10" ¥ 139857  7.01x10%  2.25x107
14014 1405.2 5.91x10*  2.23x107

1519 5.84x107 ¥ 1519.6 7.90x10*  1.96x107

1601 3.08x10° 'La 1596.21  9.54x10"  1.83x10%

1695 1.56x10’

2015 7.15x10°

2156 6.96x10°

2354 5.66x10° '*La 2347.88  8.49x10°  1.03x107

2420 557x10° ¥ 2408.6 9.38x10°  9.89x107
132 2416.9 1.38x10°  9.85x10°

2549 1.62x10" ¥ 2546.5 1.58x10°  9.12x10°
1014 254734  1.01x10°  9.12x10°

2691 7.17x10° ¥ 2690.8 9.87x10°  8.38x107

2884 4.80x10° ﬂgieto 2899.61  6.68x10*  7.41x10°

a
2994 7.08x10*
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4.3.2. 130 Emissions from 10 Isotopes Case

The simulated spectra for the 319 and 130 gamma emissions cases are similar, but
more differentiation is seen between energy peaks for the 130 emissions case. Table 4.5
lists the nuclides considered in this case. Figure 4.9 shows the comparison between the
water and air case spectra for the 130 gamma emissions. More differentiation is observed
in the higher energy ranges. This should help show that the nuclides matched to the

peaks found in this region are correctly identified.

Table 4.5: 10 gamma emitting isotopes from PWR fuel assembly burned to 33,000

MWD 1 day since removal from reactor.

Isotope Tae Energy (MeV) Emission rate (gamma/s)

0 9 1.6781d 1.5962 6.3082 10'°
1%Ru 39.26 d 0.49709 5.9303 10*°
®7r  64.02d 0.75673 3.0665 10™°
Nb  721m 0.65794 2.2804 10*
7r 16.9 h 0.74336 2.1690 10*°
Ba  12.752d 0.53726 1.4779 10'°
1¥cs  2.0648y 0.60472 5.4602 10
Rh 2985 0.51186 45767 107
¥cs®  30.07y 0.66166 3.3296 10
“®Np  2.117d 0.98445 2.6747 10"

® This emission is actually from *""Ba, a decay daughter of **'Cs
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Figure 4.9: MCNP simulated spectra for 130 gamma emissions from spent fuel in both
air and water. The spectrum in air is shown in blue and the spectrum in water is shown in

pink. Emissions are depicted by the vertical lines.

The 1 sigma errors in Figure 4.10 for the 130 gamma emissions in water spectrum

continue to be much greater than the errors for the air case.
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Figure 4.10: MCNP 1 sigma errors for 130 gamma emissions from spent fuel assembly

gamma spectrum through water and air.

Figure 4.11 shows the air case with 35 peaks identified after processing the
spectrum with SmartID. Table 4.6 lists the identified energy peaks and the attributed
nuclides that were included in the MCNP models. Many peaks appear listed without
nuclide attribution. This is due to the small energy window applied in order to determine
that these peaks could be identified clearly. | noted that the peaks attributed also tend to
have the largest counts associated with them. These are the most prominent peaks, and
therefore are correctly attributed to the greatest emitting fission products as noted in

Table 4.6.
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Figure 4.11: Peaks identified from a Nal(TI) spectrum measuring 130 gamma emissions

in air from a burned PWR fuel assembly in air.
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Table 4.6: Identified Peaks for the 10 nuclides in air included in the MCNP simulation.

Identified Counts  Nuclide Attributed Probability Detectability

Peak (keV) Emission (keV)  of Decay

333 1.71E+09

422 1.71E+09 **Ba 423.72 3.15E-02  2.05E-01
459 4.02E+09

476 9.15E+08 '¥Cs 475.35 1.46E-02  1.64E-01
499 2.85E+10 ®Ru 497.08 8.89E-01 1.49E-01
543 5.38E+09

596 3.27E+09

644 7.96E+09

686 3.73E+09

742 159e+10 Y'zr 743.36 9.31E-01  6.94E-02
796 5.30E+09 '*Cs 795.84 8.54E-01  5.99E-02
839 1.91E+09

874 1.22E+08

917 1.99E+09 La 919.55 2.66E-02  4.66E-02
959 3.83E+08

1014 1.25E+09

1075 2.09E+08

1131 3.29E+08

1185 3.69E+08

1248 1.69E+08

1329 3.18E+08

1391 5.90E+08

1490 1.89E+08

1592 6.08E+09 '*La 1596.21 9.54E-01 1.83E-02
1671 5.43E+08

1845 1.61E+07

2019 5.69E+06

2163 6.21E+06

2328 3.78E+07

2403 6.77E+06

2518 1.21E+08 'La 2521.4 3.46E-02  9.26E-03
2602 6.80E+06

2778 3.17E+05

2898 1.83E+06 '*La 2899.61 6.68E-04  7.41E-03
2977 4.76E+04
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Figure 4.12 shows the details of the 35 peaks identified from the SmartID output
file. I know from Table 4.6 that **°La should be one of the highest scored isotopes,
especially with its strong high energy gamma emissions. This is validated by the peaks
identified by SmartID. | see many of the most prominent peaks match the emissions of
this isotope, and the score summary in Figure 4.12 shows **°La as most likely. Many
isotopes other than those included are listed as highly correlated with this spectrum, but
examining the SmartID performance further, I notice that much of the scoring can be due
to a few of the peaks matching many different emissions. As Table 4.6 highlighted, it is
important to understand the emissions that are correlated to the most important isotopes

and determine how close the peaks found are to these.
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Score Summary:

Huclide
1401La
1351
133nTe
99Ho
1341
234Fa
227Th
1421a
103Eu
937
60Co
214B1
1e0Th
140Ba
156Eu
131Te
B4Br
2371
915r
129Te
65H1
67Ga
1245h
239Fu
231Fa
97mHb
141Ba
240FPu
131nTe
1321
2414m
7L
1301
755e
151Fm
138C=
87K
212Fh
2320

Total

161.
159.
149.
144.
141.
135,
134.
128,
127.
121.
120.
115.
113.
111.
111.
110.
110.
109.
109.
109.
107.
106.
106,
106 .
104.
102.
101.
101.
101.
101.
101.
1a0.
100.
1a0.
100.
1a0.
100.
100.
1a0.

03
05
30
31
76
49
85
65
07
59
21
12
76
50
47
78
38
a2
50
11
40
79
a0
03
55
gg
g4
77
64
£1
11
98
a4
64
44
33
32
27
01

i
i
i
!
i
!
i
i
i
i
!
i
!
i
i
i
i
!
i
!
i
!
i
i
!
i
!
i
!
i
i
i
i
!
i
!
i
i
i
i

ba=ze + bonu=s I.

90.6 G50.0 18§.
89.0 &50.0 20.
81.9 49.9 17
g4.5 36.9 22.
78.7 41.8 Z1.
73.9 &0.0 11.
97.9 2.5 4
88.3 31.9 3.
98.0 1.0 8.
87.9 31.4 2.
98.2 1.0 1.
8%.6 23.3 2.
9.0 15.6 2.
94.0 5.6 6.
6d. 2 43.7 3.
94 .2 9.1 §.
91.1 13.0 6.
98.7 0.7 &.
93.3 3.7 7.
98.6 1.0 9.
97 .3 2.5 2.
938.48 1.0 2.
927 10,2 3.
61.7 30.1 14.
99.1 1.0 1.
98.9 0.0 4.
73.6 17.3 10.
99.3 o.o0 2.
5.0 31.9 12.
241 L0.0 2%.
86.5 3.2 6.
86.1 5.1 1.
80.18 5.9 12.
97 .7 1.0 1.
14.8 50.0 35.
79.3 14.2 6.
95 .2 3.5 1.
98.19 n.o 1.

0 0.0 3.
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Figure 4.12: Top scored nuclides identified for the 130 gamma emissions source in air

from a PWR spent fuel assembly after 1 day from removal from the reactor core.

Figure 4.13 shows the water case with 16 peaks identified. As was the instance

with 319 gamma emissions through water case, this case also suffered from significant

MCNP errors. However, even with these errors, SmartID is able to discern a number of

emissions even when significantly fewer emissions are included in the 10 isotope case

from the 15 isotope case. Figure 4.14 lists the 16 peaks identified and their relative

contributions to the counts seen in the detector.
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Figure 4.13: Peaks identified from a Nal(TI) spectrum measuring 10 isotope emissions

from a burned PWR fuel assembly in water.

16 Peaki=z) Identified — Sort by Energy
eV Counts Horms Ct= Pzal: Id

409 .00 3.9353E+05 14 49937 16
gle .00 1. 8517E+05 B.82161 15
1103 .00 2.1270E+05 7.83581 14
1151 .00 6. 7737E+04 2.49541 13
1370.00 2. 2829E+04 0.&84101 12
1545 .00 9 6554E+04 3.55702 11
1594 00 1. 3545E+06 49 89939 9
1635.00 2.6843E+05 9.890713 10
2018 .00 1. 3879E+03 0.05113 8
2170.00 1. 0505E+04 0.38700 7
2248 .00 2. 0817E+03 0.07669 B
2380.00 2. 6260E+04 0.96741 g
2531 .00 6.9403E+04 2.55697 3
2736 .00 1. 8337E+03 0.06755 4
2894 .00 1. 3253E+03 0.04834 1
2984 .00 1.1013E+02 0.004086 2

Figure 4.14: Peaks identified for the 130 gamma emissions source in water from a PWR

spent fuel assembly after 1 day from removal from the reactor core.
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Table 4.7: Identified Peaks for the 10 nuclides in water included in the MCNP

simulation.

Identified Counts  Nuclide Attributed Probability Detectability
Peak Emission  of Decay
(keV) (keV)

410  4.03E+05

817 1.88E+05 '*La 815.77  2.33E-01  5.74E-02

1104  2.12E+05 **La 1097.2  2.29E-04  3.38E-02

1152  6.85E+04  'zr 1147.97  2.62E-02  3.13E-02

1371 2.35E+04  'zr 1362.68  1.02E-02  2.35E-02
7y 1361 6.51E-03  2.35E-02

1546  9.66E+04

1595  1.35E+06 *°La  1596.21  9.54E-01 1.83E-02

1636  2.68E+05

2019  1.07E+03

2171  1.05E+04

2249  2.08E+03

2381  2.63E+04

2532  6.94E+04 *La 2521.4  3.46E-02  9.26E-03
90 5 254734  1.01E-03  9.12E-03

2737  1.83E+03

2895  1.33E+03 '*La  2899.61 6.68E-04  7.41E-03

2985  1.10E+02

It is misleading to look at the nuclides scored by SmartID in Figure 4.15 due to
the low number of emissions identified; however, it is important to note that high emitters
190 a, along with *’Zr are correctly identified. When | decreased the number of emissions
from 329 to 130, | removed some of the most active emissions in the upper energy
ranges. **°La and ¥'Zr are significant gamma emitters in the MeV range, and combining
this along with poor MCNP errors, many of the lower energy gamma emissions are

difficult to identify.
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Score Summary:

Huclide Total (basze + bonus I. II. III) Comment Correlation
1321 87 .05 ( 3.3 50.0 33.7 0.0 % Fi=s Prod Hoderate
156Eu 62.27 (38,8 14.1 7.3 2.0 Fi=s Frod Hoderate
140La EE.68 ( 21.1 5.9 2606 2.0 73 Fi=s Frod Hoderate
151Fm 42.97 ( 0.8 3.5 8.6 30.0 3 Fi=s Frod Low
13nC= 32 .07 { 29.3 o.o0 2.7 0.0 % Fi=s Prod Lo
97%Zr 24 .75 ( 1.8 1.6 1.3 20.0 % Fi=s Frod Low
1351 2191 (¢ 1.9 14.0 &.0 0.0 3 Fi=s Frod Low
154Eu 21.67 ( 1.3 0.6 15.8 0.0 3 Fi=s Frod Low
148nPn 20.37 { 14.4 o.0 5.7 0.0 % Fi=s Prod Lo
99Ho 15.87 ( 0.9 1.4 8.5 5.0 mnedical_ FP Low
131inTe 15.03 ( 4.8 2.6 7.6 0.0 Fi=s Frod Low
937 12 .49 ( 3.5 4.1 5.0 0.0 % Fi=s Prod Lo
143Ce 12.38 ( 0.8 2.4 7.1 2.0 Fi=s Frod Low

Figure 4.15: Top scored nuclides identified for the 130 gamma emissions source in water

from a PWR spent fuel assembly after 1 day from removal from the reactor core.

It may seem that SmartID is not performing well, but the algorithm is performing
on a low resolution detector processing a complicated and spectra with statistical errors
that are large. This is important to know for real detection scenarios. If a spectrum is
collected with poor counting statistics, the user needs to understand how the algorithm
performs and what information can still be gained for burnup analysis and calculations.
The fact that SmartID can correctly attribute key spectral data in less than ideal situations

is promising for real measurement applications.

4.3.3. 1,024 Emissions from Major Contributing Nuclides Case

The final case | modeled in MCNP was a much more complex source in air.
Since a true PWR fuel assembly burned at 33,000 MWD has over 3,000 emissions, |
reduced my large model to include the top 76 emitting isotopes accounting for the top
1,024 emissions. Figure 4.16 shows the simulated spectrum from MCNP, and Figure
4.17 shows the corresponding 1 sigma errors. This spectrum was run for a total of

2x10" particle histories.
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Figure 4.16: MCNP simulated spectrum of 1,024 gamma emissions for spent PWR fuel

assembly in air.
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Figure 4.17: MCNP 1 sigma errors for 1,024 gamma emissions from a spent PWR fuel

assembly gamma spectrum through water and air.
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Peaks were identified by SmartID for this case, and are shown by Figure 4.18.
SmartID identified a total of 39 peaks, which is significantly less than the number of
emissions included in the MCNP model. However, even though SmartID subtracts out
peak by peak to unveil hidden peaks, it is difficult to reveal every weak emission.
Referring back to Figures 4.1, 4.2 and 4.3, | see that many of the weaker emissions are up
to 4 orders of magnitude weaker than the strongest emissions. When these weak
emissions lie within a few keV or less to the strongest emissions, they are easily lost
within the FWHM of surrounding peaks. This should not be major issue, as long as |
keep in mind what nuclides are responsible for the strongest emissions and where in the
spectrum they occur in relation to other strong gamma emitting nuclides. The most
important understanding is that the major emissions are identified, and the attributed

nuclides identified match the key nuclides included in the MCNP model.

Counts

100

0 500 1000 1500 2000 2500 3000
keV Energy

Figure 4.18: Peaks identified from a Nal(TI) spectrum measuring 1,024 emissions from a

burned PWR fuel assembly in air.
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The resulting nuclides identified are shown in Figure 4.19. As evident previously,
SmartID identifies other nuclides that are not present due to library aliasing, but it does
identify the nuclides I expect to be characterized. It performs well scoring the greatest
gamma emitting nuclides present in the MCNP model relative to the weaker emission
nuclides. I included the shielding search option in post-processing this model, since the
spent fuel assembly does not exactly match the air DRFs utilized in SmartID. There will
be a large contribution to how the spectrum is represented due to self-shielding from the
rows of fuel pins in the fuel assembly. Including this shielding search will help better
account for these shielding effects. The highest scored shielding scenario is 3 cm of lead
shielding. This is closely followed by 2 cm, 4 cm, and 5 cm thick lead shielding. The
score drops off after this point at 1 cm thick lead, and decreases as the shielding case
decreases in thickness or is represented by iron. | find this to be a good representation of
the fuel assembly model since the shielding accounts for much of the source emitting in
rows furthest from the detector being shielded by fuel pins in rows closest to the detector.
The energy window considered for this first case was 2%. Figure 4.19 shows a large list
of potential nuclides present in the fuel assembly. However, due to the limited number of
peaks identified, | cannot have confidence that all are actually represented. Since many
of these nuclides have emissions falling within very close intervals, a smaller energy
window is ideal. | reprocessed the spectrum with an energy window of 1%. Figure 4.20

shows the resulting scored nuclides from this new scoring condition.
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Score Detail=s for Shielding Options:

Po==ible Shielding Setting: 1 Total Score: 10994 20

Shielding Haterial: Fb Thickness {(cm): 3.00

Hote:

baze =core fuction of (#matched-#emisz=sion=). weighted by vield.detectability and matching facto

bonus I bonus from number of matched pesks

bonus II bonus from relative peak height

bonus IIT bonus from alignment between peakheight= and emi=sion vields

Score Sumnary:

Huclide Total (ba=e + bonus I. II, III} Comment Correlation
143Ce 181.82 { 96.6 50.0 35.3 0.0 ) Fiz= Prod High
1321 172.74 ( 85.1 G50O.0 37.6 0.0 Fizs Prod High
151FPm 1s4.28 { 79.2 50.0 35.1 0.0 ) Fiss Prod High
140La 1g0.31  94.0 50.0 16.3 0.0 ) Fizs Prod High
214Bi 158.51 ( 8%.9 50.0 18.6 0.0 ) T-238_Daughter High
1351 152.34 { 82.2 50.0 20.2 0.0 Fiz= Prod High
234Pa 148.73 ( 71.1 50.0 27.6 0.0 ) T-238_Daughter High
133nTe 145.33 { 82.5 50.0 12.8 0.0 ) Fiss Prod High
110mhg 140.32  93.7 25.6 21.0 0.0 ) Fizs Prod High
103Ru 138.60  98.4 1.0 9.2 30.0 ) Fiss Prod High
97Hb 135.03 ( 98.8 1.0 5.2 30.0 ) Fiss Prod High
156Eu 132.67 ( 77.4 50.0 5.2 0.0 Fiss Prod High
105Ru 131.13 { 83.2 29.518.4 0.0 ) Fiz= Prod High
211FPb 127.33 ( 94.8 o8 1.7 30,0 ) T-235_Daughter High
154Eu 125.54 { 95.4 17.3 12.9 0.0 ) Fiss Prod High
leenHo 122.34 ( 91.3 11.5 19.5 0.0 ) Fizs Prod High
915r 118.04 ( 96.1 5.9 16.0 0.0 )} Fizs Prod High
131nTe 117.98 { 68.6 29.7 19.7 0.0 ) Fiz= Prod High
241hm 116.92 ( 94 .6 g.4 9.0 5.0 SHH High
152Eu 114,40 { 73.2 37.2 4.0 0.0 Fiz= Prod High
9EZr 114.30  97.7 1.0 10.8 5.0 ) Fizs Prod High
239Pu 114.12 { 40.8 50.0 23.3 0.0 ) SHH High
240Np 113,67 ( 77.3 25.6 10.7 0.0 ) SHH High
1255n 109.85 ( 97.7 9.0 3.2 0.0} Fiss Prod High
1341 109.58 { 57.5 34.8 17.3 0.0 ) Fiz= Prod High
927 109.25 ( 87.5 0.7 1.1 2000 ) Fiss Prod High
22B8Ac 106.86 { 81.8 11.9 13.2 0.0 ) Th—23Z_Daughter Hoderate
9EHD 10e.82  98.0 o0 8.8 0.0 Fizs Prod Hoderate
238Pu 106.65 { 97.8 oo 8.8 0.0 ) SHH Hoderate
138ie 10e.15 { 92.1 13.0 1.1 0.0 Fiss Prod Hoderate
140Ba 105.59 ( 94.7 4.6 6.2 0.0 ) Fiss Prod Hoderate
165c 104.69 { 98.6 1.0 0.1 5.0} c Hoderate
138Cs 104.64 ( 81.9%9 17.3 5.4 0.0 Fiss Prod Hoderate
137Cs i04.20  99.0 oo 5.2 0.0 ) Fiss Prod Hoderate
137mBa 104.18 f 99.0 o0 5.2 0.0% Fizs Prod Hoderate
23BNp 104.16 ( 98.3 45 1.5 0.0} SHH Hoderate
110A4g 103.99 { 98.8 oo 5.2 0.0} Fiz= Prod Hoderate
84Br 103.67 ( 85.0 16.8 1.8 0.0 ) Fiss Prod Hoderate
142Ba 103.14 { 85.0 11.9 1.2 5.0 Fiz= Prod Hoderate
B8Kr 101.49  74.1 24.9 2.5 0.0 Fizs Prod Hoderate
2380 101.46 { 91.4 0.7 9.3 0.0 ) SHH Hoderate
106Ru 100.80  96.4 1.0 1.4 2.0 Fizs Prod Hoderate
GEHL 100.62 ( 97.3 2.5 0.8 0.0 ) c Hoderate
134Te 100.59 { 68.4 9.4 17.8 5.0 ) Fiz= Prod Hoderate
131Te 100.33 ( 77.9 7.7 147 0.0 ) Fiss Prod Hoderate
LlCr 100.28 f 99.4 o0 0.9 0.0 nedical Hoderate
209T1 10o0.12  98.9 0.8 0.4 0.0 Hp—237_Daughter Hoderate
213Bi 99.81 ( 98.8 oo 1.0 0.0} T-233_Daughter Hoderate
2331 99.¥5  { 98.3 0.6 0.9 0.0 Hp-237_Daughter Hoderate
135%e 99 .66 [ 98.3 o0 1.4 0.0 Fi=z= Prod Hoderate
24 7Cm 99.53 ( 96.8 0.7 2.1 0.0 ) SHH Hoderate
211Bi 99.13 ( 97.2 oo 1.% 0.0 ) T-235_Daughter Hoderate
115mCd 98.96 ( 98.1 oo 0.9 0.0} Fiss Prod Low
43K 98.91 ( 90.9 3.7 2.3 2.0 =] Low
1411a 98.84 ( 98.8 o0 0.0 0.0 ) Fizs Prod Low
47 Ca 98.70 ( 95.9 o8 1.9 0.0} c Low
58Co 98.66 ( 97.0 oo 1.6 0.0 ) c Low
9251 98.63 ( 95.5 2.0 1.1 0.0} Fiz= Prod Low
111kg 98.589 ( 96.7 oo 1.% 0.0 ) Fizs Prod Low
65Zn 98.36 ( 98.3 o0 0.0 0.0 ) Fiss Prod Low
142La 98.25 ( 54.0 43.7 0.5 0.0 ) Fizs Prod Low
59Fe 98.06 ( 97.0 0.7 0.3 0.0 ) c Low
41k 97 .89 { 97.6 o0 0.3 0.0 n_activ_prod Low
E4Mn 97.85 ( 96.2 oo 1.6 0.0 ) c Low
755e 97.74 ( 97.6 oo 0.1 0.0 ) Fiss Prod Low
97Rn 97 A0 [ 9p 8 00 08 7Y Fi Frod T

Figure 4.19: Nuclides identified for a PWR spent fuel assembly after 1 day from removal

from the reactor core with a 2% energy window for peak attribution.
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Fos=ible Shielding Setting: 1 Total Score: 5408 62

Fhielding Haterial: Pb Thickness {(cm): 3.00

Hote:

base score : fuction of (#matched-#emissions), weighted by vield.detectability and matching facto
bonus I : bonus from number of matched peaks

bonus I1 : bonus from relatiwve peal height

ponus III  : bonus from alignment between peakheights and emission vields

Focore Summary:

Huclide Taotal (base + bonu= I, II, III) Comment Correlation
151Fm 138.62 ( 52.8 G50.0 35.8 0.0 ) Fis=s Prod High
103Fu 138.60  98.4 1.0 9.2 30.09 Fis=z Prod High
140La 124.39 (¢ 8%.5 27.9 7.0 0.0 Fi=s=z Prod High
234Fa 116.37 ¢ 5%.0 37.7 19.6 0.0 )} U-238_Daughter High
110mbg 114 .14 ¢ 83.7 12.6 17.8 0.0 )} Fis=s Prod High
1351 109.04 ¢ 445 E50.0 14.5 0.0 ) Fiss Prod High
95HL 106.82 ( 98.0 o0 8.8 0.0 Fiss Frod Hoderate
238Fu 106.65 ( 97.8 o0 8.8 0.0 SHM Hoderate
214E1 104.74 ¢ 78.4 18.3 8.0 0.0 ) U-238_Daughter Hoderate
465c 104.69 ( 98.6 1.0 0.1 5.0 c Hoderate
137Cs 104.20 ¢ 99.0 o.0 5.2 0.0 Fiss Prod Hoderate
137mBa 104,18 ¢ 99.0 o.0 5.2 0.0 Fizs Prod Hoderate
110Ag 103.99 ( 98.8 og.0 5.2 0.0 Fiss Prod Hoderate
97HLb 102.89  97.7 o0 5.2 0.0 Fiss Prod Hoderate
SlCr 100028 ¢ 99.4 o.0 0.9 0.0 medical Hoderate
209T1 100.12 ¢ 98.9 0.8 0.4 0.0 Hp-237_Daughter Hoderate
213EBi 99.81 { 98.8 o0 1.0 0.0 U-233_Daughter Hoderate
2330 99 75 { 98.3 0.6 0.9 0.0} Hp—237_Daughter Hoderate
135¥e 99 66 98.3 o0 1.4 0.0 % Fis= Prod Hoderate
115mCd 98 .96 [ 98.1 o.0 0.9 0.0 Fis=z Prod Low
141Ta 98.84 ( 98.8 o0 0.0 0.0 Fi=s=s Prod Low
65Zn 98.36 [ 98.3 o0 0.0 0.0 Fis=s Prod Low
41Ar 97.89 ( 97.6 o.0 0.3 0.0 n_activ_prod Lo
755e 97.74 [ 97 .6 o0 0.1 0.0 Fiss Prod Low
138Cs 97.71 (790 13.3 5.4 0.0 Fiss Frod Low
925 96.25 [ 95.3 0.7 0.2 0.0 Fiss Frod Low
675Ga 95 .69 [ 956 g0 0.1 0.0 Fiss Prod Low
134Te 95 .62 [ B6.1 6.8 17.8 5.0 Fiss Prod Low
43K 94 .46 [ B8.4 1.9 2.2 2.0 = Low
143Ce 93.73 [ 54.3 21.4 18.0 0.0 ) Fiss Prod Low
57H1 93.09 ( 86.0 2.0 0.1 5.0 = Low
105Eh 92.28 [ 91.4 g.0 0.8 0.0 Fiss Prod Low
238Hp 91.12  87.% 2.2 1.5 0.0 SHM Low
138¥e 85.48 { BO.6 4.6 0.2 0.0 Fi==s Prod Low
84Br 83.18 ( 78.2 4.6 0.4 0.0 Fi==s Prod Low
154Eu 80.68 { 60.8 7.112.9 0.0 Fis=s Prod Low
E2Mn 79.09 ( 72.4 0.6 1.1 5.0 = Low
485c 7714 ([ 744 2.0 0.8 0.0 c Low
89Rb 76.32 ( B6.1 E0 5.2 0.0 Fi=s=s Prod Low
1265b 76.18 [ 37.6 2.7 5.8 30,0 Fis=s Prod Low
22Ha 75.30 o 75.0 o.0 0.3 0.0 Cosmic_spall_pr Lo
101Te 7529 ([ 71.9 o0 3.4 0.0 Fiss Prod Low
95Zr 73.87 [ B5.D o0 8.% 0.0 Fiss Frod Low
24Ha 73.65 [ 73.6 o.0 0.1 0.0 n_activ_prod Low
1341 72.66 [ EO.5 8.1 14.0 0.0 Fiss Prod Low
EZmMn 7246 [ F2.3 o0 0.2 0.0 c Low
927 71.48 ( 70.6 g.0 0.% 0.0 Fiss FProd Low
241Am 70,79 [ 58.% 1.4 5.9 5.0 SHM Low
1321 70.66 ( 7.9 &O.0 12.7 0.0 ) Fiss Prod Low
192Ir 68.66 [ 6B6.4 0.6 1.7 0.0 medical_ RDD Low
1255n 68.63 [ B4.6 1.8 2.3 0.0 Fiss Prod Low
142Ea 68.45 { 58.4 4.4 0.7 5.0 Fi==s Prod Low
239Fu 66.95 { Z9.1 17.1 20.8 0.0 ) SHM Low
160Th 65.73 { G51.4 4.9 9.5 0.0 Fis=s Prod Low
131Te 65.26 [ 57.9 1.6 5.7 0.0 Fis=z Prod Low
136C= 56.75 [ E5.1 o0 1.7 0.0 Fis=z Prod Low
131nTe 56.35 ( 35.5 10.7 10.1 0.0 ) Fi=s=s Prod Low
937 E3.26 ([ 42.5 a.0 2.7 0.0 Fis=s Prod Low
48V E1.71 ¢ EB1.2 o0 0.5 0.0 nedical _from_ Ti Low
141Ea E0.95 ([ 45.7 2.8 2.5 0.0 Fiss Prod Low
87Kr E0.77 [ 49.0 1.7 0.0 0.0 Fiss Frod Low
E9Fe B0 22 (499 o0 0.2 0049 c Loy

Figure 4.20: Nuclides identified for a PWR spent fuel assembly after 1 day from removal

from the reactor core with a 1% energy window for peak attribution.

112



The number of nuclides scored drops dramatically from 209 to 61, and the order
in which nuclides are scored changes when the energy window is decreased to 1%.
Figure 4.19 showed a number of nuclides scored high which were not actually included
in the MCNP model due to library aliasing. Figure 4.20 shows a better representation of
the original source definition. The top three scored nuclides are actually present in the
source definition, and have a relatively high contribution to the overall gamma emission
profile. %**Pa, although highly scored, is falsely attributed due to double counting of
many of the identified peaks. ®"Ag and *°I are also high gamma emitters included in
the model, and properly identified. **Nb is accurately identified for its 765.81 keV
emission; however, the double counting of this same peak causes %*®Pu to be inaccurately
identified. In a similar manner, #*Bi and **Sc are falsely identified.

137Cs is the scored nuclide along with **"™Ba, which is the daughter product of
137Cs. Therefore, it is not actually a mistaken double counted emission since the 662 keV
emission from *3'Cs really refers to the 662 keV emission from **"Ba.The following
scored nuclide, **°Ag (ground state) is often mistakenly scored when *¥'Cs is shown to be
present. This is due to *°Ag also only having one gamma emission at 657.76 keV, which
is very close to the 661.6 keV emission from *3'Cs. Figure 4.21 shows the details from
this scoring. | observe the same gamma emission attributed to both **’Cs and '°Ag. At
this point, the uniquely attributable scoring begins to diminish, and remaining attributed
emissions are double counted due to library aliasing. Many of these lower scored
nuclides were included in the original source definition; however, I find that I can’t show
with enough certainty these nuclides are present due to the limited number of emissions
identified.

To gain a better understanding of how some of the key identifying nuclides are
attributed to the peaks identified, | examined the emission attributions for **°La and *’Cs.
Figures 4.21 and 4.22 shows the emissions identified for these nuclides. | see that

SmartID is accurately attributing the key gamma emissions to **°La with respect to the
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number of counts in the spectrum to the probability of decay and detectability of each

emission.
Huclide Score T1-2 TlsZ2_unit #Emi=sionInFange #Hatched Correlation Comment
140La 124.39 4 .0300E+01 3 High Fiss Prod
Emnisszion(KeV) Prob-DK Detectability 1.00% Energy Window Peal (KeV) Horm¥_cts
109.42 2.1900E-03 g.5100E-01 { 108.33 to 110.51 )
131.12 4. 6700E-03 7.9615E-01 { 129.81 to 132.43 )
173.54 1.2700E-03 £.8339E-01 { 171.80 to 175.28 )
241.93 4.1400E-03 5.0326E-01 { 239.51 to 244 .35 )
266.54 4. 6600E-03 4 4546E-01 { 263.87 to 269.21 )
306.90 2.4800E-04 3.6098E-01 { 303.83 to 309.97 )
328.76 2.0300E-01 3.2465E-01 { 325.47 to 332.05 )
+ 397.52 7.3500E-04 2.2929E-01 { 393.54 to 401.50 ) 397.00 0.2713
432 .49 2.9000E-02 1.9717E-01 { 428.17 to 436.81 )
+ 438.50 3.9100E-04 1.9216E-01 { 434 .12 to 442.89 ) 439.00 2.4206
445 .50 2.8600E-05 1.8648E-01 { 441.05 to 449 .96 )
487 .02 4 E500E-01 1 5575E-01 { 432 .15 to 491.89 )
+ £18.12 3.7200E-04 9.7921E-02 { 611.94 to 624.30 ) 612.00 3.5649
751.64 4.3300E-02 6.7795E-02 { 744 .12 to 759.16 )
+ 815.77 2.3300E-01 5 .7399E-02 { 807 .61 to 823.93 ) 8z21.00 4.2716
867.85 5.5000E-02 5.1687E-02 { 859.17 to 876.53 )
+ 919.55 2.6600E-02 4 B557E-02 { 910.35 to 928.75 ) 927.00 2.3077
+ 925.19 £.9000E-02 4 6027E-02 { 915.94 to 934 .44 ) 927.00 2.3077
950.99 5.1900E-03 4. 3679E-02 { 941 .48 to 960.50 )
+ 992.90 1.3400E-04 4.0107E-02 { 982.97 to 1002.83 ) 988.00 1.2809
+ 1045.05 2.4800E-04 3.6570E-02 { 1034 60 to 1055.50 ) 1037.00 0.0831
1097.20 2.2900E-04 3.3807E-02 { 1086.23 to 1108.17 )
1303.50 4.2000E-04 2.5172E-02 { 1290.47 to 1316.54 )
1405 .20 E.9100E-04 2.2308E-02 { 1391.15 to 1419.25 )
+ 1596.21 9.5400E-01 1.8269E-02 { 1580.25 to 1612.17 ) 1601.00 3.4706
1877.29 4.1000E-04 1.4166E-02 { 1858.52 to 1896.06 )
+ 1924 82 1.3400E-04 1.3570E-02 { 1905.37 to 1943.87 ) 1941 .00 0.o0021
2083.20 1.1500E-04 1.1978E-02 { 2062.37 to 2104.03 )
+ 2347 .88 8.4900E-03 1.0254E-02 { 232440 to 2371.36 ) 2342.00 0.0276
2484 .10 1.1400E-04 9.5771E-03 {2439 .46 to  2488.74 )
+ 2521.40 3.4600E-02 9.2597E-03 { 2496.19 to 2546.61 ) 2509.00 0.0885
2547 .34 1.0100E-03 9.1195E-03 { 2521.87 to 2572.81 )
+ 2899 .61 6.6800E-04 7.4109E-03 { 2870.61 to 2928.61 ) 2895.00 0.o0012

Figure 4.21: SmartID emission attribution for scored nuclide, **°La.

The emission attributed to *¥'Cs is very well matched to the peak identified, and

the significant number of counts attributed to this peak matches what would be expected

from a high activity nuclide with only a single emission. As | previously stated, the

additional nuclides attributed to this peak are most likely not present. *'°Ag happens to

also have a single gamma emission within the energy window of the identified peak, but

this is a commonly misidentified nuclide. °’Nb has 2 emissions, but the only one that

shows a match is the 660 keV peak, which has already been attributed to **'Cs.
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Comment
Fi=z=s Prod

Comment
Fi=zs Prod

Comment
Fiss_FProd

Huclide Score Ti-2 Ti 2_unit #Emis=s=ionInRange #Hatched
137C= 104.20 3.0200E+01 4 1
Emigz=zion(KeV) FrobsDE Detectability 1.00% Energy Window
+ EE61.E0 8.5100E-01 8.6937E-02 { E54 .98 to BEE .22 )
Huclide Score T1-2 Tls2_unit #EmissionInRange #Matched
137mBa 104.18 2.5E00E+00 T 1 1
Emiz=ion(KeV) Prob-DE Detectability 1.00% Energy Window
+ E61.65 9. 0000E-01 8.6925E-02 { 655 .03 to 668 .27 )
Huclide Score T1-2 Tl 2_unit #EnisszionInRange #Hatched
1104g 103.99 2. 4600E+01 = 1
Enission(KeV) Prob-DE Detectability 1.00% Energy Window
+ KE7.75 4. 4900E-02 8.7860E-02 { £51.17 to 664.33 )
Huclide Score T1-2 Tls2_unit #EnisszionInRange #Hatched
97Hb 102.89 7.2100E+01 m 1
Emission(KeV) Prob-DE Detectability 1.00% Energy Window
+ £E57.90 9.8100E-01 8.7824E-02 { 651.32 to 664 .48 )
1024 .50 1.0200E-02 3.7718E-02 { 1014.26 to 1034.75 )

Comment
Fiss_FProd

Figure 4.22: SmartID emission attribution for scored nuclide, **'Cs.

4.3.4. 12 Emissions in Water

In order to further prove that SmartID can correctly identify key identifying

emissions for spent nuclear fuel, | developed a simplified, 12 emissions case to show

have many, if all, could be identified and correlated to the correct nuclides. Table 4.8

shows the gamma emissions | chose to include in the model, along with each

corresponding nuclide.
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Table 4.8: 12 gamma source emissions chosen for MCNP simulation.

. Emission rate for
Emission Energy

Nuclide entire assembly
(kev) (gammals)
511.86 1%6RN 4.58x10%
604.72 13¢s 2.18x10%
621.93 1%5Rh 2.23x10%
652.9 Olgy 5.18x10%
661.66 1¥7¢cs 3.33x10%
723.3 4y 4.75x10%
749.8 gy 1.52x10%
795.86 134¢cs 4.78x10%
1004.8 14y 4.27x10%
1024.3 gy 2.16x10"°
1050.4 1%5Rh 3.50x10*
1274.4 4y 8.25x10"°

| incorporated these emissions in the MCNP model which produced the spectrum
shown by Figure 4.23. | executed the MCNP models for enough particle histories
(5x10™ histories) to reduce my average 1 sigma errors to less than 10%. | then created a
“.Spe” file from the resulting spectrum and post-processed with SmartID. The red lines
in Figure 4.23 show the identified peaks. Rather than all 12 emissions identified,

SmartID only extracted 7 peaks.
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Figure 4.23: Simulated spectrum from 12 gamma emissions along with SmartiD

identified peaks.
| matched the identified peaks to the emissions included in the model. | noted that

each of the 7 peaks identified matched one of the 12 energy peaks modeled. Table 4.9

shows each individual identified photopeak along with the matched emission.
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Table 4.9: SmartID peaks identified and corresponding gamma emissions.

Er(rl](':\s};) " Nuclide Idg;g{('ed Counts
511.86 1%Rh  Not matched
604.72 13cs 600 4.8016x10°
621.93 196 624 1.8580%10°
652.9 gy Not matched
661.66 137cs 665 7.1746x10?
723.3 4y Not matched
749.8 gy Not matched
795.86 13cs 789 4.8495x10°
1004.8 1%Ey Not matched
1024.3 gy 1022 2.4277%x10°
1050.4 196Rh 1061 3.6683x10?
1274.4 B4Ey 1271 7.8835x10"

| tried a variety of settings on the “smartid.inp” file to see if any significant
changes in peak identification would take place. I slowly increased the Chi-square
threshold from 0.005 up to 0.995. Once | had a Chi-square value of 0.9, an additional
peak was identified at 820 keV. This peak does not match any peaks introduced into the
MCNP source definition in the model. I investigated why this was occurring. | noticed
was that the non-matching peak existed to the right of a major peak. It seemed that the
entire Gaussian broadened peak was not subtracted out, leaving a false elevation in
counts within the major peak’s FWHM, but when | increased the aliasing factor, this peak
was still identified. Therefore, something else was at play. | compared the 1 sigma
errors to the spectrum shape as energy increasing, and observed an interesting pattern.
Looking at Figure 4.24, | see that the MCNP errors increase to a peak at approximately
820 keV. The spectrum shown is normalized to fit within the bounds of the plotted
MCNP 1 sigma errors. The increase in error at this energy possibly created a “false”
peak which was not rejected during the smoothing process. The chi-square test was not

rigorous enough to reject this spectral change. This shows the great importance of
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implementing noise reduction. Even in a simulated spectrum, where noise is reduced,

even small modeling errors can play into how peaks are identified.

100 ‘
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Energy | MeV|
Figure 4.24: The relationship between the Gaussian Energy Broadened spectrum
produced through f8 tallies in MCNP for the 12 emissions case and the corresponding 1

sigma errors.

This example identifies a key issue when simulating spectra rather than collecting
real, known spectra in a spent fuel pool environment. However, considering the
limitations placed on this study, the peak identification performs very well. The
SmartID nuclide matching is not expected to be reliable for this case since | only chose to
include a few emissions from nuclides that may have many additional characteristic
gamma emissions. However, even with this limiting condition, **Cs was highly

correlated, followed closely by *'Cs and '°Ru, proving the robustness of the nuclide

scoring feature.
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Score Summary:
Huclide Total {base + bonus I, II, III} Comment Correlation
134C= 114.81 ( 84.3 0.6 24.9 5.0 Fi=zs Prod High
1321 100.60 ( 55.0 13.3 32.3 0.0 ) Fiz=s Prod Hoderate
127mBa 100.41 ( 98.5 oo 1.9 0.0 Fi=z=_ Prod Hoderate
137C= 100.39  { 98.5 go.0 1.9 0.0 Fi=zs Prod Hoderate
106Ru 100,17 { 95.3 o0 4.9 0.0 Fizs Prod Moderate
1245h 94 .94  82.4 o.o012.5 0.0 Fizs Prod Low
143Ce 70011 { 26.2 9.7 34.2 0.0 Fi=zs Prod Lo
151FPm 65.02 { 2.0 25.2 37.8 0.0 Fizs Prod Low
148nFm 63.11  37.8 1.6 23.8 0.0 Fizs Prod Low
23BHp 61.75 | G4.7 0.7 6.3 0.0 SHH Lo
915r E7.39 { 40.5 0.6 11.2 5.0 Fizs Prod Low
131nTe £7.24  19.1 2.6 15.5 20.0 ) Fi=zs Prod Lo
89Rhb 57.15 { 50.9 0.0 6.2 0.0 Fi=zs Prod Lo
1255h Ee. 44  21.3 0.6 14.5 20.0 3 Fizs Prod Low
226Ra 53.70 ¢ 41.0 0.0 12.7 0.0 U-238_Daughter Lo
Scored nuclides details:
Huclide Score T1l-2 Tl-2_unit #Emi=s==sionInFange #Matched Correlation
134C= 114 .81 2.0600E+00 v 2 High
Eniz=s=ion(KeV) FProb-DK Detectability 1.00% Energy Window Pealk (KeV) Horm¥_ct=
. 1. 4600E-02 1.6389E-01 { 470.60 to 100
563.23 8. 3800E-02 1.1746E-01 i 557 .60 to S68.86 )
SRS .32 1. 5400E-01 1. 1492E-01 { CE3 .63 to 575.01 )
+ &04.70 9. 7600E-01 1. 0157E-01 { 598 .65 to 610.75 ) 600.00 31.7988
+ 795 B4 8.5400E-01 5. 9937E-02 i 787 .88 to 803 .80 ) 789.00 32 1161
801.93 8.7300E-02 5. 9015E-02 { 793.91 to 809,95 )
1038 .60 1.0000E-02 3.B6927E-02 { 1028.21 to 1048.99 )
1167 .90 1. 8000E-02 3.0380E-02 { 1156.22 to 1179.58 )
136520 3.0400E-02 2.3395E-02 { 1351 .55 to 1378.85 )
Figure 4.25: SmartID nuclide scoring and emission attribution of 134Cs for the 12

32| was identified as the second most likely nuclide present, but I easily

emission case.

determine this not to be the case, sine only 10 out of 145 emissions were matched.

Additionally, when | look closer at the emissions matched, | see that these are also

matched aliasing with other nuclides. For example, the highly correlated ***Cs nuclide

matches the 600 keV and 789 keV photopeak. These same two emissions are matched in

the **?| case. Knowing that ***Cs is much more likely to be present, I can eliminate these

peaks from the **?| attribution and see that many less emissions are matched. This proves

that although many nuclides emit a large number of emissions, only a few may be needed

to provide attribution.

| believe the matching of nuclides for the few emissions is even more impressive

due to me keeping a large nuclide library available for matching. 1 did condense the
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library down from the many nuclides not associated with spent fuel or SNM, but I set my

half-life option to seconds so that | would not be ruling out any fission products.

4.4. Final Thoughts

Overall, SmartID worked very well for the MCNP simulated spectra. The most
prominent peaks were correctly attributed to the most active fission products. However,
special attention to the fine details of how the emissions are attributed to an energy peak
continues to be important for analysis of the burned fuel assembly. The limiting factors
of this technology are dependent on the detector specifications provided by the user. Itis
imperative that energy calibrations are accurate, and the FWHM data is carefully
measured. Without proper calibration, many fission products could be mistakenly

attributed.
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CHAPTER 5

ADJOINT COUPLING

5.1. Radiation Transport Methods
Understanding how gamma rays emitted from a fuel assembly will interact with a
highly collimated detector is important for predicting the composition of isotopes in that
assembly from a spectrum collected by the detector. The radiation transport equation
carefully accounts for the various interactions that can take place in a system and is an
important fundamental tool in determining the information available in the detector. This

equation for a time independent fixed source is shown by

Q-7 0E) + o7 E)(7,Q,E) =
(5.1)
Jop [, AE'dQ og(7,Q - Q,E' - E)(7,Q,E') + q(7, Q. E),

where Q is the solid angle of particle direction, 7 is the spatial coordinate of particle
position, E is the particle’s energy, (7, Q, E) is the angular particle flux, o (7, E) is the
total macroscopic cross section, o-s(F, Q- -QEF - E) is the macroscopic scattering cross

section, and q(7,Q, E) is the fixed source term.

5.1.1 Discrete Ordinates (Sn)

Equation 5.1 can be solved by discretizing the variables for energy, angle, and
space. Energy is discretized by spectrally averaging over energy groups. Energy groups
are ordered from g=1 to g=G, where g=1 is the highest energies, and G represents the

lowest. The new multigroup transport equation is represented by
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-7y, (7,0) + g,(Hy,(7,0)
g o ~ ~ (5.2)
= Z f dQ o g, (7,0 - Q)Yy (7. Q) + q4(7, Q)

g'=lar

Angle is discretized by p, 1, and &, which are the direction cosines along the x, y,
and z axes [1]. In order to specify the direction Q of particle travel, two angles are

required. A set of direction cosines must satisfy the condition, u2 + n2 + &2 = 1. Sy

quadratures refer to quadratures in the g positive p,. The number or ordinates in a

quadrant is given by @ Figure 5.1 shows how these directions are discretized for an

Se level symmetric discrete ordinates set.

Figure 5.1: Sg level symmetric discrete ordinates set.
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Finally, after applying energy, angle, and space discretization, the 3-D Cartesian

Boltmann Transport Equation for photons is represented by

d d d
(Ha‘l‘ T’@‘l‘ fg)l/)g(x,y,z,u,(p) + O'g(x,y,Z)ll)g(x::V;Z:ﬂ;(P)

9 L
= Z Z(Zl + 1)Gs,g'—>g,l(x' Y, Z) {PI (,Ll)(]bg',l(x, Y, Z)

g'=11=0
(5.3)
PEGD[@ 51, (6, y, 2) cos(kgp)
)u g’
+ ¢§'g,’l(x, y, z)sin(k(j))]} +q,(7,Q)

where the new term [ is the Legendre expansion index, o 4/_,4, is the I™ Legendre
moment of the macroscopic differential scattering cross section, P; is the I Legendre
polynomial, ¢, is the I Legendre scalar flux moment for group g, P (w) is the 1" k"

Ith, kth

associated Legendre polynomial, ¢* , . is the cosine associated Legendre scalar

cg'l

flux moment for group g, and ¢* , , is the I, k™ sine associated Legendre scalar flux

5,9’
moment for group g [2].
Computational modeling is necessary for conducting these types of calculations
and, in typical form, models look at how radiation emanating from a point will interact
with surroundings. This makes it difficult, however, to determine how source strengths
and compositions will be computed in a detector if these source conditions change,
because a new model will need to be developed and executed for each specified case.
However, instead of creating multiple forward transport models of PWR fuel assemblies

with various source strengths and radionuclide compositions, only one adjoint transport

model needs to be created to show how gamma radiation originating in the fuel pins
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interacts with a Nal detector at a 40 cm distance away. The adjoint transport equation
essentially reverses the forward transport equation. Instead of a radiation source term, g,
the detector’s absorption cross section is treated as the “source,” and the streaming
direction is reversed along with the energy group structure. Instead of the flux variable,
@, a new variable called the adjoint importance, ¢ * is introduced. Unlike flux, the
adjoint importance does not have units; instead, it is a measure of how likely a particle
located at any location distal from the detector is to create an event in the detector.
Determining the adjoint importances at all locations around a detector in one transport
model is a very powerful tool. The code system, PENTRAN, has this capability and was

chosen to calculate these adjoint importances.

5.1.2 PENTRAN

The PENTRAN code system, developed by Sjoden and Haghighat, can be used
for 3-D multigroup forward or adjoint discrete ordinates (S,) simulations. The S, method
IS a deterministic approach that discretizes the angular, energy, and physical spatial
variables into a finite number of discrete angular ordinates, energy groups, and spatial
grids over the entire phase space system. The PENTRAN system is actually a suite of
codes that allows one to readily generate mesh geometries, solve 3-D transport models,
and automatically collates parallel data. PENTRAN is a multi-group, anisotropic Sn code
for 3-D Cartesian geometries; it has been specifically designed for distributed memory,
scalable parallel computer architectures using the Message Passing Interface library
[3]. Automatic domain decomposition of the phase space among the angular, energy, and
spatial variables with an adaptive differencing algorithm and other numerical
enhancements make PENTRAN an extremely robust solver with a 0.996 parallel code
fraction (based on Amdahl’s law). Numerous simulations have been performed using the
PENTRAN code system, including many international benchmark computations [3,4].

The many advanced numerical features in PENTRAN, including adaptive differencing
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with a two-level parallel angular memory structure in a scalable architecture, are well-

suited for deterministic work in this research.

5.1.3 Application of Adjoint

As previously mentioned, the adjoint efficiencies calculated in the PENTRAN
models can be used to estimate the forward source strength of the fission products and
actinides in the PWR fuel assembly. The forward and adjoint detector response rates are
derived from the forward transport equation which was given by equation 5.1. The

forward transport equation is written in operator form as

Hop = qfwa
) (5.4)
o =0ondVl, n-N<0

where H is the forward operator, ¢ is the angular flux variable, g4 is the forward
source density (n cm™s™%) | 7 is the outward normal, and dV is the surface of the spatial
domain, V, so that the boundary condition represents a vacuum boundary meeting the

condition that no particles enter the region. The forward operator is given by

G
H=0-V+0,7) - Z f 0547 Q- 0)dQ (5.5)
T

g=1"*

The operator is non-self-adjoint, therefore the adjoint operator must be solved for. In
order to do so, equation 5.5 must be multiplied by the adjoint variable ¢*, which is
referred to as the adjoint importance. The resulting adjoint transport equation is written

as
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H+(p+=o.d
) (5.6)
pt=00ndV, A-0 >0,

where H" is the adjoint operator, ¢ is the adjoint importance variable, g, is the detector
cross section (cm™), 7 is the outward normal, and dV is the surface of the spatial domain,

V, so that the boundary condition represents a vacuum boundary condition in that no

particles leave the region. The adjoint operator is given by
HY = =0-V+0,(F) = X521 [, 05 gog (72 -0)dA2. (5.7)

The response of a detector with a total cross section, a4, a volume, V,, and scalar

flux ¢ (7, E) can be determined by the reaction rate at 7,
R =V, [ dEc4(E)p (74 E). (5.8)
This reaction rate can be rewritten as
R = {(poy), (5.9)
and by applying the adjoint identity, the adjoint response is
R = (9" qfwa)- (5.10)
The forward and adjoint calculations were computed using a finite 24-group

energy structure and in space using a PENTRAN’s coarse mesh structure, therefore, the

forward response can be rewritten as
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Rfwa = f ¢(x,v,2z,E)o,(x,y, 2, E)dxdydzdE
V4. VE

(5.11)

Where Ryyq is the forward response rate, ¢ (x, y, z, E) is the spatial energy dependent
scalar flux (n cm?s™), a,(x, y, z, E) is the spatial energy dependent detector cross section
(cm™), (x,y,z) is the spatial location of the detector, ¢y, is the i™ cell scalar flux for group
0, 04 g, isthe i cell detector cross section for group g(cm™), and AV; is the i cell

volume (cm®). The adjoint response can be rewritten as

Radj = ¢+ (xl,yl, ZI, E)Q(xl,yl, ZI’ E)dx'dy'dz’dE
Vs,VE

(5.12)

where R, is the adjoint response rate, ¢* (x’,y’, z', E) is the spatial energy dependent
scalar adjoint function (n cm?s™), g(x',y’, z', E) is the spatial energy dependent source
(n cm-3 s-1), (x*,y’,2’) is the spatial location of non-zero source cells, gb;i is the i™ cell
scalar adjoint function for detector d and group g, q; is the i cell source density for
group g(h cm™s™Y), and AV is the i cell volume (cm®).

The forward source can be solved for from equation 5.8 and used to determine the
activity which then can be utilized to determine the number of particles from a specific

nuclide present in the material.
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Ragj = AVi[q11071 + @oa031 + -+ 46 10084]
+ AV, [‘h,zq»"f,z + qpp3, + o+ QG,2¢Z,2]+- . (5.13)

+AVey [q1,CM¢Ir,CM + Q2emPacmt - +qG,CM¢g,CM]'

The detector response can be grouped by energy if assuming a homogenous

source across course meshes.

cM
Raajg = 4g z bg,AV:. (5.14)
i=1

5.2 Adjoint Models

As discussed, adjoint efficiencies essentially show how important a particle
originating at a location 7 is to the detector response. This information can be used to
solve for the relative contribution of fission product gammas emitted from different areas
of the fuel assembly. Combining this information along with nuclide identification will
provide the basis for estimating the relative concentrations of key radionuclides.

SmartID will be updated to account for the specified geometry of a spent fuel pool NDA
examination and correct for detector efficiencies along the energy spectrum in order to
rapidly reveal a predicted fuel mass characterization. A model of a Nal(TI) detector,
shown in Figure 5.2, “looking” at a spent fuel assembly underwater was created using the
PENTRAN 3-D deterministic code to determine the adjoint efficiencies at all locations in

the fuel assembly.
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Figure 5.2: 2-D top-down view PENTRAN model of Nal(TI) detector underwater

“looking” at a used fuel assembly.

The energy groups were defined as a 24-group structure and the energy bounds
are shown in Table 5.1. This structure was designed for uranium and plutonium
detection, and has performed well in previous research efforts [5, 6]. It is important to
keep in mind that these are forward energy groups. The adjoint groups will be numbered
in reverse order. From now on, I will refer to energy groups as either adjoint or forward

groups for clarification.
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Table 5.1: 24-group structure for Gamma emissions.

Upper Upper
Group Energy Group Energy
Bound (keV) Bound (keV)

1 3000 13 1240
2 2749 14 1200
3 2250 15 1180
4 2210 16 1002
5 1832 17 999
6 1830 18 956
7 1760 19 954
8 1740 20 767
9 1736 21 765
10 1520 22 743
11 1500 23 741
12 1260 24 300

Figure 5.2 shows an Sgq calculation (8,280 directions per mesh) of the adjoint
importances in the model depicted in Figure 5.2. The model consisted of 85,165 fine
meshes and ran on 112 processors with a maximum memory of 4,096 Mb for
approximately 2 days. A 1 mm diameter pinhole with a length of 10 cm collimates the
very high activity fuel assembly to prevent oversaturation of the detector, but this
collimation still allows the detector to interact with low energy gamma radiation emitted
from the first few rows of pins in the assembly. Upon closer examination of the location
of the fuel assembly in Figure 5.3, the individual pins can still be distinguished, and
gamma importances are only 4 to 5 orders of magnitude less than if they originated close
to the detector for high energy gammas, and 5 to 6 orders of magnitude less for lower
energy gammas. It is important to note that Figure 5.3 depicts each energy group with a
different adjoint importance scaling in order to show in more detail how the importances
change with location. Figure 5.4 was added to show a better representation of how the

importances relate to gamma energy. The strongest gammas also show the highest
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importances across the entire system. It will be important to identify a key region in the
fuel, consistent with what can be seen at the lowest energy ranges, in order to properly

compare nuclide content ratios and mass.

Group 23 (2.25- 2.75 MeV) Group 16 (1.52- 1.736 MeV)

¥ axis
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Figure 5.3: Sy adjoint importances mapped for 6 out of 24 adjoint energy groups. Each

group is scaled individually for better visualization.
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Figure 5.4: Sy adjoint importances mapped for 6 out of 24 adjoint energy groups.

Scaling is equal across all groups.
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5.3 Forward Models

To gain a better understanding of how the gamma emissions interact near the fuel
and behave near the detector, | created 2-D forward transport models in PENTRAN. The
model geometry is identical to the adjoint model case, but instead of using the detector
absorption cross section as the source, | developed a simple source based on a
Westinghouse 17x17 PWR fuel assembly burned in a reactor and cooled for
approximately 1 day. The energy group structure remains identical to adjoint energy
structure; however, the group ordering is reversed. Figure 5.5 shows the normalized

forward source used in the model calculations.

0.1:

0.01:

0.001: l‘

10 4.

Normalized Source

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Energyl MeV|

Figure 5.5: Normalized forward source by energy group.

Figure 5.6 shows the flux profiles for six different forward energy groups. Notice
that forward group 1 has the same energy range as adjoint group 24; forward group 5 has

the same energy range as adjoint group 20, with this pattern continuing through all

groups.
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Instead of showing how likely a particle within a certain energy range will
interact with the detector, the forward flux gives an idea of the quantity of particles
within an energy range that will show up in the detector for a single source composition.
These flux profiles will vary with each change in the spent fuel assembly investigated

because the energy profile of spent fuel is unique for each burnup case and fuel assembly.
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Figure 5.6: Sqo forward flux mapped for 6 out of 24 forward energy groups. Each group

is scaled individually for better visualization.

Forward transport models show how much gamma flux is reaching the detector

from a full 2-D slice of a PWR fuel assembly. Figure 4.6 gives a better understanding

how the source behaves. Even though it is expected that high energy gammas will
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interact with the detector much more frequently, much of the spent fuel assembly’s

gamma emissions originate in energies less than 1.5 MeV.

Group 1 (2.75 -3.0 MeV) Group 5 (1.83- 1.832 MeV)
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o

Figure 5.6: Sgo forward importances mapped for 6 out of 24 adjoint energy groups.

Scaling is equal across all groups.

137

TE3 4533 LS % 8RS

%%%%%%‘w‘i‘ui‘-iﬁ

xorg

g

3% % % 0% % % 3 0%&§ % % 3%



My models also do not show observable ray effects indicating my angular
quadrature and fine mesh structure was well suited for the deterministic transport
calculations. The ray effect phenomenon refers to unphysical oscillations in the solution
[1]. The small ratio of the scattering cross section to the total cross section, and small
dimensions of the model make it possible that a particle will pass through boundaries
without scattering. This inaccurately peaks the distribution. Photon transport suffers
most from this phenomenon since these particles are highly anisotropic and do not have
many significant scattering interactions with materials such as air. These effects can be
mitigated by increasing the quadrature and decreasing the mesh size. However,
determining the proper quadrature and corresponding mesh structure is not a straight
forward task, since increasing quadrature and meshes can significantly increase necessary
computational resources, but it becomes more intuitive the more one becomes familiar
with modeling. For my models, | needed at least an Sqo quadrature to achieve good
results. This quadrature represents a total of 8,280 directions per mesh or 1,035
directions per octant. My forward and adjoint models had 85,165 fine meshes and ran on
112 processors each with a maximum memory of 4,096 Mb for approximately 2 days.

Additionally, the models can be determined to show good convergence if both the
detector responses for the adjoint and forwards cases match. | computed the detector
response from both the adjoint case and forward case to determine if my models showed
good convergence. The adjoint detector response was calculated from the importances
located in the fuel from Equation 5.12. Rather than a coarse mesh basis, the volumes
were computed per fine mesh, along with the corresponding importances. The total
adjoint detector response was calculated to be 1.56x10™ counts per second. In a similar
manner, the forward detector response was computed from Equation 5.11 using a fine
mesh basis. The forward detector response was determined to be 1.78 10" counts per

second. Comparing the detector response between the forward and adjoint cases, | found
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that the relative difference was 13.2%. This is corresponds to reasonable model

convergence, considering the nature of photon transport.

5.4. SmartID with Adjoint Coupling

As noted earlier in this chapter, the adjoint importances for a PWR assembly in
water will be coupled to the detector response for radionuclide characterization efforts in
SmartID. Individual gamma energy peaks and the corresponding number of counts per
second for each peak are identified by the SmartID algorithm. These values are
essentially the forward detector response for a given gamma energy; therefore, since the
adjoint equation is linear, | can use superposition to match the adjoint importances at an
identified gamma energy to solve for the source strength of the corresponding

radionuclide.

5.4.1. Individual Pin Adjoint Importances

Before | can examine a real or simulated spectrum of a fuel assembly, I must
determine how best to utilize the adjoint importances computed. The adjoint importance
information can be extracted from the PENTRAN outputs either by a coarse mesh or fine
mesh basis. Due to the nature of how the importance significantly decreases moving
further away from the detector and into the fuel, the fine mesh data is the most beneficial
value to operate with. From this data, | created a program to read in the fine mesh
information and extract the data from only the fuel pins in order to compute the average
adjoint importance per pin. Figure 5.8 shows how I labeled each pin with respect to row
and location within the row. For example the pin located at the far right of the front row
facing the detector is labeled (1,1) for row 1, pin position 1. Each individual pin’s adjoint

importance was determined by the following logic
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FM +
+ k=1 Pr Vk
of =2kl TkTk (5.15)
pin(i,j) ZI}::M Vk

where (p;in(i,j) is the adjoint importance for an individual pin at location (i, j), @5 is the
adjoint importance computed by PENTRAN for a fine mesh location within the pin of

interest, and V is the volume of the fine mesh within the pin of interest.

(3.2) (2.1

(17,1)

1180
1080

-1180
-10.80

X axis

Figure 5.8: Fuel assembly pin numbering system. The front face of the detector will be
located to the right of the fuel assembly such that the first row is the row of pins closest

to the detector.
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The adjoint importances drop off significantly moving further away from the
detector. Figure 5.9 shows how the importances change with distance along the front
face of the fuel assembly, and it also shows how the adjoint falls as you move row by row
away from the detector. The x-axis values represent the pin position across the side of
the assembly facing the detector, while each linked group represents importances from a
different row. The lines linking each marker do not represent adjoint importances; they
are only in place to see individual rows of pins more clearly. The locations of
discontinuity represent a control rod location. It is also important to note that this figure
shows the importances for forward energy group 23, which spans energies 0.3 to 0.741

MeV.

. rowl - rowll

% 10-8 1 | -« row2 . rowi2
E - row3 - rowl3
(=l

= 10-2 - row4 - rowld
E - rows - rowl5
5]

?-{F 0 . row6 - rowl6
= - . row7 . rowl?
)

E - row8

Z 1071 . row9

- rowl0

Figure 5.9: Adjoint importance values across the fuel assembly for forward energy group

23 (0.3 - 0.741MeV).

In order to achieve the best estimate for the true number of gammas emitted from
each fuel pin, I only considered the most important pins - those with the greatest adjoint
importances. | identified how many pins would be necessary to achieve 90%, 95%, and

99% of the count rate seen in the detector. Table 5.2 shows some of the nuclides and
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their corresponding gamma lines, along with the adjoint importances seen in the energy

groups for the fuel assembly.

Table 5.2: Key radionuclide gamma emissions organized by energy group for adjoint

importance evaluation.

Grp Upper Key Nuclide Photons/s Threshold % #of Rows Avg Max
E gamma energy for nuclide  importance pin photon/s/keV  photons/s/keV
bound (MeV) after 1d per pin per pin
(MeV) decay
0.3 le-34 1 1 5.72e9 1.51el1
0.741 La40: 0.48702 1.24e10 1.61e-9 90% 43 4 7.86€8 4.82e10

Rh106: 0.512 3.76e9 7.22e-10 95% 64 8
Sh124:0.6027  3.32e8 1.01e-10 99% 123 14
Cs134: 0.605 4.45e9
Rh106: 0.622 2.42¢e9
Pu240: 0.652 1.17e5
Cs137: 0.662 2.71e9
3 0.743 5.42e-9 90% 69 9.07e5 1.8e6
2.81e-9 95% 101
6.35e-10 99% 173
4 0.765 Zr95: 0.75673 2.5e10 9.81e-9 90% 72 2.14e9 2.5e10
Nb95: 0.7658 4.51e10 4.52e-9 95% 105
1.08e-9 99% 176
5 0.767 Pu238: 0.766 4.36e4 1.37e-8 90% 77 4.36e4 4.36e4
6.79e-9 95% 109
1.67e-9 99% 179
6 0.954 Cs134: 0.796 3.90e9 2.37e-8 90% 90 3.89e8 2.79e10
La40: 0.81578 1.25e10 1.16e-8 95% 125
Tc96: 0.84986 1.08e7 3.42e-9 99% 193
La40: 0.95099 1.40e8
7 0.956 4.20e-8 90% 99 3.24e9 6.48e9
2.23e-8 95% 135
6.90e-9 99% 202
8 0.999 5.83e-8 90% 101 6.96e7 2.39e9
3.19e-8 95% 137
9.64e-9 99% 204
9 1.002 7.23e-8 90% 104 7.14e7 1.09e8
3.96e-8 95% 140
1.33e-8 99% 205
10 1.18 Rh106: 1.05 1.15e9 1.02e-7 90% 110 8.13e7 1.99¢9
Co60: 1.173 4.01e8 5.91e-8 95% 146
1.85e-8 99% 210
11 1.2 1.57e-7 90% 116 3.74e6 5.13e7
9.06e-8 95% 152
2.83e-8 99% 215
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Table 5.2 Continued

12

13

14

15

16

17

18

19

20

21

22

23

24

1.24

1.26

15 Eul54:1.275 6.72e7
Co60: 1.333 1.97e6
Cs134:1.365 1.37e8

1.52

1.736 La40: 1.5962 5.13e10

Sb124:1.69097 6.05e6

1.74

1.76

1.83

1.832

221 Pri44: 2.186 2.86e8

2.25

2.749 Lal40: 2.5213 1.86e9

3.0

1.97e-7 90%
1.16e-7 95%
3.78e-8 99%
2.54e-7 90%
1.51e-7 95%
4.81e-8 99%
3.45e-7 90%
2.17e-7 95%
7.30e-8 99%
4.93e-7 90%
2.83e-7 95%
1.1e-7 99%
6.2e-7 90%
3.96e-7 95%
1.57e-7 99%
8.51e-7 90%
5.19e-7 95%
2.16e-7 99%
1.01e-6 90%
6.20e-7 95%
2.53e-7 99%
1.20e-6 90%
7.25e-7 95%
2.99e-7 99%
1.34e-6 90%
8.4e-7 95%
3.43e-7 99%
1.72e-6 90%
1.05e-6 95%
4.62e-6 99%
2.24e-6 90%
1.34e-6 95%
5.7%-7 99%
2.86e-6 90%
1.77e-6 95%
7.85e-7 99%
4.09e-6 90%
2.47e-6 95%
1.17e-6 99%

118
154
217

121
156
218

125
161
222

130
166
226

134
170
228

137
173
230

138
173
231

139
175
231

140
175
232

143
179
234

146
182
236

149
185
238

153
189
240

4.79e7

3.13e7

4.60e7

7.24e6

2.43e8

6.76e6

1.61e7

6.67e6

1.40e7

9.56e6

1.71e6

5.44e6

1.65e5

6.53e8

5.44e8

2.59%9

5.14e7

5.13e10

2.69e7

2.05e8

3.68e8

2.79e7

4.55e8

4.37e7

1.86e9

3.59e7

Recalling that the adjoint importances relate the counts seen in the detector to the

source strength, I determined how the count rate seen in the detector is attributed to each

pin. | determined that for adjoint energy group 2 (0.3 MeV to 0.741 MeV), the front
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center pin (1,9) contributes 21.29% of the count rate in the detector for a gamma energy
of 662 keV. The per pin contribution to the detector response drops off significantly
moving away from the front center pin.

For forward energy group 16, 0.999 MeV to 1.002 MeV, the importances peak at
the central fuel pins, but moving further back in the rows, the importances increase
towards the outer pins. This is due to the effects of distance and self-shielding. It is of
interest that as the gamma energies increase, the adjoint importances seem to flatten
across the pin rows. This results in each pin having less of an individual direct effect on
the detector response and more of equal effect as its neighboring pins causing an increase
in the total number of pins to account for approximately 90% or so of the detector count
rate. Figures 5.10, 5.11 and 5.12 show the adjoint importances per pin for adjoint energy
groups 6, 14, and 23. These groups were selected due to key isotope emissions falling
within these groups as shown in Table 5.2. Appendix E shows the adjoint importance per

pin mapping for all 24 energy groups.

Sy 107 ' - rowl - rowll
o . row2 . rowl2
é - row3 - rowl3
=4 IXIO_; 3 - row4d . rowld
E 5x107 ¢ - row5 . rowil5
% - row6 - rowlé
f leO:i - . row?7 - rowl7
§05x10 - . rows
o - row9
< 1x107} - rowl0

0

Figure 5.10: Adjoint group 6 (0.767- 0.954 MeV) adjoint importances per fuel pinina
Westinghouse 17x17 PWR fuel assembly.
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Figure 5.11: Adjoint group 14 (1.26- 1.5 MeV) adjoint importances per fuel pinin a
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Figure 5.12: Adjoint group 23 (2.25- 2.75 MeV) adjoint importances per fuel pinin a

Westinghouse 17x17 PWR fuel assembly.

Noting that the importance of a pin can change dramatically moving through the

assembly, | inferred that the majority of the counts seen in the detector originated from

only a few or a fraction of the pins in the assembly. 1 chose to set a threshold value for
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importance that would only consider the fuel pins that contribute to 90%, 95%, and 99%
of the counts seen in the detector. | then averaged the importance across these pins in
order to estimate an adjoint group importance relating the detector to the entire fuel
assembly. | plotted these averages at the central energy value for each energy group, and
saw that there was a strong relationship between importance and energy. | then applied
adjoint importances to determine an empirical correlation for each case in order to best
predict the importance of every possible gamma energy, and plotted these correlations
along with the averaged importances in Figure 5.13. | noticed that for each fuel pin
contribution case, there is a noticeable change in the relationship between energy and
importance that occurs approximately between 1 MeV and 1.1 MeV. This is due to the
different physical effects taking place at this energy range. As described in Chapter 2,
incident gamma energies 1.02 MeV and greater can undergo pair production resulting in
additional gamma energy peaks, including a peak at 0.511 MeV due to annihilation, a

single escape peak, and a double escape peak.
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Figure 5.13: Average adjoint importances plotted at the center of each energy group for

90%, 95%, and 99% of the total counts in the detector. The best fit correlation is also

shown for each case.

The adjoint importance predicted for the number of pins contributing to 90% of

the counts seen in the detector is given by

2.8228 x 1077E>°1,
Importance =

1.1867 X 1075E% — 1.7594 x 107°E3,

where E is the gamma energy in MeV. This correlation has an r? value of 0.982 for

E < 1.095 MeV, and an r? value of 0.995 for E > 1.0951 MeV.

E < 1.095

8.1077 x 107¢ — 1.7859 x 107°E +

E >1.095

The correlation for 95% of the counts in the detector is given by
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2.2194 x 1077E>7S, E < 1.095

Importance = (5.17)

6.9956 X 107® — 1.5362 X 107°E +
1.0141 X 1075E? — 1.4919 x 10~ °E3, E > 1.095

where r® has a value of 0.979 for E < 1.095 MeV, and 0.995 for E > 1.0951 MeV.

Lastly, the correlation for 99% of the counts in the detector is given by

1.5792 x 1077 E5186, E < 1.095

Importance = (5.18)

5.6992 X 107° — 1.2407 x 107 5E +
8.0693 x 107 °E2 — 1.1569 x 107 °E3, E > 1.095

where r? has a value of 0.970 for E < 1.095 MeV, and 0.996 for E > 1.0951 MeV.
| also found it necessary to plot the number of pins represented by 90%, 95%, and

99% of the counts. Figure 5.14 shows this relationship.

250 ————
200 - - 90
@ I . 90! correlation
a 150} . 95
\-.6 L
> I . 95/ correlation
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g 100 - . 99
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Energy MeV

Figure 5.14: Number of pins plotted at the center of each energy group for 90%, 95%,
and 99% of the total counts in the detector. The best fit correlation is also shown for each

case.
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Again, the correlation for each case changes at approximately 1.02 MeV. These
correlations will be utilized along with the information gathered by SmartID to best
predict where the counts in the detector are originating from and how this relates to the
entire fuel assembly. Each correlation for predicting the number of pins is very well fit
with r? values all greater than 0.9975.

The number of pins predicted to account for 90% of the counts seen in the

detector is given by

—8.1792 + 44.0168E + 137.2431E% — 68.9146E3,  E < 1.095
ins = 1
Pins —35.9819 + 227.5443EF — 109.9411E2 + (5.19)
24.4343E3 — 2.0076E*, E > 1.095

where E is the gamma energy in MeV. This correlation has an r* value of 0.9975 for
E < 1.095 MeV, and an r* value of 0.9987 for E > 1.0951 MeV. The correlation for

95% of the counts in the detector is given by

—13.1542 + 69.7568E + 218.4472E% — 135.025E3,  E < 1.095
Pins = 5.20
ms —1.804 + 223.973E — 117.3454E2 + (5.20)
27.6828E3 — 2.4856E* E > 1.095

where r? has a value of 0.999 for E < 1.095 MeV, and 0.9995 for E > 1.0951 MeV.

Lastly, the correlation for 99% of the counts in the detector is given by

—54.7303 + 387.0015E + 45.7433E2 — 81.4123E3,  E < 1.095
Pins = 5.21
ms —51.7545 + 279.9656E — 169.2952E2 + (5.21)
47.6161E3 — 5.1065E%, E > 1.095
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where r? has a value of 0.9999 for E < 1.095 MeV, and 0.9992 for E > 1.0951 MeV.
Remembering that the adjoint importance essentially shows how likely a particle
with energy, E, will interact with the detector, | can apply the adjoint importance to

determine the decay activity for an emission for a given nuclide. Activity is defined by,
R
A=AN = qV = ¢—+, (522)

where A is the activity in units of number of decays per second, A is the probability of
decay for a given nuclide, N is the number of particles of the given nuclide, R is the
detector response in units of counts per second, and ¢ is the adjoint importance. From

equations 5.10 and 5.11, N is solved for and is shown as

N—A— = 5.23
=Z== (5.23)

As previously mentioned, in order to solve for the number of particles for a given
nuclide, the detector response must be known. This can be determined from actual
detector measurements. The response is essentially the number of counts per second in
the detector divided by some intrinsic efficiency relating to the electronics of the system.

Therefore, the equation for the number of particles is

Counts in det/s

- +
Ad’ Eelectronics

, (5.24)

again noting that eejectronics €an be ignored in computational modeling. It is important to
point out that nuclides often do not produce gamma emissions at the same rate as their

rate of decay. In order to account for an individual gamma emissions relationship to the
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nuclide’s activity, a branching ratio, BR, is applied. Incorporating this into Equation 5.15

leaves me with an activity calculation based on a single emission at energy as

4o _F
~ ¢*BR

(5.25)
This equation shows the basis of how I will determine nuclide activity from the peaks
identified by SmartID.

In order to compute an estimate for the amount of a given isotope present in the
fuel assembly, I will refer to equation 5.25. For each case (90%, 95%, and 99%), |
assume these are accounting for the entire signal seen in the detector. Since the adjoint
values are an average across a determined number of pins, | must scale to the entire fuel

assembly. This further changes equation 5.25 to

4 R (264 pins) (5.26)
d);vg BR Navg .

where A is the activity of the nuclide associated with the identified photopeak at an
energy E, R is the detector response in terms of counts in the detector per second for the
identified photopeak, BR is the branching ratio of the energy emission for the nuclide of
interest at energy E, Nayg is the number of pins correlated to E determined from equations

5.18, 5.19, and 5.20, and ¢4 is the average adjoint importance correlated to E

determined by equations 5.15, 5.16, and 5.17.

5.4.2. SmartlD procedure

Once | determined the appropriate adjoint efficiencies for mass evaluation, |
developed and implemented a new procedure to add onto the SmartID post processing

algorithm following the calculation of activity from Equation 5.26. This addition gives
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the user the option to estimate the amount of key radionuclides in a PWR assembly which
then can lead to an estimate of burnup. For the intentions of this dissertation, no other
source configurations will be considered or included. If there was further interest in
alternate source geometries, such as a 14 x 14 assembly or 15 x15 assembly, additional
computational models can be developed and added as long as the adjoint calculation
work described earlier in the chapter is repeated for the new geometry. Therefore, this
work could be greatly expanded for various PWR fuel assembly configurations and BWR
fuel assemblies along with other unique and complicated sources.

| incorporated all of the relevant information computed and needed in order to
calculate an estimate of the source activity by creating a Fortran code to process the
SmartID output file and the “.Spe” file for mass estimation. This program pulls the peak
and count information from the output file and the time of measurement from the “.Spe”
file and uses that information along with the calculated adjoint importances to produce a
separate output file for radionuclide mass estimates.

The flow of the program is illustrated by Figure 5.15. The output from the

program for the **'Cs case is shown in Figure 5.16. The source code showing how the

calculations were employed is included in Appendix F.
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Figure 5.15: Paradigm of the activity estimation from identified peaks in SmartID.

5.4.2.1. 1¥’Cs Example

In order to determine whether or not, my methodology for estimating the source
strength from a fuel assembly is acceptable, | created a test problem. | created an MCNP
model for a Westinghouse PWR assembly and only included the source for the 662 keV
gamma emissions from *’Cs for an overall modeled activity of 1.06 x10° Ci. Figure
5.16 shows a cross section view of this model. The distances from the detector and fuel
assembly are consistent with the PENTRAN models; however, as was done with the

MCNP DRF models, the collimation was opened at the average Compton scattering angle
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to decrease computational errors. | used an 8 pulse height tally along with the Gaussian

Energy Broadening option to simulate a real spectrum minus background.

Figure 5.16: Cross section of MCNP model for **’Cs spectrum simulation.

The resulting MCNP spectrum is shown by Figure 5.17. Since the source nuclide
is known, and there are no additional nuclides present, the detector response can be
determined without running SmartlD. The response is the number of counts per second
under the 662 keV gamma peak. After gaining this information, it is relatively easy to
determine the source strength from the adjoint activity equation 5.21. In this case, only
the adjoint importances from forward energy group 23 will be utilized.

This example is complicated when multiple gamma energies or radionuclides are
introduced into the source, but the same procedure can be applied. Instead of counting
the counts per second under a known peak, SmartID can be utilized to pull out the
individual gamma peaks; therefore, the individual detector responses for all gamma

energies are known.
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Figure 5.17: Identified peaks for MCNP simulated **Cs spectrum in water.

Looking at a SmartID output before a mass estimate component was added shows
identified peak and the corresponding counts Figure 5.18 shows the top portion of an
output from a strong *’Cs source through water. The gamma peak at 657.00 keV was
correctly identified as the 662 keV peak characteristic of **'Cs. The output file also
shows 4.3004 x 10% counts are attributed to this energy peak. It is from these counts that
adjoint importances will be applied to quantitatively predict the amount of radionuclide
identified. *®"Ag is also identified as a possible nuclide, but I can easily rule this out as a
possibility. The scoring is significantly less and only one out of 15 emissions for 11" Ag
fits within the window of attribution for the identified peak. | also employed the
shielding search option to see if SmartID would correctly identify my shielding case. It
identified no shielding as the most probable scenario, which is the correct shielding

configuration. The resulting activity computed from this identified emission is listed in

Figure 4.19.
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Snart ID-XP
Extended Protocol Synthetic Resolution Identifier
Wer 2.5J
By
G. Sjoden., C. Yi., E. La¥igne. J. Paul
Georgia Institute of Technology
June 2014

Contact: =joden@gatech.edu

Spectrum NHame: .~ MCHPtest~-C=137-C=W.Spe

1 Pealk({=s) Identified — Sort by Energy
eV Counts Horm% Cts Peal Id
657 .00 4 3004E+02 100.00000 1

Ho=t Probable Shielding Settings:

Shielding material shielding sizelcn) =core
Fe 0.0o00 226.3
Fb 0.0o00 226.3

Score Correlation Threshold:

High correlation: =core > 108.0
Hoderate correlation: score in between: [0 99.0, 108.0]
Low correlation: soore ¢ 99.0 with a cutoff at 0.0

Owerall Mean Huclide Scores (total_scored=2):
[based on integral average of score from each nuclide for all shielding options]

Huclide Score Comment Correlation
137C= 137 .33 Fi=zs Frod High
110mbg a8 .98 Fisz=s Prod Low

Score Details for Shielding Options:

Fo=z=ible Shielding Setting: 1 Total Score: 226,31

Shielding Material: Fe Thickne=ss {(cm): 0.on

Hote:

ba=ze =core @ fuction of (#matched-#emi==s=ions). weighted by vield.detectability and matchin
bonus I . bonus from number of matched peaks

bonus II . bonus from relative peak height

bonus III . bonus from alignment between pealkheights and enission vields

Score Summary:

Huclide Total (baze + bonus I. II, III) Commnent Correlation
137C= 137,33 ( 98.2 0.0 332 0.0 Fi=z= Prod High
110mdg ag.98 ([ 49.1 0.0 3%.9 0.0 Fis=s Frod Low
Scored nuclides details:
Huclide Score T1.-2 Tl-2_unit #FEmi=sionInRange #Hatched Correlation
137C= 137.33 3. 0Z00E+01 W 1 1 High
Eni=sion(KeV) FProb-DK Detectability 1.00% Energy Window Peal{KeV) Horm¥_cts
+ BAL1.B0 8.5100E-01 8 B937E-0Z ( 654 .98 to BER .22 ) 657 .00 100.0000

Figure 5.18: SmartID output for a **’Cs spectrum in water.

File=s read: C=W.out

% for number of pins contributing to =ignal: 99
Huclide Emi=z=sion(HeV) half life (=) Actiwity (C1)
137C= 0.6616000 9 . 5303949E+08 6.81779831E+05
110mag 0.6577500 2. 1585393E+07 7.1177006E+05

Figure 5.19: Estimated activities for SmartID scored nuclides from a **’Cs spectrum in

water.
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The resulting activity calculation shows a larger activity than what was
implemented in the MCNP model and “.Spe” spectrum file. As I previously mentioned,
the modeled activity for the assembly was 1.06 x 10° Ci. This is due to the increased
detector field of view needed in order to minimize errors in the MCNP modeling. For a
more highly collimated scenario, the “.Spe” file will show an overall decrease in count
rate, which would result in a decrease in the computed activity. Even with this slight
geometry modification, | can determine that | am achieving a significant result. The
highly collimated models essentially showed that for a low energy emission, the front
center pin would be the most dominant source seen by the detector. Since this is a low
energy emission, I still would not expect to see very far into the assembly, but | would
expect to have an increased count rate from the front row of pins. Referring back to
Figure 5.15, the detector face is open and shows about 3-5 pins directly facing the
detector. The percent difference between the modeled activity (1.06 x 10° Ci) and the
calculated activity (6.82 x 10° Ci) is 146%, and the percent difference between the 1mm
pinhole collimation and front face of the detector is 199%. This further shows that the
greatest contributing factor to this activity calculation for the low energy emission is due
to a much increased view of the assembly. To further test this, | applied the same
methodology to a model with multiple emissions, including a strong emission from ‘®Rh

at 1050 keV.

5.4.2.2. '%Rh Example

SmartID was successful in identifying peaks for *°®Rh as shown by Figure 5.20.
The counts and counting times were scaled accordingly to the emission rate and number
of particle histories conducted for the “.Spe” file needed by SmartID to account for a total

modeled assembly activity of 6.121 x 10° Ci.
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Figure 5.20. Identified peaks for MCNP simulated '°°Rh spectrum in water.

Figure 5.21 shows the counts associated with the peaks SmartID identified, and

accurately determined that this model most likely did not include shielding. Since this

was a simulated spectrum, | was able to score nuclides within a tight 1% energy window

The scoring shows *®Rh and '®Ru as the most likely nuclides present.
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SnartID-XF
Extended Protocol Synthetic Resolution Identifier
Ver 2.5
By
5. Sjoden. CT. ¥Yi. E. La¥Wigne. J. Paul
Georgia Institute of Technology
June 2014

Contact: sjoden@gatech.edu

Spectrum Hame: |~ HCHPtest-Rhl06-EhW. Spe

4 Peaki=) Identified — Sort by Energv
leW Counts Hormi Ct= Peal Id
E07.00 1. 6430E+02 47.99224 3
£22.00 4.1492E+01 12.11987 4
619.00 1. 1522E+02 33.65591 2
1055 .00 2.1335E+01 B.23198 1
Mo=t Probable Shielding Settings=s:
Shielding material szhielding =size{cn) =Ccore
Fe o.oon 451 1
Fb o.oon 451 .1
Fe 0.100 450 .5
Fb 0.100 448 3
Score Correlation Threshold:
High correlation: zcore » 1080
Moderate correlation: ZCoOre 1n betwesen: [ 99.0, 108.0]
Low correlation: score < 99.0 with a cutoff at 50.0

Overall Mean Huclide Scores (total scored=43:
[baz=ed on integral average of score from sach nuclide for all shielding options]

Huclide Score Comment Correlation
10:5Rh 139 .72 Fis= Prod High
105Ru 135 .20 Fi== Prod High
22Ha 110 .48 Cosmic_=pall_pro High
SeCo 64 .86 C Low

Figure 5.21: Peaks identified by SmartID for the ‘°Ru test case.

Although I set out to model emissions from “Rh, 1%Ru is identified with about
equal probability. This is not a mistake in the code, or error by SmartID’s nuclide
attribution. *°°Ru decays by beta emissions to *®Rh. *®Ru actually does not emit
gamma emissions, rather ®°Rh emits gammas. These two nuclides are said to be in
secular equilibrium, meaning that the daughter product’s half-life is much smaller than
the parent’s. Therefore, a sign of 1982 can be directly attributed to '®Ru. Figure 5.22

shows the emissions identified and attributed to these nuclides. It is shown that the
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SmartID library includes some key gamma emissions from '®Rh as identifying emissions

for °°Ru.

Scored nuclides details:
Huclide Score Tl-2 Tls2_unit FEmisszionlnRange #Matched Correlation
106Eh 139 .72 1. 0000E+00 v 3 3 High
Emizsion(KeV) Prob- DK Detectabilaity 1.00% Energy Window Feali{KeV) Horm¥ ct=
+ GB1z.00 2 0600E-01 1.4101E-01 { 506 .88 to 517 .12 507.00 47 9922
+ 621.84 9. 8100E-02 9.6932E-02 [ 615 .62 to 628 .06 ) 619.00 33,6559
+ 1050.50 1. 7300E-02 3.6272E-02 ( 1040.00 to 1061.01 ) 1055 .00 B.2320
Huclide Score Tl-2 TlsZ2 _unit F¥EmissionInRange #Matched Correlation
106Eu 135,20 1. 0000E+00 i 2 2 High
Enizsion(KeV) FProb-DK Detectability 1.00% Energy Window Peal:(KeV) Horm¥_cts
+ B22.20 9 9500E-02 9.6837E-02 [ 615.98 to 628.42 ) 619.00 33,6559
+ 1050.50 1 5600E-02 3.6272E-02 ( 1040.00 to 1061.01 ) 1055 .00 6.2320

Figure 5.22: Details of the ®Ru test case emissions identified.

Once | had the output file from SmartlD, | was able to run the results through my
new code for activity calculation. Figure 5.23 highlights the calculated activity for
identified '°Ru emissions. | know from my peak analysis that this is in fact the nuclide

that can be attributed to the identified emission, and this is the activity I can refer to.

File=z read: EhW.out

% for number of pins contributing to signal: 956

Huclide Emniz=ion(Me¥) half life (=) Activity (C1)
106Rh 0.5120000 3.155Yc00E+07 1.7610263E+06
106Rh 0.6218401 3.155Y600E+07 2. BBBR931E+0S
106Rh 1.0505000 3.155Y600E+07 1.2255724E+03
106Ru 0.e222000 3.155Yc00E+07 2. B763253E+05
106Ru 1.0505000 3.155Yc00E+07 1. 2255724E+03
22Ha 0.5110000 g3.8361280E+07 1.7871603E+06
E6Co 0.5110000 6.6902110E+06 1.7871603E+06

Figure 5.23: Activity estimate for '°Ru test case by employing the adjoint methodology

discussed in this chapter.

| averaged the computed activities across all identified emissions to determine an

overall activity attributed to this nuclide. The resulting activity is 6.84 x 10° Ci.
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Knowing that for 33 GWD/MTU burned fuel | should see an activity of 6.121 x 10° Ci, |
see that my results come much closer than for the *¥'Cs case. This is due to the addition
of emissions with increased energy from the *’Cs case. These emissions are more
penetrating so an increase in the field of view does not have as great of an effect as it did
for the lower energy emission case. The computed activity is only 11% different from
the modeled activity. This is also within the error | calculated (13.2%) and showed for

the detector response between the adjoint and forward transport models in Chapter 5.3.

5.4.2.3. 1**Cs Example

The last fission product that relates well to burnup | modeled was ***Cs. Figure

5.24 shows the resulting spectrum simulated from MCNP and the peaks identified by

SmartiD.
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Figure 5.24. Identified peaks for MCNP simulated ***Cs spectrum in water.

As was the case with the **’Cs and *®Rh examples, employing the shielding

search option correctly showed that no additional shielding was introduced into the
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models. Figure 5.25 shows the peaks identified and the corresponding scored nuclides.
134Cs is scored substantially higher than any other nuclide, clearly indicating its presence.
The other nuclides scored are determined not to be present due to their lack of many key

identifying emissions and double counting of the *3*Cs emissions.

SmartID-XP
Extended Protocol Synthetic Eesolution Identifier
Ver 2.5J
By
G. Sjoden, C. ¥i, E. LaVigne, J. Paul
Georgia Institute of Technology
June 2014

Contact: =joden@gatech. edu

Spectrum Hame: . ~HCHPtest- -C=l34-C=134W. Spe

6 Peal(=) Identified — Sort by Energy
eV Counts=s Horm¥ Ct= Pe=al: Id
611.00 3.9577E+02 11.32386 3
791 .00 2 4530E+03 70.55764 3
a07.00 9. 6364E+01 2.77180 5
853 .00 4 4161E+02 12 70239 4
1168 .00 2.5975E+01 0.74714 2
13el1.00 6. 3871E+01 1.83717 1
Ho=t Probable Shielding Settings:
Shielding material shielding =ize(cm) =Core
Fe n.oon AR50 .2
Fb o.oon 650.2
Score Correlation Threshold:
High correlation: =zcore » 108.0
Hoderate correlation: score in betwesn: [ 99.0, 103.0]
Low correlation: =zcore ¢ 99.0 with a cutoff at Lo.o

Oyerall Mean Huclide Scores (total_scored=7):
[bazed on integral average of =s=core from sach nuclide for all shielding options]

Huclide Score Comment Correlation
134C= 138 .21 Fi=z= Prod High
BeMn 103.04 C Hoderate
EacCo 9970 c Hoderate
214B1 94 .88 T-238_Daughter Low
1245hb 91 .68 Fiz=s_ Prod Low
60Co 63.50 c Low
BeCo £9 . 22 c Low

Figure 5.25. Peaks identified by SmartID for the ***Cs test case.

Upon further inspection of the ***Cs emissions identified, I discover that all
emissions other than the emission with the lowest probability of decay are attributed.

The additional peaks identified but not attributed can be explained by the MCNP
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simulation errors. When employing the GEB card for an f8 tally, the pulse heights
computed on the high energy side of the Gaussian curve increase substantially in error.
I’ve noticed that the pulse heights are usually skewed higher than what is expected from a
true Gaussian, therefore, when SmartlD subtracts out the computed attributed counts
from the peak, many are left behind to the right side of the peak. These remainder counts
are falsely identified as an additional peak, and can distort the lower energy counts in the
spectrum. This can be mitigated by increasing the FWHM values in the “FWHM.txt” file
for SmartID, but even with this correction, poor errors from MCNP have a noticeable

effect on peak identification.

Scored nuclides details:

Huclide Score T1-2 Tl-2_unit #EmnissionlnRange #HMatched Correlation
134Cs 138.21 2. 0600E+00 v 6 5 High

Emizsion{KeV¥) FProb-DK Detectability 1.50% Energy Uindow Peal(KeV) Horn_cts=

+ 604.70 9.7600E-01 1.0157E-01 { 595 .63 to 613.77 ) 611.00 11.3839

+ 795.84 8.5400E-01 5.9937E-02 { 783.90 to 807.78 ) 791.00 70.5576

+ 801.93 8.7300E-02 5.9015E-02 ( 789.90 to 813.96 ) 807 .00 2.7718
1038 .60 1.0000E-02 3.B6927E-02 ( 1023.02 to 1054.18 )

+ 1167.90 1.8000E-02 3.0380E-02 { 1150.38 to 1185.42 3 1168.00 0.7471

+ 1365.20 3.0400E-02 2.3395E-02 ( 1344.72 to 1385.68 ) 1361.00 1.8372

Figure 5.26. Details of the **Cs test case emissions identified.

Once again, | ran the results from SmartID through my adjoint activity calculator.

Figure 5.27 shows the resulting emission activities.
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Files read: C=134W.out

% for number of pins contributing to =signal: 90

Huzlide Emi==sion{HeV) half life (=) Activity (Ci)
134C= 0.e04a7000 B.SO00B6SEE+0Y 2.1593088E+05
134C= 0.7958401 6. SO0BRSEE+OY 1.9903355E+05
134C= 0.a019300 6. SO0BGEEE+OY 7. 4482508E+04
134C= 1.1679001 B.SO00B6SEE+0Y g8.0362070E+03
134C= 1. 3652000 6. SO0BRSEE+OY 4 9293325E+03
CEMn 0. 8467500 b.602110E+06 2. 0158803E+04
LaCo 0.8107e00 B.1221745E+06 6.044099cE+03
214B1 0.6093100 1.1960331E+03 4 3070641E+05
214B1 0.8061700 1.1960331E+03 5. 08E88088E+0G
214B1 1.1552000 1.1960331E+03 9. 0324922E+03
214B1 1.15a80001 1.1960331E+03 4 3175059E+03
214B1 1. 3777000 1.1960331E+03 3. 4788684E+03
1245k 06027101 L. 2070045E+06 2. 2060895E+05
1245hb 1.3682001 . 2070045E+06 5.90Z8506E+03
BOCo 1.1732301 1. 6630854E+08 1.4107423E+02
LeCo 0.8467500 B.B902110E+06 1.9937117E+04
LeCo 1.1751001 B.BI02110E+06 6.1333672E+03
E6Co 1. 3602000 B.RI02110E+06 3.5601182E+03

Figure 5.27. Activity estimate for *3*Cs test case by employing the adjoint methodology

discussed in this chapter.

Again, | averaged these values and achieve an overall activity attribution to ***Cs
to be 1.0 x 10° Ci. This result is only 33% less than the modeled activity of 1.51 x 10°
Ci. This decreased activity could be due to the false attribution of a peak at 853 keV.
This would cause counts to be subtracted from other real peaks that ordinarily should not
have been subtracted. Even though this is the case, | find that | am still remaining

relatively close to the desired activity.

5.4.3. Fuel Pin Diversions

Identifying possible fuel pin diversions is a major concern for safeguards.
Typically, detecting diversions from passive gamma spectroscopy techniques is a nearly
impossible feat, but if the concept of adjoint transport is considered, possible applications
could exist to help flag a missing fuel pin. Referring back to earlier in the chapter, it was
shown that as the detector faces one side of the fuel assembly it only effectively “sees”

gamma emissions from a limited number of fuel pins. For example, if the overall count
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rate between energies 0.3 MeV and 0.741 MeV is lower than expected by approximately

21.3%, then it is likely a pin is missing from pin position (1,9) in relation to the detector

face. However, if the pin missing in a row further back, higher energy emissions must be

considered. Table 5.3 shows the relative effect on the count rate in the detector

positioned at every side face of the fuel assembly if a fuel pin is diverted from either

location (6,5) or (4,11). The pin positions refer to the positions defined by Figure 5.28.

Table 5.3: Change in count rate due to fuel pin removal.

Pin location (6,5)

Pin location (4,11)

Adjoint 6 14 16 23 2 6 14 16 23
Group

(%) () () (%) (%) (%) (%) (%) (%) (%)
Right -003 -01 -018 -021 -0.24| -022 -0.37 -0.44 -0.46 -0.47
Left -00 -0.01 -0.05 -006 -0.09| -00 -0.01 -0.02 -0.03 -0.04
Top -009 -021 -026 -029 -032| -00 -002 -0.08 -01 -0.13
Bottom -0.0 -0.01 -0.03 -0.04 -006| -00 -0.1 -021 -024 -0.28

Bottom

(6,5)

W3y

(4,11)

0.00 100

Figure 5.28: Fuel pin locations selected for diversion analysis.
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The very small changes in count rate due to the diversion of pins located within
the fuel assembly poses an issue when trying to detect this diversion using passive
gamma techniques. The errors in counting are often larger than these changes can show.
The detector’s view of the individual fuel pins becomes less differentiated as the
emissions increase in energy, allowing the detector to see almost equally further into the
assembly. This can still make it difficult to identify if and where a pin diversion has
taken place. Most of the fuel pins only affect the overall count rate by a small fraction
which may not be enough to determine a significant difference from the expected count
rate. Additionally, if the detector only views the fuel assembly from one side, a possible
fuel diversion could appear as different burnup estimations. In order to better examine
the fuel assembly the count rates must be measured from each side of the fuel assembly,

and determined if there are any significant differentiations between sides.

5.5 Fuel Burnup Analysis

It has long been known that the buildup of certain fission products in a fuel
assembly over a reactor cycle can provide key identifying information for fuel burnup
measurements and calculations. The gamma ray activity from some of these fission
products can give a direct quantitative measurement of the fuel burnup. From my adjoint
calculations, | have been able to determine a protocol for determining the activities of
individual nuclides identified by SmartID. This information can be directly applied to
burnup estimation, but it is important to understand which nuclide activities are of most
importance and which emissions should be selected for calculating activity.

Since many of the isotopes identified have emissions falling within the same
energy windows as other identified isotopes, only those most likely to be present with
source strengths that would make their emissions identifiable will be considered for best
approximating plutonium content. Certain nuclides are better indicators of fission of 2°U

or 2°Pu, and others are good indicators of the total number of fissions taking place.
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Figure 5.22 shows the fission yields per atomic mass number for 2°Pu and *°U. Some
mass regions show a strong differentiation between yields from these two nuclides, while
other mass regions show very similar yields. This allows me to determine approximately
the number of fissions resulting from **Pu and the total number of fission taking place
from the two main thermal fission nuclides, ***Pu and ?°U. | added vertical lines to
Figure 5.29 to show where these regions occur. For example, at atomic mass number
106, there is a large difference between the fission yields, but at atomic mass number
140, the yields are almost identical. Table 5.3 identifies key nuclides in these atomic

mass regions that have strong fission yields, and are also seen as strong gamma emitters.

10
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ATOMIC MASS NUMBER
Figure 5.29: Mass distribution of fission products for the thermal fission of **U and

29y [2].
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Table 5.4: Cumulative Thermal Fission Yields for strong gamma emitting nuclides in

spent PWR fuel after 1 day since removal from reactor core [7].

Nuclide Cumulative Thermal Fission Yield Cumulative Thermal Fission Yield

from 2*°U (% per fission) from *°Pu (% per fission)

gy 5.82x107 +/- 5.95%10™ 2.48x107 +/- 4.968x10™
7y 6.502 +/- 0.072 4.949 +/- 0.099

Mo 6.132 +/- 0.092 6.185 +/- 0.056

1Ry 0.41 +/- 0.011 4.188 +/- 0.092

134¢Cs 1.21x107° +/- 3.2x10°® 6.7x10™ +/- 1.8x10™
B3cs 6.221 +/- 0.069 6.588 +/- 0.08

1901 a 6.315 +/- 0.095 5.333 +/- 0.059

14ey 1.95x107 +/- 6.4x10°® 4.9%10° +/- 1.2x10°

Fuel assembly burnup can be calculated from the relationship between fission
product activity and the fission yield for a given fission product. Equation 5.22 shows

the definition of burnup as

MeV
——+6.022 x 10713 L

s
Burnup[MWd] - 864005 = ¢pr2eVpyert - 200 Fiss VeV

(5.27)

MeV s
= Nyiss * 200 —— 6.022 X 10713 = Pt

iss eV

where ¢ is the average thermal flux in the assembly, X is the average macroscopic
fission cross section in the fuel, Vg, is the volume of the fuel in the assembly, and N
is the number of fissions that took place in the assembly. Ny, for a given isotope that

has a fission yield that is similar across all fissile isotopes can be calculated by

A

Nfiss = Fyield - 1 (5.28)
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where A is the activity of the given nuclide, fyield is the fission yield for the given
nuclide, and A is the decay probability for the given nuclide.

Knowing the activities of key burnup indicating fission products, such as **'Cs
and 13*Cs, an estimate of the total fuel assembly burnup can be computed. If the average
thermal flux is known, or if the average power in the assembly during irradiation is
known, then the time that the assembly was in the reactor can be predicted. This
information is useful for understanding whether the reactor operators are following their
operating declarations. For burnups less than 500 MWD/MTU, the plutonium content is
considered to be weapons usable material. It is important to be able to discern that this is
not the case when the fuel is removed from the reactor core.

From the gamma nuclide identification with SmartID, **°La is a suitable isotope
for total fission determination; **Sr indicates fissions from **U, while ***Ru and ***Eu are
good indicators of plutonium fissions taking place in the reactor. These isotopes can be
used for a burnup estimate of the fuel assembly and will allow a prediction of the total
amount of plutonium content in the fuel assembly.

Similar to the ORIGEN source modeling for the 33 GWD /MTU fuel assembly
burnup simulations in Chapter 4, | created new ORIGEN models to show the emissions
for a range of burnups and fuel enrichments. | determined the nuclide contents for each
burnup and enrichment case in terms of activity. Plotting the activities of the nuclides
after 1 day since removal from the reactor versus burnup shows how these signatures can
be utilized to predict how much plutonium is produced in the fuel assembly. Figure 5.30
shows how **°La activity decreases as the fuel assembly is burned in the reactor. It is
interesting to see the activity increases between 15 GWD/MTU and 20 GWD/MTU. This
is likely due to the competing neutron capture interactions with ***La and **°La, the decay
of 1“°Ba to °La, and the decay of *°La. Overall, this does not make a difference when
analyzing the fuel for burnup. The activity changes very slightly, such that the errors

involved with determining the measured activity are too large for an accurate
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determination of burnup from **°La alone. Another issue with **°La as an indicator of
burnup results from is its very short half-life of 40.22 hrs. The amount of **°La does not
accumulate much over the burnup cycle, so the 1*°La activity is relatively stable across
burnup levels once it reaches a threshold level. Further analyses of other strong gamma

emitting nuclides are necessary in moving closer to a burnup estimate.
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Figure 5.30: Total activity of **°La in a Westinghouse 17x17 fuel assembly at various

fuel burnups.

The relationship between activity and burnup for **°Ba and **Mo is that activity
slowly decreases as fuel burnup increases, but, as was the case with **°La, this decrease is
not a significant change. This is again mostly due to their short half-lives. The half-life
of 1°Ba is 12.8 days and the half-life of **Mo is 66 hours. Figures 5.31 and 5.32 show
these relationships. The reason there is a slight decrease is the destruction of 2°U.
Although small, this fissionable nuclide produces a slightly higher fission yield for **°Ba

and **Mo than some of the other bred fissionable nuclides.
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Figure 5.31: Total activity of **°Ba in a Westinghouse 17x17 fuel assembly at various

fuel burnups.
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Figure 5.32: Total activity of **Mo in a Westinghouse 17x17 fuel assembly at various

fuel burnups.
Mentioned previously in Chapter 1, **'Cs is a commonly favored signature for
burnup prediction. Figure 5.33 shows a relatively linear relationship between the activity

and burnup for this nuclide, which is also nearly identical for each ?**U enrichment case.
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Unlike the previous nuclides I analyzed, *'Cs has a long half-life of 30 years. This,
along with its small thermal neutron absorption cross section and its fission yield being
approximately equal for all fissile materials, provides a strong relationship between the
amount of **’Cs present in the fuel and how much the fuel assembly has been burned.
However, for very short cooling times, its gamma emissions are much weaker than the
gamma emissions from the other fission products considered. Consequently, the **'Cs
signature is much more likely to be washed out or detected with high counting error. It is
difficult to find another nuclide that varies linearly with burnup while maintaining a

minimal dependency on enrichment.
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Figure 5.33: Total activity of *3'Cs in a Westinghouse 17x17 fuel assembly at various

fuel burnups.

Referring to Equation 5.22, the burnup values can be computed from the activity
of **'Cs in the fuel assembly. For example, I calculated the number of fissions that took
place in the assembly. First I calculated the **'Cs activity once the fuel was discharged
from the reactor core from the activity after 1 day since removal. The activity was

computed to be 1.0605x10° Ci. From this, I solved for the number of fissions from
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Equation 5.23, and determined that approximately 8.624x10? fissions took place.
Solving for burnup, I computed that this number of fissions related to a burnup of 32,000
GWD/MTU. The expected burnup for this activity as predicted by the SCALE/ORIGEN
code was 33,000 MWD/MTU. This relatively simplistic burnup calculation is only
3.08% from the expected burnup. | repeated these calculations for additional desired
burnup values from ORIGEN and included the results in Table 5.5. Appendix G shows

the details of the calculations

Table 5.5: Fuel assembly burnup estimated from *'Cs activity.

ORIGEN Calculated
Burnup Activity at Activity at Number Burnup %
(MWD/MTU) t=1day (Ci) | t=0day (Ci) offissions (MWD/MTU) change

500 1.6601x10° | 1.6602x10° 1.35x10% 500.7 0.13

15,000 4.9184x10* | 4.9187x10*  4.00x10% 14,834 -1.11

33,000 1.0604x10° | 1.0605x10° 8.62x10% 31,982 -3.08

45,000 1.4364x10° | 1.4365x10° 1.17x10% 43,323 -3.73

60,000 1.8865x10° | 1.8866x10° 1.53x10% 56,895 -5.17

Another member of the cesium family, ***Cs, also behaves as a good predictor of
fuel burnup. This nuclide is a strong gamma emitter, with a wide range of energy
emissions. Its strongest emissions are at 604.7 keV, 795.84 keV, and 801.93 keV, but it
also emits gammas with higher energies such as 1167.9 keV, and 1365.2 keV. This
makes it suitable for detection and adjoint analysis. Figure 5.34 shows the relationship

between activity and burnup for ***Cs.
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Figure 5.34: Total activity of ***Cs in a Westinghouse 17x17 fuel assembly at various

fuel burnups.

1*Eu is another fission product with a high activity yield from a burned PWR fuel
assembly. It has high energy gamma emissions and has a long half-life of 16 years in
comparison to many of the short lived fission products produced. Therefore, it is able to
accumulate in the fuel as the fuel assembly is burned. Figure 5.35 shows how the activity
of ™Eu in a fuel assembly increases almost linearly with respect to burnup in a similar
manner to *¥'Cs. The identification and activity determination from SmartID for this
nuclide can help predict the burnup of the fuel assembly in question. Referring back to
Table 5.4, it is seen that *>*Eu has 2 orders of magnitude greater fission yield from %**Pu
than from 2°U. This leads to the slight changes in activity dependent on original fuel
enrichment, but this also shows that *>*Eu has a strong relationship with how much

plutonium is produced in the fuel assembly.
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Figure 5.35: Total activity of ™*Eu in a Westinghouse 17x17 fuel assembly at various

fuel burnups.

The final nuclide I considered with a stronger yield from *°Pu than °U was
16Ru. This nuclide’s activity also has a strong dependence on assembly burnup as shown
in Figure 5.36. As the plutonium content increases in the assembly, the 1®Ru content
increases as well, but the level at which the activity reaches can also indicate the most
likely initial fuel enrichment. Using multiple isotopes as predictors of burnup can help
identify which enrichment curve the °°Ru activity falls under. If the ***Cs, **¥Cs, and
> Eu signal a most likely burnup, then the 'Ru activity can be verified to see if this
burnup is consistent, and its activity can also tell which enrichment condition is most

favorable for the predicted burnup.

175



1x10°}

800000 |
'g | 1.5wji

= [
= 600000 [ 2.6wl

5

<< 400000 | 3.5wi

200000 |

0 L

0 10000 20000 30000 40000 50000 60000
Burnup (MWD /MTU)

Figure 5.36: Total activity of *®°Ru in a Westinghouse 17x17 fuel assembly at various

fuel burnups.

The '®Ru activity is actually determined from gamma emissions from its
daughter product, *®Rh. These isotopes are considered to be in secular equilibrium, since
the half-life of '°>Rh (on the order of seconds) is much shorter than the half-life of *°Ru
(approximately 1 year) [8]. This means that both isotopes are essentially decaying at the
same rate, and *°Rh is decaying at the same rate at which it is formed.

Alternatively, fission products related more directly to 23°U than ?*°Pu are helpful
for narrowing down the predicted burnup condition of the fuel assembly. If electronics or
other conditions result in an elevated prediction of isotopic activity, the burnup could be
predicted too high, or possibly too low if the activity is under calculated. Fission
products dependent on uranium fissions will decrease in contribution to overall activity.
The fission product *Zr is one such case. It has a half-life of 65.5 days, and can also be
produced by neutron capture with *Zr. For low burnups, *Zr has not had much time to
decay away while it is still being produced by fission and neutron capture; however, once

it reaches a certain burnup level, it isn’t being produced fast enough by neutron capture to
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keep up with its decay and decreasing fission production from *°U. Therefore, burnup

prediction from this nuclide is difficult.
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Figure 5.37: Total activity of *Zr in a Westinghouse 17x17 fuel assembly at various fuel

burnups.

Another nuclide with higher fission yield from 2*°U than #*°Pu is *Sr. This
isotope has a half-life of 9.63 hours; therefore, the activity seen after irradiation can be
directly attributed to the amount of >*U left in the assembly. Since **U is burned,
thereby decreasing the U content, the amount of **Sr produced by fission is also
decreasing. Figure 5.25 shows this relationship. For each burnup plotted in Figure 5.38,
the activity has on average a 25% difference between a fuel assembly originally enriched

with 1.5 weight percent 2**U and a fuel assembly enriched to 3.5 weight percent 2°U.
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Figure 5.38: Total activity of **Sr in a Westinghouse 17x17 fuel assembly at various fuel

burnups.

For each nuclide there is a relationship between burnup and its activity, but there
are differences in how significant the changes are in terms of activity as burnup changes.
I quantified how the activities changed with increasing burnup by using a percent

difference relationship shown in Equation 5.22,

. 100|4; — A4,|
% Dif ference = 4 (5.29)
5 (A; + 4,)

where A; is the activity at burnup 1, and A; is the activity at burnup 2. This method
shows how the two activities compare while taking into account the overall strength of
the activities. Table 5.6 shows the calculated percent differences from equation 5.22
between the activities at two different fuel burnup levels. The last row shows the percent

difference between a low and high burnup assembly for each nuclide considered.
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Table 5.6: Percent differences computed for selected nuclide’s activities at various fuel

assembly burnups for initial enrichment of 2.6 w% **°U.

Co?#gggigon ] 918!’ 095Z r 099 M'O 0106R.u 0134QS 0137QS 014OB_a 0140 L_a 0154E_u
(GWD/MTU) Y% diff % diff % diff % diff % diff % diff % diff % diff % diff
05&1 1.68 59.71 4.68 73.18 1474 66.62 37.85 43.95 -
1&5 10.87 97.17 1.37 151.2 190.0 133.2 2473 28.14 --
5&10 1053 16.14 0.72 83.41 120.6 6422 131 092 1226
10 & 15 899 049 069 4922 7397 4176 195 159 7848
15 & 20 811 227 065 3351 5199 2809 175 234 55.15
20& 25 744 279 056 2464 3947 2173 158 202 41.92
25 & 30 6.80 244 052 1943 3187 1799 111 136 32.25
30 & 35 6.22 250 049 1499 2561 1489 120 129 24.86
35 &40 547 229 038 1206 21.37 1283 1.02 099 20.38
40 & 45 471 201 028 9.79 1810 1126 0.8 0.75 16.35
45 & 50 395 173 021 799 1543 1002 0.71 054 1322
50 & 55 324 146 015 654 1326 9.02 058 037 11.15
55 & 60 260 120 011 535 1250 819 047 023 943
5&60 60.22 203 476 1757 1956 167.8 1253 7.70 1957

These values help identify which nuclides would show the largest changes over

the burnup levels which is important for predicting the plutonium content of the

assembly. It is difficult to predict burnup with any certainty if the counting errors are just

as large as or larger than the percent differences between fuel burnups. Therefore,

nuclides such as '%®Ru, ***Cs, **'Cs, and **Eu have the best activity-to-burnup

relationships for burnup prediction.

It is interesting to see how these different plutonium isotopes grow into the

assembly as burnup increases. Figure 5.39 shows how “*°Pu initially grows at a fast rate

before slowing, where the other isotopes grow more consistently. This creates some

concern if fuel is not burned to an appropriate level since at low burnups the ?°Pu content

is high while the **°Pu content is very low. Figure 5.40 shows the total plutonium content
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in the assembly after 1 day of removal from the reactor. It is clear that the **Pu content

has the greatest contribution to the total plutonium.

5000 |
4000 ¢ l Pu238
. | Pu239

=11] [
%{ 3000 | Pu240
= 2000 | I Pu241
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0 10000 20000 30000 40000 50000 60000
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Figure 5.39: Plutonium isotopic content in a Westinghouse 17x17 PWR fuel assembly

enriched to 2.6 w% 2*°U at various burnup levels.
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Figure 5.40: Total plutonium content in fuel assembly for various burnup levels.
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As the various enriched fuel assemblies reach greater burnups, the total plutonium
content depends less and less on the fuel enrichment. The percent difference between the
1.5 weight percent U fuel and 3.5 weight percent 2°U fuel is 28.41% at 5 GWD/MTU,
and decreases to 0.085% at 60 GWD/MTU. Matching the predicted burnup value from
SmartID calculated activities for the various fission products discussed in this chapter to
the plutonium content shown by Figures 5.29 and 5.30 will give an investigator a unique
view of very short cooled spent nuclear fuel.

Recalling the '®®Ru case presented at the end of Chapter 5.4.2.2, | found that the
activity predicted from my activity estimation code was 6.84 x10° Ci. Looking at Figure
5.28, | see this matches up with a burnup level around 33 GWD/MTU, and a total
plutonium mass of approximately 9.5 to 10 kg. The real value for total Pu from 2.6 w%
enriched 33,000 MWD fuel assembly is 9.8 kg total plutonium. | can also directly relate
the number of fissions from calculated activity for *®Rh. '®Ru can be directly correlated
to the '°Rh activity. Its fission yield is strongly dependent on **Pu at 4.19%, while its
fission yield from ?*°U is substantially weaker at 0.41%. There is a direct correlation
between the number of fissions and ingrowth of plutonium in the fuel assembly. Solving
the burnup equation (Equation 5.2) in the same manner burnup was solved for **’Cs; 1
found that burnup can be strongly related for the *®Ru case. Table 5.7 shows the
calculated burnup values from direct ORIGEN activity values. There is a slight bias
towards higher burnup once actual burnup surpasses 10,000MWD , but overall the

percent change above this level is on the average of 8.82%.
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Table 5.7: Fuel assembly burnup estimated from ®®Ru activity.

ORIGEN Calculated
Burnup Activity at Activity at Number Burnup %
(MWD/MTU) t=1day (Ci) | t=0day (Ci) offissions (MWD/MTU) change
500 4.3884x10° | 4.3965x10° 1.81x10% 252.1 -49.57
15,000 2.7322x10° | 2.7373x10°> 1.13x10* 15,698 4.66
33,000 6.1210x10° | 6.1324x10° 2.52x10%® 35,169 6.57
45,000 8.6259x10° | 8.6419x10° 3.55x10% 49,562 10.14
60,000 1.0524x10° | 1.0544x10° 4.34x10% 60,469 0.78

| now proceed and calculate burnup from this simplified method for the SmartiD
identified and adjoint calculated activity to determine if | can achieve a reasonable
estimate of burnup. From this activity, | found that approximately 2.82 x 10 fissions
took place resulting in a fuel burnup value of 39,300 MWD. This is 19% greater than the
actual burnup modeled, and 11.7% greater than the burnup calculated from the ORIGEN
activity for this case. However, it is important to note the geometry conditions biased the
results towards a slightly higher activity calculation.

This performs well given all of the moving parts required in this type of analysis
along with the low resolution detector system being utilized. Therefore, this shows a lot
of promise for future work in this area, especially with higher resolution detection
systems such as CZT, which are already used in underwater spent fuel applications.
Knowing that nuclide attribution along with activity and burnup determination can be
possible with a low resolution system in Nal(Tl), this approach would pave the way for

future work examining fuel discharged from the reactor core.
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CHAPTER 6

CONCLUSION

6.1 Final Design

The final design for an underwater system to rapidly characterize spent nuclear
fuel from a PWR after removal from the reactor core incorporates a robust 2 in. x 2 in.
Nal(TI) scintillator detector encased in highly attenuating tungsten shielding. A 1 mm in
diameter pinhole collimates the field of view such that only a portion of the fuel assembly
is measured during a given detector counting time. The detector system must pass by
each side face of the assembly in order to spatially determine if fuel pins may be missing.
The adjoint importance calculations can lead the investigator to determine whether or not
there should be concern for tampering of the fuel assembly or if the reactor operators are
following their declarations.

The work presented in this dissertation showcased a multi-faceted, approach to
solving the issue of underwater spent fuel characterization with low resolution detection
systems. | detailed the theory behind the SmartID post-processing algorithm, how this
algorithm had been updated to consider an underwater spent fuel scenario, how SmartID
performed with experimental spectra data, MCNP simulations developed for a
complicated spent nuclear fuel assembly, and the deterministic transport models
generated. All of these parts were fully integrated to show how it is possible to estimate
burnup and plutonium content in the spent nuclear fuel from low resolution detection
systems.

My work demonstrated basic estimations for the activities of SmartID identified
highly scored nuclides can be determined from adjoint importance computations

combined with the detector count rate outputs from the correlated identified peaks. Due
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to the simplification of energy dependency, the importance calculations lead only to an
estimation of the assembly’s source strength. Due to the highly complex emission profile
for spent nuclear fuel, nuclides with strong gamma emissions that are relatively isolated
from other strong gamma emissions make the best candidates for fuel characterization
efforts. The nuclides ®°Ru, **Cs, *¥Cs, and ***Eu are the best candidates for burnup
analysis due to their strong activity dependency on burnup. Typically, investigators like
to analyze the **’Cs peak for burnup predictions, but this is not necessarily the best option
when the fuel assembly is measured shortly after removal from the reactor due to many
of the short lived gamma emissions washing out the **’Cs’s corresponding photopeak.
The other nuclides considered have much greater energy emissions easier for SmartlD to
identify, therefore these nuclides have been deemed best suited for this type of
application.

| presented experimental data collected which showed SmartID was successful in
identifying the nuclides of interest in highly complicated background scenarios. The
weak ®°Co sources were identified by SmartID even though the peaks attributed to this
nuclide could not be identified by looking at the spectrum due to the elevated Compton
effects and attenuation. Additionally, SmartlD was able to identify key nuclides involved
with fissions and neutron sources during the irradiation of a natural uranium fuel rod. |
further tested this algorithm with MCNP spent fuel assembly simulations to determine
that SmartID was in fact identifying the key gamma emitters. Due to the energy windows
necessary for peak attribution, some other nuclides were identified in error, but if the
investigator is trained and knowledgeable on which peaks are double counted and should
actually be attributed, then this tool can be effective for spent fuel monitoring. That said,
this tool may not be appropriate for use by an inexperienced user or by someone with
little background in spent nuclear fuel characterization.

| tested my adjoint mass estimation methodology with simplified MCNP models

in order to achieve better statistics within the models. | was able to come close to
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matching the activity for *¥'Cs peak, and | was able to match the activity for a '°Ru peak
within 19% of the modeled activity proving that this tool can be effective for spent fuel
burnup characterization estimation. This resulted in the predicted burnup to be computed
to be 39,300 MWD corresponding to a total plutonium estimate of 10 kg. This burnup
estimate also has a 19% difference from the modeled burnup of 33,000 MWD, and the
9.8 kg of plutonium calculated for a 33,000 MWD burnup in ORIGEN falls within the

estimated plutonium content range predicted.

6.2 Future Work and Recommendations

The work presented in this dissertation is just the beginning of a whole wide range
of applications and future work. Nal(TI) showed great promise for use in underwater
spent fuel applications, but | believe the same methodologies applied here could be
applied to higher resolution detectors already used in spent fuel scenarios such as CZT.
A detector with a higher resolution will potentially have better results in the lower end of
the spectrum in comparison to Nal(TI) thereby giving the investigator more information
about the composition of the fuel assembly. In addition, the better resolution will
improve the counts attributed to closely aligned peaks. This may help investigators with
less experience and knowledge since it will be easier to see peak differentiation in the
spectra recorded.

Additionally, in order to fully show how this type of system can provide detailed
information from short cooled spent fuel, a full experimental evaluation should be
performed. In order to do that, access to a spent fuel pool, and funding for all materials
needed for fabrication would be necessary. | created a concept design based off of my
detector model surrounded by Tungsten shielding, facing a side of a fuel assembly.
Figure 1.4 shows a concept design of how the detector will scan across the fuel assembly.
This system would be capable of measuring the fuel after the upending device rotates the

fuel assembly once it passes through the fuel transfer canal.
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Figure 6.1: Underwater fuel assembly detection system.

Figure 1.5 shows a schematic of a typical pressurized water reactor (PWR) which
is a type of light water reactor (LWR). These types of reactors utilize low enriched
uranium (LEU) with U content between 2.1 and 3.1 weight percent [1]. The fuel is
typically burned to 33,000 MWD/MTU which results in high fission product production
while minimizing the “**Pu content in relationship to the overall Pu content. Due to the
high nuclide activity following irradiation, the detector scan would be rapid with minimal
impact on refueling operations. Such a system could also be used in the spent fuel pool

to look at individual fuel assemblies.
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6.3 Potential Impact on Nuclear Forensic Capabilities

The work presented in this dissertation has the potential to positively impact
nuclear forensics efforts by allowing immediate access to key radionuclide
characterization for unknown source compositions through the use of inexpensive and
readily available Nal(TI) detector systems. The IAEA desires low-cost, non-destructive
methods for plutonium quantification, and this work helps meet those conditions through
the post-processing of Nal(TI) scintillator spectra. The idea of nuclide characterization
for spent nuclear fuel in an underwater environment significantly improves real time
estimation of potential operator declarations, and helps identify any potential diversions
of material.

The work | completed provides a strong basis for potentially wide ranging

applications from airborne radionuclide platforms to portal monitoring. Short-cooled,
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high burnup spent nuclear fuel produces some of the most complex gamma emission
profiles known to researchers. Achieving peak identification for this type of source in a
highly scattering and absorbing medium, and being able to utilize this information to
produce an estimate of significant nuclide activities is a considerable achievement.

This work paves the way for future analysis on low cost, transportable systems for
any possible in-field scenario a nuclear forensics investigator could face. The
methodologies present here could be applied to newer and higher resolution scintillator
detectors types, which would only increase the reliability and functionality of this type of

system analysis.

6.4 References

[1] DUDERSTADT, J., and HAMILTON, L., Nuclear Reactor Analysis. John Wiley &
Sons, Inc., 1976.

[2] IBARRA, J.G., JONES, W.R., LANIK, G.F., ORNSTEIN, H.L., and PULLANI,
S.V., “Operating Experience Feedback Report.” Assessment of Spent Fuel Cooling.
U.S. Nuclear Regulatory Commission. NUREG-1275. Vol. 12. 1997.

189



APPENDIX A

MCNP DRF EXAMPLE INPUT FILE

[T FUR fuel assembly in fuel pool
c
o CELL CARDS

1 i 10 -11 12 —-13 40 —41 fill=1 IMF:P=1
2 3 -1.00 1 -2 3 -4 5 -6 u=1 lat=1 IHP:P=1
fill=-9:9 -9:9 0:0
1111111111111 111111
1 z2z2zz2z22222222222221
12222222222 222222:21
1 222224224 2248222221
122242222 22222422:21
12222222222 222222:21
1 224224224 22482248221
1 z2z2zz2z22222222222221
1 222222222222 2222221
1224224224 224224221
12222222222 222222:21
1222222222 222222221
1224224224 224224221
12222222222 222222:21
122242222 2222242221
1222224224 224222221
12222222222 222222:21
1222222222 222222221
1111111111111 111111
3 1 -10.6 -7 u=2 IMP:F=1 SUranium Fuel
4 2 —f GG 7 -8 u=2 IMF:P=1 sCladding
5 3 -1.0 a u=2 IMP:P=1 sWater
& 3 -1.0 -7 u=4 IMP:F=1 %Water in Control REod Tubes
7 2 -6 .55 7 -8 u=4 IMP:FP=1 %Cladding in Control REod Tube=
] 3 -1.0 a u=4 IMP:P=1 sWater
c
9 4 -3 67 -18 19 -20 IHP:P=3 $C=1 Detector
10 3 -1.0 -25 14 -19 35 -3 40 —-41 #1 IHP:P=2 $SWater
11 B —19. 35 #9 10 33 -324 37 -38 35 —-36 IMP:P=1 % Tungsten
12 7 2.3 15 -39 35 -3F —-38 37 IHP:P=0.5 s$Concrete wall
13 3 -1.0 #9 #11 (34 -15 35 —-36 -38 37y IMP:P=0.5
14 0 #1 #12 #11 #9 #¥13 #10 IMP.FP=0

o SURFACE CARDS
c fuel assenbly

1 D= -0.63
2 fmbod 0.63
3 v -0.63
4 jmitd 0.63
5 pz -—182.88
& P= 182 88
7 CE 0.4

a cZ 0.57

10 P -11.97
11 b 11.97
12 )i -11.497
13 )i 11.97
14 px —-16.00
15 P 60.91
16 jmitd —30.48
17 v 30.8
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c C=l detector

18 CE 2. .54
19 P 40 .83
20 p= 45 .91

c 21 p —66.9395 —39 6181 -89 .6181 3492 .03
o 22 ju] 89.6181 66.9395 —-0.0001 -4675.11

o 23 ju] 89 6181 —-0.0001 —66.9395 —4675 11

c 24 p —-66.9395 89 .6181 -39.6181 -3492.03
21 p 30.83 -15.1779 15.1779

30.83 15,1779 15.1779
40.83 -1.79 1.79
22 ju} 35.83 8.483%96 -1.79
40.83 1.79 -1.79
30.83 15.1779 -15.1779
23 ju} 40.83 -1.%9 -1.79
35.83 -1.79 —8.4839%
30.83 -15. 1779 -15 1779
24 jul 30.83 -15.17%9 15.1779
40.83 -1.79 -1.79
30.83 -15. 1779 —-15.177%9
25 I 30.83 15.9279 40.83 2.54
c Air Pin Hole
31 ks 41 .03
32 CXH 0.05
c Tungsten Collimator
33 P 30 .83
34 P 458 91

35 DV -13. 3929
36 DY 13,3929
37 pz -13. 39249
3g Dz 13,3929

o Concrete
a9 P 65 .91

40 Dz —d410

41 Pz 40

c DATA CARDS

[

- naterial cards

mnode p

ml 92000.04p 1 $U— Fuel

ma 40000 .04p —0.982 $Zr— Cladding
S0o0o0.04p —0.015 25n
26000.04p —0.002 $Fe
24000 .04p —-0.001 SCr

m3 1000.04p 2 $H- Water
a000.04p 1 g0

md 11000.04p 0.0147471 $Ha— Hal
C3000.04p 0.0147471 51
21000 .04p 1.47471e-5 ST1
c material § i= an C=I(Tl) detector
mG SLO00 0.0147471
B3000 0.0147471
21000 1.47471e-5

[
me 74000 .04p 1.0 $W— Tung=ten
c material 7 iz Concrete density: 2.300E+00 gsoc
m? 1001, 1.3741E-02
14028, 1. 6620E-02
8016 . 4 6056E-D2
13027, 1.7454E-03
11023, 1.7472E-03
20040, 1.5206E-03
26054 2. 0851E-05
26056 . 3.1825E-04
26057 . 7.1522E-06
26058 . 1.0042E-06
c material & 1= air rho=0.00120282 80% r. h. 25C 1.5 w pct water wapor
ma 7014 .50c —0.769 8016 .50z —0. 2293 1001 .50c —0.0017
c ma 6000.04p —0.000124 SC— Ailr
= 7000.04p —0. 755268 SH
c 8000.04p —0.231781 30
c 18000.04p —0. 012827 SAr
c
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C source cards
SDEF PAR=Z ERG=D1 CELL 1:2:3 EXT D2 RAD=D3 EFF=0.01 2¥5 0 0 1

POS=0 0 O

st

c Source Energy Dist #1 wo=zampling bias wgts

st

# =il =pl =bl

h d d

c
n.01 0.0 0.0
0.05 0.0 0.0
0.10 0.0 0.0
0.15 0.0 0.0
0.199 0.0 0.0
o.z2oo 1.0 1.0
n.201 0.0 0.0
n.25 0.0 0.0
0,30 0.0 0.0
0.35 0.0 0.0
0.40 0.0 0.0
0.45 0.0 0.0
n.50 0.0 0.0
0.55 0.0 0.0
0.60 0.0 0.0
0.65 0.0 0.0
n.70 o.o 0.0
n.75 o.o 0.0
.80 o.o 0.0
0.85 o.o 0.0
0.90 0.0 o.n
0.95 0.0 o.n
1.00 0.0 o.n
1.05 0.0 o.n
1.10 0.0 o.n
1.15 0.0 o.n
1.20 0.0 o.n
1.25 0.0 o.n
1.30 0.0 o.n
1.35 0.0 0.0
1.40 0.0 0.0
1.45 0.0 0.0
1.50 0.0 0.0
1.55 0.0 0.0
1.60 0.0 0.0
1.65 0.0 0.0
1.70 0.0 0.0
1.75 0.0 0.0
1.80 0.0 0.0
1.85 0.0 0.0
1.90 0.0 0.0
1.95 0.0 0.0
2.00 0.0 0.0
2.05 0.0 0.0
2.10 0.0 0.0
2.15 0.0 0.0
2.20 0.0 0.0
2.25 o.o 0.0
2.30 o.o 0.0
2.135 o.o 0.0
2.40 o.o 0.0
2 .45 0.0 o.n
2. 50 0.0 o.n
2 .55 0.0 o.n
2. 60 0.0 o.n
2. B5 0.0 o.n
2.70 0.0 o.n
2.75 0.0 o.n
2.80 0.0 o.n
2.85 0.0 o.n
2.190 0.0 0.0
2.195 0.0 0.0
3.00 0.0 0.0

c

5I2 -182.8% 182 .87

SF2 01

S5I3 0.3 0.4

SP3 -211
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tally cards

om0 n0nn

zll Hemisphere Current ws directions normal to -z, +x, 8 keV bins
(x—normal wector ref for top (dir normal to surf)). delE=8 keV

flli:p 19

c11 01

= Energy Bins

ell 0.00 1.e-5 0.oo1 4001 3.209% 3 .30

c

c

fc28 C=I Pul=e Height. Shielded. 1 keV bins

t28:p £ 9

= zero bin eps bin energy bins

=28 0.0oo 1 e-5 0.001 31981 3. 200 3.30

c

[t

fz3B C=I(T1) Pulse Height., 1 keV bins

fag:F P9

)
ft3g GER -7 . 25e-3 0.0732219233 0.3132861 %$Gaus=ian Energy Broadening a b o
=38 0.00 1.0e-5 0.001 31981 3.200 3.30

c

c

c focdd C=I(Tl) Flux in detector
o fd44:F {99

c fmdd 2.4878el8

C

I

print

Rand GEN=Z

CTHE 921e0
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APPENDIX B

SMARTID EXPERIMENT FWHM AND ENERGY FILES

. PWHM.txt | v X
Energy(le¥) FUHH{L=Y) —
45 .3 7.1 it
g6 .55 g.44
105.31 9.05
E11 38.1
EELl.GG7 44 66
1173.228 E6.59
1274 .537 £g.59
1332492 £a.31
2614 94 .03

|- |
1 1 Read Owr Block Sync Rec

4

Figure B.1: “FWHM.txt” file for irradiated fuel rod experiment spectra.

_/ Energy.txt | v X
Channel keV —
34 45 3 a
67 g6 .55
79 105,31
358 £11

460 BBl 657
a01 1173 . 2245
BEA 1274 537
904 1332 .49
1749 2614

J ‘ b

11 1 Read Owr Block

&

Figure B.2: Energy calibration file, “Energy.txt” for irradiated fuel rod experiment

spectra.
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APPENDIX C

SMARTID EXPERIMENT INPUT FILES

Spectrum File
" s IrradExpstminSpecsZ0thimin-20thEmnin . Spe"
Background File
" sIrradEzpsSminSpec-4—-30-14BkgdwkRod . Spe"
Background Significance Factor
1.0
HaxI Energy FWHH calibration table
" #IrradEzp-FWHM tx=t"
Low energy tailing: height ratio, FWHH in keV
0.2500000 25
Aliasing Factor (-1 diabl=ses. :0 elim pk wsin fract FUHHM)
0.5
Energy Calibration Tabl
" #lrradExp-Energy . t=t"
Chi—-=sguared threshold
Alphal for adaptive chi
0.01
Dector response function (DRF) type (0-5=Hal, &6=HPGCe, 7-3=C=I, 9=Water)
9

Fejection Threshold (minimum psalk height)
1

Felative channel threshold percent of total spectrum in a channesl
g

Scattered counts scale factor

smartid paramethers: low energy cutoff (HeV)

0.300
high energy cutoff (HeV)

3.0
min halflife unit (ignore =maller than s==second m=minute h=hour d=day v=yvear)
=
detector material (3=Hal., 4=C=sI L5=LaBr3 b6=5rI2)

3

mnean detector thickness (cm)

5.080

shield material (1=Fe. 2=Fb. (=uncertain——iterate)

shield thickness {(cm,<0:iteratively search for optimum thickness <ab=solute value)
-10
tolerance ratio (pk wvs emizs E; «<0:fixed wvalus; :0:adaptive up to wal)

blur cosfficient (combine gamms lines if closer than FWHM=blur)
0.01
ensergy ni=match weight
1.0
output file
" AIlrradExpsSminSpecsZ0thEmnin 20thEmin. out”
correlation threshold (highsmoderateslow setpoints)
108 9% &0
tol_start, tol_step, i1so range (iterate tol ratio)
o.oo1l 0,005, 3

Figure C.1: SmartID input file for 20™ 5 minute spectrum collected after fuel rod
irradiated for 2 weeks. Options chosen included an aliasing factor of 0.5, chi threshold of

0.01, DRF representing the fuel assembly in water, and shielding search.
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APPENDIX D

SMARTID EXPERIMENT OUTPUT FILES

20" 5min count with water DRF

Smart ID-XP
Extended Protocol Synthetic Resolution Identifier
Ver 2.5J
By
G. Sjoden. C. ¥i, E. LaVigne., J. Paul
Georgia In=titute of Technology
June 2014

Contact: sjoden@gatech.sdu

Spectrum Hame: . sIrradEzp-SminSpec-20thimins20thEmin. Spe

13 Peaki=) Identified — Sort by Energy
keV Counts Horm Cts Fe=ak Id
819.18 8 .5750E+00 1259805 13
9g8z2.70 4 . 7650E+00 7.00055 12
1048.70 4. 2127E+400 £.18913 11
1423 .50 3.9833E+00 §.85211 10
1513.00 7. 6644E400 11 26023 ]
1550.90 3.2297E+00 4.74495 El
1608.50 1. 0851E+01 15 941864 g
1676.80 5. 3377E+400 9.31110 3
1717.70 2 .8936E+00 4. 25116 7
1828.40 2 . 5529E+00 3.75062 1
2708.20 1.7901E+00 262994 3
2779.90 4 5216E+00 5.64295 2
2901.00 5. 6891E+00 9.82736 1

Ho=t Probable Shielding Settings:

Shielding material zhielding =ize{cm) =Ccore
Pb 10.000 2884 .1
Fb g.000 2745 .2
Fe 10.000 2001.7
Fh 6.000 1939 .6
Fb 5.000 1763 .6
Fb 3.000 1628 .8
Fb 4.000 1614 .7
Fb 2.000 1327 .9
Fe g.000 1234 6
Fb 1.000 1032 .9
Fe 6.000 1027 .6
Fe 5.000 959 .9
Fe 4. .000 954 2
Fe 3.o00 936 .8
Fe 2.000 307.9

Score Correlation Threshold:

High correlation: =core » 108.0
Hoderate correlation: score in between: [ 99%.0. 108.0]
Low correlation: score ¢ 99.0 with a cutoff at to.0

Oyerall Mean Huclide Scores (total_scored=38):
[based on integral average of score from sach nuclide for all shielding options]

Huclide Score Comment Correlation
485c 109,25 =] High
EECo 102 .35 c Hoderate
136C= 100,89 Fizs Prod Hoderate
1431a 100 57 Fi=s_Prod Hoderate
42K 97 .06 [=] Low
1351 94 66 Fi=zs_Prod Low
1321 92 28 Fi=s Prod Low
140La 75 .89 Fi==s Prod Low
238Np 65 .95 SHM Low
88RDb 49 54 Fizs Prod
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156Eu 43.60 Fi=z= Prod

211Fb 39.06 T-235_Daughter
209T1 36.13 Hp-237_Daughter
138C= 32 .48 Fizs Prod
52mMn 28.09 [=]
1245hb 25.81 Fiss_Prod
166mHo 24.01 Fi=z= Prod
228Ac 20.98 Th-232_Daughter
52Hn 15.21 =3
106Eu 14 .41 Fi=z= Prod
EdMn 13.71 c
212B1 13.42 Th-232_Daughter
24Ha 13.14 n_activ_prod
2380 11.91 SHHM
106Eh 11.71 Fiss_Prod
48V 9.59 medical_ from Ti-
152Eu 9. 36 Fi=z= Prod
12585n a.80 Fizs Prod
240Hp 7.54 SHHM
92Y 5.71 Fi=z= Prod
S6Hn 5.28 =3
234Pa 5. 15 T-238_Daughter
214B1 4.96 T-238_Daughter
133Te 4.76 Fi=z= Prod
1341 2.65 Fizs_ Prod
88Kr 2.51 Fi=z= Prod
89Eb 2.50 Fiss_Prod
141Ba 2.39 Fi=z= Prod

Score Details for Shielding Options:

Pos=ible Shielding Setting: 1 Total Score: 2884 .07

Shielding Material: Fhb Thickne== {(cm): 10.00

Hote:

baze score : fuction of (#mnatched-#emissions), weighted by vield.detectability and matching factor
bonu= I : bonus from number of matched peaks

bonus II . bonus from relative pealk height

bonu= III : bonus from alignment between peakheights and emission yvields

Score Summary:

Huclide Total (base + bonus I, II, III} Comment Correlation
140La 121.88  93.5 5.9 225 0.0 Fiss_Prod High
1321 119.91 { 35.1 50.0 34.8 0.0 ) Fiss_Prod High
238Np 118.89  83.0 0.7 5.1 .30.0 SHHM High
1351 109.65 { 33.7 44.4 31.5 0.0 ) Fiss_Prod High
42K 102.39 { 98.0 0.0 4.4 0.0 =3 Hoderate
58Co 102.34 { 97.5 0.0 4.9 0.0 =3 Hoderate
88Eb 102.18  93.9 0.8 2.5 5.0 Fiss_Prod Hoderate
106Eh 101.60  99.1 o.0 2.5 0.0 Fiss_Prod Hoderate
106Eu 101.60  99.1 o.0 2.5 0.0 Fiss_Prod Hoderate
211Fb 101.27  96.5 0.0 4.8 0.0 U-235_Daughter Hoderate
143La 100.57  98.9 o.0 1.7 0.0 Fiss_Prod Hoderate
E4Hn 100.54  95.8 0.0 4.8 0.0 =3 Hoderate
5 2mMn 100.33  98.0 0.0 2.3 0.0 =3 Hoderate
1245hb 100.12 § 86.2 2.911.0 0.0 Fiss_Prod Hoderate
209T1 99.31 { 97.5 0.0 1.8 0.0 Hp-237_Daughter Moderate
212B1 95.94 { 89.7 0.0 6.2 0.0 Th-232_Daughter Low
2380 93.94 { 91.3 0.0 2.6 0.0 SHHM Low
228Ac 91.31  71.1 4.6 13.5 2.0 ) Th-232_Daughter Low
136Cs 90.11 § 79.9 0.7 7.5 2.0 Fiss_Prod Low
52Hn 83.64 { 81.4 0.0 2.3 0.0 =3 Low
138Cs 81.63 { 72.4 0.6 8.6 0.0 Fiss_Prod Low
leemHo g0.38 { 75.0 0.6 4.8 0.0 Fiss_Prod Low
485c 76.20 { 50.3 0.7 5.2 20.0 =3 Low
152Eu 74.87 { 67.4 0.6 4.9 2.0, Fiss_Prod Low
927 68.28 { 66.0 0.0 2.3 0.0% Fiss Prod Low
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24Ha 6d 77 { B2.2 o.0 2.6 0.0 n_activ_prod Low
S6Hn 61.97 { &0.5 0.0 1.5 0.0 =3 Low
1341 58.39 { 37.7 4.1 14.5 2.0 ; Fiss Prod Low
234FPa 58.10 { 29.6 12.3 11.2 5.0 } T-238_Daughter Low
240Hp 57.85 { 54.5 0.6 2.8 0.0 SHH Low
1255n 56.70  48.7 0.6 7.3 0.0 Fiss Prod Low
214B1 55.28 { 26.4 8.6 18.3 2.0 ) T-238_Daughter Low
133Te £2.14 { 41.9 1.5 6.7 2.0 Fiss Prod Low
Scored nuclides details:
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Matched Correlation
140La 121 .88 4. 0300E+01 h g & High
Enizsion(Ke¥V) Prob-DK Detectability 2.00% Energy Window Peal(KeV) Horm¥_cts
a0 2. 4800E-04 3.6098E-01 { 300.76 to 313.04 )
328.76 2.0300E-01 3.2465E-01 { 322.18 to 335.34 )
397 .52 7.3500E-04 2.2929E-01 { 389.57 to 405.47 )
432 .49 2.9000E-02 1.9717E-01 { 423 .84 to 441.14 )
438 .50 3.9100E-04 1.9216E-01 { 429.73 to 447 .27 )
445 50 2. 8600E-05 1.8648E-01 { 436.59 to 454 .41 )
487 .02 4 L5500E-01 1. 5575E-01 { 477 .28 to 496.76 )
618 .12 3.7200E-04 9.7921E-02 { 605.76 to 630.48 )
751 .64 4. 3300E-02 6.7795E-02 { 736.61 to FERE.B7 )
+ 815.77 2.3300E-01 5. 7399E-02 { 799 .45 to 832.09 ) 819 .118 12 .5980
867.85 5. 5000E-02 5.1687E-02 { 850.49 to 885.21 )
919 .55 2. 6RO0E-02 4 BEE7E-02 { 901.16 to 937.94 )
925 .19 £.9000E-02 4 6027E-02 { 906.69 to 943 .69 )
950.99 5.1900E-03 4 3679E-02 { 931.97 to a70.01 )
+ 992.90 1.3400E-04 4.0107E-02 { 973.04 to 1012.76 ) 982 .70 7.0005
+ 1045.05 2. 4800E-04 3.6570E-02 {( 1024.15 to 1065.95 ) 1048.70 £.1891
1097.20 2.2900E-04 3.3807E-02 { 1075.26 to 1119.14 )
1303.50 4.2000E-04 2.5172E-02 {( 1277 .43 to 1329.57 )
+ 1405.20 5.9100E-04 2.2308E-02 { 1377.10 to 1433.30 ) 1423 .50 £.8521
+ 1596.21 9.5400E-01 1.8269E-02 { 1564.29 to 1628.13 ) 1608 .50 15.9419
1877.29 4.1000E-04 1. 4166E-02 { 1839.74 to 1914 .84 )
1924 .62 1.3400E-04 1.3570E-02 { 1886.13 to 1963.11 )
2083.20 1.1500E-04 1.1978E-02 { 2041.54 to 2124 .86 )
2347 .88 8.4900E-03 1.0254E-02 { 2300.92 to 2394.84 )
2464 .10 1.1400E-04 9.5771E-03 {2414 .82 to 2513.38 )
2521.40 3.4600E-02 9.2597E-03 { 2470.97 to 2571.83 )
2547 .34 1.0100E-03 9.1195E-03 { 2496.39 to 2598.29 )
+ 2899.61 6. 6800E-04 7.4109E-03 { 2841.62 to 2957 .80 ) 2901.00 9.8274
Huclide Score Tlr2 Tls2_unit #EmissionInRange #Matched Correlation
1321 119.91 2.3000E+00 h 147 35 High
Enizsion(Ke¥V) Prob-DK Detectability 2.00% Energy Windo Peal(KeV) Horm¥_cts
30z.00 1.9700E-04 3.6957E-01 { 295.96 to 308.04 )
306.70 1.9740E-03 3.6133E-01 { 300.57 to 312.83 )
310.10 §.8800E-04 3.5547E-01 { 303.90 to 316.30 )
310.40 §.8800E-04 3.5495E-01 { 304.19 to 316.61 )
31e.70 1.2800E-03 3.4430E-01 { 310.37 to 323.03 )
343.70 §.8800E-04 3.0158E-01 { 336.83 to 350.57 )
351.80 7.9000E-04 2. 8964E-01 { 344 .76 to 358.84 )
363.34 4.9400E-03 2.7331E-01 { 356.07 to 370.61 )
387.90 §.8800E-03 2.4105E-01 { 380.14 to 395.66 )
416 .80 4. 7400E-03 2.1080E-01 { 408 .46 to 425.14 )
431.80 4. 7400E-03 1.9775E-01 { 423 .16 to 440.44 )
445 .00 9.8700E-04 1.8688E-01 { 436.10 to 453.90 )
448 .20 6.0200E-03 1.8592E-01 { 437.28 to 455.12 )
473 .60 1. &6800E-03 1. 6514E-01 { 464.13 to 483.07 )
478 .20 1.6800E-03 1.6187E-01 { 468 .64 to 487 .76 )
488 .00 8.3000E-03 1.5509E-01 { 478.24 to 497 .76 )
505.749 4.9400E-02 1.4415E-01 { 495 67 to 515.91 )
522 .65 1. 6000E-01 1.3578E-01 { 512.20 to 533.10 )
535.40 5.1300E-03 1.2975E-01 { 524 .69 to 546.11 )
547 .20 1.1400E-02 1.2440E-01 { 536.26 to 558.14 )
£59.70 8.8800E-04 1.1895E-01 { 548 .51 to 570.89 1

198

Comment
Fi== Prod



+++

+ 4+t

o e L L iy = el e ey N e W ol SRR e SN PR ST I T Ay OVt SN S s SRR IR BT el T RN R RS F ey VRS D SRV W AN e ey i |

.9200E-04
.3820E-02
.EE00E-D3
.9500E-04
.9750E-02
.3300E-01
.9E500E-04
.E700E-02
.8700E-01
.6400E-02
.4500E-02
.9000E-D4
.9500E-04
.9700E-04
.3300E-02
.5800E-02
L9700E-04
.GE00E-01
.1800E-02
.8500E-03
.B700E-04
.5700E-02
.5300E-02
.4700E-04
.6800E-04
.6300E-03
.1000E-04
.0400E-02
.4700E-04
.9000E-04
.2800E-04
.2800E-03
.1500E-03
. 4400E-04
.7600E-01
.4500E-04
.9200E-03
L 9600E-04
.1400E-04
.GB00E-D4
.6400E-04
.1300E-03
.6400E-04
.4G500E-D4
.9000E-D4
.4400E-04
.5100E-04
.BE00E-04
.0100E-02
.3500E-02
.BEO0OE-O3
.0900E-02
.1800E-04
.8000E-05
.9200E-04
.BEO0E-D4
.6B00E-03
.1300E-02
.8800E-02
.BB00E-02
.9200E-04
.1800E-03
.9200E-05%
. 4700E-02
.4B800E-04
.0100E-02
.3400E-04
.4000E-02
.9000E-05
.9400E-D4
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.1361E-01
.0B24E-01
L02BRBE-D1
.0017E-01
C7118E-D2
C4747E-02
.16BEE-D2
.9E24E-02
.5488E-D2
.5001E-D2
.4628E-02
.16EEE-D2
.0B94E-n2
.BE4BE-D2
.2568E-02
L2311E-02
C4115E-02
.39G4E-02
C2B4BE-D2
.1884E-D2
.0720E-02
LB126E-02
. 7B3LE-D2
.BR3EE-D2
.3B0BE-D2
.2195E-02
.1880E-02
.0782E-02
L9B17E-D2
.955RE-D2
.B0O07E-D2
.7456E-02
.BB22E-D2
.4017E-02
.33B4E-02
.2383E-02
.0825E-02
L9871E-02
.9337E-02
C9114E-02
.BB39E-D2
LF127E-02
LB321E-02
.4602E-D2
. 4373E-02
L3B23E-02
.3040E-D2
L 2344E-02
.1BB3E-D2
L1533E-02
L1319E-02
.0150E-D2
.8401E-02
L7122E-02
.BEEY9E-D2
.B390E-02
.B104E-D2
.B554E-02
CB424E-02
.B339E-02
C4BE1E-02
.4745E-02
.3540E-D2
C3204E-02
.2B9RE-D2
. 24B4E-02
.2165E-02
L1337E-02
.1149E-02
.09BEE-D2

SEl.0%
579 .28
Lag.00
597 .60
608.72
617 .59
629 36
637 .49
654 .37
656 .40
657.97
670.71
674 .04
92 .27
712 .58
713.83
756.27
757 .15
764 .40
768.71
77538
793.31
795 .76
814 67
830.94
845 .74
248 .68
a59.07
268 .38
870.93
886,31
891.90
a0g .85
928 26
935 46
946 .48
964 .52
975.88
982 4%
985 .29
288 .82
1014 .30
1028 .61
106016
1064 48
1074 .96
109015
1103 .97
1113 .28
112043
1124 84
1149 44
1188 .05
1217 .75
1229 .02
1238 .33
1247 34
1264 .98
1269.20
1271 .95
1287 .72
1291 .57
1332.80
1344 63
12362 .89
1370.60
1382 .39
1413 .71
1421 .00
1427 37
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583,
602,
612,
622,
633.
642,
11
BED.
681.
683,
684 .
698 .
701.
720.
741.
742
787,
788,
795
a00.
807 .
825,
a2a.
247 .
864 .
ga0.
883,
994 .
a03.
206 .
922,
928.
945
966 .
973,
285
1003,
1015,
1022,
1025,
1029,
1055.
1070,
1103,
1107.
1118.
1134.
1149,
1158,
1166
1170.
1196.
1236.
1267 .
1279,
1238,
1298 .
1316.
1321,
1323,
1340
1344
1387.
1399,
1418
1426,
1438,
1471
1479
1485
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819.1%8
819.118
g219.118

982.70
982.70
982.70
982.70

1048.70
1048.70

1423 .50
1423.50
1423 .50
1423 .50
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12.5980
12.5980
12.5980

.o00%
.000%
.000%
.ooons

.1891

6.1891
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.BE21
8521
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1476.70 1.3000E-03 2.0486E-02 { 1447 .17 to 1506.23 )
+ 1519 &0 7.9000E-04 1.9575E-02 {0 1489.21 to 1549.99 ) 1513.00 11.2602
+ 1531.90 5 .9200E-0& 1.9359E-02 { 1501.26 to 1562.54 ) 1513.00 11.2602
+ 1542 .30 1.5800E-04 1.9179E-02 { 1511.45 to 1573.15 ) 1550.90 4.7449
+ 1559.00 8.8800E-05 1.8892E-02 { 1527 .82 to 1590.18 ) 1550.90 4.7449
+ 1592 .90 4.7400E-04 1.8323E-02 { 1561.04 to 1624.76 ) 1608 50 15.9419
+ 1617 .90 9.8700E-0G 1.7915E-02 { 1585.54 to 1650.26 ) 1608.50 15.9419
+ 1618 .90 6.9100E-05 1.7898E-02 { 1586.52 to 1651.28 ) 1608.50 15.9419
+ 1636.50 2.3600E-04 1.7616E-02 { 1603.77 to 1E669.23 ) 1608.50 15.9419
+ 1639.10 7.9000E-05 1.7575E-02 { 1e06.32 to 1671.88 ) 1608.50 15.9419
+ 1644 .00 1.2800E-04 1.7497E-02 { 1611.12 to 1676.88 ) 1676.80 9.3111
+ 1661 .40 1.5800E-04 1.7225E-02 { 1628.17 to 1694 .63 ) 1676 .80 9.3111
+ 1671.30 2.1700E-04 1.7071E-02 { 1637 .87 to 1704.73 ) 1676 .80 9.3111
+ 1679.20 5. 9200E-05 1.6948E-02 { 1e45.71 to 1712.89 ) 1676 .80 9.3111
+ 1715 .40 5. 5300E-04 1.6404E-02 { 1681.09 to 1749.71 ) 1717.70 4.2512
+ 1720.60 5. 4300E-04 1.6327E-02 { 1686.19 to 1755.01 ) 1717.70 4.2512
+ 1727.20 6.7100E-04 1.6230E-02 { 1692 66 to 1761.74 ) 1717.70 4.2512
+ 1752.20 2.4700E-04 1.5865E-02 {1717.25 to 1787 .35 ) 1717.70 4.2512

1757 .40 2. 9600E-03 1.5792E-02 { 1722.25 to 1792 .55 )

1760.40 5 .9200E-04 1.5749E-02 { 1725.19 to 1795.61 )

1768.50 2.4700E-04 1.5634E-02 { 1733.13 to 1803.87 )

1778.50 7.9000E-04 1.5493E-02 {0 1742.93 to 1814.07 )

1786.50 2.1800E-04 1.5381E-02 { 1750.77 to 1822.23 )
+ 1814 .00 1.5800E-04 1.5003E-02 { 1777.72 to 1850.28 ) 1828 .40 3.7506
+ 1830.10 2.7600E-04 1.4786E-02 { 1793.50 to 18B66.70 ) 1828 .40 3.7506

1879.20 1.3800E-04 1.4142E-02 [ 1841.62 to 1916.78 )

1913.70 2.9600E-04 1.3708E-02 { 1875.43 to 1951.97 )

1921.08 1.2300E-02 1.3614E-02 { 1882 .66 to 1959 .50 )

1925.70 1.9700E-05 1.3557E-02 { 1887.19 to 1964.21 )

1939.50 4.9400E-05 1.3388E-02 {1900.71 to 1978.29 )

1985 .64 1.1800E-04 1.2838E-02 { 1945.93 to 2025.35 )

2002 .20 1.1400E-02 1.2650E-02 { 1962.16 to 2042.24 )

2086.82 2.5700E-03 1.1952E-02 { 2045.08 to 2128.56 )

2172 .68 2.0700E-03 1.1365E-02 {2129.223 to 2216.13 )

2187.00 6.9100E-05 1.1270E-02 { 2143.26 to 2230.74 )

2204 .20 2 .9600E-0& 1.1157E-02 { 2160.12 to 2248.28 )

2223.17 1.1800E-03 1.1033E-02 { 2178.71 to 2267 .63 )

2249.10 3.3600E-04 1.0867E-02 {0 2204.12 to 2294.08 )

2290.60 3.5500E-0G 1.0605E-02 { 2244.79 to 2336.41 )

2390.48 1.8800E-03 1.0001E-02 { 2342 87 to 2438.29 )

2408 .60 9.3800E-05 9.8947E-03 { 2360.43 to 2456.77 )

2416.90 1.3800E-05 9.89465E-03 [ 2368.56 to 2465.24 )

2444 .00 5. 6300E-0G 9.6909E-03 { 2395.12 to 2492.88 )

2454 .80 2.0700E-05 9. 6296E-03 { 2405.70 to 2503.90 )

2487 .80 7.9000E-06 9.4445E-03 { 2438.04 to 2537.56 )

252514 3.9500E-04 9.2394E-03 [ 2474 64 to 2575 .64 )

2546 .50 1.5800E-0G 9.1240E-03 { 2495 .57 to 2597 .43 )

2569.80 4. 9400E-05 8.9998E-03 { 2518 .40 to 2621.20 )

2593.80 1.1800E-05 8.8736E-03 { 2541.92 to 2645.68 )

2603.20 1.4800E-05 g.8247E-03 { 2BE1.14 to 2EEE.26 )

2607 .20 9.8700E-06 8.8039E-03 { 2BEE .06 to 2659.34 )

2614 .50 3.5500E-0& 8.7662E-03 { 2562.21 to 2EEE.79 )

2653.80 9.8700E-06 8.5657E-03 { 2600.72 to 2706.88 )
+ 269080 9.8700E-06 8.3811E-03 { 2636.98 to 2744 62 ) 2708.20 2.6299
+ 2717 .50 3.4500E-0G 8. 2504E-03 { 2663.15 to 2771.85 ) 2708.20 2.6299
+ 2757 .80 1.2800E-05 8.0569E-03 { 2702.84 to 2812.96 ) 2779.90 6.6430
Huclide Score T1-2 Tl-2_unit #EmissionInRange #Matched Correlation Comment

238NHp 118.89 2.1200E+00 d 1 2 High SHM
Enission(KeV) Prob-DK Detectability 2.00% Energy Window Peal(EKeV) Horm*_cts

923.98 2.4800E-02 4. 6140E-02 { 905 .50 to 942 46 )

+ 984 45 2.3800E-01 4. 0804E-02 { 964 .76 to 1004 .14 ) 982.70 7.0005

1025.90 8.2100E-02 3.7638E-02 { 1005.38 to 1046.42 )
+ 102850 1.7400E-01 3.7492E-02 { 1007.93 to 1049.07 ) 1048.70 £.1891
Huclide Score T1-2 Tl 2_unit #EniszsionlnRange #Hatched Correlation Comment

13581 109 65 &.5900E+00 h 74 18 High Fiss Prod
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Emizsion{keV) Prob- DK Detectability 2.00% Energy Window Peal (KeV) Hormn¥_ct=
304.91

. 3.1600E-04 3.6445E-01 s 298.81 to 311.01 3
305.83 9. 5000E-04 3.6285E-01 [ 299.71 to 311.95 3
326.00 2. 3000E-0% 3.290eE-01 [ 319.48 to 332.82 )
333.60 3.7300E-04 3.1702E-01 { 326.93 to 340.27 )
342 .52 8. 6100E-06 3.0335E-01 [ 335.67 to 349.37 )
361.85 1.8700E-03 2.7538E-01 [ 364 .61 to 369.09 )
403.03 2.3200E-03 2.2346E-01 { 394 .97 to 411.09 3
414 .83 3.0100E-03 2.1257E-01 [ 406.53 to 423.13 )
417 63 3.5300E-02 2.1008E-01 { 409 .28 to 425.98 )
429.93 3.0400E-03 1.9934E-01 [ 421.33 to 438.53 )
433.74 5.5400E-03 1.9612E-01 s 425.07 to 442 .41
451 .63 3.1600E-03 1.8162E-01 [ 442 60 to 460.66 )
£30.80 3.1600E-04 1.3190E-01 [ £20.18 to £41.42 )
546 .56 7.1500E-02 1.2469E-01 { 535.63 to 557.49 )
575.97 1.2900E-03 1.1220E-01 [ Shd. 45 to 587 .49 )
£&8.28 5.1700E-04 1.0733E-01 { 576.51 to 600.05 3
616.90 3.7300E-04 9.8248E-02 [ 604.56 to £629.24 )
649 .85 4 SRO00E-03 8.9784E-02 s £36.85 to 662.85 )
656.09 7. 4600E-04 8.8261E-02 [ 642.97 to 669.21 )
679.22 5. 4500E-04 8.2827E-02 [ 665 .64 to £92.80 )
684 .60 2. 3000E-04 8.1610E-02 s 670.91 to 698.29 3
690.13 1.2900E-03 8.0376E-02 [ 676.33 to 703.93 )
707.92 6. 6000E-03 7.6526E-02 [ £92.76 to 722.08 )
785 .48 1.5200E-03 6.1697E-02 { 769.77 to 801.19 3
795 .50 2. 3000E-04 5.9994E-02 [ 779.59 to 811.41 )
79771 1.7200E-03 5.9625E-02 { 781.76 to 813.66 )
+ 807.20 4.5900E-04 5.8395E-02 [ 791.06 to 823.34 ) 813.18 12,5980
836.80 6. 6900E-02 5.5023E-02 s 820.06 to B53.54 )
960.29 3. 4400E-04 4. 2861E-02 [ 941.08 to 979.50 )
961.43 1.4600E-03 4.2762E-02 [ 942 .20 to 980.66 )
+ 971.9% 8.9000E-03 4 1855E-02 { 952.52 to 991.40 3 982.70 7.0005
+ 972.62 1.2100E-02 4. 1799E-02 [ 953.17 to 992.07 ) 982.70 7.0005
+ 995.09 1. 5500E-03 3.9928E-02 { 975,19 to 1014.99 ) 982.70 7.0008
+ 1038.76 7.9500E-02 3.6918E-02 { 1017.98 to 1059.54 ) 1048.70 6.1891
1096. 86 8.9000E-04 3.3825E-02 { 1074.92 to 1118.80 )
1101.58 1.6100E-02 3.3585E-02 { 1079.85 to 1123.81 )
1124.00 3.6200E-02 3.2466E-02 { 1101.52 to 1146.48 )
1131.51 2. 2600E-01 3.2100E-02 { 1108.88 to 1154.14 )
1151 .51 2. 8700E-05 3.1143E-02 { 1128.48 to 1174 .54 )
1159.90 1.0300E-03 3.07E0E-02 { 1136.70 to 1183.10 )
1169.04 8. 7500E-03 3.0327E-02 { 1145.66 to 1192.42 )
1180. 46 £.3100E-04 2.9807E-02 { 1156.85 to 1204.07 )
1225 .60 4. 3100E-04 2.7833E-02 { 1201.09 to 1250.11 )
1240.47 3. 0400E-03 2.7210E-02 { 1215.66 to 1265.28 )
1254 .80 1.1480E-04 2. BBEEE-D2 { 1229.70 to 1279.90 )
1260. 41 2. B700E-01 2.6490E-02 { 1235.20 to 1285.82 )
1277 .83 5. 7400E-04 2.5949E-02 (12582.27 to 1303.39 )
1308.70 3.4400E-04 2.5017E-02 { 1282.53 to 1334.87 )
1315.77 6. 6000E-04 2.4808E-02 [ 1289.45 to 1342.09 )
1334.80 3.1e00E-04 2. 42E88E-02 { 1308.10 to 13el1.50 )
1343 .66 7. 7500E-04 2.4001E-02 { 1316.79 to 1370.53 )
1367.89 6. 0B00E-03 2.3320E-02 [ 1340.53 to 1395.25 )
+ 141630 3.1600E-04 2.2015E-02 { 1387.97 to 1444 63 ) 1423 .50 5.85821
+ 1441.30 1.7200E-04 2.1356E-02 { 1412.96 to 1470.84 ) 1423 .50 5.8521
+ 1448.35 3.1600E-03 2.1190E-02 { 1419.38 to 1477.32 ) 1423.50 5.8521
1457 .B6 8. 6700E-02 2. 0959E-02 { 1428.41 to 1486.71 )
+ 1502.79 1.0800E-02 1.9874E-02 { 1472.73 to 1532.8% ) 1513.00 11,2802
+ 1521.99 3.7300E-04 1.9533E-02 { 1491.55 to 1552.43 ) 1513 .00 11. 2602
+ 1543.70 2. 5800E-04 1.9155E-02 { 1512.83 to 1574 .57 ) 1550.90 4. 7449
+ 1566.41 1.2900E-02 1.8766E-02 { 1535.08 to 1597.74 ) 1550.90 4. 7449
+ 1613.75% 2.5800E-04 1.7982E-02 { 1581.48 to 1646.03 ) 1608.50 15,9419
+ 1678.03 9. 5600E-02 1.6968E-02 { 1644 .47 to 1711.59 ) 1676 .80 9.3111
+ 1706 46 4 1000E-02 1.6537E-02 { 1672.33 to 1740.59 ) 1717.70 4 2512
+ 1742.00 1.7200E-04 1.6014E-02 { 1707.16 to 1776.84 ) 1717.70 4.2512
1791.20 7.7200E-02 1.5316E-02 { 1755.38 to 1827.02 )
+ 1830.69 5. B000E-03 1.4778E-02 { 1794.08 to 1867.30 ) 1828 .40 3.7506
+ 1845.320 5. 7400E-05 1.4583E-02 { 1808.39 to 1882.21 ) 1828 .40 3.7508
1927 .30 2.9600E-03 1.3537E-02 { 1888.75 to 1965.85 )
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1948 .49 6.3100E-04 1.3279E-02 { 1909.52 to 1987 .46
2045 .88 8.7200E-03 1.2243E-02 ( 2004.96 to 2086.80 )
2112 .40 6.8900E-04 1.1774E-02 ( 2070.15% to 2154 .65 )
2151.50 2.2400E-04 1.1507E-02 ( 2108.47 to 2194.53
2179.70 4. 0200E-05 1.1318E-02 ( 2136.11 to 2223.29
2189 .40 1.2900E-04 1.1254E-02 { 2145.61 to  2233.19
2255 . 46 6.1400E-03 1.0826E-02 ( 2210.35% to  2300.57 )
2408 .65 9.5600E-03 9.8944E-03 ( 2360.48 to  2456.82 )
2452 .80 8.6100E-05 9.6409E-03 ( 2403.74 to 2501.86 )
2466 .07 7.1800E-04 9.5660E-03 ( 2416.75% to  2515.39
2477 .10 1.4400E-05 9.5041E-03 (2427 .56 to  2526.64 )
Huclide Score Tl-2 TlsZ2_unit #EmissionInRange #Hatched Correlation Comment
42K 102.39 1.2400E+01 h 1 Moderate [=3
Eniz=ion(KeV) Prob-DK Detectability 2.00% Energy Window Peal (KeV) Horm¥_cts
312.70 3.1900E-03 3.5103E-01 [ 306.45 to 318.95
+ 1524 .70 1.7900E-01 1.9485E-02 (1494 .21 to 1555.19 ) 1513.00 11.2602
Huclide Score Tl-2 TlsZ2_unit #EmissionInRange #Hatched Correlation Comment
E8Co 102 .34 1.9400E-01 i 1 1 Hoderate =]
Eniz=ion(KeV) Prob-DK Detectability 2.00% Energy Window Peal (KeV) Horm¥_cts
+ 810.76 9.9400E-01 5.7979E-02 { 794 .54 to 826.98 ) g819.118 12.5980
Huclide Score Tl-2 TlsZ2_unit #EmissionInRange #Hatched Correlation Comment
88Fb i02.18 1.7800E+01 8 3 2 Hoderate Fi=s_Prod
Eniz=ion(KeV) Prob-DK Detectability 2.00% Energy Window Peal (KeV) Horm¥_cts
g89g8.02 1.4000E-01 4.8631E-02 ( 880.06 to 915.938
+ 1836.00 2.1400E-01 1.4707E-02 ( 1799.28 to 1872.72 ) 1828.40 3.7506
+ 2677.90 1.9600E-02 8.4450E-03 ( 2624.34 to 2731.46 ) 2708.20 2.6299
Huclide Score Tl-2 TlsZ2_unit #EmissionInRange #Hatched Correlation Comment
106Eh 101.60 1.0000E+00 v 3 1 Moderate Fiss Prod
Emiszion(KeV) Prob-DK Detectability 2.00% Energy Window Peak(KeV) Horm*_cts
51z2.00 2. 0600E-01 1.4101E-01 [ 501.76 to 522.24
621.84 9.8100E-02 9.6932E-02 [ 609.40 to 634.28 )
+ 1050.50 1.7300E-02 3.6272E-02 ( 1029.49 to 1071.51 ) 1048.70 6.1891
Huclide Score Tl-2 TlsZ2_unit #EmissionInRange #Hatched Correlation Comment
106Ru 101 .60 1.0000E+00 v 2 1 Moderate Fi=s_ Prod
Eniz=ion(KeV) Prob-DK Detectability 2.00% Energy Window Peal (KeV) Horm¥_cts
622,20 9.9500E-02 9.6837E-02 { 609.76 to 634,64
+ 1050.50 1.5600E-02 3.6272E-02 ( 1029.49 to 1071.51 ) 1048.70 6.1891
Huclide Score T1-2 Tl-2_unit #EmissionInRange #Matched Correlation Comment
211Fb 101,27 6. 8700E-05 v 1 Hoderate U-235_Daughter
Enission(KeV) Prob-TE Detectability 2.00% Energy Window Pealk (KeV) Horm®*_ct=
404 .84 2.9400E-02 2.2176E-01 [ 396.74 to 412,94
427 .08 1.3200E-02 2.0178E-01 [ 418.54 to 435.62 )
+ 831.96 2.8600E-02 5.5562E-02 { 815.32 to 848.60 ) g819.118 12.5980
Huclide Score Tl-2 TlsZ2_unit #EmissionInRange #Hatched Correlation Comment
143La 100.57 1.4200E+01 8 1 1 Hoderate Fi=s_Prod
Eniz=ion(KeV) Prob-DK Detectability 2.00% Energy Window Peal (KeV) Horm¥_cts
+ 1722.90 1.6800E-02 1.6293E-02 ( 1688.44 to 1757.36 ) 1717.70 4.2512
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Huclide Score Tl-2 Tls2_unit #EmissionInRange #Hatched Correlation Comnent
BdMn 100.54 8. 5500E-01 v 1 1 Hoderate =3
Enizsion(KeV) FProb-DE Detectability 2.00% Energy Window Peak {KeV) Horm?%_cts
+ 834.83 1.0000E+00 5 .5242E-02 { 818.13 to 851.53 819.18 12.5980
Huclide Score T1.2 Tls2_unit #EmissionlnFange #Matched Correlation Commnent
52Z2mMn 100,33 2.1100E+01 m 1 Hoderate =
Eniz=ion(KeV) FProb-DE Detectability 2 00% Energy Window Peal (KeV) Horm#%_ct=

377.74 1.6800E-02 2.5399E-01 [ 370.19 to 385.29

511.00 1.9300E+00 1.4151E-01 { 500.78 to 521.22 )
+ 1434.10 9.8200E-01 2.1553E-02 { 1405.42 to 1462.78 ) 1423.50 5.8521
Huclide Score T1-2 Ti-2_unit #Emisz=ionInRange #Matched Correlation Comment
1245k 100.12 1.6500E-01 v 13 4 Moderate Fiss_Prod
Enizsion(KeV) Frob-DE Detectability 2.00% Energy Window Pealk (KeV) Norm%_cts

.71 9.7900E-01 1.0212E-01 { 590.66 to 614 .76 )

645.85 7.2600E-D2 9.0773E-02 { 632.93 to 658.77 )

709.31 1.4200E-02 7.6233E-02 { 695.12 to 723.50

713.82 2.3800E-02 7.5288E-02 [ 699.54 to 728.10

722.78 1.1100E-01 7.3445E-02 [ 708.32 to 737.24 )
+ 968.20 1.9200E-02 4.2177E-02 [ 948.84 to 987 .56 ) 982.70 7.0005
+ 1045.20 1.8600E-02 3.6562E-02 ( 1024.30 to 1066.10 ) 1048.70 6.1891

1208.30 1.3400E-0D2 2.8574E-02 ( 1184.13 to 1232.47

1325.50 1.5000E-02 2. 4524E-02 (1298.99 to 1352.01 )

1368 .20 2.5100E-02 2.3311E-02 { 1340.84 to 1395.56 )
+ 1436.60 1.1400E-02 2.1489E-02 { 1407.87 to 1465.33 ) 1423 .50 5.8521
+ 1691.00 4.9000E-01 1.6770E-02 { 1857.18 to 1724.82 ) 1676.80 9.3111

2091.00 5.7300E-02 1.1923E-02 { 2049.18 to 2132.82 )
Huclide Score Tl-2 Tls2_unit #EmissionInRange #Hatched Correlation Comnent
209T1 99.31 4 . 1900E-06 v 1 Moderate Np-237_Daughter
Enizsion(KeV) FProb-DE Detectability 2.00% Energy Window Peak {KeV) Horm¥%_cts

465.07 9. 6600E-01 1.7137E-01 { 455.77 to 474 .37 )
+ 1567.00 9.9700E-01 1.8756E-02 { 1535.66 to 1598.34 ) 1550.90 4.7449
Huclide Score Ti-2 Ti-2_unit #EmissionInRange #Matched Correlation Comment
212B1 95.94 1.1500E-04 W 1 Low Th-232_Daughter
Enis=ion(KeV) Prob-DK Detectability 2.00% Energy Window PeakiKeV) Horm¥%_cts

727.17 1.1800E-01 7.2558E-02 [ 712.63 to 741.71

785.46 1.9700E-02 6.1701E-02 [ 769.75 to 801.17
+ 1620.60 2.7500E-02 1.7871E-02 ( 1588.19 to 1653.01 ) 1608.50 15.9419
Huclide Score Tl-2 Tls2_unit #EmissionInRange #Hatched Correlation Comnent
2380 93.94 4 . 4700E+09 v 4 1 Low SHH
Enission(KeV) Prob-DE Detectability 2.00% Energy Window Peak (KeV) Horm¥*_cts

742.78 5.7600E-D4 6.9484E-02 { 727.92 tao 757.64 )

766.37 2.1100E-03 6.5074E-02 { 751.04 to 781.70

786.26 3.4900E-04 6.1563E-02 [ 770.53 to g801.99
+ 1001.04 6.0900E-03 3.9450E-02 { 981.02 to 1021.06 ) 982.70 7.0005
Huclide Score T1-2 Ti-2_unit #Emisz=ionInRange #Matched Correlation Comment
228Ac 91.31 7.0000E-D4 v 14 5 Low Th-232_Daughter
Enizszion(KeV) Frob-DK Detectability 2.00% Energy Window Pealk (KeV) Horm¥%_cts

327 .64 3.2100E-02 3.2643E-01 { 321.09 to 334.19

338.32 1.1400E-01 3.0973E-01 { 331.55 to 345.09

409 .51 2.1300E-D2 2.1742E-01 { 401.32 to 417.70 )

463.00 4. 4300E-02 1.7291E-01 { 453.74 to 472.26 )
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772.17 1.5500E-02 6.4031E-02 { 756.73 to 787 .61 )
794 .70 4. 6300E-02 6.0129E-02 { 778.81 to 810.59 )
+ 835.50 1.7500E-02 5.5187E-02 { 818.79 to 852.21 ) 819.18 12.5980
911.07 2.7700E-01 4.7383E-02 { 892 .85 to 929.29 )
947 .77 4.1200E-02 4. 3966E-02 { 928 .81 to 966.73 )
+ 964.60 5.2100E-02 4. 2487E-02 { 945 .31 to 983.89 ) 982.70 7.0005
+ 969.11 1.6600E-01 4. 2099E-02 { 949 .73 to 988.49 ) 982.70 7.0005
+ 1588.00 3.5500E-02 1.8405E-02 { 1556.24 to 1619.76 ) 1608.50 15.9419
+ 1630.40 1.8600E-02 1.7714E-02 { 1597.79 to 1663.01 ) 1608.50 15.9419
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
136C= 90.11 1.3100E+01 d 2 Low Fi=ss Prod
Emis=ion{KeV) FProb-DK Detectability 2.00% Energy Window Peal (KeV) Horm¥*_cts
340.57 4. 8500E-01 3.0630E-01 { 333.76 to 347 .38 )
+ 818.50 9.9700E-01 5. 7085E-02 { 802.13 to 834.87 ) 819.18 12.5980
+ 1048.10 7.9600E-01 3.6403E-02 ( 1027 .14 to 1069.06 ) 1048.70 6.1891
1235.30 1.9700E-01 2. 7425E-02 {( 1210.59 to 1260.01 )
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
52Hn 83.64 5. 5900E+00 d 1 Low =3
Emnission{Ke¥) Prob-DK Detectability 2.00% Energy Window Pealk(KeV) Horm¥_cts
511.00 5.8800E-01 1.4151E-01 { 500.78 to £21.22 )
744 .21 9.0000E-01 6.9209E-02 { 729.33 to 759.09 )
848 .13 3.3200E-02 5.3783E-02 { 831.17 to 865.09 )
935.52 9.4500E-01 4. 5073E-02 { 916 .81 to 954 .23 )
1246.20 4.2100E-02 2.6974E-02 ( 1221.28 to 1271.12 )
1333 .60 5.0700E-02 2.4289E-02 { 1306.93 to 1360.27 )
+ 1434 .10 1.0000E+00 2.1553E-02 { 1405.42 to 1462.78 ) 1423 .50 £.8521
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
138C= 81.63 3.3400E+01 m 11 2 Low Fi=ss Prod
Emis=ion{KeV) FProb-DK Detectability 2.00% Energy Window Peal (KeV) Horm¥*_cts
408 .98 4 6600E-02 2.1791E-01 { 400 .80 to 417 16 )
462 .79 3.0800E-01 1.7307E-01 { 453 .53 to 472.05 )
Edg .94 1.0800E-01 1.2452E-01 { E36.00 to EE7.88 )
871.80 5.1100E-02 5.1277E-02 { 854 .36 to 889.24 )
1009.80 2.9800E-01 3.8778E-02 { 989 .60 to 1030.00 )
1147 .20 1.2400E-02 3.1347E-02 {( 1124 .26 to 1170.14 )
1343 .60 1.1500E-02 2.4003E-02 { 1316.73 to 1370.47 )
+ 1435.90 7.6300E-01 2.1507E-02 { 1407 .18 to 1464.62 ) 1423 .50 £.8521
+ 1613.20 1.6200E-02 1.7991E-02 { 1580.94 to 1645 46 ) 1608.50 15.9419
2218.00 1.5200E-01 1.1067E-02 { 2173.64 to 2262.36 )
2639 .60 7.6300E-02 8.6376E-03 { 2586.81 to 2692.39 )
Huclide Score Tl-2 TlsZ2_unit #EmissionInRange #Matched Correlation Comment
166mHo 80.38 1.2000E+03 v 16 2 Low Fi=ss Prod
Emis=ion{KeV) FProb-DK Detectability 2.00% Energy Windo Peal (KeV) Horm¥*_cts
300.74 3.7200E-02 3.7181E-01 { 294 .73 to 30675 )
365.78 2.4200E-02 2.6995E-01 { 358 .46 to 373.10 )
410.94 1.1100E-01 2.1611E-01 { 402.72 to 419 .16 )
451 .52 2.9200E-02 1.8171E-01 { 442 49 to 460.55 )
464 .83 1.2000E-02 1.7155E-01 { 455 .53 to 474 .13 )
£29.81 9.5100E-02 1.3238E-01 { £19.21 to 540.41 )
571.00 5.4700E-02 1.1422E-01 { 559 .58 to 582.42 )
611 .52 1.4200E-02 9.9699E-02 { £99.29 to 623.75 )
670.51 5.3500E-02 8.4835E-02 { 657 .10 to £83.92 )
£91.21 1.3600E-02 §.0137E-02 { 677.39 to 705.03 )
711 .69 5.4100E-01 7.5733E-02 { 697 46 to 725.92 )
752.27 1.2100E-01 6.7677E-02 { 737.22 to 767.32 )
778.82 3.0300E-02 6. 2855E-02 { 763.24 to 794 .40 )
+ 810.31 5.7100E-01 5.8032E-02 { 794 .10 to 826.52 ) 819.18 12 .5980
+ 830.56 9.6600E-02 5.5718E-02 { 813.95 to 847 .17 819.18 12.5980
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950.94 2. 6900E-02 4. 3683E-02 { 931.92 to 969.96 )

Huclide Score T1-2 TlsZ2_unit #EmissionInRange #Matched Correlation Comment
485c 76.20 4. 3700E+01 h 4 2 Low =]
Emnis=ion(KeV) Frob-DK Detectability 2.00% Energy Window Peal(KeV) Horm’_cte
+ 983.50 1.0000E+00 4.0883E-02 { 963.83 to 1003.17 ) 982.70 7.0005
+ 1037 .50 9.7500E-01 3.6988E-02 { 1016.75 to 1058.25 ) 1048.70 £6.1891
1212 .80 2.3800E-02 2.8379E-02 { 1188.54 to 1237.06 )
1312 .10 1.0000E+00 2.4917E-02 { 1285.86 to 1338.34 )
Huclide Score Ti-2 Tl 2_unit #Emis=s=ionInRange #Matched Correlation Comment
152Eu 74.87 1.3400E+01 v 12 2 Low Fi=ss Prod
Enission(KeV) Frob DK Detectability 2.00% Energy Window Pealk(KeV) Horm¥_cts
.27 2. 6500E-01 3.0073E-01 { 337.38 to 351.16 )
411 .11 2.2100E-02 2.1595E-01 { 402.89 to 419.33 )
443 .98 Z2.8100E-02 1.8770E-01 { 435.10 to 452 86 )
778.89 1.2700E-01 6.2842E-02 { 763.31 to 794.47 )
867 .32 4. 1600E-02 5.1742E-02 { 849.97 to 884.67 )
+ 964.01 1.4400E-01 4.2538E-02 { 944.73 to 983.29 ) 982.70 7.00058
1085 .80 9.9600E-02 3.4394E-02 {( 1064.08 to 1107.52 )
1089.70 1.6800E-02 3.4192E-02 { 1067.91 to 1111.49 )
1112 .00 1.3300E-01 3.3060E-02 { 1089.76 to 1134.24 )
1212 .80 1.3800E-02 2.8379E-02 { 1188.54 to 1237.06 )
1299 .00 1.6100E-02 2.5307E-02 { 1273.02 to 1324.98 )
+ 1408.00 2.0800E-01 2.2234E-02 { 1379.84 to 1436.16 ) 1423.50 £.8521
Huclide Score Ti-2 Tl 2_unit #Emis=s=ionInRange #Matched Correlation Comment
658.28 3.5400E+00 h 5 1 Low Fizs Prod
Emisz=ion{KeV) Prob-DK Detectability 2.00% Energy Window Peal({KeV) Horm¥_cts
50 2. 3400E-02 1.8408E-01 { 439 .53 to 457 .47
Ee61.10 2.4100E-02 1.1838E-01 { 549 .88 to E72.32 )
44 .30 2.1500E-02 5.4199E-02 { g827.41 to 861.19 )
934 .46 1.3900E-01 4.5170E-02 { 915.77 to 953.15 )
+ 1405 .40 4.7800E-02 2.2302E-02 { 1377.29 to 1433.51 ) 1423.50 £.8521
Huclide Score T1-2 TlsZ2_unit #EmissionInRange #Matched Correlation Comment
24Ha 64 77 1. 5000E+01 h 2 1 Low n_activ_proc
Emi=z=ion(KeV) FProbsDK Detectability 2.00% Energy Window Peal(KeV) Horm¥_cts
1368 .50 1.0000E+00 2.3303E-02 { 1341.13 to 1395.87 )
+ 2754 .10 9.9900E-01 8.0745E-03 { 2699.02 to 2809.18 ) 2779.90 6.6430
Huclide Score Ti-2 TlsZ2_unit #EmissionlnRange #Matched Correlation Comment
S6Hn 61.97 2. 5800E+00 h 3 1 Low =]
Eniszsion(KeV) FProb DK Detectability 2.00% Energy Window Peal(KeV) Hormi_ct=
846 .75 9.8900E-01 5.3932E-02 { §29.81 to 863.69
+ 1810.70 2.7200E-01 1.5048E-02 { 1774.49 to 1846.91 ) 1828.40 3.7506
2113 .10 1.4300E-01 1.1789E-02 { 2070.84 to 2155.36 )
Huclide Score Ti-2 Tl 2_unit #Emis=s=ionInRange #Matched Correlation Comment
1341 58.39 5. 2500E+01 m 25 5 Low Fi=ss Prod
Emisz=ion{KeV) Prob-DK Detectability 2.00% Energy Window Peal({KeV) Horm¥_cts
405 .45 7.3500E-02 2.2119E-01 { 397.34 to 413.56 )
433 .35 4.1900E-02 1.9645E-01 { 424 68 to 442.02 )
458 .92 1.3000E-02 1.7599E-01 { 449.74 to 468.10 )
488 .88 1.4100E-02 1.5449E-01 { 479.10 to 498 66 )
514 .40 2.3400E-02 1.3982E-01 { 504.11 to 524.69 )
540.83 7.8200E-02 1.2728E-01 { 530.01 to EE51.65 )
595 .36 1.1400E-01 1.0462E-01 { 583.45 to 607.27 )
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621.79 1.0600E-01 9.6945E-02 { 609.35 to 634.23 )

627 .96 2.3700E-02 9.5326E-02 { 615 .40 to 640.52 )

677 .34 8.4900E-02 8.3257E-02 { 663.79 to £90.89 )

730.74 1.9100E-02 7.1844E-02 { 716.13 to 745 .35 )

766 .68 4.1000E-02 6.5018E-02 { 751.35 to 782.01 )

847 .02 9.5400E-01 5.3903E-02 { 830.08 to 863.96 )

857.29 £.9700E-02 E.2799E-02 { 840.14 to 874 .44 )

884.09 6.5300E-01 5.0020E-02 { 866.41 to 901.77 )

947 .86 4.0400E-02 4 3958E-02 { 928.90 to 966.82 )
+ 974.67 4 B800E-02 4. 1625E-02 { 955.18 to 994 .16 ) 982.70 7.0005
+ 1040.30 1.9100E-02 3.6833E-02 { 1019.49 to 1061.11 ) 1048.70 £6.1891

1072.60 1.5300E-01 3.5085E-02 { 1051.15% to 1094.05 )

1136.20 9.7300E-02 3.1873E-02 { 1113 .48 to 1158.92 )

1455 .20 2.2900E-02 2.1018E-02 { 1426.10 to 1484.30 )
+ 1e13.80 4. 3e00E-02 1.7981E-02 { 1581.52 to 1e46.08 ) 1608 .50 15.9419
+ 1741 .50 2. 6700E-02 1.6021E-02 { 1706.67 to 1776.33 ) 1717 .70 4.2512

1787.20 1.3400E-02 1.5372E-02 { 1751 .46 to 1822.94 )
+ 1806 .80 5.7300E-02 1.5101E-02 { 1770.66 to 1842.94 ) 1828 .40 3.7506
Huclide Score Ti-2 TlsZ2_unit #Emi=sionInRange #Hatched Correlation

234Pa £8.10 7.6500E-04 4 9 Low

Emnisz=ion{KeV) Prob-DK Detectability 2.00¥% Energy Windo Pealk(KeV) Horm¥_cts

369.80 2.9600E-02 2. 6450E-01 { 362.40 to 377.20 )

372.40 1.3300E-02 2.6102E-01 { 364 .95 to 379.85 )

458 .80 1.5300E-02 1.760%9E-01 { 449 .62 to 467 .98 )

506.80 1.6300E-02 1.4364E-01 { 496 .66 to 516.94 )

513.70 1.3300E-02 1.4017E-01 { 503.43 to 523.97 )

565.90 1.4300E-02 1.1634E-01 { 554 .58 to 577.22 )

S5e8.70 3.0600E-02 1.1517E-01 { 557 .33 to 580.07 )

569.50 1.0900E-01 1.1484E-01 { 558.11 to 580.89 )

574 .00 2.0400E-02 1.1300E-01 { 562.52 to 585.48 )

664.80 1.3300E-02 8.6177E-02 { £51.50 to 678.10 )

606,70 1.6300E-02 8.5728E-02 { 653.37 to 630.03 )

669.90 1.4300E-02 8.4978E-02 { 656 .50 to 683.30 )

£99.00 4. &900E-02 7.8434E-02 { 685.02 to 712.98 )

706.10 3.1600E-02 7.6912E-02 { £91.98 to 720.22 )

733.00 8.7700E-02 7.1395E-02 { 718 .34 to 747 66 )

738.00 1.0200E-02 7.0412E-02 { 723.24 to 752.76 )

742 .81 2.4500E-02 6.9479E-02 { 727 .95 to 757 .67 )

755 .60 1.4300E-02 6.7053E-02 { 740.49 to 770.71 )

780.70 1.1200E-02 6.2526E-02 { 765.09 to 796.31 )

786.27 1.4300E-02 6.1561E-02 { 770.54 to g02.00 )

793 .60 1.5300E-02 6.0314E-02 { 777.73 to 809.47 )

796.30 3.8800E-02 5.9860E-02 { 780.37 to 812.23 )
+ 805.60 3.3700E-02 5.8583E-02 { 789.49 to 821.71 ) g819.18 12 5980
+ 819.60 2. 6500E-02 5. 6959E-02 { 803.21 to 835.99 ) g819.18 12 5980
+ 826.30 4.0800E-02 5. 6197E-02 { 809.77 to 842 .83 ) g819.18 12 5980
+ 831.60 5. 6100E-02 5. 5602E-02 { 814.97 to 848.23 ) g819.18 12.5980

876.40 4.0800E-02 5.0803E-02 { 858.87 to 893.93 )

880.51 1.3220E-01 5.0383E-02 { 862.90 to 898.12 )

883 .24 1.2200E-01 5.0106E-02 { 865.58 to 900.90 )

899.00 4.1800E-02 4 8535E-02 { 881.02 to 916.98 )

925.00 2.9600E-02 4 6045E-02 { 906 .50 to 943 .50 )

926.00 1.1200E-01 4 G59B2E-02 { 907 .48 to 944 B2 )

926.72 9.1800E-02 4 5885E-02 { 908.19 to 945 .25 )

946.00 1.2200E-01 4.4124E-02 { 927.08 to 964.92 )

949 .00 8.1600E-02 4. 385BE-02 { 930.02 to 967.98 )

955 .59 1.0100E-02 4.3273E-02 { 936.48 to 974 .70 )
+ 978.80 1.4300E-02 4.1278E-02 { 959.22 to 998.38 ) 982.70 7.0005
+ 980.50 5.1000E-02 4.1134E-02 { 960.89 to  1000.11 ) 982.70 7.0005
+ 984.00 1.9400E-02 4.0841E-02 { 964 .32 to  1003.68 ) 982.70 7.0005

1353.30 1.7300E-02 2.3728E-02 { 1326.23 to 1380.37 )

1394 .10 3.0600E-02 2.2604E-02 { 1366.22 to 1421.98 )

1452 .70 1.0200E-02 2.1081E-02 { 1423 65 to 1481.75 )
+ 1668.50 1.2200E-02 1.7114E-02 { 1635.13 to 1701.87 ) 167680 9.3111
+ 1e94 .60 1.2200E-02 1.6715E-02 { 1lee0.71 to 1728.49 ) 167680 9.3111

Comment
T-238_Daughter
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Huclide Score Ti-2 Tl-2_unit #¥Eni=sionlnRange #MHatched Correlation Comnent

240Hp 57.85 £.1900E+01 m 18 2 Low SHH
Emission{KeV) FProb-DK Detectability 2.00% Energy Window Fealk(KeV) Horm¥_cts=
.on 1.3900E-02 3.6081E-01 { 300.86 to 313.14 3
448 .20 1. 6700E-01 1.8432E-01 { 439 .24 to 457 16 )
462 .20 1.3900E-02 1.7351E-01 [ 452 96 to 471 .44 )
467 .40 2.0400E-02 1.6965E-01 [ 458 .05 to 476.75 )
E07.20 1.8500E-02 1.4343E-01 { 497 06 to 517 .34 )
566 .40 2.6900E-01 1.1613E-01 { 555.07 to 577.73 3
601.10 2.0400E-01 1.0257E-01 { 589 .08 to 613.12
606 .10 1.5800E-02 1.0118E-01 { 593 .98 to 618.22 3
347 .00 4 6400E-02 5.3905E-02 { 830.06 to 863.94 3
367 .40 8.3400E-02 5.1734E-02 [ g850.05 to g884.75 )
854 .90 3.7100E-02 4.9938E-02 [ 867 .20 to 902.60 )
858.80 1.1100E-02 4 9546E-02 { 871.02 to 906 .58 )
896 .50 1.3000E-01 4. 8781E-02 { 878.57 to 914 .43
915 .98 1.3900E-02 4 6895E-02 { 897 .66 to 934 .30
959 .10 2.3200E-02 4 2965E-02 { 939.92 to 978.28 3
+  973.90 2.1300E-01 4 1690E-02 [ 954 .42 to 993 .38 ) 982.70 7.0005
+ 987.76 4.6400E-02 4. 0530E-02 [ 96%8.00 to 1007.52 ) 982.70 7.000%
1167 . &0 4.6400E-02 3.0394E-02 { 1144 .25 to 1190.95 )
Huclide Score Ti-2 T1-2_unit #FEmi=sionInRange #Hatched Correlation Comment
1255n 56.70 9.6400E+00 d 7 2 Low Fiss Prod
Enizzion(KeV) Frob-DK Detectability 2.00% Energy Window Feal(KeV) Horm¥_cts
331.90 1.2900E-02 3.1968E-01 { 32526 to 338.54 )
469.70 1.2900E-02 1.6796E-01 { 460.31 to 479.09 3
+ 82260 3.7800E-02 5. 6617E-02 { 806 .15 to 839.05 819.18 12 5980
915.50 3.7800E-02 4 6940E-02 { 897 .19 to 933.81 3
+ 106660 8.6000E-02 3.5403E-02 { 1045.27 to 1087.93 ) 1048.70 6.1891
1088 .90 4.0400E-02 3. 4233E-02 { 1067.12 to 1110.68 )
2001.70 2.0600E-02 1.2655E-02 { 1961.67 to 2041.73 )
Huclide Score T1-2 Tls2_unit #Emi=sionInFange #Matched Correlation Comment
214Bi 55.28 3.7900E-05 4 21 7 Low U-238_Daughter
Eniszzion(KeV) FProb-DK Detectability 2.00% Energy Window FPeal(KeV) Horms_cts
60931 4. 6300E-01 1.0030E-01 [ 597 .12 to 621.50 )
665 .45 1.5700E-02 8.6023E-02 { 652.14 to 678.76 )
768 .36 5.0400E-02 6.4714E-02 { 752.99 to 783.73 3
+ BO6.17 1.2300E-02 5.8516E-02 { 790.05 to g22.29 3 819.18 12 5980
934 .06 3.2100E-02 4 5207E-02 { 915 .38 to 952.74 3
112030 1.5200E-01 3. 2649E-02 { 1097.89 to 1142.71 )
1155 .20 1.7000E-02 3.0970E-02 { 1132.10 to 1178.30 )
1158 00 3.5100E-02 3.0839E-02 { 1134.84 to 1181.16 )
1238.10 5.9400E-02 2.7308E-02 { 1213.34 to 1262.86 )
1281.00 1.4800E-02 2 .5852E-02 { 1255.38 to 1306.62 )
1377.70 4. 1100E-02 2. 3050E-02 { 1350.15% to 1405.25 )
+ 1401 .50 1.3900E-02 2. 2406E-02 { 1373.47 to 1429.53 ) 1423 .50 5.8521
+ 1408.00 2.4900E-02 2. 2234E-02 { 1379.84 to 1436.16 ) 1423 .50 £.8521
+ 1509.20 2.2200E-02 1.9759E-02 { 1479.02 to 1539.38 ) 1513.00 11.2602
+ 166130 1.1600E-02 1.7226E-02 { 1628.07 to 1894 .53 ) 1676 .80 9.3111
+ 1729 .60 2.9700E-02 1.6195E-02 { 1695.01 to 1764.19 ) 1717 .70 4. 2512
1764 .50 1.5800E-01 1.5691E-02 { 1729.21 to 1799.79 )
+ 1847 .40 2.0900E-02 1. 4555E-02 { 1810.45 to 1884 .35 ) 1828 .40 3.7506
2118 60 1.1700E-02 1.1732E-02 [ 2076.23 to 2160.97 )
2204 .20 4.9800E-02 1.1157E-02 { 2160.12 to  2248.28 )
2447 .90 1.5600E-02 9.6687E-03 { 2398.94 to 2496 .86 )
Huclide Score Ti-2 T1-2_unit #FEmi=sionInRange #Hatched Correlation Comment
133Te 52.14 1.2500E+01 m 14 3 Low Fiss Prod
Eniszzion(KeV) FProb-DK Detectability 2.00% Energy Window FPeal(KeV) Horms_cts
311.99 7.0800E-01 3.5224E-01 { 305.75 to 318.23
407 .63 3.0100E-01 2.1916E-01 { 399 .48 to 415 .78 3
474 .72 1.2000E-02 1.6434E-01 { 465.23 to 484 .21 3
719 .65 6. GE00E-02 7.4084E-02 [ 705.26 to 734.04
786 .77 £ .5900E-02 6.1476E-02 { 771.03 to 802.51 3
44 .39 3.2600E-02 5.4189E-02 { 827 .50 to 861.28 3
930.67 4 . 4600E-02 4 5519E-02 { 912 .06 to 949 .28 3
+ 1000.80 £.2300E-02 3.9469E-02 [ 980.78 to 1020.82 ) 982.70 7.0005
1021.10 2.6900E-02 3.7927E-02 { 1000.68 to 1041.52 )
+ 1061 .80 1.2700E-02 3.5660E-02 { 1040.56 to 1083.04 ) 1048.70 6.1891
1252 .20 1.1300E-02 2.6749E-02 { 1227.16 to 1277.24 3
1333.20 9.9100E-02 2.4301E-02 { 1306.54 to 1359.8& )
+ 1717 .70 3.4000E-02 1.6370E-02 { 1683.35 to 1752.05 ) 1717.70 4.2512
1881 .50 0.0000E+00 1.4112E-02 { 1843 .87 to 1919.13 )
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20™ 5 min count with scattered scaling factor

SmazrtID-XF
Extended Protocol Synthetic Eesolution Identifier
Ver 2.5J
Ey
5. Sjoden. C. ¥Yi, E. La¥Wigne, J. Paul
Georgia Institute of Technology
June 2014

Contact: =joden@gatech.esdu

Spectrum Hame: .~ IrradExp-SminSpecs20thimin-20thSmin. Spe

29 Pealki=) Identified — Sort by Energy
keW Counts Horn¥ Cts Peal. Id

406 .31 5 1644E+00 1. 45805 29
56l1.22 5. 4795E+00 1.54704 28
91 66 1. 3893E+01 3.92237 27
741.17 1. 6030E+01 4 52571 25
77867 1. 0878E+01 3.07116 26
a19.18 2 9069E+01 a. 20698 24
50 .68 3. 0968E+01 g 74312 22
2386 .69 8. 7843E+00 2. 48005 23
915.19 2.9952E+01 8. 45627 20
951 .20 8. 7337E+00 2 48578 21
9g2.70 3.0774E+01 8. 68834 17
1036.70 2. 2716E+01 f.41335 13
10&5.20 4 6785E+00 1. 32087 14
1104 .20 1. B239E+01 5.14937 15
1141.70 5 7442E+00 1. 62175 16
1191 .90 7 BYRTE+00 2. 22381 14
1367 .40 5 8Z51E+00 1. 54459 13
1423.50 1.2242E+01 3. 45625 11
1458 .40 £ 4509E+00 1.82127 1z
1516.00 1.7488E+01 4.93734 9
15&0.00 8 GRG4E+00 2. 42389 10
1al0.00 1. 7273E+01 4 B7664 5
1a676.80 1.18316E+01 3.33598 3
1717 .70 4 4869E+00 1. 26677 8
1781 .40 2 4019E+00 0.67812 7
1828 .40 4 BEEBE+0D 1.37397 4
2708.20 1. 8004E+00 0.50830 3
2779.90 5 2930E+00 1.49436 2
2901.00 6. 6891E+00 1.88852 1

Ho=t Probable Shielding Settings:

Shielding material zhielding sizei{cm) =Ccore
FLb g.000 7159.1
Fb 5. o0n 7110.9
Fb 4.000 7051.7
2] 3.000 59802
Fb 6000 EB79 .6
2] 10.000 £772.5
Fb 2000 6515 .6
F= 10.000 63606
Fe a.000 6105 .8
Fe= 6,000 5820.9
2] 1.000 5762 .4
Fe= 5.oo0 5661 .9
Fe 4.000 EE11 .5
Fb 0.500 5446 .6
Fe 3.000 £394.0

Score Correlation Threshold:

High correlation: =core > 108.0
Hoderate correlation: soore in between: [ 99.0. 108.01
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Low correlation: score ¢ 99.0 with a cutoff at E0.0

Oyerall Hean Huclide Score= (total_scored=87):
[bas=ed on integral awerage of =core from sach nuclide for all shielding options]

Huclide Score Comment Correlation
234Pa 153,34 T-238_Daughter High
1341 143 .24 Fi=s Prod High
1351 133.30 Fi=s Prod High
1321 131 .57 Fi=z= Prod High
99Ho 124.89 nedical FF High
S6Mn 116.88 [=] High
238Np 116.19 SHHY High
24Ha 115 .98 n_activ_prod High
165c 111 .78 c High
131nTe 110.23 Fi==s Prod High
435c 108.2¢6 [=] High
133nTe 107 .44 Fi==s Prod Hoderate
88EDb 106. 44 Fi==s_Prod Moderate
1401a 101 .65 Fi==s_Prod Hoderate
97mHb 100.72 Fi==s Prod Hoderate
Edco 100.66 [=] Moderate
40K 99 .88 NORM Moderate
97Zr 99 .52 Fis=s Prod Hoderate
1431a 9939 Fi==s_Prod Moderate
136C= 958.99 Fi==s Prod Low
228AC 98 .60 Th—232_Daughter Low
915r 98.59 Fiz=s Prod Low
1411z 98 .27 Fi==s Prod Low
142Ba 96 .50 Fi==s_Prod Low
E7Co 96. 24 c Low
925r 95 .80 Fi==s Prod Low
937 95 . 45 Fi=zs Prod Low
129nTe 95 .30 Fi==s Prod Low
42K 9500 c Low
1255n 93.94 Fi==s_Prod Low
657n 93.44 Fi==s Prod Low
240Wp 91.87 SHH Low
151Pm 91 .81 Fi==s Prod Low
91’ 89 .85 Fi==s Prod Low
110mag 88.69 Fi==s_Prod Low
152Eu a8.09 Fi==s Prod Low
82Br ag.02 Fi=zs Prod Low
219Rn 24 . B1 T-235_Daughter Low
134Te 84 .10 Fi==s Prod Low
247Cm 84.03 SHHY Low
87Kr 81.38 Fi==s_Prod Low
l66nHo a0.86 Fi==s Prod Low
214B1 a0.27 T-238_Daughter Low
7552 78.75 Fi==s Prod Low
1984u 77.84 =] Low
160Th 76.14 Fi==s_Prod Low
LeCo 75.30 c Low
156Eu 71.33 Fi=zs Prod Low
29Eb 68.12 Fi== Prod Low
143Ce BE .11 Fi==s Prod Low
E2HMn 68.02 c Low
L9F= 67.74 c Low
144Pr 67 .45 Fi==s Prod Low
24Br 66.47 Fi=zs Prod Low
1877 58.89 o Low
1265h 5E.48 Fi==s_Prod Low
148Pm 55.89 Fi==s_Prod Low
E7Hi 36.65 c
209T1 36,22 Hp—-237_Daughter
212Bi 35.85 Th—232_Daughter
211Fb 34 .62 T-235_Daughter
138C= 34 B9 Fi==s_Prod
927 32.60 Fiz= Prod
1245h 30.52 Fiss Prod

209



445c 29 60 =3
131Te 29 .53 Fi== Prod
S2mMn 27.80 [=4
214Fb 2642 T-238_Daughter
141Ba 26,30 Fi=z= Prod
48V 26.05 medical_from_ Ti-
138He 25 .47 Fi== Prod
233Pa 25.02 Hp-237_Daughter
1301 21.40 Fiss_Frod
133Te 15 .14 Fi=z= Prod
61Cu 14 .72 =3
106Ru 14 .06 Fi== Prod
2380 13.87 SHH
106Eh 11 .44 Fiss_Frod
101Te 9.70 Fi=z= Prod
140Ba 8.91 Fi== Prod
65H1 4.69 =3
97Hb 4.54 Fi==s_Frod
43K 4.51 =
907 4. 46 Fi=z= Prod
147Hd 4.18 Fi==s_Frod
239FPu 2.84 SHH
105Ru 2.80 Fi=ss Prod

Score Details for Shielding Options:

Pos=sible Shielding Setting: 1 Total Score: 7159.10

Shielding Haterial: Fb Thickness {(cm): a.00

Hote:

baze score : fuction of (#matched-#emission=). weighted by wield.detectability and matching factor
bonus I : bonus from number of matched peaks

bonus II . bonus from relative peak height

bonu=s III : bonus from alignment between peakheights and emission yvields

Score Summary:

Huczlide Total i{base + bonus I, II. III} Comment Correlation
234Fa 159.63 ( 90.1 50.0 19.5 0.0 ) T-238_Daughter High
1341 151.91  97.4 35.8 18.7 0.0 ) Fizs Prod High
1321 149.29 ( 64.4 E0.0 34.9 0.0 Fi=s Prod High
1351 148.04  70.7 E0O.0 27.3 0.0 ) Fi=s Prod High
140La 136.98 ( %94.6 20.6 21.8 0.0 ) Fiss Frod High
151Fm 13247 ( 62.2 50.0 2003 0.0 ) Fizs Frod High
465 131.35 ( 97.3 1.0 3.0 30.0 ) =3 High
24Ha 130.78  98.5 1.0 1.3 30.0 ) n_activ_prod High
99Ho 126.22  98.9 10.7 16.6 0.0 } nedical FP High
133nTe 12377 ( 80.6 26.7 16.5 0.0 ) Fiss Frod High
131nTe 123,57 ( 85.9 22.2 155 0.0 ) Fizs Frod High
110mbg 121.82 ( 92.3 1e.4 13.2 0.0 ) Fizs Prod High
228Ac 120.30 f 94.6 9.7 11.0 5.0 Th-232_Daughter High
142Ba 117.57  90.9 1s.4 10.3 0.0 } Fi=s Prod High
15370 116 .52 ( 93.0 0.7 2.8 2000 ) [= High
238Hp 114 .33 ( 98.3 4.5 9.5 2.0 SHH High
97 Zr 112.14 ( 85.9 3.0 3.2 2000 ) Fizs Prod High
214B1 110.61 f 7?7.5 22.5 10.6 0.0 } T-238_Daughter High
240Hp 108.86 « 81.0 15.4 12.5 0.0 } SHHY High
I15r 108.50  9%96.0 3.5 9.0 0.0 Fiss Frod High
134Te 108 .46 ( 93.5 5.010.0 0.0 ) Fizs Frod High
152Eu 106 .45 ( 83.5 12.2 5.7 5.0 ) Fizs Prod Moderate
1245b 105.23 ( 87.9 7.110.2 0.0 ) Fi=s Prod Hoderate
148Fm 103.62  98.7 0.7 4.2 0.0 Fi=s Prod Hoderate
143Ce 103.07  55.7 3001 17.3 0.0 ) Fiss Frod Moderate
88Eb 102.61  98.4 2.5 1.7 0.0 Fizs Frod Moderate
925y 101,74 o 97.2 2.2 2.3 0.0 Fi== Prod Hoderate
E7Co 100.87 f 99.3 o.0 1.6 0.0 =3 Hoderate
l66mHo ioo.80 o 83.2 E.6E 8.9 2.0 Fizs Prod Hoderate
233Pa i00.79 o 99.2 o0 1.6 0.0 Hp-237_Daughter Hoderate
37mHb 100.75  f 98.9 o.0 1.8 0.0 Fizs Frod Moderate
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58Co 100.73  ( 97.5 o.0 3.3 0.0 c Moderate
421 100.37 o 98.4 o.0 2.0 0.0 c Moderate
101T= 100.22  98.6 0.0 1.6 0.0 Fizs_Prod Hoderate
40K 99.90  99.1 o.0 0.7 0.0 Hoderate
129nTe 99.89 ( 98.3 o.0 1.6 0.0 Fi== Prod Hoderate
209T1 99.59 ( 98.¢6 ao.0 1.0 0.0 Hp-237_Daughter Hoderate
65Zn 99 B5  { 97.5 o.0 2.1 0.0 Fis= Prod Hoderate
E2mMn 99.43 ( 98.0 o.0 1.4 0.0 =3 Hoderate
143La 99.41  98.9 o.0 0.5 0.0 Fiss Prod Hoderate
214Fb 98.92 ( 97.7 g.0 1.2 0.0 T-238_Daughter Low
140Ba 98.74 o 97.2 0.0 1.6 0.0 Fiss_Frod Lo
1411a 98.28 ( 97.0 o.0 0.7 0.0 Fiss_Frod Low
907 98.19 ( 96.6 o.0 1.5 0.0 Fiss_Frod Low
445c 97.53 ( 96.9 0.0 0.6 0.0 c Low
£1Cu 96.71 o 91.7 0.7 4.3 0.0 c Low
1255n 96.68  83.8 3.5 9.4 0.0 Fi=zs_Prod Low
136C= 94.38 ( 82.7 0.7 5.9 5.0 Fi=s_Prod Low
E7H1 93.08  86.4 0.7 0.9 5.0 =] Low
212B1 92.61 { 83.6 0.8 3.2 5.0 Th—232_Daughter Low
147Hd 91.89 { 90.3 0.0 1.6 0.0} Fi=s_Prod Low
131T= 91.53 { 81.6 3.2 8.7 0.0 Fi=s_Frod Low
141Ea 91.44 { 81.5 2.9 5.1 2.0 Fi=s_Prod Low
1301 89.49 ( 83.7 1.7 4.0 0.0 Fiss_Frod Low
106ERh 87.68 ( 85.1 g.0 2.5 0.0 Fiss_Frod Lo
52Mn 87.50 ( 78.9 1.8 6.8 0.0 c Low
106Ru 86.32 ( 83.8 o.0 2.5 0.0 Fiss_Frod Low
12650 86.11  66.8 4.6 9.6 5.0 Fiss_Frod Low
E6Mn g5.98 ( 81.1 0.8 4.1 0.0 [} Low
485c 85.12 ( &8.2 0.7 &.2 20.0 ) c Low
82Br 83.38 ( 70.4 3.1 7.8 2.0 Fi=s_Prod Low
937 82,55 ( 48.5 25.3 8.8 0.0 Fi=s_Prod Low
138C= 78.71 ( 73.1 1.6 4.0 0.0 Fi=s_Prod Low
160Th 73.33 ( 83.3 5.1 4.9 0.0 Fi=s_Prod Low
927 65.14 { 59.5 0.7 4.9 0.0 Fi=s_Frod Low
E6Co 64.30  45.3 7.5 11.5 0.0} =] Low
138%e 61.89 ( 56.0 3.0 2.9 0.0 Fiss_Frod Low
156Eu 59.98 ( 3¥7.7 14.1 8.2 0.0 Fiss_Frod Lo
59Fe 56.70 ( S4.6 o.0 2.1 0.0 c Low
89Rb 56.45 ( 43.06 3.1 4.8 5.0 Fiss_Frod Low
48V 50.36 o 40.1 0.7 4.6 5.0 nedical from_ Ti Low
scored nuclides details:
Juclide Score Ti-.2 T1l/2 unit #EmnissionlnRange #Hatched Correlation Comment
234Fa 159 .63 7.6500E-04 v 44 29 High T-238_Daughter
inizsion(KeV) FProb-DE Detectability 1.50% Energy Window Peaki{KeV) Horm*_cts
g0 2.9600E-02 2.6450E-01 { 364.25 to 375.35 )
372.40 1.3300E-02 2.6102E-01 { 366.81 to 377.99 )
458 .80 1.5300E-02 1.760%9E-01 { 451 .92 to 465.68 )
506.80 1.6300E-02 1.4364E-01 { 499 .20 to 514.40 )
513.70 1.3300E-02 1.4017E-01 { 505.99 to 521.41 )
+ 565.90 1.4300E-02 1.1634E-01 { 557.41 to 574.39 ) 561.22 1.5470
+ 5eB.70 3.0600E-02 1.1517E-01 { 560.17 to 577.23 ) E61.22 1.5470
+ 5e9.50 1.0900E-01 1.1484E-01 { 560.96 to 578.04 ) E61.22 1.5470
£74.00 2.0400E-02 1.1300E-01 { E65.39 to E82.61 )
664 .80 1.3300E-02 8.6177E-02 { 654 .83 to 674.77 )
666.70 1.6300E-02 8.5728E-02 { 656.70 to 676.70 )
669.90 1.4300E-02 8.4978E-02 { £59.85 to £79.95 )
+ 699.00 4. 6900E-02 7.8434E-02 { 688.52 to 709.49 ) 691 .66 3.9224
706.10 3.1600E-02 7.6912E-02 { £95 .51 to 716.69 )
+ 733.00 g.7700E-02 7.1395E-02 { 722.01 to 744.00 ) 741.17 4.5257
+ 738.00 1.0200E-02 7.0412E-02 { 726.93 to 749.07 ) 741 .17 4.5257
+ 742.81 2.4500E-02 6.9479E-02 { 731.67 to 753.95 ) 741.17 4.5257
755.60 1.4300E-02 6.7053E-02 { 744 .27 to 766.93 )
+ 780.70 1.1200E-02 6.2526E-02 { 768.99 to 792.41 ) 778.67 3.0712
+ 78827 1.4300E-02 £.1561E-02 { 774 .48 to 798.06 ) 778.87 3.0712
793.60 1.5300E-02 £.0314E-02 { 781.70 to g805.50 )
796.30 3.8800E-02 5 .9860E-02 { 784 .36 to g808.24 )
805 .60 3.3700E-02 £.8583E-02 { 793.52 to 817.68 )
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+ 819.&60 2.6500E-02 5.6959E-02 { 807 .31 to 831.89 ) 819.18 8.2070
+ 826.30 4. 0800E-02 5.6197E-02 { 813.91 to 838.69 ) 819.18 8.2070
+ 831.80 5. 6100E-02 5.5602E-02 { 819.13 to 844.07 ) 819.18 8.2070
+ 876.40 4. 0800E-02 5.0803E-02 { 863.25 to 889.55 ) 886 .69 2.4800
+ 880.51 1.3220E-01 5.0383E-02 { 867.30 to 893.72 ) 886 .69 2.4800
+ 883.24 1.2200E-01 5.0106E-02 { 869.99 to 896.49 ) 886 .69 2.4800
+ 899.00 4.1800E-02 4. 8535E-02 { 885.52 to 912.48 ) 886 .69 2.4800
+ 925.00 2.9600E-02 4. 6045E-02 { 911.13 to 938.87 ) 915.19 8.4563
+ 926.00 1.1200E-01 4. 5952E-02 { 912 .11 to 939.89 ) 915.19 8.4563
+ 926.72 9.1800E-02 4 . 5885E-02 { 912 .82 to 940.62 ) 915.19 8.4563
+ 945.00 1.2200E-01 4. 4124E-02 { 931.81 to 960.19 ) 951.20 2.4658
+ 949.00 8.1600E-02 4. 3856E-02 { 934.77 to 963.23 ) 951.20 2.4658
+ 955.E59 1.0100E-02 4. 3273E-02 { 941 .26 to 969.92 ) 951.20 24658
+ 978.80 1.4300E-02 4.1276E-02 { 964.12 to 993.48 ) 982.70 8.6883
+ 980.50 5.1000E-02 4.1134E-02 { 965.79 to 995.21 ) 982.70 8.6883
+ 984.00 1.9400E-02 4. 0841E-02 { 969.24 to 998.76 ) 982.70 8.6883
+ 1353.30 1.7300E-02 2.3728E-02 { 1333.00 to 1373.60 ) 1367 .40 1.6446
1394 .10 3.0600E-02 2.2604E-02 { 1373.19 to 1415.01
+ 1452 .70 1.0200E-02 2.1081E-02 { 1430.91 to 1474 .49 ) 1458 .40 1.8213
+ 1668 .50 1.2200E-02 1.7114E-02 { 1643.47 to 1693.53 ) 167680 3.3360
+ 1694 .60 1.2200E-02 1.6715E-02 { 1669.18 to 1720.02 ) 1676.80 3.3360
Huclide Score Ti-2 TlsZ2_unit #EmissionlnFange #Matched Correlation
1341 151.91 5. 2500E+01 m 5 14 High
Emi==ion(KeV) Prob DK Detectability 1.50% Energy Window Peal(KeV) Horm¥_ct=
+ 405.45 7.3500E-02 2.2119E-01 { 399.37 to 411 .53 ) 406.31 1.4581
433 .35 4.19300E-02 1.9645E-01 { 426 .85 to 439.85 )
458 .92 1.3000E-02 1.7599E-01 { 452 .04 to 465.80 )
488 .88 1.4100E-02 1.5449E-01 { 481 .55 to 496.21 )
514 .40 2.3400E-02 1.3982E-01 { 506 .68 to 522.12 )
540.83 7.8200E-02 1.2726E-01 { £32.72 to 548.94 )
595 .36 1.1400E-01 1.0462E-01 { 586.43 to 604.29 )
621.79 1.0600E-01 9.6945E-02 { 612 .46 to 631.12 )
627 .96 2.3700E-02 9.5326E-02 { 618 .54 to 637.38 )
677 .34 8.4900E-02 8.3257E-02 { 667 .18 to 687.50 )
+ 730.74 1.9100E-02 7.1844E-02 { 719.78 to 741.70 ) 741.17 4.5257
7hE .68 4.1000E-02 6.5018E-02 { 755.18 to 778.18 )
+ 847.02 9.5400E-01 5.3903E-02 { 834.31 to 859.73 ) 850.68 8.7431
+ 857.29 6. 9700E-02 5.2799E-02 { 844 .43 to 870.15 ) 850.68 8.7431
+ &884.09 6.5300E-01 5.0020E-02 { 870.83 to 897.35 ) 886 .69 2.4800
+ 947 .86 4. 0400E-02 4.3958E-02 { 933.64 to 962.08 ) 951.20 2.4658
+ 974 .67 4. 6800E-02 4.1625E-02 { 960.05 to 989.29 ) 982.70 8.6883
+ 1040.30 1.9100E-02 3.6833E-02 {( 1024.70 to 1055.90 ) 1036.70 6.4133
+ 1072 .60 1.5300E-01 3.5085E-02 { 1056.51 to 1088.69 ) 1065.20 1.3209
+ 1136.20 9.7300E-02 3.1873E-02 { 1119 .16 to 1153.24 ) 1141.70 1.6217
+ 1455.20 2.2900E-02 2.1018E-02 { 1433.37 to 1477.03 ) 1458 .40 1.8213
+ 1e13.80 4. 3600E-02 1.7981E-02 { 1589.59 to 1638.01 ) 1e10.00 4.8766
+ 1741 .50 2.6700E-02 1.6021E-02 { 1715.38 to 1787.62 ) 1717 .70 1.2668
+ 1787 .20 1.3400E-02 1.5372E-02 { 1760.39 to 1814.01 ) 1781 .40 0.6781
+ 1806 .80 5. 7300E-02 1.5101E-02 { 1779.70 to  1833.90 ) 1828 .40 1.3740
Huclide Score Ti-2 Tls2_unit #Emiss=ionInRange #Matched Correlation
1321 149.29 2.3000E+00 h 7 59 High
Enisz=ion{KeV) Prob-DK Detectability 1.50% Energy Windo Peal{KeV) Horm’_cts
30z .00 1.9700E-04 3.6957E-01 { 297 .47 to 306.53 )
306.70 1.9740E-03 3.6133E-01 { 302.10 to 311.30 )
310.10 g.8800E-04 3.5547E-01 { 305 .45 to 314.75 )
310.40 g.8800E-04 3.5495E-01 { 305.74 to 315.06 )
316.70 1.2800E-03 3.4430E-01 { 311.95 to 321.45 )
343.70 8.8800E-04 3.0158E-01 { 338.54 to 348 .86 )
351.80 7.9000E-04 2.8964E-01 { 346 .52 to 357.08 )
363.34 4.9400E-03 2.7331E-01 { 357.89 to 368.79 )
387.90 8.8800E-03 2.4105E-01 { 382.08 to 393.72 )
416 .80 4. 7400E-03 2.1080E-01 { 410.55 to 423.05 )
431 .80 4.7400E-03 1.9775E-01 { 425 .32 to 438.28 )
445.00 9.8700E-04 1.8688E-01 { 438 .33 to 451 .68
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1317 .93 1.1800E-03 2.4745E-02 ( 1298.16 to 1337.70 )
+ 1360.00 5.9200E-05 2.3540E-02 ( 1339.60 to 1380.40 ) 1367 .40 1.6446
+ 1372.07 2.4700E-02 2.3204E-02 ( 1351.49 to 1392 .65 ) 1367 .40 1.6446

1390.70 1.4800E-04 2.2696E-02 ( 1369.84 to 1411 .56 )

1398 .57 7.0100E-02 2.2484E-02 ( 1377.59 to 1419.55 )
+ 1410.60 4. 3400E-04 2.2165E-02 ( 1389.44 to 1431 .76 ) 1423 .50 3.4563
+ 1442 5§ 1.4000E-02 2.1337E-02 ( 1420.92 to 1464 .20 ) 1458 .40 1.8213
+ 1450.00 7.9000E-05 2.1149E-02 ( 1428.25 to 1471.75 ) 1458 .40 1.8213
+ 1456 .50 4. 9400E-04 2.0985E-02 ( 1434 .65 to 147835 ) 1458 .40 1.8213
+ 1476.70 1.3000E-03 2.0486E-02 ( 1454 55 to 1498 .85 ) 1458 .40 1.8213
+ 1519 .60 7.9000E-04 1.9575E-02 ( 1496.81 to 1542.39 ) 1516.00 4.9373
+ 1531.90 5.9200E-05 1.9359E-02 ( 1508.92 to 1554 .88 ) 1516.00 4.9373
+ 1542 .30 1.5800E-04 1.9179E-02 ( 1519.17 to 1565.43 ) 1560.00 2.4239
+ 1559 .00 8.8800E-05 1.8892E-02 ( 1535.62 to 1582.39 ) 1560.00 2.4239
+ 1592 .90 4. 7400E-04 1.8323E-02 ( 1569.01 to 1616.79 ) 1610.00 4. 8766
+ 1617 .90 9.8700E-05 1.7915E-02 ( 1593.63 to 1642.17 ) 1610.00 4. 8766
+ 1618.90 6.9100E-05 1.7898E-02 ( 1594 .62 to 1643.18 ) 1610.00 4 8766

1636 .50 2.3600E-04 1.7616E-02 ( 1p11.95 to 1661.05 )

1639 .10 7.9000E-05 1.7575E-02 ( 1h14.51 to 1663.69 )

144 .00 1.2800E-04 1.7497E-02 ( 1619.34 to 1668.66 )
+ 1e61.40 1.5800E-04 1.72258E-02 ( 1e36.48 to 1686.32 ) 1676.80 3.3360
+ 1671.30 2.1700E-04 1.7071E-02 ( 1ed6.23 to 1696.37 ) 1676.80 3.3360
+ 1679.30 5.9200E-0% 1.6948E-02 ( 1e54.11 to 1704.49 ) 1676.80 3.3360
+ 1715.40 5.5300E-04 1.6404E-02 ( 1e89.67 to 1741.13 ) 1717.70 1.2668
+ 1720.80 5.4300E-04 1.6327E-02 ( 1e94.79 to 1746.41 ) 1717.70 1.2668
+ 1727.20 6.7100E-04 1. 6230E-02 ( 1701.29 to 1783.11 ) 1717.70 1.2668

1782 .30 2.4700E-04 1. 5865E-02 ( 1726.02 to 1778.58 )
+ 1757 .40 2.9600E-03 1.5792E-02 ( 1731.04 to 1783.76 ) 1781 .40 0.6781
+ 1760.40 5.9200E-04 1. 5749E-02 ( 1733.99 to 1786.81 ) 1781 .40 0.6781
+ 1768 .50 2.4700E-04 1. 5634E-02 ( 1741.97 to 1795.03 ) 1781 .40 0.6781
+ 1778.50 7.9000E-04 1.5493E-02 ( 1751.82 to 1805.18 ) 1781 .40 0.6781
+ 1786 .50 2.1800E-04 1.5381E-02 ( 1759.70 to 1813.30 ) 1781 .40 0.6781
+ 1814 .00 1.5800E-04 1.5003E-02 ( 1786.79 to 1841.21 ) 1828 .40 1.3740
+ 1830.10 2.7600E-04 1.4786E-02 ( 1802.65 to 1857.55 ) 1828 .40 1.3740

1879 .20 1.3800E-04 1.4142E-02 ( 1851.01 to 1907.39 )

1913.70 2.9600E-04 1.3705E-02 ( 1884.99 to 1942 41 )

1921 .08 1.2300E-02 1.3614E-02 ( 1892.26 to 1949.90 )

1925 .70 1.9700E-05 1. 3557E-02 ( 1896.81 to 1954 .59 )

1939 .50 4.9400E-05 1.3388E-02 ( 1910.41 to 1968.59 )

1985 .64 1.1800E-04 1.2838E-02 ( 1955.86 to 2015.42 )

2002 .20 1.1400E-02 1.2650E-02 ( 1972.17 to 2032.23 )

2086 .82 2.5700E-03 1.1952E-02 ( 2055.52 to 2118.12 )

2172 68 2.0700E-03 1.1365E-02 ( 2140.09 to 2205.27 )

2187 .00 6.9100E-05 1.1270E-02 ( 2154.20 to 2219.80 )

2204 .20 2.9600E-05 1.1157E-02 ( 2171.14 to 2237.26 )

2223.17 1.1800E-03 1.1033E-02 ( 2189.82 to 2256.52 )

2249 .10 3.3600E-04 1.0867E-02 ( 2215.36 to 2282.84 )

2290 .60 3.5500E-05 1.0605E-02 ( 2256.24 to 2324 .96 )

2390 .48 1.8800E-03 1.0001E-02 ( 2354.62 to 2426.34 )

2408 .60 9.3800E-05 9.8947E-03 ([ 2372.47 to 2444 .73 )

2416 .90 1.3800E-05 9.8465E-03 ( 23B0.65 to 2453.15 )

2444 00 5.6300E-05 9.6909E-03 ( 2407.34 to 2480.66 )

2454 80 2.0700E-05 9.6296E-03 (2417 .98 to 2491 .62 )

2487 .80 7.9000E-06 9. 4445E-03 ( 2450.48 to 2525.12 )

2525.14 3.9500E-04 9.2394E-03 ( 2487.26 to 2563.02 )

2546 .50 1.5800E-05 9.1240E-03 ( 2508.30 to 2584.70 )

2569 .80 4.9400E-05% 8.9998E-03 ( 2531.25 to 2608.3% )

2593 .80 1.1800E-0% 8.8736E-03 ( 2554.89 to 2632.71 )

2603 .20 1.4800E-05 8.8247E-03 ( 2B64.15 to 264225 )

2607 .20 9.8700E-06 8.803%9E-03 ( 2568.09 to 2646.31 )

2614 .50 3.5500E-05 8. 7662E-03 ( 2875.28 to 2653.72 )

2653 .80 9.8700E-06& 8.5657E-03 ( 2613.99 to 2693 .81 )
+ 2690.80 9.8700E-06& 8.3811E-03 ( 2650.44 to 2731.18 ) 2708 .20 0.5083
+ 2717 .50 3.4500E-05 8.2504E-03 ( 2676.74 to 2758.26 ) 2708.20 0.5083
+ 2757 .80 1.2800E-05 8.0569E-03 ( 2716.43 to 2799.17 ) 2779.90 1.4944
Huclide Score T1-2 T1s2_unit #Emi=sionInRange #Hatched Correlation Comment

1351 148 .04 6. 5900E+00 h 79 31 High Fi=z= Fro
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Enission(K=V) Prob-DE Detectability 1.50% Energy Window Pealk(KeV) Horm’_cts
304 .91 309.48

. 3.1600E-04 3.6445E-01 [ 300.34 to . I
305.83 9.5000E-04 3.6285E-01 [ 301.24 to 310.42 )
326.00 2. 3000E-05 3.2906E-01 [ 321.11 to 330.89 )
333.60 3.7300E-04 3.1702E-01 [ 328,60 to 338.60 )
342 52 8. 6100E-06 3.0335E-01 [ 337.38 to 347 .66 )
361.85 1.8700E-03 2.7538E-01 [ 356.42 to 367.28 )
+ 403.03 2.3200E-03 2.2346E-01 [ 396.98 to 403.08 ) 406,31 1.4581
414 .83 3.0100E-03 2.1257E-01 [ 408 .61 to 421.05 )
417 63 3.5300E-02 2.100sE-01 [ 411.37 to 423.89 )
429.93 3.0400E-03 1.9934E-01 [ 423 .48 to 436.38 )
433.74 5. 5400E-03 1.9612E-01 [ 427 .23 to 440.25 )
451 .63 3.1600E-03 1.8162E-01 [ 444 86 to 458 .40 )
530.80 3.1600E-04 1.3190E-01 [ 522.84 to 538.76 )
546 .56 7.1500E-02 1.2469E-01 [ £38.36 to E54.76 )
575.97 1.2300E-03 1.1220E-01 [ B67.33 to 584.61 )
588.28 5.1700E-04 1.0733E-01 [ 579.46 to 597.10 )
616.90 3.7300E-04 9.8248E-02 [ 607 .65 to 626.15 )
649 85 4 S600E-03 8.9784E-02 [ 640.10 to 659.60 )
656.09 7. 4600E-04 8.8261E-02 [ 646 .25 to E65.93 )
679.22 5. 4500E-04 8.2827E-02 [ 669.03 to 689.41 )
+ 684.60 2.3000E-04 8.1610E-02 [ 674.33 to 694.87 ) 691 .66 3.9224
+ 690.13 1.2900E-03 8.0376E-02 [ E79.78 to 700.48 ) 691 .66 3.9224
707.92 6. 6O00E-03 7. 6E2eE-02 [ 697 .30 to 718.54 )
+ 785.48 1.5200E-03 6.1697E-02 [ 773.70 to 797 .26 ) 77867 3.0712
795.50 2.3000E-04 5.9994E-02 [ 783.57 to 807.43 )
797 .71 1.7200E-03 5.9625E-02 [ 785.74 to B09.68 )
+ 807.20 4 5900E-04 5. 8B395E-02 [ 795.09 to 819.31 ) 819.18 8.2070
836.80 6. 6I00E-02 5. B023E-02 [ 824 .25 to 849.35 )
+ 960.29 3.4400E-04 4.2861E-02 [ 945 .89 to 974,69 ) 951.20 2. 4658
+ 961.43 1. 4600E-03 4. 2762E-02 [ 947 .01 to 375.85 ) 351.20 2.4658
+ 971.96 8.9000E-03 4 1855E-02 [ 957 .38 to 986.54 ) 982.70 B.6883
+ 972.62 1.2100E-02 4 . 1799E-02 [ 958.03 to 987 .21 ) 982.70 B.6883
+ 995.09 1. 5500E-03 3.9928E-02 [ 980.16 to  1010.02 ) 982.70 8.6883
+ 1038.7¢ 7.9500E-02 3.6918E-02 ( 1023.18 to 1054.34 ) 103e.70 6.4133
+ 1096 .86 8.9000E-04 3.3825E-02 ( 1080.41 to 1113.31 ) 1104.20 5.1494
+ 1101.58 1.6100E-02 3.3585E-02 ( 1085.06 to 1118.10 ) 1104.20 5.1494
1124 .00 3.6200E-02 3.2466E-02 (1107 .14 to 1140.86 )
+ 1131.51 2. 2600E-01 3.2100E-02 (1114 54 to 1148.48 ) 1141.70 1.6217
+ 1151.51 2.8700E-05 3.1143E-02 ( 1134.24 to 1168.78 ) 1141.70 1.6217
1159.90 1.0300E-03 3.0750E-02 (1142 .50 to 1177.30 )
1169 .04 8.7500E-03 3.0327E-02 (1151 .50 to 1186.58 )
+ 118046 £.3100E-04 2.9807E-02 (1162 .75 to 1198.17 ) 11531 .50 2.2238
1225 .60 4. 3100E-04 2.7833E-02 (1207.22 to 1243.98 )
1240 .47 9.0400E-03 2.7210E-02 ( 1221.86 to 1259.08 )
1254 .80 1.1480E-04 2 . hBERE-0Z ( 1235.98 to 1273.62 )
126041 2. B700E-01 2. 6490E-02 (1241 50 to 1279.32 )
1277 83 5.7400E-04 2. 5949E-02 ( 1258.66 to 1297.00 )
1308.70 3.4400E-04 2.5017E-02 ( 1283.07 to 1328.33 )
1315.77 6. ROO0OE-04 2.4808E-02 ( 1296.03 to 1335.51 )
1334 .80 3.1600E-04 2. 4255E-02 [ 1314.78 to 1354.82 )
1343 66 7. 7500E-04 2. 4001E-02 ( 1323.51 to 1363.81 )
+ 1367 .89 £.0800E-03 2.3320E-02 (1247 .37 to 1388.41 ) 1367. 40 1.6446
+ 1416.30 3.1600E-04 2.2015E-02 ( 1395.06 to 1437.54 ) 1423.50 3.4563
+ 1441 .80 1.7200E-04 2.1356E-02 ( 1420.17 to 1463.43 ) 1458 .40 1.8213
+ 1448 35 3.1600E-03 2.1190E-02 [ 1426.62 to 1470.08 ) 1458 .40 1.8213
+ 1457 .56 8. 6700E-02 2 . 0359E-02 ( 1435.70 to 1479.42 ) 1458 .40 1.8213
+ 1502.79 1.0800E-02 1.9874E-02 ( 1480.25 to 1525.33 ) 151e.00 4.9373
+ 1521.99 3.7300E-04 1.9533E-02 ( 1499.16 to 1544.82 ) 1516.00 4.9373
+ 1543 .70 2. 5B00E-04 1.9155E-02 ( 1520.54 to 1566.86 ) 1560.00 2.4239
+ 156641 1.2900E-02 1.8766E-02 (1542 .91 to  1589.91 ) 1560.00 2.4239
+ 1613 .75 2 . LB00E-04 1.7982E-02 ( 1589.54 to 1637.96 ) 1610.00 4. 8766
+ 1678.03 9.5600E-02 1.6968E-02 ( 1652.86 to 1703.20 ) 1676.80 3.3360
+ 1706 .46 4. 1000E-02 1.6537E-02 ( 1680.86 to 1732.06 ) 1717.70 1.2668
+ 1742 .00 1.7200E-04 1. 6014E-02 ( 1715.87 to 1768.13 ) 1717 .70 1.2668
+ 179120 7. 7200E-02 1.5318E-02 (1764 .33 to 1818.07 ) 1781 .40 0.6781
+ 1830.69 5. 2000E-03 1.4778E-02 ( 1803.23 to 1858.15 ) 182840 1.3740
+ 1845.30 5.7400E-05 1.4583E-02 (1817 .62 to 1872.28 ) 182840 1.3740
1927 .30 2.9600E-03 1.3537E-02 ( 1898.39 to 1956.21 )
1948 . 49 £.3100E-04 1.3279E-02 (1919.26 to 1977.72 1)
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1944 .44 B.41UUE-U4 1. 4279E-U2 [ 1914 . dB to 1YYV LOVE )
2045 .88 g.7200E-03 1.2243E-02 ( 2015.19 to 2076.57 )
2112 .40 £.8900E-04 1.1774E-02 ( 2080.71 to 2144.09 )
2151 .50 2.2400E-04 1.1507E-02 ( 2119.23 to 2183.77 )
2179 .70 4 . 0200E-05 1.1318E-02 (2147 .00 to 2212.40 )
2189 .40 1.2900E-04 1.1254E-02 {( 2156.56 to 2222.24 )
2255 46 6.1400E-03 1.0826E-02 ( 2221.63 to 2289.29 )
2408 .65 9.5600E-03 9.8944E-03 ( 2372.52 to 2444.78 )
2452 .80 8. 6100E-05 9.6409E-03 ( 2416.01 to 2489.59 )
2466 .07 7.1800E-04 9.5660E-03 ( 2429.08 to 2503.06 )
2477 .10 1.4400E-05 9.5041E-03 ( 2439.94 to 2514.26 )
Huclide Score T1-2 Tl-2_unit #EmissionInREange #Matched Correlation
140La 136.98 4.0300E+01 g 11 High
Emis=ion{KeV) FProb-TK Detectability 1 .50% Energy Window Fealk(KeV) Horm¥_cts=
.90 2.4800E-04 3.6098E-01 { 302.30 to 311 .50
328 .76 2.0300E-01 3.2465E-01 { 323.83 to 333.69 )
397 .52 7. 3500E-04 2.2929E-01 { 391 .56 to 403 .48 )
432 .49 2.9000E-02 1.9717E-01 i 426.00 to 438.98
438 .50 3.9100E-04 1.9216E-01 i 431 .92 to 445.08
445 .50 2. 8600E-05 1.8648E-01 { 438 .82 to 452 .18
487 .02 4 GE00E-01 1 5575E-01 { 479.71 to 494 .33
618.12 3.7200E-04 9.7921E-02 { 608.85 to 627.39
+ 751 .64 4. 3300E-02 6.7795E-02 { 740 .37 to 762.91 741 .17 4 5257
+ 815.77 2. 3300E-01 5.7399E-02 [ 803.53 to g28.01 ) 819.18 8.2070
867 .85 5.5000E-02 5.1687E-02 i 854 .83 to g880.87 )
+ 919 .55 2. 6B00E-D2 4 A5E7E-02 { 905 .76 to 933.34 915.19 8. 4563
+ 925.19 6.9000E-02 4 6027E-02 { 911 .31 to 939.07 915.19 8. 4563
+ 950.99 5.1900E-03 4 3679E-02 { 936.73 to 965.25 951.20 2. 4658
+ 992.50 1.3400E-04 4. 0107E-02 { 978.01 to 1007.79 ) 982.70 8. 6883
+ 1045 .05 2. 4800E-04 3.6570E-02 ( 1029.37 to 1060.73 ) 1036.70 6.4133
+ 1097.20 2.2900E-04 3.3807E-02 ( 1080.74 to 1113.66 ) 1104 .20 5.1494
1303.50 4.2000E-04 2.5172E-02 ( 1283.95% to 1323.05 )
+ 1405.20 5.9100E-04 2.2308E-02 ( 1384.12 to 1426.28 ) 1423 .50 34563
+ 1596 .21 9.5400E-01 1.8269E-02 ( 1572.27 to 1620.15 ) 1610.00 4. 8766
1877 .29 4. 1000E-04 1. 4166E-02 ( 1849.13 to 1905.45 )
1924 62 1.3400E-04 1.3570E-02 ( 1895.75 to 1953.49 )
2083 .20 1.1500E-04 1.1978E-02 ( 2051.95 to 2114 .45 )
2347 .88 g.4900E-03 1.0254E-02 ( 2312.66 to 2383.10 )
2464 .10 1.1400E-04 9.5771E-03 ( 2427 .14 to 2501.06 )
2521 .40 3. 4600E-02 9.2597E-03 ( 24B83.58 to 25593.22 )
2547 34 1.0100E-03 9.1195E-03 ( 2509.13 to 2585.55 )
+ 2899 .61 6. 6800E-04 7.4109E-03 ( 2856.12 to 2943.10 ) 2901.00 1.8885
Huclide Score Ti-2 Tl 2_unit #EmnissionlnREange #Matched Correlation
151Fm 132 .47 2.8400E+01 h 142 31 High
Emis=ion{KeV) FProb-TK Detectability 1.50% Energy Window Peak(KeV) Horm*_cts
.80 1.3500E-04 3.6993E-01 { 297 .27 to 306.33 )
302.50 2. 7000E-04 3.6869E-01 [ 297 .96 to a07.04 )
302.80 2.4900E-04 3.6816E-01 i 298 .26 to 307.34
306.74 2.3900E-03 3.6126E-01 { 302.14 to 311.34
308.97 8.1000E-04 3.5741E-01 { 304 .34 to 313 .60
310.80 5.2900E-04 3.5427E-01 { 306.14 to 315 .46
314 .94 7.0880E-04 3.47258E-01 { 310.22 to 319 .66 )
321.87 9. 6800E-04 3.3576E-01 { 317 .04 to 326.70 )
323.94 1.2200E-02 3.3239E-01 i 319.08 to 32g.80
325.20 1.4600E-04 3.3035E-01 i 320.32 to 330.08
325 .80 1.0600E-03 3.2938E-01 { 320.91 to 330.69
329.00 1.3500E-04 3.2426E-01 { 324 .07 to 333.94
329 .75 2.2100E-03 3.2307E-01 { 324 .80 to 334.70
340.08 2. 2500E-01 3.0704E-01 { 334 .98 to 345.18
341.00 7.4300E-04 3.0564E-01 [ 335.89 to 346.12 )
344 .90 2.1200E-02 2.9979E-01 i 339.73 to 350.07
346 .10 3.8300E-04 2.9800E-01 { 340.91 to 351.29
348 .80 9.2300E-05 2.9402E-01 { 343 .57 to 354.03
349 .81 1.4200E-03 2.9254E-01 { 344 .56 to 355.06
352.30 1.5800E-04 2.8892E-01 { 347 .02 to 357 .58 )
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353.
356.
358.
360.
369.
374,
376.
378.
379.
381.
390.
395.
398.
400.
404 .
407 .
410.
415.
416.
420.
424 .
425
427.
429
440.
443 .
445
448
451.
452,
454 .
456 .
457 .
462 .
463.
467 .
470.
471.
473.
477 .
487 .
430.
494 .
495 .
503.
507.
510.
516.
521.
£3z2.
537.
550.
554.
6.
565.
572.
573.
574.
5a1.
583.
584,
593.
597.
£399.
603.
604.
605.
609.
620.
636

[ I N e e S e e AR S e b R ol A TR TR e n B S el el el Y e R R ER Sl Y PR S TR el e N T N et~ I S o p e e e AR TE R B RN w l l D l l tt

.0600E-D3
.8800E-05
.5300E-D4
.0e00E-04
.6400E-D4
.2100E-04
.GB00E-04
.0100E-D4
.4500E-02
.0300E-D4
.4000E-04
.2800E-D4
.1500E-04
.9800E-05
.5300E-D4
.8700E-02
.3000E-D4
.2300E-04
.5500E-04
.6300E-04
.9500E-04
.9000E-05
L3000E-04
.5800E-D4
.5100E-02
.2500E-04
.0100E-D2
.0300E-04
.BEO00E-D3
.3500E-04
.3500E-04
.B300E-D4
.5000E-05
.6000E-04
.0000E-0%
.1300E-04
.2000E-04
.1500E-04
.7500E-05
.4500E-04
.6300E-04
.2600E-02
.1300E-04
.3500E-04
.5000E-05
.7300E-04
.5E00E-05
.9400E-03
.1500E-04
.3800E-D4
.5000E-04
.5E00E-04
.B200E-D4
.9100E-04
.5300E-03
.1800E-04
.9300E-04
.1993E-03
.5000E-05
.5700E-D4
.5E00E-05
.0100E-D4
.7800E-04
.6500E-05
.1300E-04
.1000E-05
.6E00E-D5S
.7300E-04
.2000E-04
L4200E-D2

e N ] e el el el e e = e e S e e e e el el e e e e el e el el e S S Y Y XYY A AR NN AR S Y XYYy Y Y XY X

.B745E-01
.B233E-01
.B021E-0D1
.7e70E-01
.B558E-01
.58E3E-01
.5E09E-01
.5300E-D1
.5124E-01
.4352E-01
.37681E-01
.3156E-01
.2764E-01
.25BEE-01
.2185E-01
J1972E-01
.1628E-01
J1179E-01
.1080E-01
.0738E-D1
.03587E-01
.0306E-D1
.0183E-01
.0005E-D1
.9024E-01
.B7B4E-01
.B633E-D1
.B393E-01
.8180E-D1
.B117E-01
.7948E-01
.7819E-01
.7708E-01
.7348E-01
L7232E-01
.6980E-D1
.B738E-01
.BE7TE-01
.6500E-01
.6218E-01
.5570E-D1
.5356E-01
.5047E-01
.5007E-01
.4522E-01
.4340E-01
.4187E-01
.3890E-01
.3653E-01
.3110E-01
.2872E-01
.22B5E-01
L2132E-01
.1793E-01
.1671E-01
.1361E-01
.1332E-01
.1260E-01
.1015E-01
.0935E-01
.086E5E-01
.0523%E-01
L0372E-01
L0321E-01
.0204E-01
.0176E-01
.0124E-01
.0032E-01
.7261E-02
.3203E-02

e e e e e e e e e M L L M L e e e e e e e, e e e, e e, e e e e, e e L e e M e S e, e e e e, e e, e, e e, e e, e e e, e

348
351.
353
355,
363 .
368
I71.
7z,
374
3I75.
384,
389
392,
394.
398
400.
404 .
409.
410.
414.
41%.
419,
420.
422,
434
437.
438,
441.
444 .
445,
447 .
449,
450.
455,
456 .
460.
463 .
464
466 .
470.
479
482,
487 .
488,
496 .
499 .
502.
508.
513
524.
529.
42,
545
553
556.
563,
564
566 .
572.
574.
576.
584.
5ag.
590.
593.
594.
596,
600 .
611.
626 .

217

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

to
to
to
to
to
to

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

358.
362
363.
366.
374
379.
382.
384.
385.
386.
396.
401.
404 .
406.
410.
413.
416 .
421.
423.
426
430.
431.
433.
435.
447 .
450.
452 .
455,
458 .
453 .
461 .
462 .
464 .
469 .
470.
474 .
477 .
478.
480.
434 .
494 .
497 .
502.
502.
E11.
514.
517.
523.
528.
540.
545
558.
562
570.
573.
5a1.
5a1.
583.
589.
591.
593
602.
606
608.
612.
613.
614.
£18.
629.
645

B L N e

406,31
406 .31
406,31
406 .31

561.22
56l.22
561.22

L4581
.4581
L4581
4581

=

1.5470
1.5470
1.5470



654 .25 2. 4100E-03 g.8708E-02 { 644 44 to 664 .06 3
655 .60 1.1300E-04 8.8380E-02 { 645 .77 to ERE .43 3
661 .55 2. 2000E-04 8. 6949E-02 { 651 .63 to 671 .47 3
663 .50 9. 4500E-04 8. 6485E-02 { 653,55 to 673.45 3
668 .70 3.B6338E-03 8. G2E9E-02 { BEE AT to 678.73 3
669 .20 Z2.9300E-03 8.5141E-02 { 659 .16 to 679,24 3
671 .28 9. 0000E-03 8. 4656E-02 { 661 .21 to 681 .35 3
£78.30 4 GO00E-04 8.3037E-02 { BBE .13 to 688 .47 3
+ 699,00 1.9100E-04 7. 8434E-02 { 688 .52 to 709,49 3 691 .66 3.9224
70424 3.3800E-03 7. 7308E-02 { 693 A8 to 714 .80 3
709 25 1. 3700E-03 7. 6245E-02 { 698 .61 to 719.89 3
71200 9. 4500E-04 7 LERBE-02 { 701.32 to 72268 3
713 .40 9. 0000E-05 7. G37RE-02 { 702.70 to 724 .10 3
717 .72 4. 0500E-02 7. 4481E-02 { 706.95 to 728,49 3
719 .00 1.1300E-04 7. 4218E-02 { 708.21 to 72978 3
727 .00 £ .7500E-05 7. 2892E-02 { 716.09 to 737,91 3
+ 736.12 4. 7300E-03 7.0780E-02 { 725.08 to 747 .16 3 741.17 4.5257
+ 740 .80 2. 2500E-04 6. 9867E-02 { 729 69 to 761 .91 3 741 .17 4 5257
762 B2 1. 2800E-02 6. 7573E-02 { 741 .53 to 764 .11 3
755 00 £ .7500E-05 £.7165E-02 { 743 68 to 7B .32
758 .50 9. 0000E-05 6. 6515E-02 { 747 .12 to 769 .88 3
+ 769.10 1.0600E-03 6. 4581E-02 { 757 .56 to 780.64 3 778 .67 3.0712
+ 77278 9. 0000E-03 6. 3926E-02 { 761.17 to 784 35 3 778 A7 3.0712
+ 785.10 2.2100E-03 6.1763E-02 { 773.32 to 796 .88 3 77E AT 3.0712
792 .80 2. 2500E-05 6. 0449E-02 { 780.91 to 804 .69 3
795 74 5. 8L500E-04 5. 9954E-02 { 783.80 to 807 .68 3
+ BO7.90 5. B300E-03 5. 8313E-02 { 795.78 to g20.02 3 819118 g.z2070
+ 811 .80 6. 7500E-04 5. 7858E-02 { 799 A2 to 823.98 3 819118 g.2070
+ B17.70 2. G900E-03 5. 7177E-02 { 805 .43 to 829.97 3 819118 g.z2070
+ B22. 4% 3.3800E-04 5.6634E-02 { 810.11 to 834 .79 3 g819.1% g.2070
+ 848 85 2. 8100E-03 5. 37Z6E-02 { 835.92 to 861 .38 3 850 . A8 g.7431
+ B56.20 £ .G5300E-05 5. 2915E-02 { 843 .36 to 869 .04 3 850 .48 g.7431
+ B59.80 8. 3300E-05 5.2533E-02 { 846.90 to g72.70 3 850.68 g.7431
867 .10 2. 9300E-05 5. 1765E-02 { 854 .09 to g80.11 3
+ BF7.70 1.0100E-03 5. 0669E-02 { 864 .53 to 890.87 3 886 .49 2.4800
+ 883 .68 4 LBO00E-04 5. 0061E-02Z { 870.42 to 896 .94 3 8286 A9 24800
+ BB7.60 2. 7000E-05 4 966RE-02 { 874 .29 to 900,91 3 886 .49 2.4800
+ 894.10 2. 7000E-05 4.9018E-02 { 880.69 to 907 .51 3 8986 .69 2.4800
+ 898 .58 2. 4800E-04 4 BLEYRE-02 { 8285.10 to 912 06 3 8286 A9 24800
+ 903.50 3.1500E-05 4 8095E-02 { 889 .95 to 917 .05 3 915 .19 8.4543
+ 911.2% 2.5700E-04 4. 7346E-02 { 897 .58 to 924 .92 3 915,149 g.4563
+ 919 .30 1. 8000E-05 4 B65E0E-02 { 905 .51 to 933.09 3 915 .19 a.4563
+ 9z22.10 1. 3500E-05 4. 6317E-02 [ 908 .27 to 935.93 3 915,149 8.4563
+ 9Z6.10 4 0500E-05 4 B943E-02 { 912 .21 to 939.99 3 915 .19 a.4563
933 .90 3.8300E-05 4 G2Z21E-02 { 919 .89 to 947 .91 3
+ 939,80 3.8300E-05 4. 4683E-02 { 925.70 to 953.90 3 951,20 2.4658
+ 948 72 3.5100E-03 4 3881E-02 { 934 .49 to 962 .95 3 951 .20 2. 4858
+ 953 .41 9. 6B00E-04 4 3465E-02 { 93911 to 967 .71 3 951 .20 24658
+ 959.70 £.3000E-04 4. 2913E-02 { 94530 to 974.10 3 951,20 2.4658
+ 964 .40 4 7300E-05 4 2504E-02 { 949 .93 to 978 .87 3 951 .20 2. 4658
+ 968.90 1. 4600E-04 4. 2117E-02 { 954 37 to 983.43 3 982,70 8.6883
1012 .20 3. 6000E-0O5 3.8595E-02 { 997 02 to 1027 .38 3
Huclide Score T1-2 Tl Z2_unit #Emi=sionlInRange #Hatched Correlation Comment
165 131 .35 2.2900E-01 W 2 2 High [t
Eni=sion{Ke¥) FProb-DE Detectability 1.50% Energy Window Pealk(KeV) Horm?_cts
+ 889 25 1.0000E+00 4 9501E-02 { 875.91 to 902 .59 3 886 .69 2.4800
+ 112050 1.0000E+00 3.2639E-02 {1103 .69 to 1137.31 3 1104 20 5.1494
Huclide Score T1-2 Tl Z2_unit #Emi=sionlInRange #Hatched Correlation Comment
24Ha 130.78 1.5000E+01 h 2 2 High n_activ_prod
Eni=sion{Ke¥) FProb~-DE Detectability 1.50% Energy Window Pealk(KeV) Horm?_cts
+ 1368 .50 1.0000E+00 2. 3303E-02 {0 1347.97 to 1389.03 3 1367 .40 1.6446
+ 2754 .10 9.9900E-01 8.0745E-03 { 2712.79 to 2795 .41 3 2779.90 1.4944
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Huclide Score Tl-2 Tl 2 _unit #EmiszionInRange #Hatched Correlation Comment
39Ho 126.22 6. 6000E+01 h 27 g High medical FF
Emizsion{KeV) FProb-DK Detectability 1. 50% Energy Window Pealk{KeV) Horm;_cts
42 1.1900E-02 2. 6908E-01 i 360.92 to 371.92 )
380.13 1.0400E-04 2 5090E-01 i 374.43 to 385.83 )
391.70 3.1500E-05 2. 3634E-01 i 385.82 to 397 .68 )
+ 410.27 1.9400E-05 2.1672E-01 i 404.12 to 416.42 ) 406 .31 1.4581
+ 411 .49 1. 4600E-04 2.1561E-01 [ 405.32 to 417 66 ) 406 .31 1.4581
455 84 1.3300E-05 1.7835E-01 i 449.00 to 462 .68 )
457 60 8.1300E-05 1.7700E-01 i 450.74 to 464 46 )
469 .63 2. 6700E-05 1. 6801E-01 i 162 .59 to 476 .67 )
490.53 1.0900E-05 1 .5338E-01 i 1483.17 to 497 .89 )
528.79 5.7000E-04 1.328%E-01 i 520.86 to 536.72 )
537.79 3.2800E-05 1.2865E-01 i 529.72 to 545,88 )
580.51 3.1500E-05 1.1038E-01 i 571.80 to 589.22 )
581.30 9. 7000E-06 1.1007E-01 i 572.58 to 590.02 )
599 .60 2. 0600E-05 1.0303E-01 i 590.61 to 608.59 )
620.03 2.3000E-05 9. 7412E-02 i 610.73 to 629.33 )
621.77 2. 5800E-04 9. 6951E-02 i 612.44 to £31.10 )
+ £89.60 4 2500E-06 8. 0494E-02 i 679.26 to 699 .94 ) 691 .66 3.9224
+ 739.50 1.2100E-01 7.0120E-02 [ 728.41 to 750.59 ) 741 .17 4 5257
761.77 4 0000E-06 6. 5912E-02 i 750.34 to 773.20 )
+ 777.92 4. 2600E-D2 6.3013E-02 i THE.25 to 789.59 778 .67 3.0712
+ B822.97 1.3300E-03 5 B575E-02 i 810.63 to 835.31 ) 819.18 g.2070
+ 861.20 7. 2800E-05 5 .238%5E-02 i 848.28 to 874.12 ) 850 .68 g.7431
+ 960.7% 9. 4600E-04 4.2821E-02 i 946.34 to 975,18 ) 951.20 2. 4658
+ 986.44 1. 4600E-05 4. 0639E-02 i 971.64 to 1001.24 ) 982.70 8.6883
1001.34 5. 4600E-05 3.9427E-02 i 986.32 to 1016.38 )
1017 .00 6.0700E-06 3.8233E-02 { 1001.75 to 1032.26 )
+ 1056.20 1.0800E-05 3.5962E-02 { 1040.36 to 1072.04 ) 1065 .20 1.3209
Huclide Score T1-2 Tlrs2_unit #FEmissionInRangse #Hatched Correlation Comment
133nTe 123.77 5.5400E+01 m 39 13 High Fis=s_Prod
Emizsion(KeV) Prob~DK Detectability 1.50% Energy Window Peaki{KeV) Horm¥_cts
.14 5.4300E-D2 3.1618E-01 i 329.13 to 339.15
344 .50 2.2600E-02 3.0038E-01 i 339.33 to 349 .67 )
347 .20 1.1300E-02 2.9637E-01 i 341.99 to 352.41 )
355.57 1.4800E-02 2.8422E-01 i 350.24 to 360.90 )
396.96 1. 4800E-02 2.2998E-01 i 391.01 to 402 .91 )
429 .02 1.2200E-02 2. 0012E-01 i 422 .58 to 435 46 )
435 .40 1.0400E-02 1.9473E-01 i 428.87 to 441 .93 )
444 .90 2. 2600E-D2 1.8696E-01 i 438.23 to 451 .57 )
462 .11 2.0000E-D2 1. 73G8BE-01 i 455 .18 to 469 .04 )
471 .85 2.0000E-02 1. 6640E-01 i 164 .77 to 478.93 )
478 .59 1. 5700E-02 1.6159E-01 [ 471.41 to 485 .77 )
534 .85 1.7400E-02 1.3001E-01 i 526.83 to 542 .87 )
574 .04 2. 3500E-D2 1.1298E-01 i 565.43 to 582 .65 )
622.03 1.3900E-02 9. 6B8B2E-02 i 612.70 to 631.36 )
647 .40 2.9300E-01 9.0389E-02 i 637.69 to 657.11 )
702.75 3.7400E-02 7.7627E-02 i 692.21 to 713.29 )
+ 731.89 1.4800E-02 7.1655E-02 i 720.71 to 742 867 ) 741 .17 4.52587
+ 733.89 4 A300E-02 7.1219E-02 i 722.88 to 744 .90 ) 741 .17 4 5257
+ 779.75 5.1500E-02 6. 2692E-02 i 768.05 to 791 .45 ) 778 .67 3.0712
795.70 1.3100E-02 5. 9961E-02 i 78376 to 807 .64 )
800.51 1.9100E-02 5.9184E-02 i 788.50 to 812 .52 )
863 .91 1.9500E-01 5. 2099E-02 i 850.95 to 876.87 )
+ B882.83 5. 6600E-02 5. 0147E-02 i 869.59 to 896.07 ) 886.69 2.4800
+ 912 .58 8.7000E-01 4. 7219E-02 [ 898.89 to 926.27 ) 915 .19 8.4563
+ 914 .72 1. 6500E-01 4 7014E-02 i 901.00 to 928 .44 ) 915 .19 8.4563
934 .40 1.3100E-02 4 5176E-02 i 920.38 to 948 .42 )
+ 978.19 9.4800E-02 4. 1328E-02 i 963.52 to 992 .86 ) 982.70 8.6883
+ 980.40 2.3500E-02 4.1142E-02 i 965.69 to 995.11 ) 982.70 8.6883
+ 982.90 1.1300E-02 4. 0933E-02 i 968.16 to 997 .64 ) 982.70 8.6883
1007 .50 1.0400E-02 3.8953E-02 i 992.39 to 1022.61 )
+ 1029.80 1.3100E-02 3.7419E-02 { 1014.35 to 1045.25 ) 1036 .70 6.4133
+ 1348.90 2. 5200E-02 2. 38G2E-02 { 1328.67 to 1369.13 ) 1367 .40 1.6446
+ 1459.10 2.1800E-02 2. 0920E-02 { 1437 .21 to 1480.99 73 1458 .40 1.8213
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Comment
Fi=z=z Prod

Comment
Fi=z=z Prod

+ legd . 3U LLodAlUE-1DY 1. bEEYE-UZ [ lebg. UL to 1/U8. L% ) lb7Ye . HU 4,338l
1585.70 1.1300E-02 1.4058E-02 { 1857 .41 to 1913.39 )
1887.70 1.3600E-02 1.4033E-02 { 1859.38 to 191e6.02 )
2004 .90 3.3100E-02 1.2625E-02 { 1974.83 to 2034.97 )
2027.70 2.0900E-02 1.2409E-02 {1997 .28 to 2058.12 )
2049 .20 1.0400E-02 1.2219E-02 { 2018 .48 to 2079.94 )
Huclide Score Ti-2 Ti-2_unit #Emi=sionInFange #Matched Correlation
131nTe 123.57 3.2400E401 h 2 11 High
Enission({KeV) Prob-DE Detectability 1.50% Energy Window Pealk(KeV) Horm?_cts
.27 9.5700E-02 3.1598E-01 [ 329.26 to 339.28 )
364 .98 1.2000E-02 2.7105E-01 { 359.51 to 370.45 )
452 .32 1.5500E-02 1.8108E-01 i 445 .54 to 459.10 )
462 .92 1.8200E-02 1.7297E-01 { 455 .98 to 469.86 )
586,30 1.9800E-02 1.0810E-01 [ 577.51 to 595.09 )
631 .94 3.5500E-02 9.4295E-02 { 622 .46 to 641.42 )
665 .05 4. 3400E-02 8.6117E-02 { 655.07 to 675.03 )
713.10 1.4300E-02 7.5438E-02 i 702.40 to 723.80 )
+ 74420 1.5900E-02 6.9211E-02 { 733.04 to 755.36 ) 741.17 4 5257
+ 773.87 3.8200E-01 6. 3764E-02 i 762 .06 to 785.28 ) 778.67 3.0712
+ 782.49 7. 7900E-02 6. 2214E-02 { 770.75 to 794.23 ) 778.67 3.0712
793,75 1.3900E-01 6. 0289E-02 [ 781.84 to g805.66 )
+ BH22.78 6.1200E-02 5.6596E-02 { 810.44 to 835.12 ) g19.18 a.2070
+ B52.21 2.0700E-01 5.3342E-02 { 839.43 to 864.99 ) 850.68 8.7431
+ 910.00 3.2900E-02 4. 7466E-02Z i 896.35 to 923.65 ) 915.19 8.4563
+ 920.62 1.2000E-02 4 K45EE-02 { 906.81 to 934.43 ) 915.19 8.4563
+ 1059.70 1.5500E-02 3.5773E-02 { 1043.80 to 1075.60 ) 1065.20 1.3209
+ 1125 .50 1.1400E-01 3.2393E-02 { 1108.62 to 1142.38 ) 1141.70 1.6217
+ 114%8.90 1.5100E-02 3.1267E-02 { 1131.87 to 1166.13 ) 1141.70 1.6217
+ 1206.60 9.7600E-02 2. BE48E-02 { 1188.50 to 1224.70 ) 11391 .90 2.2238
1646 .00 1.2400E-02 1.7466E-02 { 1621.31 to 1670.69 )
2000.90 2.0200E-02 1.2663E-02 { 1970.89 to 2030.91 )
Huclide Score Ti-2 Tl-2_unit #Emis=sionInFange #Hatched Correlation
110mbg 121.82 6.8400E-01 v 9 High
Enizzion(keV) Prob-DE Detectability 1.50% Energy Window Peal(KeV) Horm_ct=
.80 3.6400E-02 1.8544E-01 [ 440.10 to 453 .50 )
62035 2. 7700E-02 9.7327E-02 { 611.04 to 629.66 )
E57 .75 9.4400E-01 8.7860E-02 i 647 .88 to BB7 .62 )
677 .61 1.0700E-01 8.3195E-02 { 667 .45 to 687.77 )
+ FE86.99 £.4700E-02 8.1074E-02 i 676.69 to £97.29 ) £91.66 3.9224
706 .67 1.6700E-01 7.6791E-02 { 696.07 to 717.27 )
+ 74426 4.6400E-02 6. 9199E-02 [ 733.10 to 755.42 ) 741.17 4.5257
763.93 2. 2300E-01 6.5517E-02 { 752.47 to 775.39 )
+ §18.02 7. 2800E-02 5.7140E-02 { 805.75 to 830.29 ) ga19.18 8.2070
+ B884.87 7. 2600E-01 4.9961E-02 i 871.40 to 897.94 ) 886.69 2.4800
+ 937.4%8 3.4200E-01 4 4B594E-02 { 923.42 to 951 .54 ) 951.20 2. 4658
+ 1384.30 2.4300E-01 2.2869E-02 { 1383.54 to 1405.06 ) 1367 .40 1.64486
+ 1475 .80 4 0000E-02 2. 0508E-02 { 1453 .66 to 1497.94 ) 1458 .40 1.8213
+ 1505.00 1.3100E-01 1.9834E-02 [ 1482.43 to 1527.5%8 ) 1516.00 4.9373
+ 1562.30 1.1800E-02 1.8B836E-02 { 1538.87 to 1585.73 ) 1560.00 2.4239
Huclide Score T1-2 Tl-2_unit #EmissionInRange #Matched Correlation
228Ac 120.30 7.0000E-04 v 7 High
Enizzion(keV) Prob-DE Detectability 1.50% Energy Window Peal(KeV) Horm_ct=
.64 3.2100E-02 3.2643E-01 { 322.73 to 332.55 )
338,32 1.1400E-01 3.0973E-01 [ 333.25 to 343.39 )
+ 409.51 2.1300E-02 2.1742E-01 { 403.37 to 415 .65 ) 406 .31 1.4581
463 .00 4 4300E-02 1.7291E-01 { 456 .06 to 469.95 )
755.18 1.0500E-02 £.7132E-02 i 743 .85 to 766.51 )
+ 77217 1.5500E-02 6.4031E-02 { 760.59 to 783.75 ) 778.67 3.0712
794.70 4.6300E-02 £.0129E-02 i 782.78 to 806.62 )
835 .50 1.7500E-02 5.5167E-02 { 822.97 to 848.03 )
+ 911.07 2.7700E-01 4. 7363E-02 [ 897.40 to 924.74 ) 915.19 8.4563
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+ 947 .77 4. 1200E-02 4. 3966E-02 { 933 .55 to 961.99 3 951.20 2. 4658
+ 964 .60 5. Z2100E-02 4 2487E-02 [ 950.13 to 979.07 3 951 .20 2. 4658
+ 969.11 1.6600E-01 4. 2099E-02 { 954 57 to 983.65 ) 982.70 8.6883
+ 1588 .00 3.5L500E-02 1. 8405E-02 { 1564.1% to 1611.82 ) 1610.00 4.8766
+ 1630.40 1.8600E-02 1.7714E-02 { 1605.94 to 1654.86 ) 1610.00 4 8766
Huclide Score T1-2 Tl 2_unit #FEmissionInRange #Hatched Correlation Comment
142Ba 117 .57 1. 0&800E+01 m 15 9 High Fizs Prod
Emiz=zion{KeV) Prob-TK Detectability 1.50% Energy Window FPeal (KeV) Horm¥_cts
an9.nz 2. 2600E-02 3.5732E-01 [ 304 .38 to 313.66 )
334 .80 1.2500E-02 3.1515E-01 { 329.78 to 339.82 3
363,80 3.9200E-02 2.7268E-01 [ 358.34 to 369,26 )
425 .03 4 9800E-02 2. 0355E-01 { 418 .65 to 431.41
599 .84 1. 6000E-02 1.0294E-01 { 590.84 to 608.84 3
+ B840.23 3.0300E-02 5 4(45E-02 [ 827 .63 to 852.83 ) 850 .68 g.7431
+ 894.90 1.1000E-01 4. 8939E-02 { 881.48 to 908.32 ) 886 .69 2.4800
+ 948.7% 8. 9000E-02 4. 3878E-02 [ 934 .52 to 962.98 ) 9g51.20 2.4658
1000.90 7 .8300E-02 3.9461E-02 { 985.89 to 1015.91 )
+ 1078.50 9. 2600E-02 3. 4774E-02 { 1062.32 to 1094.68 ) 1065.20 1.3209
+ 1093 .60 2. 2100E-02 3.3991E-02 { 1077.20 to 1110.00 ) 1104 .20 5.1494
+ 1126 .50 1. G5300E-02 3. 2344E-02 { 1109.60 to 1143.40 ) 1141.70 1.6217
+ 1202 .20 5. 3400E-02 2. B8B40E-02 {1184 .17 to 1220.23 ) 1191 .50 2.2238
+ 1204 .10 1.3700E-01 2. B757E-02 { 1186.04 to 1222.16 ) 1191 .90 2.2238
+ 1379.90 3. 4000E-02 2.2989E-02 { 1359.20 to 1400.60 ) 1367 .40 1. 6446
Huclide Score Ti-2 Tl-2_unit #FEmissionInRangse #Hatched Correlation Comnent
1870 116 .52 2.3900E+01 h 3 2 High c
Emizsion{KeV) Prob DK Detectability 1.50% Energy Window FPealk(KeV) Hormi_cts
479 .53 2. 3400E-01 1.6093E-01 { 472 .34 to 486.72 3
551 .55 5. 4400E-02 1.2248E-01 [ 543.28 to 559.82 )
618 .37 6.7100E-02 9. 7B54E-02 { 609.09 to 627 .65 )
625 .52 1.1e00E-02 9. 5963E-02 [ 6le.14 to 634.90 )
+ 685.81 2.9200E-01 8.1338E-02 { 675.52 to 696.10 3 691 .66 3.9224
+ 772.87 4 . 4000E-02 6. 3906E-02 { 761.28 to 784 .46 778 .67 3.0712
Huclide Score Ti-2 Ti-2_unit #FEnissionInRange #Hatched Correlation Comment
238Np 114 .33 2.1200E+00 d 4 4 High SHH
Emizsion(KeV) Prob-DK Detectability 1.50% Energy Window Peak(Ke=V) Horm:_cts
+ 923.98 2. 4800E-02 4. 6140E-02 { 910.12 to 937.84 3 915 .19 g.45613
+ 984 .45 2. 3800E-01 4 0B04E-02 [ 969 .68 to 999,22 ) 982.70 8.6883
+ 1025.90 8.2100E-02 3.7638E-02 { 1010.51 to 1041.29 ) 1036.70 6.4133
+ 1028 .50 1.7400E-01 3. 7492E-02 { 1013.07 to 1043.93 ) 1036.70 6.4133
Huclide Score Ti-2 Tl-2_unit #FEmissionInRangse #Hatched Correlation Comnent
97Zr 112 .14 1. 6900E+01 h 11 4 High Fizs Prod
Emizsion{KeV) Prob DK Detectability 1.50% Energy Window FPealk(KeV) Hormi_cts
355.39 2.2800E-02 2. 8448E-01 { 350.06 to 360.72 3
507 .64 5. 0300E-02 1.4321E-01 [ 500.03 to 515.25 )
602 .37 1.3800E-02 1.0222E-01 { 593.33 to 611.41
703.76 1.0100E-02 7.7410E-02 [ 693.20 to 714.32 )
+ 743 .36 9.3100E-01 6.9373E-02 { 732.21 to 754 .51 3 741 .17 4 G257
1021 .20 1.0100E-02 3. 7919E-02 { 1005.88 to 1036.52 )
+ 1147 .97 2. 6200E-02 3.1311E-02 { 1130.75 to 1165.19 ) 1141 .70 1.6217
1276 .07 9. 4000E-03 2. 6003E-D2 { 1256.93 to 1295.21 )
+ 13el.00 6.5100E-03 2.3512E-02 { 1340.59 to 1381.42 ) 1367 .40 1. 6446
+ 1362 .68 1.0200E-02 2. 3465E-02 { 1342 .24 to 1383.12 ) 1367 .40 1. 6446
1750.24 1.0900E-02 1.5895E-02 { 1723.99 to 1776.49 )
Huclide Score Ti-2 Tl-2_unit #FEmissionInRange #Hatched Correlation Comment
214Bi 110.61 3.7900E-05 v 21 11 High U-238_Daughter
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Emis=zionikev) FrobsUK letectability 1.5U0% Energy Window FeakikKeV) Horm_ct=s
.31 4 . 6300E-01 1.0030E-01 { 600.17 to 618.45 )
665 .45 1.5700E-02 8.6023E-02 { 655.47 to 675.43 )
+ 7E8.36 5 .0400E-02 6. 4714E-02 { 756.83 to 779.89 ) 778.67 3.0712
a06.17 1.2300E-02 E.B516E-02 { 794 .08 to a18.26 )
934 .06 3.2100E-02 4. 5207E-02 { 920.05 to 948.07 )
+ 1120.30 1.5200E-01 3.2649E-02 { 1103.50 to 1137.10 ) 1104 .20 E.1494
+ 1155.20 1.7000E-02 3.0970E-02 { 1137.87 to 1172.53 ) 1141.70 1.6217
+ 1158 .00 3.5100E-02 3.0839E-02 { 1140.63 to 1175.37 ) 1141.70 1.6217
1238.10 5 .9400E-02 2.7308E-02 { 1219.53 to 1256.87 )
1281.00 1.4800E-02 2.5852E-02 { 1261.79 to 1300.22 )
+ 1377.70 4.1100E-02 2.3050E-02 { 1357.03 to 1398.37 ) 1367 .40 1.644¢6
1401.50 1.3900E-02 2.2406E-02 { 1380.48 to 1422 .52 )
+ 1408 .00 2.4900E-02 2.2234E-02 { 1386.88 to 1429.12 ) 1423 .50 3.4563
+ 1509.20 2.2200E-02 1.9759E-02 { 1486.56 to 1531.84 ) 1516.00 4.9372
+ 1661 .30 1.1600E-02 1.7226E-02 { 1636.38 to 1686.22 ) 1676 .80 3.3360
+ 1729 60 2.9700E-02 1.6195E-02 { 1703.66 to 1755.54 ) 1717.70 1.2668
+ 1764 E0 1.5800E-01 1.5691E-02 { 1738.03 to 1790.97 ) 1781.40 0.6781
+ 1847 40 2.0900E-02 1. 4555E-02 { 1819.69 to 1875.11 ) 1828 .40 1.3740
2118 .60 1.1700E-02 1.1732E-02 { 2086.82 to 2150.38 )
2204 .20 4.9800E-02 1.1157E-02 { 2171.14 to 2237 .28 )
2447 .90 1.5600E-02 9.6687E-03 { 2411.18 to 2484 .62 )
Huclide Score T1i-2 Tl/2_unit #EmissionInRange #Hatched Correlation Comment
240Hp 108 .86 6.1900E+01 . g 9 High SHM
Emizsion(KeV) Prob-sDK Detectability 1.50% Energy Window Pealk (KeV) Hormn®_cts
i} 1.3900E-02 3.6081E-01 { 302.40 to 311.61 )
448 .20 1.6700E-01 1.8432E-01 { 441 .48 to 454 .92 )
462.20 1.3900E-02 1.7351E-01 { 455 .27 to 469.13 )
467 .40 2.0400E-02 1.6965E-01 { 460.39 to 474 .41 )
507 .20 1.8500E-02 1.4343E-01 { 499 59 to 514.81 )
+ GE6.40 2.6900E-01 1.1613E-01 { 557.90 to 574.90 ) Eel.22 1.5470
601.10 2.0400E-01 1.0257E-01 { £92.08 to 610.12 )
606.10 1.5800E-02 1.0118E-01 { 597.01 to 615.19 )
+ B847.00 4. 6400E-02 §.3905E-02 { 834.30 to 859.70 ) 850.68 8.7431
867 .40 8.3400E-02 E.1734E-02 { 854.39 to 880.41 )
+ ©B84.90 3.7100E-02 4.9938E-02 { 871.63 to 898.17 ) 886,649 2.4800
+ B888.80 1.1100E-02 4. 9546E-02 { 875.47 to a02.13 ) 886.69 2.4800
+ B896.50 1.3000E-01 4.8781E-02 { 883.05 to 909.95 ) 886.649 2.4800
+ 915 .98 1.3900E-02 4 6B95E-02 { 902.24 to 929.72 ) 915.149 8.4563
+ 959.10 2.3200E-02 4. 2965E-02 { 944 .71 to 973.49 ) 951.20 2.4658
+ 973.90 2.1300E-01 4.1690E-02 { 959 29 to 988.51 ) 982.70 8.6883
+ 987 .76 4 6400E-02 4 0530E-02 { 972.94 to  1002.58 ) 982.70 8.6883
1167 .60 4. 6400E-02 3.0394E-02 { 1150.09 to 1185.11 )
Huclide Score Ti-2 Tl-2_unit #EmissionlnRange #Hatched Correlation Comment
915r 108.50 9.6300E+00 h 7 4 High Fizsz Pro
Emizsion(KeV) Prob-DK Detectability 1.50% Energy Window Feal (KeV) Horn ct=
10 1.7200E-02 9.7394E-02 { 610.80 to 629.40 )
652.30 2.8900E-02 8.9183E-02 { 642 .52 to 662.08 )
£52.90 7.8000E-02 8.9037E-02 { £43.11 to BE2.69 )
+ 749 .80 2.3000E-01 6.8143E-02 { 738.55 to 761.05 ) 741.17 4.5257
+ 776.34 1.1900E-02 £.3291E-02 { 764 .69 to 787.99 ) 778.67 3.0712
+ 925 .80 3.7400E-02 4 E970E-02 { 911.91 to 939.69 ) 915,19 8.4563
+ 1024 .30 3.2500E-01 3.7729E-02 { 1008.94 to 1039.66 ) 1036.70 6.4133
Huclide Score T1i-2 Tl/2_unit #EmissionInRange #Hatched Correlation Comment
134Te 108 .46 4.1800E+01 . 1 [ High Fizs Pro
Emizsion(KeV) Prob-sDK Detectability 1.50% Energy Window Pealk (KeV) Horn®_cts
.06 1.8600E-01 1.9502E-01 { 428.53 to 441 .59 )
461 .00 1.0800E-01 1.7442E-01 { 454 .09 to 467.92 )
464 .64 £ .1000E-02 1.7169E-01 { 457 67 to 471 .61 )
+ GEE5.99 1.8900E-01 1.1630E-01 { EE7 .50 to 574.48 ) Egl.22 1.5470
63626 1.7100E-02 9.3187E-02 { 626.72 to 645.80 )
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Comment
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Comment
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Comment
Fi=z=sz Prod

665 . BE 1.2000E-02 8.5928E-02 { 655 .86 to 675 .84 )
712.97 4.2000E-02 7.G4ERE-02 { 702.28 to 723 .66 )
+ 742.59 1.4700E-01 6.9521E-02 { 731 .45 to 753.73 ) 741.17 4 5257
+ 7e7.20 3.0000E-01 6.49223E-02 { 7E5.E9 to 778.71 ) 77867 3.0712
+ 844 .06 1.2000E-02 5. 4225E-02 { 831.40 to 856.72 ) 850 .68 g.7431
+ 925.5% 1.6500E-02 4 5994E-02 { 911 .67 to 939.43 ) 915.19 g.4563
Huclide Score T1i-2 Tls2_unit #EmissionInRange #Matched Correlation
152Eu 106 .45 1.3400E+01 v 5 Moderate
Eni=sion{KeV) Prob- LK Detectability 1.50% Energy Window Peal (KeV) Horm¥_cts=
27 2.6500E-01 3.0072E-01 { 339.11 to 349 .43 )
+ 411.11 2.2100E-02 2.1595E-01 { 404 .94 to 417 .28 ) 40631 1.4581
443 .98 2.8100E-02 1.8770E-01 { 437 .32 to 450 .64 )
+ 778.89 1.2700E-01 6.2842E-02 { 767 .21 to 790 .57 ) 778 .67 3.0712
867 .32 4 . 1600E-02 5.1742E-02 { 854 31 to 880.33 )
+ 9e84.01 1.4400E-01 4 2538E-02 { 949 55 to 978 .47 ) 981,20 2.4858
1085 .80 9.9600E-02 3.4394E-02 { 1069.51 to 1102.09 )
+ 1089.70 1.6800E-02 3.4192E-02 { 1073.35 to 1106.05 ) 1104 .20 5.1494
+ 1112.00 1.3300E-01 3.3060E-D2 { 1095.32 to 1128 .68 ) 1104 .20 5.1494
1212 .80 1.3800E-02 2.8379E-02 {1194 61 to 1230.99 )
1299 .00 1.6100E-02 2.B307E-02 { 1279.52 to 1318.49 )
+ 1408.00 2.0B800E-01 2.2234E-02 { 1386.88 to 1429.12 ) 1423.50 3.4563
Huclide Score T1i-2 Tls2_unit #EmissionInRange #Matched Correlation
1245hb 105.23 1. 6500E-01 v & Moderate
Eni=sion{KeV) Prob- LK Detectability 1.50% Energy Window Peal (KeV) Horm¥_cts=
.71 9.7900E-01 1.0212E-01 { 59367 to 611.75 )
645 85 7.2600E-02 9.0773E-02 { 636.16 to 655 .54 )
709,21 1.4200E-02 7.6232E-02 { 698 .67 to 719.95
713 .82 2.3B800E-02 7.52B8E-02 { 703.11 to 724 .53 )
722.78 1.1100E-01 7.3445E-02 { 711.94 to 733,62 )
+ 968.20 1.9200E-02 4.2177E-02 { 953 68 to 982.72 ) a8z2.70 8.6883
+ 1045.20 1.8600E-02 3.6562E-02 { 1029.52 to 1060.88 ) 1036.70 6.4133
+ 1208.30 1.3400E-02 2.8574E-02 { 1190.18 to 1226.42 ) 1191.90 2.2238
1325 .50 1.5000E-02 2. 4524E-02 { 1305.62 to 1345.38 )
+ 1368.20 2.5100E-02 2.3311E-02 {1347 .68 to 1383.72 ) 1367 .40 1. 6446
+ 1436 .60 1.1400E-02 2.1489E-02 { 1415.05 to 1458.15 ) 1423 .50 34563
+ 1g91.00 4.9000E-01 1.6770E-02 { 1665.64 to 1716.37 ) 1676.80 33360
2091 .00 E.7300E-02 1.1923E-02 { 2059.64 to 2122.37 )
Huclide Score Ti-2 T1-2_unit #EmissionInRange #Hatched Correlation
148Fm 103 .62 5. 3700E+00 d 2 Moderate
Enizsion{KeV) Prob- LK Detectability 1.50% Energy Window Peak(KeV) Horms_cts=
EE0.27 2.2000E-01 1.2304E-01 { 542 .02 to EE8 .52 )
611.26 1.0200E-02 9.9770E-02 { 602.09 to 620.43 )
+ 914 .85 1.1500E-01 4 7002E-02 { 901.13 to 928 .57 ) 915.149 8.4563
+ 1465.10 2.2200E-01 2.0771E-02 { 1443.12 to 1487 .08 ) 1458 .40 1.8213
Huclide Score T1i-2 Tls2_unit #EmissionInRange #Matched Correlation
143Ce 103.07 3.3000E+01 h 14 Moderate
Eni=sion{KeV) Prob- LK Detectability 1.50% Energy Window Peal (KeV) Horm¥_cts=
.20 8.5600E-06 3.0976E-01 { 333,23 to 343,27 )
350.62 3.2300E-02 2.9136E-01 { 345 .36 to 355 .88 )
357 .80 5 .9900E-0¢6 2.8106E-01 { 352 .43 to 363,17 )
371.249 2.4800E-04 2.6250E-01 { 365.72 to 376.86 )
389 .64 3.6400E-04 2.38BRE-01 { 383 .80 to 395 .48 )
418 .57 6. 8500E-05 2.1101E-01 { 410.32 to 422 .82 )
433 .00 1.5900E-03 1.9674E-01 { 426 .51 to 439 .49 )
438 .43 4.2800E-0% 1.9222E-01 { 431.85 to 445 .01 )
446.02 1.5000E-04 1.8606E-01 { 439 .33 to 452 .71 )
447 45 5 .9900E-04 1.8492E-01 { 440.74 to 454 16 )
490,37 2.1600E-02 1.5348E-01 { 483.01 to 497 .73 )
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497 .81 4 4500E-04 1.4856E-01 { 490.34 to E05.28 )
523.00 1.7100E-05 1. 3561E-01 { E15 .16 to £30.85 )
+ G556.87 3.1700E-04 1.2017E-01 { 548.52 to E65.22 ) E61.22 1.5470
569.91 5.1400E-05 1.1467E-01 { E61.36 to £78.46 )
587.20 2. 6700E-03 1.0775E-01 { £78.39 to E96.01 )
594 .50 2.1400E-05 1.0494E-01 { E85.58 to 603.42 )
614.22 1.2000E-04 9. 8968E-02 { 605.01 to £23.43 )
664 .57 5. 6900E-02 8. 6231E-02 { 654 60 to 674 .54 )
670.12 8.1300E-05 8.4926E-02 { 660.07 to 680.17 )
675.50 8. G6e00E-06 8. 3679E-02 { 665,37 to 685.63 )
+ 682.82 8. 5600E-05 8.2011E-02 { 672.58 to £93.06 ) 691 .66 3.9224
709.549 8. S600E-05 7. 6174E-02 { 698 .95 to 720.23 )
721.93 5.3900E-02 7.3618E-02 { 711.10 to 732.76 )
729.87 3.0000E-05 7.2017E-02 { 718.92 to 740.82 )
+ 767.70 3.1700E-05 6.4833E-02 { 756.18 to 779.22 ) 778.67 3.0712
+ 787.40 2. 5700E-05 6.1368E-02 { 775.59 to 799.21 ) 778.67 3.0712
791.07 1.3300E-04 6.0742E-02 { 779.20 to 802.94 )
a06 .34 2.8700E-04 5. 8496E-02 { 794 .24 to 818.44 )
+ 809.98 3.1200E-04 5.8070E-02 { 797 .83 to 822.13 ) g819.18 g.2070
+ 88046 1.0300E-02 5. 0388E-02 { 867 .25 to 893.67 ) 886 .69 2.4800
+ 891 .47 8.1300E-05 4. 9279E-02 { 878.10 to 904.84 ) 886.69 2.4800
+ 907.10 1.2800E-05 4. 7746E-02 { 893 .49 to 920.71 ) 915.19 8.4563
+ 937.82 2.6100E-04 4 4863E-02 { 923.75 to 951.89 ) 951.20 2.4658
+ 956.90 1.2800E-05 4. 3158E-02 { 942 55 to 971.25 ) 951.20 2.4658
1002 .85 7.5300E-04 3.9310E-02 { 987.81 to 1017.89 )
1014 .30 1.2800E-05 3.8436E-02 { 999.09 to 1029.51 )
+ 1031.22 2.0100E-04 3.7339E-02 { 1015.75 to 1046.69 ) 1036.70 6.4133
+ 1046.78 1.2000E-04 3.6475E-02 { 1031.08 to 1062.48 ) 1036.70 6.4133
+ 1060.22 3.6400E-04 3.5745E-02 { 1044.32 to 1076.12 ) 1065 .20 1.3209
+ 1103.25 4 1500E-03 3.3500E-02 { 1086.70 to 1119.80 ) 1104 .20 5.1494
1160.58 2.4000E-05 3.0719E-02 { 1143.17 to 1177.99 )
1324 418 1.5800E-05 2. 4553E-02 { 1304 .61 to 1344 35 )
1340.10 3.0800E-05 2.4102E-02 { 1320.00 to 1360.20 )
+ 1382.00 3.8500E-06 2.2932E-02 { 1381.27 to 1402.73 ) 1367 .40 1.6446
Huclide Score Tirs2 Tls2_unit #EmisszionlnRange #Hatched Correlation Conmnent
88Eb 102 .61 1.7800E+01 T 3 3 Hoderate Fiz=s Prod
Enizzion(KeV) Frob-DK Detectability 1.50% Energy Vindow Pealk (KeV) Horm¥_ct=
+ 893.02 1.4000E-01 4 8631E-02 { 884 .55 to 911.49 ) 886.69 2.4800
+ 1836.00 2.1400E-01 1.4707E-02 { 1808 .46 to 1863.54 ) 1828.40 1.3740
+ 2677.90 1.9600E-02 8. 4450E-03 { 2637.73 to 2718.07 ) 2708.20 0.5083
Huclide Score Tl-2 Tl-2_unit #EmissionInRange #Matched Correlation Comment
925r 101.74 2. 7100E+00 h 3 Hoderate Fis= Prod
Eni==sion(KeV¥) Prob-DK Detectability 1.50% Energy Window Peak (KeWV) Horm_cts
430.56 3.3300E-02 1.9880E-01 { 424 .10 to 437.02 )
+ 953.32 3.6000E-02 4. 3473E-02 { 939.02 to 967.62 ) 981.20 2.4658
+ 1142 .30 2.8800E-02 3.1580E-02 { 1125.17 to 1159.43 ) 1141.70 1.6217
+ 1383.90 9.0000E-01 2.2880E-02 { 1363.14 to 1404 66 ) 1367 .40 1.644¢6
Huclide Score Ti-2 T1l-2_unit #EmissionInRange #Matched Correlation Comment
57Co 100.87 7.4400E-01 b 1 1 Hoderate c
Eni=zszion(Ke¥) Prob- DK Detectability 1.50% Energy Window Peal (KeWV) Horm¥_cts
+ 69241 1.5800E-03 7.9873E-02 { 682.02 to 702.80 ) 691 .66 3.9224
Huclide Score Tl-2 T1l-2_unit #EmissionInRange #Matched Correlation Comment
leemHo 100.80 1. 2000E+03 v 3 3 Hoderate Fiz= Prod
Eni==sion(KeV¥) Prob- DK Detectability 1.50% Energy Window Peal (KeWV) Horm_cts
300.74 3.7200E-02 3.7181E-01 { 296.23 to 305.25 )
365.78 2.4200E-02 2. 6995E-01 { 360,29 to 371.27 )
+ 410.94 1.1100E-01 2.1611E-01 { 404 .78 to 417.10 ) 406 .31 1.4581
451 .52 2.9200E-02 1.8171E-01 { 444 75 to 458.29 )
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464 .83 1.2000E-02 1.7155E-01 { 457 .86 to 471.80 )
529.81 9.5100E-02 1.3236E-01 { 521.86 to 537.76 )
£71.00 5.4700E-02 1.1422E-01 { 562.44 to E79.56 )
611 .52 1.4200E-02 9.9699E-02 { 602.35 to 620.69 )
670.51 5.3500E-02 8.4835E-02 { 660.45 to 680.57 )
+ 691.21 1.3600E-02 8.0137E-02 { 680.84 to 701.58 ) 691 66 3.9224
711.69 5.4100E-01 7.5733E-02 { 701.01 to 722.37 )
+ 752.27 1.2100E-01 6.7677E-02 { 740.99 to 763.55 ) 741.17 4 5257
+ 778.82 3.0300E-02 6. 2855E-02 { 767 .14 to 790.50 ) 778,67 3.0712
+ 810.31 5.7100E-01 5.8032E-02 { 798 .16 to 822 .46 ) g819.18 g.2070
+ 830.56 9.6600E-02 5.5718E-02 { 818.10 to 843.02 ) 819.18 g.2070
+ 950.94 2. 6900E-02 4. 3683E-02 { 936.68 to 965,20 ) 951.20 2.46518
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
233Pa 100,79 7.3900E-02 v 3 1 Hoderate Hp-237_Daughter
Enizsion{kKeV) FProb~-DK Detectability 1.50% Energy Window Peal(KeV) Horm¥_ct=
3n0.1z2 6.6400E-02 3.7291E-01 { 295 62 to 304,62 )
311.918 3.8600E-01 3.5226E-01 { 307 .30 to 316 .66 )
340.50 4. 5200E-02 3.0640E-01 { 335.39 to 345.61 )
398.62 1.2700E-02 2.2798E-01 { 392.64 to 404.60 )
415 .76 1.6200E-02 2.1174E-01 { 409 .52 to 422.00 )
+ 692.70 1.5300E-02 7.9809E-02 { 682.31 to 703.09 ) 691 66 3.9224
Huclide Score T1l-2 Tls2_unit #Emi=sionInRange #Hatched Correlation Comment
97mHb 100,75 5. 2700E+01 = 1 1 Hoderate Fi=s Prod
Enizsion{kKeV) FProb~-DK Detectability 1.50% Energy Window Peal(KeV) Horm¥_ct=
+ 743 .36 9.8000E-01 6.9373E-02 { 732.21 to 754.51 ) 741.17 4 5257
Huclide Score T1l-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
58Co 100,73 1.9400E-01 v 1 1 Hoderate =3
Enizsion{kKeV) FProb~-DK Detectability 1.50% Energy Window Peal(KeV) Horm¥_ct=
+ 810.76 9.9400E-01 E.7979E-02 { 798 .60 to 822.92 ) 819.18 8.2070
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
42K 100,37 1.2400E+01 h 2 1 Hoderate =]
Enizsion{kKeV) FProb~-DK Detectability 1.50% Energy Window Peal(KeV) Horm¥_ct=
31z2.70 3.1900E-03 3.5103E-01 { 308.01 to 317.39 )
+ 1524 .70 1.7900E-01 1.9485E-02 { 1501.83 to 1547.57 ) 1516.00 4.9373
Huclide Score T1-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
101Te 00,22 1.4200E+01 m 1 Hoderate Fi=s= Prod
Emi=zsion({KeV) FProb-DE Detectability 1.50% Energy Window Peal (KeV) Horm¥_ct=
306.81 8.7500E-01 3.6114E-01 { 30221 to 311.41 )
531.49 1.0100E-02 1.3158E-01 { 523.52 to 539.46 )
E45.14 5.9500E-02 1.2532E-01 { 536.96 to E53.32 )
+ 694.70 1.1400E-02 7.9370E-02 { 684 .28 to 705.12 ) 691 66 3.9224
Huclide Score T1l-2 Tl-2_unit #EmissionlnRange #Hatched Correlation Comnment
40K 99.90 1.2800E+09 v 1 1 Hoderate HOERM
Enission{KeV) FProb- DK Detectability 1.50% Energy Window Peal (KeV) Horm¥_cts
+ 1460.83 1.0700E-01 2.0877E-02 { 1438.92 to 1482.74 ) 1458 .40 1.8213
Huclide Score T1l-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
129mTe 99 .89 3. 3600E+01 d 1 1 Hoderate Fi==s Prod
Enizsion{kKeV) FProb~-DK Detectability 1.50% Energy Window Peal(KeV) Horm¥_ct=
+ RY95 RA 3 PTNNE=-N2 7 911 7FE-N2 f RAL 44 tn TR 32 0 R91 AR 3924
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Huclide Score Tls2 TlsZ2_unit #EmissionInRange #Hatched Correlation Comment

209T1 99 59 4 . 1900E-08 v 2 1 Hoderate Hp-237_Daughter
Emizsion(KeV) Prob-DE Detectability 1.50¥% Energy Window Peak{KeV) Horm*_ct=
465 .07 9.6600E-01 1.7137E-01 { 458.09 to 472 .05
+ 1567 .00 9.9700E-01 1.8756E-02 { 1543 .50 to 1590.51 ) 1560.00 2.4239
Huczlide Score T1l-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
65Zn 99 55 6. 6700E-01 v 2 1 Hoderate Fizs Prod
Emission(KeV) Prob-DE Detectability 1.50% Energy Window Peak{KeV) Horm®_ct=
511.00 2.8300E-02 1.4151E-01 { 503.34 to 518.67 )
+ 1115 .55 5 .0800E-01 3.2884E-02 { 10%8.82 to 1132.28 ) 1104 .20 £.1494
Huclide Score Ti1-2 Tl-2_unit #EnissionlnRange #Hatched Correlation Comment
E2mHn 99 .43 2.1100E+01 m 3 1 Hoderate =3
Emission(Ke¥) Prob-DK Detectability 1.50% Energy Window Peaki{KeV) Horm?*_ct=
377.74 1.6800E-02 2.5399E-01 { 372.07 to 383.41
511.00 1.9300E+00 1.4151E-01 { 503.34 to 518.67 )
+ 1434.10 9.8200E-01 2.1553E-02 { 1412 .59 to 1455.81 ) 1423 .50 3.4563
Huclide Score Tls2 Tls2_unit #EmnissionInRange #Hatched Correlation Comment
143La 99 41 1.4200E+01 ™ 1 1 Hoderate Fi=z=s Prod
Enizsion(KeV) Prob-DE Detectability 1 .50 Energy Window Peak{KeV) Horm*_ct=
+ 1722.90 1.6800E-02 1.6293E-02 { 1897 .06 to 1748.74 ) 1717 .70 1.2668
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Hatched Correlation Commnent
214Fb 98.92 5.1000E-05 v 2 1 Low T-238_Daughter
Emizssion(KeV) Prob-DE Detectability 1.50¥% Energy Window Pealk{KeV) Horm¥_ct=
351.92 3.7200E-01 2.8947E-01 { 346.64 to 357 .20
+ 785.91 1.1000E-02 6.1623E-02 { 774.12 to 797.70 ) 778.67 3.0712
Huclide Score Ti-2 Tl-2_unit #EnissionInRange #Hatched Correlation Comment
140Ba 98 .74 1.2000E+01 d g 1 Low Fi=zs Prod
Emission(KeV¥) Prob-DK Detectability 1.50% Energy Window Peaki{KeV) Horm?*_ct=
a5 4.2900E-02 3.6456E-01 { 300.28 to 309.42 )
418 .44 3.6600E-05 2.0934E-01 { 412 .16 to 424 .72 )
423.72 3.1500E-02 2.0469E-01 { 417 .36 to 430.08 )
437 .58 1.93300E-02 1.9292E-01 { 431.02 to 444 .14 )
467 .50 1.9500E-05 1.6957E-01 { 460.49 to 474 .51 )
537 .26 2.4400E-01 1.2890E-01 { £29.20 to 45 .32 )
E51.08 3.1200E-05 1.2269E-01 { 542 .81 to E59.35 )
+ £99.89 8.2900E-06 7.8242E-02 { £89.39 to 710.39 ) 691 .66 3.9224
Huczlide Score T1l-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
141La 98.28 3.9200E+00 h 1 1 Low Fizs Prod
Emission(KeV) Prob-DE Detectability 1.50% Energy Window Peak{KeV) Horm®_ct=
+ 1354.50 2.6200E-02 2.3694E-02 { 1334.18 to 1374.82 ) 1367 .40 1.6446
Huclide Score T1-2 Tls2_unit #EnissionlnRange #Hatched Correlation Comment
a0y 98.19 3.1900E+00 h 2 1 Low Fizs Prod
Emi=sion(KeV) FProb~-DK Detectability 1.50% Energy Window Peal{KeV) Horms_cts
479.51 9.0800E-01 1.6094E-01 { 472 .32 to 486.70
+ 681.80 3.1900E-03 8.2241E-02 { 671.57 to 692.03 ) 691 .66 3.9224
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Huclide Score Ti-2 Tl/2_unit #EmissionInRange #Hatched Correlation Conment
445c 97 .53 3.9300E+00 h 1 Low =
Emizzion(KeV) ProbsDE Detectability 1.50% Energy Window Feal(KeV) Horm¥_ct=
E11.00 1.8900E+00 1.4151E-01 { E03.34 to 518.67 )
+ 1157.00 9.9900E-01 3.0886E-02 { 113965 to 1174 36 ) 1141.70 1.6217
Huclide Score Ti-2 TlsZ2_unit #EmissionInRange #Hatched Correlation Conment
61Cu 96.71 3.3300E+00 h 2 Low =
Emizzion(KeV) Prob DK Detectability 1.50% Energy Windo Feal (KeV) Horm¥_ct=
373,05 2.1200E-02 2.6016E-01 { 367 .45 to 78,65 )
E11.00 1.2300E+00 1.4151E-01 { E03.34 to E18.67 )
a8 60 1.1800E-02 1.0721E-01 { 579.77 to 597.43 )
656.01 1.0500E-01 89.8281E-02 { 646.17 to 665.85 )
+  908.63 1.1900E-02 4. 7598E-02 { 895.00 to 922,26 ) 915.19 g.4563
+ 1185.20 3.6300E-02 2.9593E-02 { 1167 .42 to 1202.98 ) 1191.90 2.2238
Huclide Score Tl-2 Tl 2 _unit #EmissionInRange #Matched Correlation Comment
1255n 96.68 9. 6400E+00 d 7 4 Low Fizs Prod
Eniz=ion(KeV) Prob-DE Detectability 1.50% Energy Window Peal (KeV) Horm¥_ct=
a0 1.2900E-02 3.1968E-01 { 326.92 to 336.88 )
469.70 1.2900E-02 1.6796E-01 { 462 .65 to 476.75 )
+ B822.80 3.7800E-02 S.BEL7E-02 { 810.26 to 834.94 ) g819.18 g.2070
+ 915.50 3.7800E-02 4. 6940E-02 { a01.77 to 929.23 ) 915.19 8.4563
+ 1066.60 8.6000E-02 3.5403E-02 { 1050.60 to 1082.60 ) 106520 1.3209
+ 1088.90 4. 0400E-02 3.4233E-02 { 1072.57 to 1105.23 ) 1104 .20 5.1494
2001.70 2.0600E-02 1.2655E-02 { 1971.67 to 2031.73 )
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Hatched Correlation Conment
136Cs 94 .38 1.3100E+01 d 2 Low Fiss Prod
Emizzion(KeV) ProbsDE Detectability 1.50% Energy Window Feal(KeV) Horm¥_ct=
340.57 4 .8500E-01 3.0630E-01 { 335.46 to 345.68 )
+ 818.50 9.9700E-01 5 .7085E-02 { 806.22 to 830.78 ) g819.18 g.2070
+ 1048.10 7.9600E-01 3.6403E-02 { 1032.38 to 1063.82 ) 1036.70 6.4133
1235.30 1.9700E-01 2.7425E-02 { 1216.77 to 1253.83 )
Huclide Score T1-2 Tl 2 _unit #EnissionlnRange #Matched Correlation Conment
E7H1 93.08 3.5600E+01 h 1 2 Low =
Eniz=zion(KeV) Prob-DE Detectability 1.50% Energy Window FPeal(KeV) Horm¥_ct=
511.00 8.0200E-01 1.4151E-01 { 503.34 to 518.67 )
+ 1377 .60 7.7900E-01 2.3052E-02 { 1356.94 to 1398 26 ) 1367 .40 1.6446
+ 1757 .50 7.0900E-02 1.5791E-02 { 1731.14 to 1783.86 ) 1781 .40 0.6781
1919 .40 1.4700E-01 1.3635E-02 { 1890.61 to 1948.19 )
Huclide Score T1l-2 Tl 2 _unit #EmissionInRange #Matched Correlation Comment
212B1 92.61 1.1500E-04 v 3 2 Low Th-232_Daughter
Emizsion{KeV) Prob-DK Detectability 1.50% Energy Window Peal(KeV) Horm*_cts=
727.17 1.1800E-01 7.2558E-02 { 716.26 to 738.08 )
+ 785 .46 1.9700E-02 6.1701E-02 { 773.68 to 797.24 ) 778.67 3.0712
+ 1620.60 2.7500E-02 1.7871E-02 { 1596.29 to 1644.91 ) 1610.00 4 8766
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Hatched Correlation Conment
147Hd 91.849 1.1000E+01 d 1 Low Fiss Prod
Emizzion(KeV) ProbsDE Detectability 1.50% Energy Window Feal(KeV) Horm¥_ct=
319 .41 1.9500E-02 3.3980E-01 { 314 .62 to 32420
398 .16 8.7000E-03 2.2853E-01 { 392.19 to 404.13 )
+ 410.48 1.4000E-03 2.1653E-01 { 404 .32 to 416.64 ) 406.31 1.4581
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439.90 1.2000E-02 1.9101E-01 { 433.30 to 446.50 )
489 .24 1.5300E-03 1.5425E-01 { 481.90 to 496.58 )
531.02 1.3100E-01 1.3180E-01 { £23.05 to £38.99 )
589 .35 4 S800E-04 1.0692E-01 { 580.51 to £98.19 )
594 .80 2.6500E-03 1.0483E-01 { 585.88 to 603.72 )
680.52 1.9500E-04 §.2532E-02 { 670.31 to 690.73 )
+ &685.90 8.1200E-03 8.1318E-02 { 675.61 to 696.19 ) 691 .66 3.9224
Huclide Score Tis2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
131Te 91 .53 2. 5000E+01 I 9 4 Low Fiss_ Frod
Emnission{KeV) Prob-DE Detectability 1.50% Energy Window Peal (KeV) Horm¥_cts
3z 1.8200E-01 1.8108E-01 { 445.54 to 459.10 )
492 66 4. 8400E-02 1.5195E-01 { 485.27 to 500.05 )
602 .04 4. 2000E-02 1.0231E-01 { £93.01 to £11.07 )
654 .26 1.5300E-02 8.8705E-02 { 644 .45 to 664.07 )
+ 696.01 1.1900E-02 7.9084E-02 { 685.57 to 706.45 ) 691 .66 3.9224
+ 948.54 2.2600E-02 4. 3897E-02 { 934.31 to 962.77 ) 951.20 2.4658
+ 997 .25 3.3400E-02 3.9753E-02 { 982.29 to 1012.21 ) 982.70 8.6883
+ 1147 .00 4 9600E-02 3.1357E-02 { 1129.80 to 1led .21 ) 1141.70 1.6217
1881 .50 1.4200E-02 1.4112E-02 { 1853.28 to 1909.72 )
Huclide Score Tis2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
141Ba 91 . 44 1.8300E+01 m 14 4 Low Fiss_Prod
Emission{KeV) Frob-DE Detectability 1.50% Energy Window Peaki{KeV) Horm¥_cts
24 2.6600E-01 3.6563E-01 { 299.68 to 308.80 )
343.71 1.5000E-01 3.0156E-01 { 338.55 to 348.87 )
389.78 1.4000E-02 2.3871E-01 { 383.93 to 395,63 )
457 .58 5 .0500E-02 1.7702E-01 { 450.72 to 464 .44 )
462 .15 5.0500E-02 1.7355E-01 { 455.22 to 469.08 )
467 .26 5.7800E-02 1.6975E-01 { 460.25 to 474 .27 )
625.23 3.4500E-02 9.6033E-02 { 615.85 to 634.61 )
647 .88 5.9300E-02 9.0270E-02 { £38.16 to 657 .60 )
+ 739.10 4 5200E-02 7.0198E-02 { 728.01 to 750.19 ) 741.17 4 52587
831.72 1.6000E-02 5 .5588E-02 { 819.24 to g844.20 )
876.29 3.6000E-02 5.0814E-02 { 863.15 to 889.43 ) 8586.69 2.43800
+ 1197 .50 4. 8000E-02 2.9046E-02 { 1179.54 to 1215.46 ) 1191 .90 2.2238
1252.00 1.7300E-02 2.6755E-02 ( 1233.22 to 1270.78 )
+ 1682 .40 1.4100E-02 1.6901E-02 { 1857.16 to 1707 .64 ) 1676.80 3.3360
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
1301 g9 .49 1.2400E+01 h g 3 Low Fiss_Prod
Emnission{KeV) FProb-DKE Detectability 1.50% Energy Window Peal{KeV) Horm¥*_cts
414.01 3.4200E-01 2.0972E-01 { 411.74 to 424 .28 )
536.09 9.9000E-01 1.2944E-01 { £28.05 to £44.13 )
539.10 1.4000E-02 1.2805E-01 { £31.01 to 547.19 )
586.05 1.6900E-02 1.0820E-01 { 577.26 to £94.84 )
668.54 9.6100E-01 8.5296E-02 { 658.51 to 678.57 )
+ 685.99 1.0700E-02 §.1298E-02 { 675.70 to 696.28 ) 691 .66 3.9224
734 .80 g.2300E-01 7.1040E-02 { 723.78 to 745.82 ) 741 .17 4 52587
+ 1157 .50 1.1300E-01 3.0862E-02 { 1140.14 to 1174.86 ) 1141.70 1.6217
Huclide Score Tis2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
106Eh 87 .68 1.0000E+00 v 3 1 Low Fiss_Prod
Emission{KeV) Frob-DE Detectability 1.50% Energy Window Peaki{KeV) Horm¥_cts
512.00 2.0600E-01 1.4101E-01 { 504.32 to 519.68
621 .84 9.8100E-02 9.6932E-02 { 612.51 to 631.17 )
+ 1050.50 1.7300E-02 3.6272E-02 { 1034.74 to 10e6.26 ) 1036.70 £.4133
Huclide Score Ti-2 Tls2_unit #EmissionInREange #Hatched Correlation Comment
n 87 .50 5 .5900E+00 d 7 3 Low [}
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Emnizsion(KeV) Prob-DK Detectability 1.50% Energy Window Peal (KeV) Horm¥_cts
511.00 5.8800E-01 1.4151E-01 { 503.34 to 518 .67 )
+ 74421 9.0000E-01 6.9209E-02 { 733.05 to 755.37 ) 741 .17 4. 52587
+ 848.13 3.3200E-02 5.3783E-02 { 835 .41 to 860.85 ) 850.68 8.7431
935 .52 9.4500E-01 4 5073E-02 { 921.49 to 949 55
124620 4.2100E-02 2. B974E-02 ( 1227 .51 to 1264.89 )
1333.60 5.0700E-02 2.4289E-02 { 1313 .60 to 1353.60 )
+ 1434 .10 1.0000E+00 2.1583E-02 { 1412 .59 to 1455.61 ) 1423 .50 3.4563
Huclide Score Ti-2 Tls2_unit #EmissionlnRange #Matched Correlation Comment
106Eu 86.32 1.0000E+00 v 1 Low Fiss_Prod
Emnizsion(KeV) Prob-DK Detectability 1.50% Energy Window Peal (KeV) Horm¥_cts
622.20 9.9500E-02 9.6837E-02 { 612 .87 to £31.53 )
+ 1050.50 1.5600E-02 3.B272E-02 { 1034.74 to 1066.26 ) 1036.70 6.4133
Huclide Score Ti-2 Tls2_unit #EmissionlnRange #Matched Correlation Comment
1265b 86.11 2.9800E+02 h 14 5 Low Fiss_Prod
Emnizsion(KeV) Prob-DK Detectability 1.50% Energy Windo Peal (KeV) Horm¥_cts
414 .70 8.3300E-01 2.1269E-01 { 408 .48 to 420.92
+ G555.20 1.6900E-02 1.2089E-01 { 546.87 to 563.583 ) E6l.22 1.5470
573.80 6.6800E-02 1.1308E-01 { 565.19 to 582.41 )
593.00 7.4700E-02 1.0551E-01 { 584 .11 to 601.90 )
65630 2.1900E-02 8.8210E-02 { 646 .46 to 666.14 )
666 .33 9.9600E-01 8.5815E-02 { 656.34 to 676.32 )
675.00 3.6900E-02 8.3795E-02 { 664 .88 to 685.13 )
+ 695.00 9.9600E-01 7.9304E-02 { 684 .58 to 705.43 ) £91 .66 3.9224
+ 697.00 2.8900E-01 7.8868E-02 { 686 .55 to 707 .45 ) 691 .66 3.9224
720.50 5.3800E-01 7.3910E-02 { 709.69 to 731.31
+ 856.80 1.7600E-01 5.2851E-02 { 843 .95 to 869.65 ) 850.68 g.7431
+ 954.00 1.2000E-02 4. 3413E-02 { 939.69 to 968.31 ) 951.20 2. 46518
+ 989.30 £.7700E-02 4.0403E-02 { 974 .46 to 1004.14 ) 982.70 8.6883
1213.00 2.3900E-02 2.8371E-02 ( 1194 .81 to 1231.20 )
Huclide Score Ti-2 Tls2_unit #EmissionlnRange #Matched Correlation Comment
S6Hn 85.918 2. G800E+00 h 2 Low =3
Emnizsion(KeV) Prob-DK Detectability 1.50% Energy Window Peal (KeV) Horm¥_cts
+ 846.75 9.8900E-01 5.3932E-02 { 834.05 to 859 .45 850.68 8.7431
+ 1810.70 2.7200E-01 1.5048E-02 { 1783.54 to 1837.86 ) 1828 .40 1.3740
2113.10 1.4300E-01 1.1769E-02 ( 2081.40 to 2144 .80 )
Huclide Score Ti-2 Tls2_unit #EmissionlnRange #Matched Correlation Comment
485c 85.12 4. 3700E+01 h 4 2 Low =3
Emnizsion(KeV) Prob-DK Detectability 1.50% Energy Window Peal (KeV) Horm¥_cts
+ 983.50 1.0000E+00 4.0883E-02 { 968 .75 to 998 .25 ) 982.70 8.6883
+ 1037 .50 9.7500E-01 3.6988E-02 ( 1021.94 to 1053.06 ) 1036.70 6.4133
1212.80 2.3800E-02 2.8379E-02 { 1194 .61 to 1230.99 )
1312.10 1.0000E+00 2.4917E-02 (129242 to 1331.78 )
Huclide Score Tl-s2 Tls2_unit #EmissionInRange #Hatched Correlation Comment
82Br 83.318 3.5300E+01 h 10 4 Low Fiss_Prod
Emnizsion(KeV) Prob-DK Detectability 1.50% Energy Windo Peal (KeV) Horm¥_cts
+ G5E54.32 7.0600E-01 1.2127E-01 { 546.01 to 562.63 ) Eel.22 1.5470
606 .30 1.1700E-02 1.0113E-01 { £97.21 to 615.39 )
613 .83 2.8200E-01 9.9073E-02 { 604 .62 to £23.04 )
£19.07 4.3100E-01 9.7668E-02 { 609.78 to 628.36 )
+ 776.49 8.3300E-01 6.3264E-02 { 764 .84 to 788.14 ) 778 .67 3.0712
+ 827.81 2.4200E-01 5. 6027E-02 { 815.39 to 840.23 ) 819 .118 8.2070
1007 .60 1.2700E-02 3.8945E-02 { 992 .49 to 1022.71 )
+ 1044 .00 2.7300E-01 3.B6R2BE-02 ( 1028.34 to 1059.66 ) 1036.70 6.4133
1317.50 2.6900E-01 2.4758E-02 1297 .74 to 1337 .26 )
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+ 1474 .80 1.6600E-01 2.0532E-02 { 1452 68 to 1496.92 ) 1458.40 1.8213
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Matched Correlation Comment
937 82 .55 1.0200E+01 h 26 12 Low Fi=ss Prod
Emni==ion{KeV) Prob~-DK Detectability 1.50% Energy Window Peal(KeV) Horm’_cts
50 4. 4300E-04 3.0489E-01 { 336.38 to 346.62 )
387 .50 7.5000E-05 2.4154E-01 { 381.69 to 393.31 )
680.20 &.5800E-03 8.2604E-02 { 670.00 to 690.40 )
714 .40 1.7300E-04 7.5168E-02 { 703 .68 to 725.12 )
+ 947.10 2.0900E-02 4.4028E-02 { 932.89 to 961.31 ) 951.20 2.4658
+ 962.30 1.2000E-04 4. Z68RE-02 { 947 .87 to 976.73 ) 951.20 2.4658
+ 971.00 &.7500E-05 4.1937E-02 { 956.43 to 985.56 ) 982 .70 8.6883
+ 987.70 1.0500E-04 4. 0535E-02 { 972.88 to 1002.52 ) 982.70 g.6883
+ 1158.50 3.0000E-04 3.0815E-02 { 1141.12 to 1175.88 ) 1141.70 1.6217
1168 .60 1.0500E-04 3.0348E-02 { 1151.07 to 1186.13 )
+ 1183.50 4.8000E-04 2.9e70E-02 { 1le5.75 to 1201.2% ) 1191.90 2.2238
+ 1184.70 1.9500E-04 2.9616E-02 { 1166.93 to 1202.47 ) 1191.90 2.2238
1203.30 1.0700E-03 2.8792E-02 { 1185.25 to 1221.35 ) 1191.90 2.2238
1237 .40 2.9300E-04 2.7338E-02 { 1218.84 to 1255.96 )
+ 1425 .40 2.4500E-03 2.1778E-02 { 1404.02 to 1446.78 ) 1423.50 3.4563
+ 1450.50 3.2700E-03 2.1138E-02 { 1428.74 to 1472.26 ) 1458.40 1.8213
+ 1470.10 &.5300E-04 2.0648E-02 { 1448.05 to 1492.15 ) 1458.40 1.8213
1642 .70 5.1800E-04 1.7518E-02 { 1618.06 to 1667.34 )
1651.70 2.3300E-04 1.7376E-02 { 1626.92 to 1676.48 )
+ 1827.80 2.3300E-04 1.4818E-02 { 1800.38 to 1855.22 ) 1828.40 1.3740
1917 .80 1.5500E-02 1.3655E-02 { 1889.03 to 1948.57 )
2184 .60 1.5700E-03 1.1288E-02 { 2151.83 to 2217.37 )
2190.80 1.6900E-03 1.1245E-02 { 2157.94 to 2223 .66 )
2457 .30 6.7500E-05 9.6154E-03 { 2420.44 to 2494 .16 )
2473 .80 1.1300E-04 9.5226E-03 { 2436.69 to 2510.91 )
2605.00 1.1300E-04 8.8153E-03 { 2565.93 to 2644.07 )
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Matched Correlation Comment
138C= 78.71 3.3400E+01 m 1 3 Low Fi=ss Prod
Emni==ion{KeV) Prob~-DK Detectability 1.50% Energy Windo Peal(KeV) Horm’_cts
+ 408.98 4. 6600E-02 2.1791E-01 { 402 .85 to 415.11 ) 406 .31 1.4581
462.79 3.0800E-01 1.7307E-01 { 455 .85 to 469.73 )
546.94 1.0800E-01 1.2452E-01 { £38.74 to EE5.14 )
871.80 5.1100E-02 5.1277E-02 { 858.72 to 884.88 )
1009.80 2.9800E-01 3.8778E-02 { 994 65 to 1024.95 )
+ 1147 .20 1.2400E-02 3.1347E-02 { 1129.99 to 1164.41 ) 1141.70 1.6217
1343 .60 1.1500E-02 2.4003E-02 { 1323.45 to 1363.75 )
+ 1435.90 7.6300E-01 2.1507E-02 { 1414 36 to 1457 .44 1423.50 3.4563
+ 1613.20 1.6200E-02 1.7991E-02 { 1589.00 to 1637.40 ) 1610.00 4.8766
2218.00 1.5200E-01 1.1087E-02 { 2184.73 to 2251.27 )
2639.60 7.6300E-02 8.6376E-03 { 2600.01 to 2879.19 )
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Matched Correlation Comment
160Thb 73.33 1.9800E-01 v 1] 5 Low Fi=zs Prod
Emni==ion{KeV) Prob~-DK Detectability 1.50% Energy Windo Peal(KeV) Horm’_cts
392.49 1.2800E-02 2.3538E-01 { 386.60 to 398.38 )
765.28 1.9300E-02 6.5271E-02 { 753.80 to 776,76 )
+ 879.36 2.8500E-01 5. 0500E-02 { 866.17 to 892.55 ) 886.69 2.4800
+ 962.29 9. 0300E-02 4. 2087E-02 { 947 .86 to 97672 ) 951.20 2.46058
966 .15 2.4200E-01 4. 2353E-02 { 951 .66 to 980.64 )
+ 1115.10 1.5000E-02 3.2906E-02 { 1098.37 to 1131.83 ) 1104.20 5.1494
+ 1177.90 1.4400E-01 2.9923E-02 { 1160.23 to 1195.57 ) 1191.90 2.2238
+ 1199.90 2.3600E-02 2.8941E-02 ( 1181.90 to 1217.90 ) 1191.90 2.2238
1271 .90 7.0300E-02 2.6132E-02 { 1252.82 to 1290.98 )
1312 .20 2.8500E-02 2.4914E-02 { 1292.52 to 1331.88 )
Huclide Score Ti-2 Tls2_unit #EmissionInRange #Matched Correlation Comment
927 65,14 3.5400E+00 h 2 Low Fizs Prod
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Enisz=ion{KeV) Prob-DK Detectability 1.50% Energy Window Peal (KeV) Horm’_cts
448 .50 455.23

. 2.3400E-02 1.8408E-01 { 441 .77 to . )]
+ &&1.10 2.4100E-02 1.1838E-01 { 552 .68 to 569.52 ) Eel.22 1.5470
+ 844.30 2.1500E-02 5.4199E-02 { 831.64 to 856.96 ) 850 .68 8.7431
934 .46 1.3900E-01 4.5170E-02 { 920.44 to 948 .48 )
+ 1405 .40 4.7800E-02 2.2302E-02 { 1384.32 to 1426.48 ) 1423 .50 3.4563
Huclide Score T1-2 TlsZ2_unit #EmissionInRangs #Matched Correlation Comment
E6Co 64.30 2.1200E-01 v 11 & Low =3
Enisz=ion{KeV) Prob-DK Detectability 1.50% Energy Windo Peal (KeV) Horm’_cts
£11.00 3.9500E-01 1.4151E-01 { E03.34 to 518.67 )
+ 846.75 1.0000E+00 5.3932E-02 { 834.05 to 859.45 ) 850.68 8.7431
+ 977.42 1.4300E-02 4.1393E-02 { 962.76 to 992.08 ) 982.70 8.6883
+ 1037 .80 1.4000E-01 3.6971E-02 ( 1022.23 to 1083.37 ) 1036.70 6.4133
+ 1175.10 2.2800E-02 3.0050E-02 { 1157 .47 to 1192.73 ) 1191 .90 2.2238
1238.30 6.7000E-01 2.7300E-02 { 1219.73 to 1256.87 )
+ 1360.20 4.2900E-02 2.3534E-02 { 1339.80 to 1380.60 ) 1367 .40 1. 6446
+ 1771.40 1.5500E-01 1.5593E-02 {1744 .83 to 1797 .97 ) 1781 .40 0.6781
2015 .40 3.0300E-02 1.2525E-02 { 1985.17 to 2045.63 )
2034.90 7.7800E-02 1.2341E-02 { 2004.38 to 2065.42 )
2598 .50 1.6900E-01 8.8491E-03 { 2559.52 to 2637.48 )
Huclide Score Ti-2 Tls2_unit #EmissionInRange #HMatched Correlation Comment
138He 61.89 1.4100E+01 m 11 4 Low Fi=ss Prod
Enisz=ion{KeV) Prob-DK Detectability 1.50% Energy Windo Peal (KeV) Horm’_cts
396 .43 £.3000E-02 2.3080E-01 { 390.48 to 402.38 )
+ 401.36 2.1700E-02 2.2504E-01 { 395.34 to 407 .38 ) 40631 1.4581
434 .49 2.0300E-01 1.9549E-01 { 427 .97 to 441.01 )
+ 1114 .30 1.4700E-02 3.2948E-02 ( 1097.59 to 1131.01 ) 1104.20 5.1494
+ 1118 .60 2. 6600E-02 3.2732E-02 {( 1101.82 to 1135.38 ) 1104.20 £.1494
+ 1768 .30 1.&6700E-01 1.5637E-02 { 1741.78 to 1794.82 ) 1781 .40 0.6781
+ 1850.90 1.4200E-02 1.4509E-02 { 1823.14 to 1878.66 ) 1828 .40 1.3740
2004 .80 5.3600E-02 1.2626E-02 { 1974.73 to 2034.87 )
2015 .80 1.2300E-01 1.2521E-02 { 1985.56 to 2046.04 )
2079.20 1.4400E-02 1.2006E-02 {( 2048.01 to 2110.39 )
2252.30 2.2900E-02 1.0848E-02 { 2218.52 to 2286.08 )
Huclide Score Ti-2 Tls2_unit #EmissionInRange #HMatched Correlation Comment
156Eu £9.98 1.5200E+01 d 24 9 Low Fi=ss Prod
Enisz=ion{KeV) Prob-DK Detectability 1.50% Energy Windo Peal (KeV) Horm’_cts
599 .47 2.3100E-02 1.0307E-01 { 590.48 to 608 .46 )
64629 7.0900E-02 9.0664E-02 { 636 .60 to 655.98 )
723.47 6.0200E-02 7.3305E-02 { 712 62 to 734.32 )
+ 811.77 1.0400E-01 5.7862E-02 { 799.59 to 823.95 ) 819.18 8.2070
867.01 1.4000E-02 5.1775E-02 { 854.00 to g880.02 )
+ 944 .35 1.3900E-02 4.4272E-02 { 930.18 to 958.52 ) 951.20 2.4858
+ 960.50 1.6200E-02 4.2843E-02 { 946 .09 to 974.91 ) 951.20 2.4658
+ 1065.10 5.2400E-02 3.5483E-02 { 1049.12 to 1081.08 ) 1065.20 1.3209
+ 1079.20 4.8900E-02 3.4738E-02 { 1063.01 to 1095.39 ) 1065.20 1.3209
+ 1102.70 1.5900E-02 3.3528E-02 { 1086.16 to 1119.24 ) 1104.20 5.1494
+ 1153 .50 7.1800E-02 3.1050E-02 { 1136.20 to 1170.80 ) 1141.70 1.6217
+ 1154 .10 5.3000E-02 3.1021E-02 { 1136.79 to 1171 .41 ) 1141.70 1.6217
1230.70 8.9400E-02 2.7618E-02 { 1212.24 to 1249.16 )
1242 .40 6. 7600E-02 2.7130E-02 { 1223.76 to 1261.04 )
1277 .40 3.2100E-02 2.5963E-02 { 1258.24 to 1296.56 )
+ 1366 .40 1.7600E-02 2.3381E-02 { 1345.90 to 1386.90 ) 1367 .40 1. 6446
1877.00 1.7300E-02 1.4170E-02 { 1848.85 to 1905.16 )
1937.70 2.1400E-02 1.3410E-02 { 1908.63 to 1966.77 )
1966 .00 4.2000E-02 1.3089E-02 { 1936.51 to 1995.49 )
2026 .60 3.5400E-02 1.2419E-02 { 1996.20 to 2057.00 )
2097 .70 4.2700E-02 1.1876E-02 { 2066.23 to 2129.17 )
2180.90 2.4300E-02 1.1310E-02 { 2148.19 to 2213 .61 )
2186.70 3.9500E-02 1.1272E-02 { 2153.90 to 2219.50 )
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Huclide Score T1-2 Tls2_unit #EmissionInRange #Matched Correlation Comment
E9F= E6.70 4 4500E+01 d 2 1 Low =1
Emiz=zion{KeV) Prob-DE Detectability 1.50% Energy Window Peal(KeV) Horm¥_cts=
+ 1099.20 5. 6LO00E-01 3.3705E-02 { 1082.71 to 1115.69 ) 1104.20 5.1494
1291 .60 4. 3200E-01 2 .BE30E-02 { 1272.23 to 1310.97 )
Huclide Score T1.-2 Tls2_unit #EmissionInRange #Matched Correlation Comment
29Rb B .45 1.5200E+01 m 1] 4 Low Fiss_Prod
Emission{KeV) Prob-DK Detectability 1.50% Energy Window Peal{KeV) Horm*_cts
71 9.9800E-02 g.7870E-02 [ 647 .84 to BE7 .58 )
+ 947.69 9.2200E-02 4.3973E-02 [ 933.47 to 961.91 ) 951.20 2.4658
+ 1031.90 5 .8000E-01 3.7301E-02 { 1016.42 to 1047 .38 ) 1036.70 6.4133
1248.10 4 2300E-01 2.6896E-02 {0 1229.38 to 1266.82 )
+ 1538.10 2. 5500E-02 1.9251E-02 { 1515.03 to 1561.17 ) 1560.00 2.4239
1950.30 1.1800E-02 1.3287E-02 { 1%21.05 to 1979 .55 )
2007 .50 2.3800E-02 1.2600E-02 { 1977.39 to 2037 .61 )
2196.00 1.3300E-01 1.1211E-02 { 2163.06 to 2228.94 )
2570.10 9. 8600E-02 8.9982E-03 { 2531.55 to 2608.65 )
+ 2707.20 2.0300E-02 8.3006E-03 { 266A.59 to 2747.81 ) 2708.20 0.5083
Huclide Score T1-2 Tls2 unit #Emis=sionInREange #Matched Correlation Comment
48V 50.36 1.6000E+01 d 2 Low medical from Ti-48
Emni==sion(KeV) FProb-DK Detectability 1.50% Energy Window Peal(KeV) Horm¥_cts
o0 1.0000E+00 1.4151E-01 { E03.34 to E18.67 )
+ 944 .10 7.7600E-02 4. 4298E-02 { 929.94 to 958 .26 ) 951.20 2.4658
+ 983.50 1.0000E+00 4. 0883E-02 { 968.75 to 998 .25 ) 982.70 8.6883
1312.10 9. 7500E-01 2.4917E-02 { 1292.42 to 1331.78 )
2240.30 2.4100E-02 1.0923E-02 { 2206.70 to 2273.90 )
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APPENDIX E

NEW SMARTID LIBRARY FOR SPENT FUEL ATTRIBUTION
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4.47
4.65
4.82
5.64
5.85
6.06
6.5
8.03
8.05
8.91
13.34
13.4
13.6
13.6
13.6
13.81
13.85
13.9
14.3
14.3
14.96
15

15
21.65
23.28
24.6
25.69

Nuclide
126Sn
125Sh
131mTe
129Te
131mTe
131Te
135mXe
133Xe
136Cs
137mBa
140Ba
151Pm
148mPm
153Sm
156Eu
160Th
65Zn
65Zn
65Zn
88Kr
88Kr
238Pu
239Pu
240Pu
237U
140Ba
241Am
238Np
242Am
9ImyY
242Am
88Kr
126Sn
126Sn
140La
151Pm

T1/2
1.00E+05
2.76E+00
3.24E+01
3.36E+01
3.24E+01
2.50E+01
1.53E+01
5.24E+00
1.31E+01
2.55E+00
1.20E+01
2.84E+01
4.13E+01
4.63E+01
1.52E+01
1.98E-01
6.67E-01
6.67E-01
6.67E-01
2.84E+00
2.84E+00
8.77E+01
2.41E+04
6.54E+03
1.62E+02
1.20E+01
4.32E+02
2.12E+00
1.60E+01
4.97E+01
1.60E+01
2.84E+00
1.00E+05
1.00E+05
4.03E+01
2.84E+01
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Prob/DK

1.12E-01
4.95E-02
1.67E-02
6.16E-02
1.11E-02
1.45E-02
1.66E-02
6.14E-02
2.82E-02
1.04E-02
1.47E-01
6.08E-04
1.07E-02
1.19E-01
5.44E-02
1.07E-01
1.15E-01
2.26E-01
4.61E-02
2.37E-02
4.59E-02
1.16E-01
4.41E-02
1.10E-01
9.90E-04
1.22E-02
4.27E-01
3.74E-01
1.27E-01
1.65E-02
1.97E-01
1.20E-02
1.24E-02
6.40E-02
2.86E-05
9.68E-03

lib-freq

9
13
36

4
36
14

5
10
14

5
20
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18

5
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17

5

5

5
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20

7
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5
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28
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5
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9
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Fiss_Prod
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Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
SNM
SNM
237Np_Parent
Fiss_Prod
SNM
SNM
SNM
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
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147
138
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22

27

34

22

34
204

30

34

36

34

36

33

50

25

33

50

59

44
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44
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34
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116
11
13

17

26.11
26.34
26.35
26.36
27.2
27.2
27.2
27.47
27.47
27.51
27.77
28.32
28.32
28.61
28.61
29.46
29.46
29.7
29.78
29.78
29.97
30.63
30.63
30.97
30.97
31

31
31.82
31.82
32.19
32.19
32.3
32.3
33.2
33.6
35
35.2
35.49
36.4
36.4
38.17
38.54
38.66

126Sn
241Am
237U
126Sn
125Sh
127Te
131mTe
125Sh
131mTe
88Kr
129Te
131mTe
131Te
131mTe
131Te
1311
135mXe
126Sn
1311
135mXe
140Ba
133Xe
135Xe
133Xe
135Xe
125Sh
131mTe
136Cs
137mBa
136Cs
137mBa
131mTe
131Te
237U
135mXe
133Xe
151Pm
125Sh
136Cs
137mBa
147Nd
237U
239Pu

1.00E+05
4.32E+02
1.62E+02
1.00E+05
2.76E+00
9.35E+00
3.24E+01
2.76E+00
3.24E+01
2.84E+00
3.36E+01
3.24E+01
2.50E+01
3.24E+01
2.50E+01
8.02E+00
1.53E+01
1.00E+05
8.02E+00
1.53E+01
1.20E+01
5.24E+00
9.14E+00
5.24E+00
9.14E+00
2.76E+00
3.24E+01
1.31E+01
2.55E+00
1.31E+01
2.55E+00
3.24E+01
2.50E+01
1.62E+02
1.53E+01
5.24E+00
2.84E+01
2.76E+00
1.31E+01
2.55E+00
1.10E+01
1.62E+02
2.41E+04
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8.33E-02
2.40E-02
2.43E-02
1.56E-01
1.28E-01
1.04E-01
3.59E-02
2.39E-01
6.70E-02
2.06E-02
1.63E-01
2.83E-02
3.68E-02
5.27E-02
6.85E-02
1.35E-02
3.84E-02
5.34E-02
2.50E-02
7.13E-02
1.41E-01
1.36E-01
1.45E-02
2.23E-01
2.68E-02
8.28E-02
2.32E-02
4.95E-02
2.07E-02
9.12E-02
3.82E-02
1.85E-02
2.40E-02
1.30E-03
2.54E-02
9.06E-02
3.38E-04
4.17E-02
3.32E-02
1.39E-02
1.30E-01
2.10E-04
1.05E-04

28
24

13

36
13
36
20

36
14
36
14
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10
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13
36
14

14
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14
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10
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13
14
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24
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SNM
237Np_Parent
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Fiss_Prod
Fiss_Prod
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Fiss_Prod
Fiss_Prod
Fiss_Prod
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Fiss_Prod
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Fiss_Prod
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72
73
73
74
143
222
79
79
143
82
82
138
140
59
72
148
142
148
84
145
73
84
143
143
82
142
138
143
84
148
143
142
142
67
226
138
147
76
76
142
76
59
143

38.72
38.72
39.52
40.12
40.41
40.58
40.9
41.54
42.06
42.31
43
43.42
43.48
43.8
43.8
44.2
44.66
44.86
45.21
45.24
45.4
46
46.21
46.69
48.7
49.41
51.01
51.63
521
56
56.84
57.28
57.3
57.36
58
59.54
59.54
59.93
61
61.46
62.91
63.17
64.04

147Nd
148mPm
148mPm
148Pm
239Pu
99Mo
153Sm
153Sm
239Pu
156Eu
156Eu
237U
238Pu
140Ba
147Nd
241Pu
239Np
241Pu
160Th
240Pu
148mPm
160Th
239Pu
239Pu
156Eu
239Np
237U
239Pu
160Th
241Pu
239Pu
239Np
239Np
143Ce
W_Kalpha2
237U
241Am
151Pm
151Pm
239Np
151Pm
140Ba
239Pu

1.10E+01
4.13E+01
4.13E+01
5.37E+00
2.41E+04
6.60E+01
4.63E+01
4.63E+01
2.41E+04
1.52E+01
1.52E+01
1.62E+02
8.77E+01
1.20E+01
1.10E+01
1.44E+01
5.66E+01
1.44E+01

1.98E-01
6.54E+03
4.13E+01

1.98E-01
2.41E+04
2.41E+04
1.52E+01
5.66E+01
1.62E+02
2.41E+04

1.98E-01
1.44E+01
2.41E+04
5.66E+01
5.66E+01
3.30E+01
0.00E+00
1.62E+02
4.32E+02
2.84E+01
2.84E+01
5.66E+01
2.84E+01
1.20E+01
2.41E+04
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2.36E-01
1.32E-02
1.67E-02
3.03E-02
1.62E-06
1.05E-02
1.73E-01
3.12E-01
1.65E-06
3.83E-02
6.91E-02
2.40E-04
3.93E-04
1.95E-05
9.06E-02
4.90E-08
1.30E-03
8.36E-09
6.03E-02
4.50E-04
1.18E-02
1.08E-01
7.37E-06
5.80E-07
2.73E-02
1.30E-03
3.40E-03
2.70E-04
4.32E-02
3.43E-08
1.13E-05
1.30E-03
4.80E-05
1.17E-01
1.00E-08
3.45E-01
3.59E-01
2.48E-04
6.98E-05
1.29E-02
2.07E-03
2.93E-07
3.20E-07

18
18
18

83
35

83
29
29
24

20
18

37

17

18
17
83
83
29
37
24
83
17

83
37
37
52

24
28
234
234
37
234
20
83

Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
medical_FP
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
237Np_Parent
SNM
Fiss_Prod
Fiss_Prod
SNM
239Pu_Parent
SNM
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
SNM

SNM
Fiss_Prod
239Pu_Parent
237Np_Parent
SNM
Fiss_Prod
SNM

SNM
239Pu_Parent
239Pu_Parent
Fiss_Prod

c
237Np_Parent
SNM
Fiss_Prod
Fiss_Prod
239Pu_Parent
Fiss_Prod
Fiss_Prod
SNM



60
25
138
76
76
52
142
60
79
76
138
76
44
44
34
52
84
25
25
142
76
82
222
72
76
76
140
143
143
147
76
140
73
76
143
147
59
149
140
76
76
138
147

31

11
19

16
19

34
23
52

16
10

ol

23
169

22

214

117

48

36

13

95

20

o w

172
2
7

64.14
64.28
64.83
64.88
65.83
66.91
67.86
68.92
69.67
69.7
69.76
76.22
79.62
81
81.14
86.29
86.79
86.94
87.57
88.06
88.8
88.96
89.4
91.11
91.7
92.97
94.66
94.66
96.13
97.07
98.05
98.44
98.48
98.74
98.78
98.95
99.49
99.55
99.86
100.02
100.6
101.07
101.07

140La
126Sn
237U
151Pm
151Pm
136Cs
239Np
140La
153Sm
151Pm
237U
151Pm
133Xe
133Xe
131mTe
136Cs
160Th
126Sn
126Sn
239Np
151Pm
156Eu
99Mo
147Nd
151Pm
151Pm
238Pu
239Pu
239Pu
241Am
151Pm
238Pu
148mPm
151Pm
239Pu
241Am
140Ba
242Am
238Pu
151Pm
151Pm
237U
241Am

4,03E+01
1.00E+05
1.62E+02
2.84E+01
2.84E+01
1.31E+01
5.66E+01
4.03E+01
4.63E+01
2.84E+01
1.62E+02
2.84E+01
5.24E+00
5.24E+00
3.24E+01
1.31E+01

1.98E-01
1.00E+05
1.00E+05
5.66E+01
2.84E+01
1.52E+01
6.60E+01
1.10E+01
2.84E+01
2.84E+01
8.77E+01
2.41E+04
2.41E+04
4.32E+02
2.84E+01
8.77E+01
4,13E+01
2.84E+01
2.41E+04
4.32E+02
1.20E+01
1.60E+01
8.77E+01
2.84E+01
2.84E+01
1.62E+02
4,32E+02
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1.43E-04
9.58E-02
1.28E-02
1.89E-02
1.15E-02
1.25E-01
9.20E-04
7.54E-04
5.17E-02
4.73E-03
9.50E-06
2.03E-03
2.70E-03
3.80E-01
4.07E-02
6.28E-02
1.33E-01
8.92E-02
3.70E-01
6.00E-05
1.24E-04
9.05E-02
3.03E-05
2.79E-01
5.63E-05
3.38E-04
1.05E-06
4.22E-05
2.23E-07
1.18E-05
3.60E-03
1.69E-06
2.47E-02
5.85E-04
1.22E-05
2.03E-04
1.95E-07
3.66E-02
7.24E-05
2.54E-02
1.19E-04
2.63E-01
1.90E-05

38

24
234
234

14

37

38

234
24
234
10
10
36
14
17

37
234
29
35
18
234
234

83
83
28
234

18
234
83
28
20

234
234
24
28

Fiss_Prod
Fiss_Prod
237Np_Parent
Fiss_Prod
Fiss_Prod
Fiss_Prod
239Pu_Parent
Fiss_Prod
Fiss_Prod
Fiss_Prod
237Np_Parent
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
239Pu_Parent
Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM

SNM

SNM

SNM
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
SNM

SNM
Fiss_Prod
SNM

SNM
Fiss_Prod
Fiss_Prod
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76
142
34
76
147
138
143
79
148
142
149
145
76
142
142
60
76
49
76
49
59
143
149
59
72
147
76
67
147
80
143
142
143
76
76
143
147
76
143
76
60
59
76

16
35

120

20
19
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19
16
80
82
186
85
11
10

10
11
28
77
28

49
22
37
170
171
34

226

85
13

140

101.93
101.97
102.06
102.7
102.97
102.98
103.02
103.18
103.68
103.76
103.76
104.24
104.84
106.12
106.47
109.42
109.56
112.78
113.1
113.15
11351
116
117
118.84
120.48
121.2
121.77
122.4
123.01
123.07
123.62
124.4
12451
125.2
125.2
125.21
125.29
126.8
129.29
130.43
131.12
132.69
134.22

151Pm
239Np
131mTe
151Pm
241Am
237U
239Pu
153Sm
241Pu
239Np
242Am
240Pu
151Pm
239Np
239Np
140La
151Pm
135l
151Pm
135l
140Ba
239Pu
242Am
140Ba
147Nd
241Am
151Pm
143Ce
241Am
154Eu
239Pu
239Np
239Pu
151Pm
151Pm
239Pu
241Am
151Pm
239Pu
151Pm
140La
140Ba
151Pm

2.84E+01
5.66E+01
3.24E+01
2.84E+01
4.32E+02
1.62E+02
2.41E+04
4.63E+01
1.44E+01
5.66E+01
1.60E+01
6.54E+03
2.84E+01
5.66E+01
5.66E+01
4.03E+01
2.84E+01
6.59E+00
2.84E+01
6.59E+00
1.20E+01
2.41E+04
1.60E+01
1.20E+01
1.10E+01
4.32E+02
2.84E+01
3.30E+01
4.32E+02
8.50E+00
2.41E+04
5.66E+01
2.41E+04
2.84E+01
2.84E+01
2.41E+04
4.32E+02
2.84E+01
2.41E+04
2.84E+01
4.03E+01
1.20E+01
2.84E+01
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1.28E-02
8.00E-06
7.94E-02
3.15E-04
1.95E-04
6.40E-05
2.17E-06
2.83E-01
1.02E-06
2.37E-01
5.89E-02
7.08E-05
3.51E-02
2.72E-01
4.90E-04
2.19E-03
8.55E-04
1.26E-04
9.68E-05
6.89E-05
1.61E-04
1.06E-05
2.77E-02
6.10E-04
3.96E-03
6.85E-09
9.00E-04
8.56E-05
1.00E-05
4.05E-01
1.97E-07
1.00E-04
6.13E-07
1.22E-04
1.22E-04
7.11E-07
4.08E-05
2.93E-05
6.31E-05
6.75E-04
4.67E-03
2.02E-03
2.03E-04

234
37
36

234

234
37
37
38

234
93

234
93
20
83

20
18
28
234
52
28
13
83
37
83
234
234
83
28
234
83
234
38
20
234

Fiss_Prod
239Pu_Parent
Fiss_Prod
Fiss_Prod
SNM
237Np_Parent
SNM
Fiss_Prod
SNM
239Pu_Parent
SNM

SNM
Fiss_Prod
239Pu_Parent
239Pu_Parent
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM

SNM
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
SNM
239Pu_Parent
SNM
Fiss_Prod
Fiss_Prod
SNM
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Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
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76
37
76
76
76
67
222
143
76
76
76
143
143
143
76
147
37
76
76
148

34
36
76
147
140
52
72
76
76
143
222
148
143
145
44
143
222
49
59
76
76
52

219
74
109
125
33
12

43
181
50
182
50
17
26
150
12
52
60
98

12
14

189
18

16
131
61
80
11

61

24
13
83

26
13
12

134.9
136.7
138.38
138.9
139.28
139.74
140.51
141.66
141.7
143.17
143.2
143.35
144.21
146.08
146.2
146.56
147.4
147.53
148.5
148.57
149.2
149.72
149.72
150.1
150.11
152.68
153.22
154
155.5
156.18
158.1
158.78
159.96
160.19
160.28
160.61
161.45
162.37
162.65
162.66
162.94
163.58
163.89

151Pm
1321
151Pm
151Pm
151Pm
143Ce
99Mo
239Pu
151Pm
151Pm
151Pm
239Pu
239Pu
239Pu
151Pm
241Am
1321
151Pm
151Pm
241Pu
105Ru
131mTe
131Te
151Pm
241Am
238Pu
136Cs
147Nd
151Pm
151Pm
239Pu
99Mo
241Pu
239Pu
240Pu
133Xe
239Pu
99Mo
1351
140Ba
151Pm
151Pm
136Cs

2.84E+01
2.30E+00
2.84E+01
2.84E+01
2.84E+01
3.30E+01
6.60E+01
2.41E+04
2.84E+01
2.84E+01
2.84E+01
2.41E+04
2.41E+04
2.41E+04
2.84E+01
4.32E+02
2.30E+00
2.84E+01
2.84E+01
1.44E+01
4.44E+00
3.24E+01
2.50E+01
2.84E+01
4.32E+02
8.77E+01
1.31E+01
1.10E+01
2.84E+01
2.84E+01
2.41E+04
6.60E+01
1.44E+01
2.41E+04
6.54E+03
5.24E+00
2.41E+04
6.60E+01
6.59E+00
1.20E+01
2.84E+01
2.84E+01
1.31E+01
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4.05E-05
7.90E-04
4.05E-04
2.70E-04
4.95E-03
7.70E-04
4.52E-02
3.20E-07
1.01E-04
2.14E-03
1.01E-04
1.73E-07
2.83E-06
1.19E-06
1.67E-04
4.61E-06
2.37E-03
1.53E-03
5.40E-04
1.85E-06
1.67E-02
5.08E-02
6.89E-01
9.00E-05
7.40E-07
9.37E-06
7.46E-02
5.58E-04
2.48E-04
1.49E-03
1.00E-08
1.89E-04
6.54E-08
6.20E-08
4.02E-06
6.60E-04
1.23E-06
1.19E-04
9.76E-05
6.22E-02
8.78E-03
1.55E-02
4.61E-02

234
173
234
234
234
52
35
83
234
234
234
83
83
83
234
28
173
234
234

17
36
14
234
28

14
18
234
234
83
35

83

10
83
35
93
20
234
234
14
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138
49
147
204
142
76
76
143
60
22
76
52
76
143
222
142
37
59
49
76
143
73
76
76
143
204
72
84
49
67
34
76
143
147
216
76
76
76
76
138
147
76

19

70
26
10
20

23
28
17

28

36

17
59
16
74
56
32
17
205
126
29

13
10
65
40
10
27
12
27

64
190
113
206

10
12

164.6
164.61
165.74
165.93
165.98
166.39
167.75
168.39

171.3
173.54
176.33
176.52
176.55
177.16

179.2
181.07

181.7

183.6
183.83
184.49
186.59

189.3
189.63

192.9

195.5

195.7
196.32
196.64
197.04
197.19

197.6
200.63
201.96
203.54
204.06
204.12
204.17

205.7

206.7

207
208
208
209

241Am
237U
1351
241Am
88Kr
239Np
151Pm
151Pm
239Pu
140La
125Sh
151Pm
136Cs
151Pm
239Pu
99Mo
239Np
1321
140Ba
135l
151Pm
239Pu
148mPm
151Pm
151Pm
239Pu
88Kr
147Nd
160Th
135l
143Ce
131mTe
151Pm
239Pu
241Am
95Nb
151Pm
151Pm
151Pm
151Pm
237U
241Am
151Pm

4.32E+02
1.62E+02
6.59E+00
4.32E+02
2.84E+00
5.66E+01
2.84E+01
2.84E+01
2.41E+04
4.03E+01
2.76E+00
2.84E+01
1.31E+01
2.84E+01
2.41E+04
6.60E+01
5.66E+01
2.30E+00
1.20E+01
6.59E+00
2.84E+01
2.41E+04
4.13E+01
2.84E+01
2.84E+01
2.41E+04
2.84E+00
1.10E+01

1.98E-01
6.59E+00
3.30E+01
3.24E+01
2.84E+01
2.41E+04
4.32E+02
3.50E+01
2.84E+01
2.84E+01
2.84E+01
2.84E+01
1.62E+02
4.32E+02
2.84E+01
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6.67E-07
1.86E-02
3.13E-04
2.32E-07
3.10E-02
1.70E-04
8.33E-02
9.23E-03
1.10E-06
1.27E-03
6.89E-02
8.55E-03
1.36E-01
3.83E-02
6.60E-07
5.99E-02
8.10E-04
1.38E-03
9.76E-06
2.35E-04
1.80E-03
8.30E-07
1.10E-02
7.43E-05
2.70E-04
1.07E-06
2.60E-01
2.04E-03
4.90E-02
3.27E-04
2.57E-05
7.56E-02
8.78E-03
5.69E-06
2.90E-08
2.33E-02
1.31E-03
9.00E-05
3.60E-04
7.43E-05
2.12E-01
7.91E-06
1.73E-02

28
24
93
28
20
37
234
234
83
38
13
234
14
234
83
35
37
173
20
93
234
83
18
234
234
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20
18
17
93
52
36
234
83
28
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234
234
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medical _FP
239Pu_Parent
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM

SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
237Np_Parent
SNM
Fiss_Prod



142
76
84
49

197

138
44
24

143

142
76
76

142

142
76
49
67
76
76
37

138
76
76
76
76

143
76

210
60

222

143
12
76
49
76
80

222
51
34
76
37
37

221

191
12
13

16
10
17
52
11
40
101
10

134
35

20
79
112
18
73
59
53
32
53

15
24
46

145
71
123

18

192

128
129

209.75
215.3
215.65
220.5
221.45
221.8
223.23
223.8
225.4
226.38
227.18
227.81
227.83
228.18
229.01
229.72
231.55
232.43
232.7
234.3
234.4
236.2
236.6
236.7
237.1
237.4
240.09
241.52
241.93
242.29
243.4
245.39
247.1
247.5
247.8
247.94
249.03
249.79
249.93
250.5
250.8
250.8
254.17

239Np
151Pm
160Th
1351
82Br
237U
133Xe
126Sh
239Pu
239Np
151Pm
151Pm
239Np
239Np
151Pm
135l
143Ce
151Pm
151Pm
1321
237U
151Pm
151Pm
151Pm
151Pm
239Pu
151Pm
92Sr
140La
99Mo
239Pu
111Ag
151Pm
135l
151Pm
154Eu
99Mo
135Xe
131mTe
151Pm
1321
1321
97Zr

5.66E+01
2.84E+01

1.98E-01
6.59E+00
3.53E+01
1.62E+02
5.24E+00
2.98E+02
2.41E+04
5.66E+01
2.84E+01
2.84E+01
5.66E+01
5.66E+01
2.84E+01
6.59E+00
3.30E+01
2.84E+01
2.84E+01
2.30E+00
1.62E+02
2.84E+01
2.84E+01
2.84E+01
2.84E+01
2.41E+04
2.84E+01
2.71E+00
4,03E+01
6.60E+01
2.41E+04
7.45E+00
2.84E+01
6.59E+00
2.84E+01
8.50E+00
6.60E+01
9.14E+00
3.24E+01
2.84E+01
2.30E+00
2.30E+00
1.69E+01
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3.42E-02
9.00E-05
3.72E-02
1.75E-02
2.26E-02
2.12E-04
1.20E-06
1.40E-02
1.51E-07
2.80E-03
3.38E-03
4.95E-04
5.10E-03
1.08E-01
2.25E-04
2.41E-03
2.05E-02
1.04E-02
8.78E-04
2.96E-04
2.05E-04
9.45E-04
1.60E-03
1.94E-03
5.18E-03
1.44E-07
3.83E-02
2.97E-02
4.14E-03
2.55E-05
2.53E-07
1.23E-02
1.80E-04
2.87E-04
2.93E-04
6.60E-02
3.88E-05
8.99E-01
7.59E-02
9.00E-05
1.78E-04
1.78E-04
1.15E-02

37
234
17
93
11
24
10
18
83
37
234
234
37
37
234
93
52
234
234
173
24
234
234
234
234
83
234

38
35
83

234
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234
13
35

36
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173
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Fiss_Prod
Fiss_Prod
237Np_Parent
Fiss_Prod
Fiss_Prod
SNM
239Pu_Parent
Fiss_Prod
Fiss_Prod
239Pu_Parent
239Pu_Parent
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Fiss_Prod
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Fiss_Prod
Fiss_Prod
Fiss_Prod
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SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
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Fiss_Prod
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Fiss_Prod
Fiss_Prod
Fiss_Prod
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76
142
49
37
37
143
76
76

37
143
49
60
214
138
147
76
206
142
67
214
52
209
59
76
72
142
76
76
37
37
34
24
76
33
37
76
142
214
73
49
49
76

57
15
75
53
124
33
30
173

22
44
38
14

25
86
10
18
29
11

18

10

94
201
99
100
26
13
47

32
231

10

12

31
29

254.28
254.4
254.74
255.1
255.1
255.4
258.11
261.4
262.9
262.9
263.9
264.26
266.54
266.9
267.54
267.6
270.72
272.45
272.84
272.9
273
273.65
274.7
275.18
275.21
275.37
277.6
277.62
278.2
278.4
278.4
278.56
278.6
280.09
284.3
284.9
285
285.46
287
288.11
288.45
290.27
290.75

151Pm
239Np
1351
1321
1321
239Pu
151Pm
151Pm
105Ru
1321
239Pu
1351
140La
93y
237U
241Am
151Pm
89Rb
239Np
143Ce
93y
136Cs
91Sr
140Ba
151Pm
147Nd
239Np
151Pm
151Pm
1321
1321
131mTe
126Sh
151Pm
1311
1321
151Pm
239Np
93y
148mPm
1351
1351
151Pm

2.84E+01
5.66E+01
6.59E+00
2.30E+00
2.30E+00
2.41E+04
2.84E+01
2.84E+01
4.44E+00
2.30E+00
2.41E+04
6.59E+00
4.03E+01
1.02E+01
1.62E+02
4.32E+02
2.84E+01
1.52E+01
5.66E+01
3.30E+01
1.02E+01
1.31E+01
9.63E+00
1.20E+01
2.84E+01
1.10E+01
5.66E+01
2.84E+01
2.84E+01
2.30E+00
2.30E+00
3.24E+01
2.98E+02
2.84E+01
8.02E+00
2.30E+00
2.84E+01
5.66E+01
1.02E+01
4.13E+01
6.59E+00
6.59E+00
2.84E+01
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1.69E-03
1.10E-03
2.30E-04
2.37E-03
1.97E-04
8.00E-07
5.63E-03
1.13E-04
7.20E-02
1.28E-02
2.65E-07
1.84E-03
4.66E-03
7.32E-02
7.12E-03
2.63E-07
6.75E-04
1.42E-02
7.70E-04
8.56E-05
7.13E-04
1.27E-01
1.00E-02
3.66E-06
6.75E-02
8.01E-03
1.44E-01
6.08E-04
7.88E-05
3.95E-04
3.95E-04
1.78E-02
2.39E-02
2.32E-03
6.05E-02
7.11E-03
2.25E-05
7.90E-03
7.50E-04
1.26E-01
3.10E-02
3.04E-03
8.33E-03

234
37
93

173

173
83

234

234
17

173
83
93
38
29
24
28

234
12
37
52
29
14

20
234
18
37
234
234
173
173
36
18
234

173
234
37
29
18
93
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Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
239Pu_Parent
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
239Pu_Parent
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod



76
138
67
76
76
24
24
143
76
76
76
37
76
76
44
143
59
49
49
37
37
76
60
143
76
138
37
37
76
76
73
143
76
76
142
143

37
72
143
76
142
143

174
21

162
153

11

10

41
110
213
163
125
127
132

63

66
46
66
67
46
27
62
81
24
70
71
114
148
12
45
89
202

54

61

39

71

25
40

292.4
292.7
293.27
294.8
295.2
296.5
297.3
297.5
297.8
298.6
301.8
302
302.5
302.8
302.85
302.9
304.85
304.91
305.83
306.7
306.7
306.74
306.9
307.8
308.97
309.1
310.1
310.4
310.8
310.8
311.63
311.7
314.92
315.1
315.88
316.4
316.5
316.7
319.41
320.9
321.87
322.26
323.8

151Pm
237U
143Ce
151Pm
151Pm
126Sh
126Sh
239Pu
151Pm
151Pm
151Pm
1321
151Pm
151Pm
133Xe
239Pu
140Ba
135l
1351
1321
1321
151Pm
140La
239Pu
151Pm
237U
1321
1321
151Pm
151Pm
148mPm
239Pu
151Pm
151Pm
239Np
239Pu
105Ru
1321
147Nd
239Pu
151Pm
239Np
239Pu

2.84E+01
1.62E+02
3.30E+01
2.84E+01
2.84E+01
2.98E+02
2.98E+02
2.41E+04
2.84E+01
2.84E+01
2.84E+01
2.30E+00
2.84E+01
2.84E+01
5.24E+00
2.41E+04
1.20E+01
6.59E+00
6.59E+00
2.30E+00
2.30E+00
2.84E+01
4.03E+01
2.41E+04
2.84E+01
1.62E+02
2.30E+00
2.30E+00
2.84E+01
2.84E+01
4.13E+01
2.41E+04
2.84E+01
2.84E+01
5.66E+01
2.41E+04
4.44E+00
2.30E+00
1.10E+01
2.41E+04
2.84E+01
5.66E+01
2.41E+04
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1.13E-04
2.50E-05
4.28E-01
1.35E-04
1.58E-04
4.48E-02
4.98E-02
4.98E-07
3.83E-04
6.08E-05
1.35E-04
1.97E-04
2.70E-04
2.48E-04
4.80E-05
5.10E-08
4.29E-02
3.16E-04
9.50E-04
9.87E-04
9.87E-04
2.39E-03
2.48E-04
5.50E-08
8.10E-04
2.70E-06
8.88E-04
8.88E-04
3.60E-04
1.69E-04
3.92E-02
2.58E-07
6.30E-04
7.88E-05
1.60E-02
1.32E-07
1.17E-01
1.28E-03
1.95E-02
5.42E-07
9.68E-04
5.20E-05
5.39E-07

234
24
52

234

234
18
18
83

234

234

234

173

234

234
10
83
20
93
93

173

173

234
38
83

234
24
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18
83
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173
18
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76
76
76
49

60
76
76
23
147
138
143
49
34
142
138
147
143
138
67
76
138
52
76
214
143
12
49
37
76
143
76
76
76

67
37
76
76
221
76
67
76

18
160
67
91
15

164
48

16

14
60

13
11
27
19
49

22

83
15
35

93
72
10
13
111
188
62
16

75
154
68

203
51
159

323.94
325.2
325.8

326
326.1
328.76
329

329.75
331.9
332.3

332.36
332.8
333.6

334.27

334.31

335.38

335.41

336.11
337.7
338.3

340.08

340.45

340.57

341
341.5

341.51

342.13

342.52
343.7
344.9

345.01
346.1
348.8

349.81
350.2

350.62
351.8
352.3

353.32

355.39
356.9
357.8
358.4

151Pm
151Pm
151Pm
1351
105Ru
140La
151Pm
151Pm
125Sn
241Am
237U
239Pu
1351
131mTe
239Np
237U
241Am
239Pu
237U
143Ce
151Pm
237U
136Cs
151Pm
93y
239Pu
111Ag
1351
1321
151Pm
239Pu
151Pm
151Pm
151Pm
105Ru
143Ce
1321
151Pm
151Pm
977Zr
151Pm
143Ce
151Pm

2.84E+01
2.84E+01
2.84E+01
6.59E+00
4.44E+00
4.03E+01
2.84E+01
2.84E+01
9.64E+00
4.32E+02
1.62E+02
2.41E+04
6.59E+00
3.24E+01
5.66E+01
1.62E+02
4.32E+02
2.41E+04
1.62E+02
3.30E+01
2.84E+01
1.62E+02
1.31E+01
2.84E+01
1.02E+01
2.41E+04
7.45E+00
6.59E+00
2.30E+00
2.84E+01
2.41E+04
2.84E+01
2.84E+01
2.84E+01
4.44E+00
3.30E+01
2.30E+00
2.84E+01
2.84E+01
1.69E+01
2.84E+01
3.30E+01
2.84E+01
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1.22E-02
1.46E-04
1.06E-03
2.30E-05
1.18E-02
2.03E-01
1.35E-04
2.21E-03
1.29E-02
1.49E-06
1.20E-02
4.94E-06
3.73E-04
9.57E-02
2.07E-02
9.51E-04
4.96E-06
1.12E-06
8.90E-05
8.56E-06
2.25E-01
1.65E-05
4.85E-01
7.43E-04
4.43E-04
6.62E-07
6.68E-02
8.61E-06
8.88E-04
2.12E-02
5.56E-06
3.83E-04
9.23E-05
1.42E-03
1.10E-02
3.23E-02
7.90E-04
1.58E-04
1.06E-03
2.28E-02
7.88E-05
5.99E-06
1.53E-04

234
234
234
93
17
38
234
234

28
24
83
93
36
37
24
28
83
24
52
234
24
14
234
29
83

93
173
234
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234
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234

17
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76
49
143
204
37
33
34
222
143
138
143
147
76
147
138
67
76
143
147
76
76
76
222
143
22
76
143
147
44
214
37
37
37
67
76
222
142
84
143
143

76
60

180
37
55
12
38

34

30
14
31
14
151
21
11
22
139

17
155
183

22

14

16

13
141

18

24

27
46
47
48
16
99
20
29
17
20
15

108
20

360.9
361.85
361.9
362.23
363.34
364.48
364.98
366.42
367.05
368.59
368.6
368.61
369
370.93
370.94
371.29
374.2
375.04
376.6
376.9
378.5
379.86
380.13
380.17
380.44
381.2
382.75
383.74
383.85
387.5
387.9
387.9
387.9
389.64
390.67
391.7
392.4
392.49
392.5
393.1
393.4
395.63
397.52

151Pm
1351
239Pu
88Kr
1321
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239Pu
125Sh
151Pm
239Pu
241Am
133Xe
93Y
1321
1321
1321
143Ce
151Pm
99Mo
239Np
160Th
239Pu
239Pu
105Ru
151Pm
140La

2.84E+01
6.59E+00
2.41E+04
2.84E+00
2.30E+00
8.02E+00
3.24E+01
6.60E+01
2.41E+04
1.62E+02
2.41E+04
4.32E+02
2.84E+01
4.32E+02
1.62E+02
3.30E+01
2.84E+01
2.41E+04
4.32E+02
2.84E+01
2.84E+01
2.84E+01
6.60E+01
2.41E+04
2.76E+00
2.84E+01
2.41E+04
4.32E+02
5.24E+00
1.02E+01
2.30E+00
2.30E+00
2.30E+00
3.30E+01
2.84E+01
6.60E+01
5.66E+01

1.98E-01
2.41E+04
2.41E+04
4.44E+00
2.84E+01
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6.98E-05
2.32E-03
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2.48E-02
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3.91E-04
1.20E-02
1.51E-02
2.25E-04
9.87E-04
2.86E-05
4.01E-02
8.80E-08
1.50E-04
6.02E-03
3.64E-02
5.99E-04
2.60E-06
2.03E-04
2.88E-03
1.89E-06
3.16E-03
1.35E-04
1.55E-02
1.82E-01
8.20E-06
1.35E-04
1.33E-05
3.83E-04
4.50E-05
1.49E-08
8.13E-05
7.10E-02
2.27E-08
1.60E-05
3.60E-04
1.82E-02
1.04E-01
9.00E-05
1.13E-04
1.95E-05
1.75E-01
2.67E-05
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1.10E-05
1.30E-02
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234
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76
76
37
76
45
76
37
143
142
60
76
30
37
37
72
76
67
222
142
36
76
76

142
67
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73
76
142
37
76
221
76
40
83
143
193

76
76
37
67

147
167

56
209

74
57
65
32
149
41
42
14
65

30
24

176
168

28

15
33

217

36

103

197

122
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471.3
471.4
473.6
473.8
475.35
A77.75
478.2
481.5
484.3
487.02
487.1
487.39
488
488
489.24
490.26
490.37
490.53
492.3
492.66
494.9
495.5
497.08
497.8
497.81
498.7
499.2
501.26
503.7
504.2
505.79
507.27
507.64
510.1
510.53
511
511
511
512
516.25
521.1
522.65
523

151Pm
151Pm
1321
151Pm
134Cs
151Pm
1321
239Pu
239Np
140La
151Pm
129Te
1321
1321
147Nd
151Pm
143Ce
99Mo
239Np
131Te
151Pm
151Pm
103Ru
239Np
143Ce
239Np
105Ru
148mPm
151Pm
239Np
1321
151Pm
97Zr
151Pm
1331
150
239Pu
65Zn
106Rh
151Pm
151Pm
1321
143Ce

2.84E+01
2.84E+01
2.30E+00
2.84E+01
5.24E+00
2.84E+01
2.30E+00
2.41E+04
5.66E+01
4.03E+01
2.84E+01
3.36E+01
2.30E+00
2.30E+00
1.10E+01
2.84E+01
3.30E+01
6.60E+01
5.66E+01
2.50E+01
2.84E+01
2.84E+01
3.94E+01
5.66E+01
3.30E+01
5.66E+01
4.44E+00
4.13E+01
2.84E+01
5.66E+01
2.30E+00
2.84E+01
1.69E+01
2.84E+01
2.08E+01
1.22E+02
2.41E+04
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2.84E+01
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1.80E-04
1.35E-04
1.68E-03
6.75E-05
1.46E-02
9.45E-04
1.68E-03
4.60E-08
1.00E-05
4.55E-01
1.69E-04
1.31E-02
4.15E-03
4.15E-03
1.53E-03
1.26E-03
2.16E-02
1.09E-05
6.00E-05
4.84E-02
1.13E-04
1.35E-04
8.89E-01
3.20E-05
4.45E-04
1.00E-05
2.40E-02
6.75E-02
4.50E-05
7.80E-06
4.94E-02
4.73E-04
5.03E-02
8.55E-05
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1.94E-03
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59
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49
37
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59
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197
24
67
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37
216
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37
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222
76
222
76
76

= ©

67
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36

105

158
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152
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18

73
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38

35
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227
17
43
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528.79
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530.8
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532.5
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546.56
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1301
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126Sh
143Ce
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1.69E-02
1.98E-02
2.67E-03
5.17E-04
4.58E-04
6.91E-04
6.91E-04
4.83E-02
7.47E-02
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9.79E-01
1.13E-04
8.10E-05
9.76E-01
9.68E-05
1.17E-02
5.02E-02
2.90E-02
4.73E-04
3.95E-04
5.60E-02
5.48E-02
1.02E-02
2.82E-01
1.20E-04
3.73E-04
1.34E-08
3.72E-04
2.04E-08

36
52
93
18
173
173
13
18
234
52
18
234
234
83
234
29
35
18
173
173
13
14
12
13
234
234

234
11
13

234
173

18

11
52
93
83
38
83

Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
medical _FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
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147
197
143
222
209
11
76
37
37
222

73
37
34
143
22
76
33
143
143
37
145
19
143
82
49
143
37
143
209
209
147
76
36
143
76
49

24
206
10
11

102

51

28
82
13
60

22
45
11
73
178
49
10
15

Y

619.01
619.07
619.2
620.03
620.1
620.35
620.6
620.9
621.2
621.77
621.84
622.2
629.97
630.19
631.94
633.15
635.89
636.2
636.97
637.84
640.08
642.2
642.48
645.85
645.97
646.29
649.85
650
650.5
652.07
652.3
652.9
653.02
654.25
654.26
654.88
655.6
656.09
656.1
656.3
657.71
657.75
657.75

241Am
82Br
239Pu
99Mo
91Sr
110mAg
151Pm
1321
1321
99Mo
106Rh
106Ru
148mPm
1321
131mTe
239Pu
125Sh
151Pm
1311
239Pu
239Pu
1321
240Pu
124Sh
239Pu
156Eu
1351
239Pu
1321
239Pu
91Sr
91Sr
241Am
151Pm
131Te
239Pu
151Pm
1351
105Ru
126Sh
89Rb
110Ag
110mAg

4.32E+02
3.53E+01
2.41E+04
6.60E+01
9.63E+00

6.84E-01
2.84E+01
2.30E+00
2.30E+00
6.60E+01
1.00E+00
1.00E+00
4.13E+01
2.30E+00
3.24E+01
2.41E+04
2.76E+00
2.84E+01
8.02E+00
2.41E+04
2.41E+04
2.30E+00
6.54E+03

1.65E-01
2.41E+04
1.52E+01
6.59E+00
2.41E+04
2.30E+00
2.41E+04
9.63E+00
9.63E+00
4.32E+02
2.84E+01
2.50E+01
2.41E+04
2.84E+01
6.59E+00
4.44E+00
2.98E+02
1.52E+01
2.46E+01

6.84E-01
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5.94E-07
4.31E-01
1.21E-08
2.30E-05
1.72E-02
2.77E-02
7.20E-04
3.95E-03
1.58E-02
2.58E-04
9.81E-02
9.95E-02
8.90E-01
1.33E-01
3.55E-02
2.53E-08
1.13E-01
1.42E-02
7.26E-02
2.56E-08
8.20E-08
3.95E-04
1.30E-07
7.26E-02
1.52E-07
7.09E-02
4.56E-03
1.00E-08
2.57E-02
6.55E-08
2.89E-02
7.80E-02
3.77E-07
2.41E-03
1.53E-02
2.25E-08
1.13E-04
7.46E-04
2.40E-02
2.19E-02
9.98E-02
4.49E-02
9.44E-01

28
11
83
35

15
234
173
173

35

18
173
36
83
13
234

83
83
173

13
83
29
93
83
173
83

28
234
14
83
234
93
17
18
12

15

SNM
Fiss_Prod
SNM
medical_FP
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Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
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Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
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SNM
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Fiss_Prod
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219
143
76
53
54
147
76
67
143
34
24
37
76
31
76
76
37
67
76
37
22
24
67

11
76
49
214
72
67
37
49
72
31
11
37
147
222
49
80
24
36
71

1
56
136

13
75

76
15

224

37
42

32
24
10
12
12
50

106
56

18
30
76
76

10
103
23
34
44
11

14

657.9
658.93
661.55

661.6
661.65
662.42

663.5
664.57
664.59
665.05
666.33
667.72

668.5
668.54

668.7

669.2

669.8
670.12
671.28

671.4
671.41

675

675.5

676.4
677.61

678.3
679.22

680.2
680.52
682.82

684.4

684.6

685.9
685.99
686.99

687.8

688.7

689.6
690.13
692.41

695
696.01
696.49

97Nb
239Pu
151Pm
137Cs
137mBa
241Am
151Pm
143Ce
239Pu
131mTe
126Sh
1321
151Pm
1301
151Pm
151Pm
1321
143Ce
151Pm
1321
125Sh
126Sh
143Ce
105Ru
110mAg
151Pm
1351
93y
147Nd
143Ce
1321
1351
147Nd
1301
110mAg
1321
241Am
99Mo
1351
154Eu
126Sb
131Te
144Pr

7.21E+01
2.41E+04
2.84E+01
3.02E+01
2.55E+00
4.32E+02
2.84E+01
3.30E+01
2.41E+04
3.24E+01
2.98E+02
2.30E+00
2.84E+01
1.24E+01
2.84E+01
2.84E+01
2.30E+00
3.30E+01
2.84E+01
2.30E+00
2.76E+00
2.98E+02
3.30E+01
4.44E+00

6.84E-01
2.84E+01
6.59E+00
1.02E+01
1.10E+01
3.30E+01
2.30E+00
6.59E+00
1.10E+01
1.24E+01

6.84E-01
2.30E+00
4.32E+02
6.60E+01
6.59E+00
8.50E+00
2.98E+02
2.50E+01

7.79E-01
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9.81E-01
9.69E-08
2.25E-04
8.51E-01
9.00E-01
3.64E-06
9.45E-04
5.69E-02
1.66E-08
4.34E-02
9.96E-01
9.87E-01
3.38E-05
9.61E-01
3.60E-03
2.93E-03
4.64E-02
8.13E-05
9.00E-03
3.45E-02
1.81E-02
3.69E-02
8.56E-06
1.67E-01
1.07E-01
4.50E-04
5.45E-04
6.58E-03
1.95E-04
8.56E-05
7.90E-04
2.30E-04
8.12E-03
1.07E-02
6.47E-02
3.95E-04
3.25E-07
4.25E-06
1.29E-03
1.69E-02
9.96E-01
1.19E-02
1.48E-02

83
234

28
234
52
83
36
18
173
234

234
234
173
52
234
173
13
18
52
17
15
234
93
29
18
52
173
93
18

15
173
28
35
93
13
18
14

Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
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Fiss_Prod
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Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod



24
76
59
143
221
76
37
40
11

49
76
19
67
80
76
34
76
19
214
76
143
76
24
67
147
19
33
80
82
217

73
37
76
37
37
67
31
76
222
76
218

144
17
67

41
126

14
23
63
11
31
12
76
32
195

21

68

179

15
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16
210
11
19
39

35

137

697
699
699.89
703.7
703.76
704.24
706.4
706.58
706.67
707.36
707.92
709.25
709.31
709.59
710.54
712
713.1
713.4
713.82
714.4
717.72
718
719
720.5
721.93
722
722.78
722.89
723.3
723.47
724.2
724.5
725.7
727
727
727.2
728.4
729.87
734.8
736.12
739.5
740.8
743.36

126Sh
151Pm
140Ba
239Pu
97Zr
151Pm
1321
133l
110mAg
105Ru
1351
151Pm
124Sh
143Ce
154Eu
151Pm
131mTe
151Pm
124Sh
93Y
151Pm
239Pu
151Pm
126Sh
143Ce
241Am
124Sh
1311
154Eu
156Eu
95Zr
105Ru
148mPm
1321
151Pm
1321
1321
143Ce
1301
151Pm
99Mo
151Pm
97mNb

2.98E+02
2.84E+01
1.20E+01
2.41E+04
1.69E+01
2.84E+01
2.30E+00
2.08E+01

6.84E-01
4.44E+00
6.59E+00
2.84E+01

1.65E-01
3.30E+01
8.50E+00
2.84E+01
3.24E+01
2.84E+01

1.65E-01
1.02E+01
2.84E+01
2.41E+04
2.84E+01
2.98E+02
3.30E+01
4.32E+02

1.65E-01
8.02E+00
8.50E+00
1.52E+01

1.75E-01
4.44E+00
4.13E+01
2.30E+00
2.84E+01
2.30E+00
2.30E+00
3.30E+01
1.24E+01
2.84E+01
6.60E+01
2.84E+01
5.27E+01
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2.89E-01
1.91E-04
8.29E-06
3.95E-08
1.01E-02
3.38E-03
1.97E-04
1.49E-02
1.67E-01
1.28E-02
6.60E-03
1.37E-03
1.42E-02
8.56E-05
1.59E-02
9.45E-04
1.43E-02
9.00E-05
2.38E-02
1.73E-04
4.05E-02
2.80E-08
1.13E-04
5.38E-01
5.39E-02
1.96E-06
1.11E-01
1.80E-02
1.97E-01
6.02E-02
4.42E-01
4.90E-01
3.28E-01
2.17E-02
6.75E-05
3.16E-02
1.58E-02
3.00E-05
8.23E-01
4.73E-03
1.21E-01
2.25E-04
9.80E-01

18
234
20
83
12
234
173

15
17
93
234
13
52
13
234
36
234
13
29
234
83
234
18
52
28
13

13
29

17
18
173
234
173
173
52

234
35
234

Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod



221
34
11

209
60
76
76

143

217
80
76

222
11
84

216

140
67
76

143
37
37
76
34

209

197

222
37
34
37
76
49
67
67
37
76
34
49
76
45
49
45
67
49

28
11

17
211
69

196

35

15

37

69

64

127

25

=

24

45
49
41
41
25
69
232

77
96

39

20
58

743.36
744.2
744.26
749.8
751.64
752.82
755
756.4
756.73
756.87
758.5
761.77
763.93
765.28
765.81
766.41
767.7
769.1
769.4
7717
772.6
772.76
773.67
776.34
776.49
777.92
780
782.49
784.4
785.1
785.48
787.4
791.07
791.2
792.8
793.75
795.5
795.74
795.84
797.71
801.93
806.34
807.2

97Zr
131mTe
110mAg
91Sr
140La
151Pm
151Pm
239Pu
95Zr
154Eu
151Pm
99Mo
110mAg
160Th
95Nb
238Pu
143Ce
151Pm
239Pu
1321
1321
151Pm
131mTe
91Sr
82Br
99Mo
1321
131mTe
1321
151Pm
1351
143Ce
143Ce
1321
151Pm
131mTe
1351
151Pm
134Cs
135l
134Cs
143Ce
1351

1.69E+01
3.24E+01

6.84E-01
9.63E+00
4.03E+01
2.84E+01
2.84E+01
2.41E+04

1.75E-01
8.50E+00
2.84E+01
6.60E+01

6.84E-01

1.98E-01
3.50E+01
8.77E+01
3.30E+01
2.84E+01
2.41E+04
2.30E+00
2.30E+00
2.84E+01
3.24E+01
9.63E+00
3.53E+01
6.60E+01
2.30E+00
3.24E+01
2.30E+00
2.84E+01
6.59E+00
3.30E+01
3.30E+01
2.30E+00
2.84E+01
3.24E+01
6.59E+00
2.84E+01
2.06E+00
6.59E+00
2.06E+00
3.30E+01
6.59E+00
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9.31E-01
1.59E-02
4.64E-02
2.30E-01
4.33E-02
1.28E-02
6.75E-05
2.80E-08
5.45E-01
4.33E-02
9.00E-05
4.00E-06
2.23E-01
1.93E-02
9.98E-01
2.20E-07
3.17E-05
1.06E-03
5.10E-08
1.97E-04
7.56E-01
9.00E-03
3.82E-01
1.19E-02
8.33E-01
4.26E-02
1.18E-02
7.79E-02
3.85E-03
2.21E-03
1.52E-03
2.57E-05
1.33E-04
9.87E-04
2.25E-05
1.39E-01
2.30E-04
5.85E-04
8.54E-01
1.72E-03
8.73E-02
2.87E-04
4.59E-04

12
36
15

38
234
234

83

13
234
35
15
17

52
234
83
173
173
234
36

11
35
173
36
173
234
93
52
52
173
234
36
93
234

93

52
93

Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod



76
143
37
67
82
76
37
60
76
76
11
52
76
23
34
222
197
37
204
49
37
76
34
76
40
24
76
222
37
37
37
82
76
60
80
40

37
76
84
67
76
11

31

83

14

19

87

58
78

119

105
106

107

807.9
808.4
809.5
809.98
811.77
811.8
812
815.77
817.7
817.7
818.02
818.5
822.45
822.6
822.78
822.97
827.81
831.3
834.83
836.8
847.9
848.65
852.21
856.2
856.28
856.8
859.8
861.2
863
866
866
867.01
867.1
867.85
873.19
875.33
875.8
876.6
877.7
879.36
880.46
883.68
884.67

151Pm
239Pu
1321
143Ce
156Eu
151Pm
1321
140La
151Pm
151Pm
110mAg
136Cs
151Pm
125Sn
131mTe
99Mo
82Br
1321
88Kr
1351
1321
151Pm
131mTe
151Pm
1331
126Sh
151Pm
99Mo
1321
1321
1321
156Eu
151Pm
140La
154Eu
1331
105Ru
1321
151Pm
160Th
143Ce
151Pm
110mAg

2.84E+01
2.41E+04
2.30E+00
3.30E+01
1.52E+01
2.84E+01
2.30E+00
4.03E+01
2.84E+01
2.84E+01

6.84E-01
1.31E+01
2.84E+01
9.64E+00
3.24E+01
6.60E+01
3.53E+01
2.30E+00
2.84E+00
6.59E+00
2.30E+00
2.84E+01
3.24E+01
2.84E+01
2.08E+01
2.98E+02
2.84E+01
6.60E+01
2.30E+00
2.30E+00
2.30E+00
1.52E+01
2.84E+01
4,03E+01
8.50E+00
2.08E+01
4.44E+00
2.30E+00
2.84E+01

1.98E-01
3.30E+01
2.84E+01

6.84E-01
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5.63E-03
1.21E-09
2.57E-02
3.12E-04
1.04E-01
6.75E-04
5.53E-02
2.33E-01
1.69E-03
9.00E-04
7.28E-02
9.97E-01
3.38E-04
3.78E-02
6.12E-02
1.33E-03
2.42E-01
2.47E-04
1.30E-01
6.69E-02
1.68E-04
2.81E-03
2.07E-01
6.53E-05
1.23E-02
1.76E-01
8.33E-05
7.28E-05
5.63E-03
3.55E-04
3.55E-04
1.40E-02
2.93E-05
5.50E-02
1.15E-01
4.47E-02
3.40E-02
1.04E-02
1.01E-03
2.85E-01
1.03E-02
4.50E-04
7.26E-01

234
83
173
52
29
234
173
38
234
234
15
14
234

36
35
11
173
20
93
173
234
36
234

18
234
35
173
173
173
29
234
38
13

17
173
234

17

52
234

15

Fiss_Prod
SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
medical _FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod



37
76
37
37
67
76
205
76
76
37
67
34
37
76
74
73
23
76
60
34
76
139
60
209
76
37
76
11
67
76
82
214
37
206
36
76
60
210
76
24
37
67
76

120
229
107
108

33
230

133
225
137
46
19
30
129

»

233
10
35

234

ol

220
43
221

21
222
28

96
10
39
12

72
18

47
92

886.1
887.6
888.7
888.7
891.47
894.1
898.02
898.58
903.5
904.4
907.1
910
910.1
911.25
914.85
915.33
915.5
919.3
919.55
920.62
922.1
923.98
925.19
925.8
926.1
927.4
933.9
937.48
937.82
939.8
944.35
947.1
947.2
947.69
948.54
948.72
950.99
953.32
953.41
954
954.55
956.9
959.7

1321
151Pm
1321
1321
143Ce
151Pm
88Rb
151Pm
151Pm
1321
143Ce
131mTe
1321
151Pm
148Pm
148mPm
125Sn
151Pm
140La
131mTe
151Pm
238Np
140La
91Sr
151Pm
1321
151Pm
110mAg
143Ce
151Pm
156Eu
93y
1321
89Rb
131Te
151Pm
140La
92Sr
151Pm
126Sh
1321
143Ce
151Pm

2.30E+00
2.84E+01
2.30E+00
2.30E+00
3.30E+01
2.84E+01
1.78E+01
2.84E+01
2.84E+01
2.30E+00
3.30E+01
3.24E+01
2.30E+00
2.84E+01
5.37E+00
4.13E+01
9.64E+00
2.84E+01
4.03E+01
3.24E+01
2.84E+01
2.12E+00
4.03E+01
9.63E+00
2.84E+01
2.30E+00
2.84E+01

6.84E-01
3.30E+01
2.84E+01
1.52E+01
1.02E+01
2.30E+00
1.52E+01
2.50E+01
2.84E+01
4.03E+01
2.71E+00
2.84E+01
2.98E+02
2.30E+00
3.30E+01
2.84E+01
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2.47E-04
2.70E-05
3.45E-04
3.45E-04
8.13E-05
2.70E-05
1.40E-01
2.48E-04
3.15E-05
1.28E-04
1.28E-05
3.29E-02
9.28E-03
2.57E-04
1.15E-01
1.72E-01
3.78E-02
1.80E-05
2.66E-02
1.20E-02
1.35E-05
2.48E-02
6.90E-02
3.74E-02
4.05E-05
4.15E-03
3.83E-05
3.42E-01
2.61E-04
3.83E-05
1.39E-02
2.09E-02
4.44E-04
9.22E-02
2.26E-02
3.51E-03
5.19E-03
3.60E-02
9.68E-04
1.20E-02
1.76E-01
1.28E-05
6.30E-04

173
234
173
173

52
234

234
234
173

52

36
173
234

18

234
38
36

234

38

234
173
234
15
52
234
29
29
173
12
14
234
38
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18
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52
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49
82
222
49
84
214
76
37
84
19
76

214
49
49
37

139

204

222

214
24
60
49
37
80
36

204

222
37
37
67
80
37

197
37
76
73
67

222

221

209

219

139

63
25

42

22
215
109

161
11
28
20
16
34

17
28
25

32
40
113

15
17
117
118
13

131
10
94

223

48
33
10
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960.29
960.5
960.75
961.43
962.29
962.3
964.4
965.8
966.15
968.2
968.9
969.4
971
971.96
972.62
984.2
984.45
985.78
986.44
987.7
989.3
992.9
995.09
995.8
996.32
997.25
1000.1
1001.34
1002.5
1002.5
1002.85
1004.8
1005.4
1007.6
1009
1012.2
1013.8
1014.3
1017
1021.2
1024.3
1024.5
1025.9

1351
156Eu
99Mo
1351
160Th
93Y
151Pm
1321
160Th
124Sh
151Pm
105Ru
93y
1351
1351
1321
238Np
88Kr
99Mo
93Y
126Sh
140La
1351
1321
154Eu
131Te
88Kr
99Mo
1321
1321
143Ce
154Eu
1321
82Br
1321
151Pm
148mPm
143Ce
99Mo
977Zr
91Sr
97Nb
238Np

6.59E+00
1.52E+01
6.60E+01
6.59E+00

1.98E-01
1.02E+01
2.84E+01
2.30E+00

1.98E-01

1.65E-01
2.84E+01
4.44E+00
1.02E+01
6.59E+00
6.59E+00
2.30E+00
2.12E+00
2.84E+00
6.60E+01
1.02E+01
2.98E+02
4.03E+01
6.59E+00
2.30E+00
8.50E+00
2.50E+01
2.84E+00
6.60E+01
2.30E+00
2.30E+00
3.30E+01
8.50E+00
2.30E+00
3.53E+01
2.30E+00
2.84E+01
4.13E+01
3.30E+01
6.60E+01
1.69E+01
9.63E+00
7.21E+01
2.12E+00
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3.44E-04
1.62E-02
9.46E-04
1.46E-03
9.03E-02
1.20E-04
4.73E-05
3.45E-04
2.42E-01
1.92E-02
1.46E-04
2.34E-02
6.75E-05
8.90E-03
1.21E-02
5.92E-03
2.38E-01
1.32E-02
1.46E-05
1.05E-04
6.77E-02
1.34E-04
1.55E-03
2.96E-04
1.03E-01
3.34E-02
1.89E-02
5.46E-05
2.57E-04
2.57E-04
7.53E-04
1.79E-01
1.58E-04
1.27E-02
4.64E-04
3.60E-05
2.03E-01
1.28E-05
6.07E-06
1.01E-02
3.25E-01
1.08E-02
8.21E-02

93
29
35
93
17
29
234
173
17
13
234
17
29
93
93
173

20
35
29
18
38
93
173
13
14
20
35
173
173
52
13
173
11
173
234
18
52
35
12

g1 N 0o

Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
SNM



139
67
37
45
49

197
60
19
67
52
37

222
34
67
82
23
82
37
37
23
49
37
60
49
82
67
37
84

193
49
34
37
37
49
37

204

210
37
36
37

221

3
23
37

28

27

95

31
30
17
11

12
110
77

47
97
30
14
26

83
16

10

90
91

12
18

21

50

1028.5
1031.22
1035
1038.6
1038.76
1044
1045.05
1045.2
1046.78
1048.1
1049.6
1050.5
1050.5
1056.2
1059.7
1060.22
1065.1
1066.6
1079.2
1081.8
1086.2
1088.9
1096.86
1096.9
1097.2
1101.58
1102.7
1103.25
1112.4
11151
1115.55
1124
1125.5
1126.5
1126.5
1131.51
1136
1141.3
1142.3
1143.3
1147
1147.8
1147.97

238Np
143Ce
1321
134Cs
1351
82Br
140La
124Sh
143Ce
136Cs
1321
106Rh
106Ru
99Mo
131mTe
143Ce
156Eu
125Sn
156Eu
1321
1321
125Sn
1351
1321
140La
1351
156Eu
143Ce
1321
160Th
65Zn
1351
131mTe
1321
1321
1351
1321
88Kr
92Sr
1321
131Te
1321
97Zr

2.12E+00
3.30E+01
2.30E+00
2.06E+00
6.59E+00
3.53E+01
4.03E+01

1.65E-01
3.30E+01
1.31E+01
2.30E+00
1.00E+00
1.00E+00
6.60E+01
3.24E+01
3.30E+01
1.52E+01
9.64E+00
1.52E+01
2.30E+00
2.30E+00
9.64E+00
6.59E+00
2.30E+00
4.03E+01
6.59E+00
1.52E+01
3.30E+01
2.30E+00

1.98E-01

6.67E-01
6.59E+00
3.24E+01
2.30E+00
2.30E+00
6.59E+00
2.30E+00
2.84E+00
2.71E+00
2.30E+00
2.50E+01
2.30E+00
1.69E+01
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1.74E-01
2.01E-04
5.13E-03
1.00E-02
7.95E-02
2.73E-01
2.48E-04
1.86E-02
1.20E-04
7.96E-01
4.64E-04
1.73E-02
1.56E-02
1.08E-05
1.55E-02
3.64E-04
5.24E-02
8.60E-02
4.89E-02
3.45E-04
7.90E-04
4.04E-02
8.90E-04
4.44E-04
2.29E-04
1.61E-02
1.59E-02
4.15E-03
6.51E-04
1.50E-02
5.08E-01
3.62E-02
1.14E-01
4.94E-04
4.94E-04
2.26E-01
3.01E-02
1.28E-02
2.88E-02
1.35E-02
4.96E-02
2.66E-03
2.62E-02

52
173

93
11
38
13
52
14
173

35
36
52
29

29
173
173

93
173
38
93
29
52
173
17

93
36
173
173
93
173
20

173
14
173
12

SNM
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
medical_FP
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
Fiss_Prod
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34
49
82
82
31
214
49
67
45
214
49
37
84
49
214
214
84
214
34
19
37
24
49
82
52
40
214
49
82
37
204
37
49
49
49
37
84
37
80
221
82
49
37

31
90

10

16
45
42

26
21
28

53
14
20
14

12
139
14
59

TN

17
19

147
20
85
86
87

116

58

11

18

55
27

1148.9
1151.51
1153.5
11541
1157.5
1158.5
1159.9
1160.58
1167.9
1168.6
1169.04
1172.9
1177.9
1180.46
1183.5
1184.7
1199.9
1203.3
1206.6
1208.3
1212.3
1213
1225.6
1230.7
1235.3
1236.4
1237.4
1240.47
1242.4
1242.6
1250.7
1254.1
1254.8
1254.8
1260.41
1263.6
1271.9
1272.8
1274.5
1276.07
1277.4
1277.83
1290.8

131mTe
1351
156Eu
156Eu
1301
93Y
1351
143Ce
134Cs
93Y
1351
1321
160Th
1351
93y
93Y
160Th
93Y
131mTe
124Sh
1321
126Sh
1351
156Eu
136Cs
1331
93y
1351
156Eu
1321
88Kr
1321
1351
1351
1351
1321
160Th
1321
154Eu
977Zr
156Eu
1351
1321

3.24E+01
6.59E+00
1.52E+01
1.52E+01
1.24E+01
1.02E+01
6.59E+00
3.30E+01
2.06E+00
1.02E+01
6.59E+00
2.30E+00

1.98E-01
6.59E+00
1.02E+01
1.02E+01

1.98E-01
1.02E+01
3.24E+01

1.65E-01
2.30E+00
2.98E+02
6.59E+00
1.52E+01
1.31E+01
2.08E+01
1.02E+01
6.59E+00
1.52E+01
2.30E+00
2.84E+00
2.30E+00
6.59E+00
6.59E+00
6.59E+00
2.30E+00

1.98E-01
2.30E+00
8.50E+00
1.69E+01
1.52E+01
6.59E+00
2.30E+00
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1.51E-02
2.87E-05
7.18E-02
5.30E-02
1.13E-01
3.00E-04
1.03E-03
2.40E-05
1.80E-02
1.05E-04
8.75E-03
1.09E-02
1.44E-01
6.31E-04
4.80E-04
1.95E-04
2.36E-02
1.07E-03
9.76E-02
1.34E-02
1.18E-04
2.39E-02
4.31E-04
8.94E-02
1.97E-01
1.49E-02
2.93E-04
9.04E-03
6.76E-02
8.88E-05
1.12E-02
5.92E-04
5.74E-05
5.74E-05
2.87E-01
2.66E-04
7.03E-02
1.68E-03
3.55E-01
9.40E-03
3.21E-02
5.74E-04
1.13E-02

36
93
29
29

29
93
52

29
93
173
17
93
29
29
17
29
36
13
173
18
93
29
14

29
93
29
173
20
173
93
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93
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17
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13
12
29
93
173
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37
37
40
60
49
84
37
49
197
37
67
19
49
67
49
63
37
221
221
45
82
49
19
204
37
67
210
11
37
37
60
37
49
214
19
49
37
49
37
214
37
49
74

17
31

23
64
13
86
52

64
45
10
68
38
48

153
12

23
25

16
15
52

135
6
22
98
69
6
13
79
20
30
149
5
92
4

1

1295.1
1297.91
1298.2
1303.5
1308.7
1312.2
1314
1315.77
1317.5
1317.93
1324.48
1325.5
1334.8
1340.1
1343.66
1354.5
1360
1361
1362.68
1365.2
1366.4
1367.89
1368.2
1369.5
1372.07
1382
1383.9
1384.3
1390.7
1398.57
1405.2
1410.6
1416.3
1425.4
1436.6
1441.8
1442.56
1448.35
1450
1450.5
1456.5
1457.56
1465.1

1321
1321
1331
140La
1351
160Th
1321
1351
82Br
1321
143Ce
124Sh
1351
143Ce
1351
141La
1321
97Zr
97Zr
134Cs
156Eu
135l
124Sh
88Kr
1321
143Ce
92Sr
110mAg
1321
1321
140La
1321
1351
93Y
124Sh
135l
1321
135l
1321
93Y
1321
135l
148Pm

2.30E+00
2.30E+00
2.08E+01
4.03E+01
6.59E+00

1.98E-01
2.30E+00
6.59E+00
3.53E+01
2.30E+00
3.30E+01

1.65E-01
6.59E+00
3.30E+01
6.59E+00
3.92E+00
2.30E+00
1.69E+01
1.69E+01
2.06E+00
1.52E+01
6.59E+00

1.65E-01
2.84E+00
2.30E+00
3.30E+01
2.71E+00

6.84E-01
2.30E+00
2.30E+00
4.03E+01
2.30E+00
6.59E+00
1.02E+01

1.65E-01
6.59E+00
2.30E+00
6.59E+00
2.30E+00
1.02E+01
2.30E+00
6.59E+00
5.37E+00
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1.88E-02
8.88E-03
2.33E-02
4.20E-04
3.44E-04
2.85E-02
5.92E-04
6.60E-04
2.69E-01
1.18E-03
1.58E-05
1.50E-02
3.16E-04
3.08E-05
7.75E-04
2.62E-02
5.92E-05
6.51E-03
1.02E-02
3.04E-02
1.76E-02
6.08E-03
2.51E-02
1.48E-02
2.47E-02
3.85E-06
9.00E-01
2.43E-01
1.48E-04
7.01E-02
5.91E-04
4.34E-04
3.16E-04
2.45E-03
1.14E-02
1.72E-04
1.40E-02
3.16E-03
7.90E-05
3.27E-03
4.94E-04
8.67E-02
2.22E-01

173
173

38
93
17
173
93
11
173
52
13
93
52
93

173
12
12

29
93
13
20
173
52

15
173
173

38
173

93

29

13

93
173
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29
173

93
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214
197
11
37
71
49
11
204
37
49
204
37
37
49
37
11
49
37
80
60
80
49
37
37
37
37
37
214
37
34
214
37
37
49
37
19
49
37
37
37
49
221
37

12

12
60

17

13
78
62

154
132
72
148
15
15
93
13

10
73
145
151
140
141
150
13
138
33
18
133
123

155

88

89

82

80

121

1470.1
1474.8
1475.8
1476.7
1489
1502.79
1505
1518.4
1519.6
1521.99
1529.8
1531.9
1542.3
1543.7
1559
1562.3
1566.41
1592.9
1593
1596.21
1596.5
1613.75
1617.9
1618.9
1636.5
1636.5
1639.1
1642.7
1644
1646
1651.7
1661.4
1671.3
1678.03
1679.3
1691
1706.46
1715.4
1720.6
1727.2
1742
1750.24
1752.3

93Y
82Br
110mAg
1321
144Pr
1351
110mAg
88Kr
132]
1351
88Kr
1321
1321
1351
1321
110mAg
1351
1321
154Eu
140La
154Eu
1351
1321
1321
1321
1321
1321
93Y
1321
131mTe
93Y
1321
1321
1351
1321
124Sb
1351
1321
1321
1321
1351
97Zr
1321

1.02E+01
3.53E+01

6.84E-01
2.30E+00

7.79E-01
6.59E+00

6.84E-01
2.84E+00
2.30E+00
6.59E+00
2.84E+00
2.30E+00
2.30E+00
6.59E+00
2.30E+00

6.84E-01
6.59E+00
2.30E+00
8.50E+00
4.03E+01
8.50E+00
6.59E+00
2.30E+00
2.30E+00
2.30E+00
2.30E+00
2.30E+00
1.02E+01
2.30E+00
3.24E+01
1.02E+01
2.30E+00
2.30E+00
6.59E+00
2.30E+00

1.65E-01
6.59E+00
2.30E+00
2.30E+00
2.30E+00
6.59E+00
1.69E+01
2.30E+00
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APPENDIX F

ADJOINT IMPORTANCES PER FUEL PIN
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Figure F.1. Adjoint group 1 (0 — 0.3 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.2. Adjoint group 2 (0.3 — 0.741 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.3. Adjoint group 3 (0.741 — 0.743 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.4. Adjoint group 4 (0.743 — 0.765 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.5. Adjoint group 5 (0.765 — 0.767 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.

5%10~7 _I . rowl + rowll
§ . row?2 . rowl2
o2
‘é 1x1077} . row3 . rowl3
=3
g 510 . rowd . rowld
=
Z_gl =l . row5 . rowl5
2 Ix
o SX1077F . rowé . rowl6
[=1h]
5 < row7 . rowl?
= -9
1x107~ | . rows
0 . row9
. rowl0

Figure F.6. Adjoint group 6 (0.767 — 0.954 MeV) adjoint importances per fuel pin in a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.7. Adjoint group 7 (0.954 — 0.956 MeV) adjoint importances per fuel pin in a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.8. Adjoint group 8 (0.956 — 0.999 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.9. Adjoint group 9 (0.999 — 1.002 MeV) adjoint importances per fuel pin in a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.10. Adjoint group 10 (1.002 — 1.18 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.11. Adjoint group 11 (1.18 — 1.2 MeV) adjoint importances per fuel pin in a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.12. Adjoint group 12 (1.2 — 1.24 MeV) adjoint importances per fuel pin in a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.13. Adjoint group 13 (1.24 — 1.26 MeV) adjoint importances per fuel pin in a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.14. Adjoint group 14 (1.26 — 1.5 MeV) adjoint importances per fuel pin in a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.15. Adjoint group 15 (1.5 — 1.52 MeV) adjoint importances per fuel pin in a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.16. Adjoint group 16 (1.52 — 1.736 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.

271



_5 i~
Ix10 . rowl . rowll

—6
8 53107 F . row2 . rowl2
=
5 _6 - row3 - rowl3
2 2x107° +
i . row4 . rowl4
= 1x1070}
Z_g ; . rows . rowlbs
Sx10~7+
i o rowé6 . rowl6
=1y}
E 2x1077 b . row7 . rowl?
= 1x1077L . rows
['} . row9
. rowl0

Figure F.17. Adjoint group 17 (1.736 — 1.74 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.18. Adjoint group 1 (1.74 — 1.76 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.19. Adjoint group 19 (1.76 — 1.83 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.20. Adjoint group 20 (1.83 — 1.832 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.21. Adjoint group 21 (1.832 — 2.21 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.22. Adjoint group 22 (2.21 — 2.25 MeV) adjoint importances per fuel pin in a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.23. Adjoint group 23 (2.25 — 2.749 MeV) adjoint importances per fuel pinin a
Westinghouse 17x17 PWR fuel assembly.
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Figure F.24. Adjoint group 24 (2.749 — 3 MeV) adjoint importances per fuel pin in
a Westinghouse 17x17 PWR fuel assembly.
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APPENDIX G
CODE FOR DETERMINING ADJOINT IMPORTANCES PER FUEL

PIN

PROGRAM MassEstimate

IMPLICIT REAL (A-H,0-2)

IMPLICIT INTEGER (I-N)
!

I MAIN PROGRAM
I

Vi
!
CALL HEADER
CALL PEAKACTIVITY

STOP

END

I SUB HEADER

SUBROUTINE HEADER
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WRITE(*,'(A2))"

WRITE(*,'(2X,A48)")  Nuclide Concentration Estimator '
WRITE(*,'(A2))"

WRITE(*,'(2X,A48)")' Version 1.0 SINGLE PRECISION '
WRITE(*,'(A2))"

WRITE(*,'(2X,A48)") J.N.Paul !
WRITE(*,'(A2))"
WRITE(*,'(2X,A48)") Feb 2015 !

WRITE(*,'(A2))" '

END

SUB PEAKACTIVITY

SUBROUTINE PEAKACTIVITY

CHARACTER*64 infile, infile2, fname, outfname
CHARACTER*104 dummy

CHARACTER*28, DIMENSION(200,50) :: Window
CHARACTER*8, DIMENSION(200) :: isotope
CHARACTER*5, DIMENSION(200) :: unit

CHARACTER*18, DIMENSION(200) :: corr
CHARACTER*18, DIMENSION(200) :: comment
CHARACTER*7 nuclideExp

CHARACTER*1 Plus,sign

INTEGER Percent,ID,icount,isonum,peakcount,pkct

INTEGER, DIMENSION(200) :: numemiss, nummatch

REAL, DIMENSION(200,50) :: Emission, ProbDk, Detect, Peak,
& NormCts,Importance,Pins,Activity,Mass,Curies,CiErrorp,Aerrorp,
& ImpErrorp,Eerrorp, CiErrorm,Aerrorm,ImpErrorm,Eerrorm
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REAL, DIMENSION(200) :: score,hlflfe
REAL Erg,Cts,NormCts1,TotCts, Time, Time2,Error

Plus="+'
peakcount=0
pkct=0
TotCts=0

WRITE(*,*) 'SmartID output file for analysis: '
READ(*,*) infile

WRITE(**) "

WRITE(*,*)'Spectrum file for analysis (.Spe):
READ(*,*) infile2

WRITE(**) "

WRITE(*,*) 'Input % for the number of pins contributing to signal’
WRITE(*,*) 'Options (90, 95, 99)%'

READ(*,*) Percent

WRITE(*,*) 'Input % error from energy emission'
READ(*,*) Error

Error=Error/100

OPEN(1, FILE=infile, ACCESS='SEQUENTIAL")

OPEN(2, FILE=infile2, ACCESS='SEQUENTIAL)

OPEN(3, FILE="isoMass.txt', STATUS='NEW', ACCESS='SEQUENTIAL")
WRITE(3,*)'Files read: ',infile, ' and ',infile2

WRITE(3,*)'% for number of pins contributing to signal: ',Percent
WRITE(3,*)" Nuclide Emission(MeV) half life (s),

& " Activity (Ci) Error Window "

& " Importance # of Pins'

DO iskip=1, 13
READ(L,'(A), END=1000) dummy
END DO
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DO jskip=1,9
READ(2,'(A)") dummy
END DO

READ(2,'(F9.0,F10.0)")Time, Time2
READ(1,'(A15,A20)") dummy,fname
WRITE(*,*) 'Spectrum File Read: '
WRITE(*,*) fname

WRITE(*,*)' TIME: ", Time

READ(L,'(A), END=1000) dummy

READ(1,'(13,A38)") numPeaks, dummy

READ(1,'(A)', END=1000) dummy
READ(L,'(A), END=1000) dummy

ADD TOTAL NUMBER OF COUNTS

Do ipeak=1, numPeaks

READ(1,'(F9.2,F15.4,F14.5,18)) Erg,Cts,NormCts1,ID
TotCts=TotCts+Cts/Time

WRITE(*,*) Erg,Cts,NormCts,ID

END DO

WRITE(*,*) TotCts: ', TotCts

WRITE(*,*) TIME: ' Time

PAUSE

100 CONTINUE

READ(1,'(A)") dummy
isearch=INDEX(dummy,'Nuclide")

IF(isearch.EQ.0) THEN
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GOTO 100
ELSE IF(isearch.GT.0) THEN
isonum=-1
200 CONTINUE
isonum=isonum-+1
IF(isonum.GT.0)THEN
I READ(1,*) dummy
! WRITE(*,*)'line: ', dummy
READ(1,'(A8,F11.2,F14.4,A5,2115,A18,A18)")isotope(isonum),
&  score(isonum),hlflfe(isonum),unit(isonum),numemiss(isonum),
&  nummatch(isonum),corr(isonum),comment(isonum)
IF(unit(isonum).EQ." y)THEN
hiflfe(isonum)=hlflfe(isonum)*86400*365.25
ELSE IF(unit(isonum).EQ." d)THEN
hiflfe(isonum)=hiflfe(isonum)*86400
ELSE IF (unit(isonum).EQ." h")THEN
hiflfe(isonum)=hlflfe(isonum)*3600
ELSE IF(unit(isonum).EQ." m")THEN
hiflfe(isonum)=hlflfe(isonum)*60
END IF
WRITE(*,*)'isotope: ',isotope(isonum), 'half life: ',
& hiflfe(isonum)
END IF
pkct=0
300 CONTINUE
READ(1,'(A))sign
jsearch=INDEX(sign,plus)
IF(jsearch.GT.0)THEN
BACKSPACE(1)
pkct=pkct+1
READ(1,'(A1,F8.2,F15.4,F13.4,A28,F10.2,F14.4))sign,
& Emission(isonum,pkct),ProbDK(isonum,pkct),Detect(isonum,pkct),
& Window(isonum,pkct),Peak(isonum,pkct),NormCts(isonum,pkct)
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WRITE(*,'(A1,F8.2,F15.4,F13.4,A28,F10.2,F14.4))sign,
& Emission(isonum,pkct),ProbDK (isonum,pkct),Detect(isonum,pkct),
& Window(isonum,pkct),Peak(isonum,pkct),NormCts(isonum,pkct)
WRITE(*,*)"isonum: ‘,isonum," pkct: ',pkct

i=isonum
J=pkct
IF(Percent.EQ.90) THEN
Emission(i,j)=0.001*Emission(i,j)
Eerrorm(i,j)=Emission(i,j)*(1-Error)
Eerrorp(i,j)=Emission(i,j)*(1+Error)
IF(Emission(i,j).LT.1.095)THEN
Importance(i,j)=2.8228E-7*Emission(i,j)**5.91
ImpErrorp(i,j)=2.8228E-7*Eerrorp(i,j)**5.91
ImpErrorm(i,j)=2.8228E-7*Eerrorm(i,j)**5.91
ImpErrorp(i,j)=1.3*2.8228E-7*Emission(i,j)**5.91
ImpErrorm(i,j)=0.7*2.8228E-7*Eerrorm(i,j)**5.91
Pins(i,j)=-8.1792+44.0168*Emission(i,j)+
137.2431*Emission(i,j)**2-
& 68.9146*Emission(i,j)**3
Activity(i,j)=NormCts(i,j)*TotCts*.01
Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j)

Ro

& *Pins(i,j))
Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j)
& *Pins(i,j))

Activity(i,j)=Activity(i,j)/Importance(i,j)
Activity(i,j)=Activity(i,j)/Pins(i,j)
Activity(i,))=Activity(i,]) *264
WRITE(*,*)'Activity: ",Activity(i,])
Curies(i,j)=Activity(i,j)/(3.7E10*ProbDK(i,)))
CiErrorp(i,j)=Aerrorp(i,j)/3.7E10/ProbDK(i,j)
CiErrorm(i,j)=Aerrorm(i,j)/3.7E10/ProbDK(i,j)
Mass(i,j)=Activity(i,j)/hiflfe(i)/ProbDK(i,j)
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Ro

Ro

Ro

Ro

Ro

WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j)
WRITE(*,*)'Activity: ' Activity(i,j),' Mass: ',Mass(i,)
WRITE(*,*)"*
WRITE(*,*)'Curies: ',Curies(i,j)
WRITE(*,*)"*
WRITE(3,*)isotope(i)," ,Emission(i,j)," ",hiflfe(i)," ",
Curies(i,j)," (',CiErrorp(i,j),",’,
CiErrorm(i,j),) ',
Importance(i,j)," ',Pins(i,j)

ELSE IF(Emission(i,j).GE.1.095)THEN

Importance(i,j)=8.1077E-6-1.7859E-5*Emission(i,j)+
1.1867E-5*Emission(i,j)**2-
1.7594E-6*Emission(i,j)**3

ImpErrorp(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+
1.1867E-5*Eerrorm(i,j)**2-
1.7594E-6*Eerrorm(i,j)**3

ImpErrorm(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+
1.1867E-5*Eerrorm(i,j)**2-
1.7594E-6*Eerrorm(i,j)**3

ImpErrorp(i,j)=1.3*(8.1077E-6-1.7859E-5*Emission(i,j)+

1.1867E-5*Emission(i,j)**2-
1.7594E-6*Emission(i,j)**3)

ImpErrorm(i,j)=0.7*(8.1077E-6-1.7859E-5*Emission(i,j)+
1.1867E-5*Emission(i,j)**2-
1.7594E-6*Emission(i,j)**3)

Pins(i,j)=-35.9819+227.5443*Emission(i,j)-

109.9411*Emission(i,j)**2+
24.4343*Emission(i,j)**3-
2.0076*Emission(i,j)**4

Activity(i,})=NormCts(i,j)*TotCts*.01

Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j)

*Pins(i,j))

Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j)
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& *Pins(i,j))
Activity(i,j)=(Activity(i,j)*264)/(Importance(i,j)*
& Pins(i,j))
Curies(i,j)=Activity(i,j)/3.7E10/ProbDK(i,})
CiErrorp(i,j)=Aerrorp(i,j)/3.7E10/ProbDK(i,j)
CiErrorm(i,j)=Aerrorm(i,j)/3.7E10/ProbDK(i,j)
Mass(i,j)=Activity(i,j)/(hIflfe(i)*ProbDK(i,j))
WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j)
WRITE(*,*)'Activity: ",Activity(i,j)," Mass: ',Mass(i,j)
WRITE(*,*)""
WRITE(*,*)'Curies: ',Curies(i,})
WRITE(*,*)""
WRITE(3,*)isotope(i)," ', Emission(i,j)," ",hIflfe(i)," ',
& Curies(i,j)," (',CiErrorp(i,j),",",
& CiErrorm(i,j),") ',
& Importance(i,j)," ',Pins(i,j)
END IF
ELSE IF(Percent.EQ.95) THEN
Emission(i,j)=0.001*Emission(i,j)
Eerrorm(i,j)=Emission(i,j)*(1-Error)
Eerrorp(i,j)=Emission(i,j)*(1+Error)
IF(Emission(i,j).LT.1.095)THEN
Importance(i,j)=2.8228E-7*Emission(i,j)**5.91
ImpErrorp(i,j)=2.8228E-7*Eerrorp(i,j)**5.91
ImpErrorm(i,j)=2.8228E-7*Eerrorm(i,j)**5.91
Pins(i,j)=-8.1792+44.0168*Emission(i,j)+
137.2431*Emission(i,j)**2-
& 68.9146*Emission(i,j)**3
Activity(i,j)=NormCits(i,j)*TotCts*.01
Aerrorp(i,j)=(Activity(i,})*264)/(ImpErrorp(i,j)

Ro

& *Pins(i,}))
Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j)
& *Pins(i,}))
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Activity(i,j)=Activity(i,j)/Importance(i,j)
Activity(i,j)=Activity(i,j)/Pins(i,j)
Activity(i,j)=Activity(i,j)*264
WRITE(*,*)'Activity: ", Activity(i,])

Curies(i,j)=Activity(i,j)/3.7E10

CiErrorp(i,j)=Aerrorp(i,j)/3.7E10

CiErrorm(i,j)=Aerrorm(i,j)/3.7E10

Mass(i,j)=Activity(i,j)/hIflfe(i)/ProbDK(i,j)

WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j)

WRITE(*,*)'Activity: ' Activity(i,j),' Mass: ',Mass(i,j)

WRITE(*,*)"*

WRITE(*,*)'Curies: ',Curies(i,))

WRITE(*,*)"*

WRITE(3,*)isotope(i)," ,Emission(i,j)," ",hiflfe(i)," ',
Curies(i,j)," (',CiErrorp(i,j),",’,
CiErrorm(i,j),) ',

Importance(i,j)," ',Pins(i,j)
ELSE IF(Emission(i,j).GE.1.095)THEN
Importance(i,j)=8.1077E-6-1.7859E-5*Emission(i,j)+
1.1867E-5*Emission(i,j)**2-
1.7594E-6*Emission(i,j)**3
ImpErrorp(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+
1.1867E-5*Eerrorm(i,j)**2-
1.7594E-6*Eerrorm(i,j)**3

ImpErrorm(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+

1.1867E-5*Eerrorm(i,j)**2-
1.7594E-6*Eerrorm(i,j)**3

Pins(i,j)=-35.9819+227.5443*Emission(i,j)-
109.9411*Emission(i,j)**2+
24.4343*Emission(i,j)**3-
2.0076*Emission(i,j)**4

Activity(i,})=NormCts(i,j)*TotCts*.01

Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j)
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&
&

*Pins(i,j))

Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j)

*Pins(i,j))

Activity(i,j)=(Activity(i,j)*264)/(Importance(i,j)*

Pins(i,j))

Curies(i,j)=Activity(i,j)/3.7E10

CiErrorp(i,j)=Aerrorp(i,j)/3.7E10

CiErrorm(i,j)=Aerrorm(i,j)/3.7E10

Mass(i,j)=Activity(i,j)/(hIflfe(i)*ProbDK(i,j))

WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j)

WRITE(*,*)'Activity: ",Activity(i,j)," Mass: ',Mass(i,j)

WRITE(*,*)""

WRITE(*,*)'Curies: ',Curies(i,})

WRITE(*,*)""

WRITE(3,*)isotope(i)," ',Emission(i,j)," ",hIflfe(i)," ',
Curies(i,j)," (',CiErrorp(i,j),",",
CiErrorm(i,j),") ',

Importance(i,j)," ',Pins(i,j)
END IF

ELSE IF(Percent.EQ.99) THEN

Ro

Emission(i,j)=0.001*Emission(i,j)

Eerrorm(i,j)=Emission(i,j)*(1-Error)
Eerrorp(i,j)=Emission(i,j)*(1+Error)
IF(Emission(i,j).LT.1.095)THEN
Importance(i,j)=2.8228E-7*Emission(i,j)**5.91
ImpErrorp(i,j)=2.8228E-7*Eerrorp(i,j)**5.91
ImpErrorm(i,j)=2.8228E-7*Eerrorm(i,j)**5.91
Pins(i,j)=-8.1792+44.0168*Emission(i,j)+
137.2431*Emission(i,j)**2-
68.9146*Emission(i,j)**3
Activity(i,j)=NormCts(i,j)*TotCts*.01
Aerrorp(i,j)=(Activity(i,})*264)/(ImpErrorp(i,j)
*Pins(i,j))
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Aerrorm(i,j)=(Activity(i,})*264)/(ImpErrorm(i,j)
*Pins(i,j))

Activity(i,j)=Activity(i,j)/Importance(i,])

Activity(i,j)=Activity(i,j)/Pins(i,j)

Activity(i,j)=Activity(i,j)*264

WRITE(*,*)'Activity: ", Activity(i,])

Curies(i,j)=Activity(i,j)/3.7E10

CiErrorp(i,j)=Aerrorp(i,j)/3.7E10

CiErrorm(i,j)=Aerrorm(i,j)/3.7E10

Mass(i,j)=Activity(i,j)/hiflfe(i)/ProbDK(i,j)

WRITE(*,*)'Imp: ",Importance(i,j),'Pins: ',Pins(i,j)

WRITE(*,*)'Activity: ' Activity(i,j),' Mass: ',Mass(i,j)

WRITE(*,*)"*

WRITE(*,*)'Curies: ',Curies(i,))

WRITE(*,*)"*

WRITE(3,*)isotope(i)," ,Emission(i,j)," ",hiflfe(i)," ",
Curies(i,j)," (',CiErrorp(i,j),",",
CiErrorm(i,j),") ',

Importance(i,j)," ',Pins(i,})
ELSE IF(Emission(i,j).GE.1.095)THEN
Importance(i,j)=8.1077E-6-1.7859E-5*Emission(i,j)+
1.1867E-5*Emission(i,j)**2-
1.7594E-6*Emission(i,j)**3
ImpErrorp(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+
1.1867E-5*Eerrorm(i,j)**2-
1.7594E-6*Eerrorm(i,j)**3

ImpErrorm(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+

1.1867E-5*Eerrorm(i,j)**2-
1.7594E-6*Eerrorm(i,j)**3

Pins(i,j)=-35.9819+227.5443*Emission(i,j)-
109.9411*Emission(i,j)**2+
24.4343*Emission(i,j)**3-
2.0076*Emission(i,j)**4
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Activity(i,})=NormCts(i,j)*TotCts*.01
Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j)
*Pins(i,j))
Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j)
*Pins(i,j))
Activity(i,j)=(Activity(i,j)*264)/(Importance(i,j)*
Pins(i,j))

Curies(i,j)=Activity(i,j)/3.7E10

CiErrorp(i,j)=Aerrorp(i,j)/3.7E10

CiErrorm(i,j)=Aerrorm(i,j)/3.7E10

Mass(i,j)=Activity(i,j)/(hIflfe(i)*ProbDK(i,j))

WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j)

WRITE(*,*)'Activity: ",Activity(i,j)," Mass: ',Mass(i,j)

WRITE(*,*)""

WRITE(*,*)'Curies: ',Curies(i,})

WRITE(*,*)""

WRITE(3,*)isotope(i)," ',Emission(i,j)," ",hIflfe(i)," ',
Curies(i,j)," (',CiErrorp(i,j),",",
CiErrorm(i,j),") ',

Importance(i,j)," ',Pins(i,j)
END IF

END IF

GOTO 300

ELSE IF(jsearch.EQ.0)THEN
Backspace(1)
READ(1,'(A)")nuclideExp
IF(nuclideExp.EQ.'Nuclide’) THEN

GOTO 200

ELSE IF (nuclideExp.EQ.'End of )THEN

GOTO 400

ELSE

GOTO 300
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END IF
END IF

END IF

!

400 CONTINUE

|

!
CLOSE(1)
CLOSE(2)
CLOSE(3)

|

1000 END
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APPENDIX E

CALCULATING BURNUP FROM ¥'CS ACTIVITY

The basic understanding of burnup is described by
Burnup = Pt =E

where P is the reactor power, t is time and E is energy. The units for burnup are
typically represented by Megawatts multiplied by days. Since energy is typically

represented by MeV in nuclear physics applications, conversion factors are necessary to

transform all units into Joules. The constant 6.022x10™* ﬁ is multiplied to transform

MeV to Joules, and the constant 86,400 % transforms days into seconds. Therefore, the

burnup equation can be rewritten as

Burnup[MWd] - 86400 [%] . 106 [%] = P[MW]t[s]

d

x 10713 [MLBV] = Nyigs - 200 [

©-

n 11 3 MeV
szs] b [%] Vegar[em?]t[s] - 200 [m] £ 6.022

MeV
fiss

J
+6.022 x 10713 [—]
] MeV

where ¢ is the average thermal flux in the assembly, X is the average macroscopic
fission cross section in the fuel, Vg, is the volume of the fuel in the assembly, and Ny;,
is the number of fissions that took place in the assembly. N;¢ for a given isotope that

has a fission yield that is similar across all fissile isotopes can be calculated by
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.
Tiss = fyield - A

where A is the activity of the given nuclide, fyield is the fission yield for the given
nuclide, and A is the decay probability for the given nuclide.

| can show that the activity of *¥'Cs can be directly attributed to the burnup of a
fuel assembly. | show how I can match the predetermined activity for a 33,000
MWD/MTU burned assembly from the isotope depletion code ORIGEN. My assumption
is that an activity of 1.0604x10° Ci is measured for the fuel assembly after 1 day since
removal from the reactor. From this, | determine the activity at the time of discharge

using the relationship
N(t) = N(0)e ™ => A(t) = A(0)e ™
And find that

In(2) 1y
A(0) = A(t)e™ = 1.0604 x 105Ci - ¢3002y' 7365254 = 1,0605 x 10°Ci

From this activity, | solved for the number of fissions that occurred in the fuel

1.0605 x 10%‘%

Nriss = e M 1y 1d
0622 35 575 365 25d 864005

= 8.6235 X 102> fissions

Now that I know the number of fissions, I directly relate that to the energy released in the

fuel. | assume that each fission results in a release of 200 MeV. From this, | see that

290



MeV

E =8.62 1025 fiss - 2
8.6235 X 10> fiss OOfiss

J
©6.022 X 10713 —— = 2.7633 x 10'°
MeV /
However, burnup is in units of MW(d, so this becomes

= 3.198 X 1010]

157 . —
2.7633 X 101%] - 2 -

d =3.198 x 101°W - d = 31,982 MWD

Comparing this result to the desired burnup of 33,000 MWD, I see that this falls within a

percent error of 3.08 %.

291



VITA

JESSICA N. PAUL

PAUL was born in 1989, and graduated from Olentangy Liberty High School in
Powell, OH in 2007. Following high school, she enrolled at the University of Florida.
She graduated from the University of Florida receiving a B.S. in Nuclear Engineering in
2011. In the fall of 2011, she was awarded the Nuclear Forensics Graduate Fellowship
and began her graduate school education at the Georgia Institute of Technology. She
completed her Master’s degree in Nuclear Engineering in December 2013, before
beginning her doctoral work.

She has accepted the National Nuclear Security Administration Graduate
Fellowship, and will be working in Washington, DC upon completion of her doctoral

program at the Georgia Institute of Technology.

292



