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Behavior and Measurement of Distributed Sources in a
Shielding Matrix Using Gamma Spectroscopy
by
Jacob Miller
B.S., Engineering Physics and Nuclear Engineering,

Rensselaer Polytechnic Institute, 2002

Abstract

As part of its mission, the Department of Energy generates transuranic waste materials.
Some of these wastes are present in large waste containers. The accurate assay of these
waste materials in large containers poses unique challenges. These wastes have
radioactive sources that are spread throughout the container with a variety of waste

matrices that provide shielding.

Although multiple well established and validated methods that use active and/or passive
neutron detection in conjunction with gamma spectroscopy exist to assay these waste
materials, these methods are expensive and not readily available at any given facility. As

a result, less expensive alternatives, such as gamma spectroscopy alone, are often used.

This paper researches the impact of a distributed shielding medium on a distributed
transuranic source and the physical limitations of using gamma spectroscopy alone,
without the benefit of either active or passive neutron counting. This included comparing
the assay results from a gamma spectroscopy based system to one that uses passive

neutron counting in addition to gamma spectroscopy. The differences between these
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systems were noted, and then evaluated through modeling using MCNPX to determine

the cause of the observed discrepancies.
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Chapter 1 Introduction

1.1 Transuranic Waste

The Department of Energy's (DOE's) weapons and research programs generate a number
of different types of radioactive wastes. These radioactive waste streams fall into a
number of different categories based on the general characteristics, including the

potential for radiological consequences to the public, workers, and the environment.

One of the more significant categories of radioactive waste generated by the DOE from a
potential dose consequence perspective is Transuranic (TRU) waste, which is defined in
the DOE complex as waste containing isotopes with an atomic number higher than 92 at
a concentration of greater than 100 nCi/g as well as having a half-life of longer than 20
years (Ref. 1). TRU wastes are predominately alpha emitters, and therefore pose
primarily an inhalation hazard as opposed to direct exposure which is typical of gamma-

beta emitters (e.g., Co-60, Cs-137) (Ref. 2).

The inhalation of TRU materials results in the deposit of radioisotopes in the lungs which
can then be transported to, and deposited in, various organs throughout the body resulting
in a long term committed dose. The combination of the highly energetic alpha particles
(~5 MeV) and high specific activities can result in high committed doses for a very small
uptake of material. For example, the inhalation of 1 pg of Pu-239 by a member of the
general public would result in a dose of 37 mSv (3.7 rem) over a period of 50 years

(Ref. 2). Since a single SWB is authorized to contain over 2000 grams of Pu-239
equivalent from a potential dose perspective (fissile gram equivalent is limited to 325
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grams) (Ref. 3), the material contained within an SWB represents a very high potential
dose consequence. Depending on the material form (e.g., solid, powder), chemical
composition (e.g., elemental, oxide, hydride, nitride) and airborne release method (e.g.,
spill, fire) the release of the material in the SWB could result in exceeding the federal
limit of 50 mSv (5 rem) per year for workers or 1 mSv (0.1 rem) for a member of the

public while on a DOE site (Ref. 4).

Since inhalation of a very small amount of TRU materials can result in very high
committed doses, combined with very long half-lives, TRU waste poses some unique
challenges for proper storage, handling, and ultimate disposal. To help mitigate these
challenges, a long term repository for TRU waste generated by the DOE has been
established to minimize the potential impact of TRU waste on the public, workers, and
the environment. For the DOE complex, this repository is the Waste Isolation Pilot Plant
(WIPP) in Carlsbad, New Mexico (Ref. 1). In order to dispose TRU waste at the WIPP,
the waste has to meet several criteria that have been established to ensure that the design
basis of the WIPP is maintained, which includes (but is not limited to) heat generation,
activity, fissile equivalent, weight, and size. The specific criteria that must be met are

identified in the WIPP waste acceptance criteria (WAC) (Ref. 3).

To ensure that the fissile and activity content of TRU waste meets the WIPP WAC, an
assay system certified in accordance with the WIPP quality criteria must be used (Ref. 3).
One of these WIPP certified assay systems is the Super High Efficiency Neutron Counter
(SuperHENC) (Ref. 5, 6). The SuperHENC uses both passive gamma spectroscopy as
well as passive neutron detection to achieve WIPP certification (Ref. 5, 6). During the
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counting process, the waste container is loaded into the assay chamber and is rotated, to
give multiple angles for the gamma counting (Ref. 5, 6). Additionally, neutrons
produced via spontaneous fission of Pu isotopes and Am-241 are counted to determine
the equivalent amount of Pu-240 that is present (Ref. 5, 6). The gamma spectroscopy
results are then fit to the observed fissile materials to produce an assay that meets WIPP’s

quality criteria (Ref. 5, 6).

While the SuperHENC assay provides assay data that meets WIPP’s quality criteria, this
process is expensive, and is therefore not generally used at DOE waste generation and
staging locations until the waste is ready to be sent to WIPP for disposal. As a result, less
sophisticated assay systems (such as the in-situ object counting system [ISOCS]) are used
to provide assay data at DOE waste facilities prior to being sent to WIPP. This assay data
is then used to establish and provide controls for the waste that are appropriate for the

potential hazard they represent (Ref. 7).

If these assays are inaccurate it could result in either insufficient or excessive level of
control for a given container of TRU waste. This is undesirable as it represents either a
potential unsafe condition, or an unwarranted expenditure on control measures. In order
to ensure that safety is maintained as efficiently as possible, it is desirable to ensure that
the assays used in the field are capable of providing useful information regarding the

contents of the containers that are as accurate as possible.

1.2 Source of Assay Data

Large quantities of equipment have been used for production and experimentation with



TRU isotopes. This equipment varies in size and composition, but can include large
structures made of iron, aluminum, and copper based metals, as well as other associated
materials including rubber, cellulose, and plastics (Appendix A). In the interest of
minimizing disposal costs, large objects are decontaminated and reduced in size to the

maximum extent practical.

Recently, a facility that had a number of oversized boxes (OSBs) which did not comply
with the U.S. Department of Transportation (DOT) requirements for shipping over public
roads underwent a size reduction campaign to place the contents of these OSBs into

standard waste boxes (SWBs) that comply with DOT regulations (Figure-1, Appendix B).

The size reduction of the OSBs resulted in the generation of several SWBs. These SWBs
were assayed using the ISOCS, a high purity germanium detector based system, to
determine the amount and isotopes of TRU wastes present (Appendix A). This was
accomplished by placing the ISOCS at a distance of approximately 6 ft from the SWB.
This distance was chosen to ensure that the entirety of the SWB would fall within the
solid angle of the detector (Figure-2). The ISOCS counted the resulting decay of TRU
isotopes for approximately 30 minutes to ensure that good statistics were achieved.
Depending on the SWB, a variety of TRU isotopes were detected. The predominate TRU
isotope present was Pu-239, though others including Pu-238, Pu-240, Pu-241, Pu-242,

and Am-241 were present in lesser mass quantities.



Figure-1: Standard Waste Box

The isotopic data generated by ISOCS for TRU wastes present within the SWB
(Appendix A) was used by the facility to determine the potential dose consequences to
the public and workers following a postulated release during an accident. The SWBs
were subsequently sent to the Waste Isolation Pilot Plant (WIPP) for disposal. As part of
the waste receipt process at the WIPP, the containers were assayed using the SuperHENC
system (Appendix C). The values generated by the SuperHENC were, on average, higher
than those identified by ISOCS (Appendix D). This generated a concern that ISOCS may
not generate useful data for the estimation of accident consequences. This generated

interest in determining if the method used to generate this data could be improved.



Figure-2: ISOCS Performing Assay on a Waste Container

1.3  Research Objectives

This thesis will investigate the capabilities and physical limitations of the ISOCS when
used for the gamma spectroscopy of large containers. The specific objectives of this

research are to determine if:

e Using the data available, the discrepancies between the SuperHENC and ISOCS

assays can be explained
e [SOCS generates useful data when used for assay of SWBs

e The use of ISOCS can be improved to allow for better measurements in the future



The investigation of these topics will be pursued and presented in this thesis as follows:

Chapter 1 Introduction

This section discusses the background of the thesis and establishes the research

objectives

Chapter 2 Review of Related Literature

This section discusses previous work on this topic and evaluates its applicability

to the identified research objectives.

Chapter 3~ Evaluation of Available Assay Data

This section evaluates the data that resulted from the assay of the SWBs using
both the ISOCS and the SuperHENC systems. The evaluation will focus on the
differences between these systems, and carry them forward for modeling and

evaluation in the next section.

Chapter 4  Evaluation of the System using MCNPX

This section models the potential causes of the differences noted in Chapter 3. As
additional information is gained from modeling the system, additional models will

be developed to further clarify the underlying physics or the system.

Chapter 5  Integrated Discussion

This section integrates the discussions from the previous sections and establishes



the overall findings of the research and potential additional issues that could
impact these findings. The research objectives are then evaluated in the context

of the findings of the research.

Chapter 6  Conclusions

This section states the conclusions reached with respect to the research objectives.

Chapter 7 Recommendations

This section identifies any potential topics for future research that would help
clarify the physical processes and improve measurement using gamma

spectroscopy.



Chapter 2 Review of Related Literature

Performing assays on large containers using only gamma spectroscopy is subject to
several measurements uncertainties and system biases resulting from uncertainties in the
matrix composition, self shielding, source distribution effects, and background
irregularities (Ref. 8). Several methods have been identified to lower these uncertainties

including both active and passive neutron counting (Ref. 8).

One such passive neutron counting solution is the SuperHENC. Several studies on the
capabilities of the SuperHENC system have been performed (Ref. 5, 6, 9, and 10).
SuperHENC was designed to address the assay issues inherent in larger containers such
as SWBs (Ref. 5, 9, 10). These issues include the difficulties inherent in achieving
precise measurements in some waste matrices as opposed to others, such as metals versus
combustibles (Ref. 9). For example, high Z materials, such as iron can result in increased
cosmic spalling as compared to lower Z materials, thereby elevating background

radiation levels (Ref. 10).

Other challenges were associated with the SuperHENC being used for waste streams that
could not be assumed to be primarily of a single waste profile (i.e., isotopic break down)
or of a segregated waste type (i.e., metals, combustibles, plastics) (Ref. 10). To address
these issues, validation testing of SuperHENC using a variety of configurations similar to

wastes that are received at the WIPP has been performed (Ref. 6).

Although passive and active neutron counting systems have several advantages over
gamma spectroscopy alone for accuracy, they are significantly more expensive (Ref. 8).
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As a result, there is considerable interest in the use of gamma spectroscopy systems such

as the ISOCS for in the field assay of radioactive contamination.

ISOCS has been used for the measurement of uranium and americium isotopes within the
top 5 cm of contaminated top soil (Ref. 11). This soil contamination represents a
distributed source through an essentially homogenous shielding material; however, it has
significantly less depth than can be present within the SWBs (~175 cm, Appendix B).
SWBs can also contain shielding materials with a higher density than soil. For example,
iron, with a density of approximately 7.87 g/cm’ may be present, while the top soil was

identified as having a density of 1.3 g/cm’.

Additionally, the presence of Pu isotopes in the top soil was inferred by a previously
determined ratio of Am-241 to Pu-239 and Pu-240 (Ref. 11), rather than through direct

measurement.

ISOCS has also been used to determine the surface contamination within sealed volumes,
such as tanks and gloveboxes (Ref. 11). In these cases, the volumes were empty except
for the surface contamination. These sealed volumes are similar to the SWBs, namely a
solid metal container that has radioactive materials internally; however, the evaluated

containers are empty, whereas the SWBs are filled with radioactive waste materials.

No literature was found that discussed the configurations present in the evaluated waste
stream, namely the capabilities and physical limitation of ISOCS (or other similar gamma
spectroscopy systems) to perform an assay of a large metal container (such as the SWB)

that contains a distributed radioactive source.
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Chapter 3 Evaluation of Available Assay Data

This section evaluates the data that resulted from the assay of the SWBs using both the
ISOCS and the SuperHENC systems. This evaluation focuses on the differences between
these systems, and identifies potential causes of these differences for evaluation through

modeling using MCNPX in Chapter 4.

3.1  Comparison of SuperHENC data to ISOCS Data

The first step to determining if ISOCS was generating useful data was to compare the
ISOCS data (Appendix A) to the data generated by SuperHENC (Appendix C).
SuperHENC is a rigorously validated system for measuring isotopic constituents in TRU
wastes that has been certified by WIPP as meeting its quality criteria (Ref. 1, 6, 9, and
10). WIPPs quality criteria for assay are considered the reference standard for TRU

wastes within the DOE complex (Ref. 7).

As shown in Table-1, in the aggregate, all of the plutonium isotopes were measured as
being in lower quantities by the ISOCS as compared to SuperHENC. Uncertainties are
not listed for these values as, from the point of view of regulatory compliance, the assay
data generated by ISOCS is significantly less than the SuperHENC data, and therefore
even if the values were statistically the same, it would still be an unacceptable difference.
It was also noted, however, that the offset, at this stage, did not appear to be consistent
with a simple systematic bias, as there was great variation in the amount of offset
between the two systems for the individual containers evaluated (see Appendix D). This
disparity could have resulted from differences in how the two assay systems function on a

11



fundamental level.

Table-1: Aggregate Assay Data for SuperHENC and ISOCS

Isotope SuperHENC  ISOCS | Difference
(Ci) (Ci) (%)
Pu-238 6.02 2 -66.77
Pu-239 34.1 33.3 -2.34
Pu-240 9.88 8.33 -15.62
Pu-241 550 237 -56.92
Pu-242 3.84x10° 1.13x10° -70.48
Am-241 22.6 55.5 146.19

The major difference between the two assays systems is that ISOCS detects only gammas
emitted in the course of radioactive decay of the TRU isotopes, and uses only a single
detector at a fixed location, while SuperHENC uses detection at multiple locations

around the SWB for the gamma spectroscopy in conjunction with neutron detection.

Neutrons and gammas have significantly different attenuation factors for the materials
present within the SWBs, which tend to be relatively high Z (Iron primarily), as
compared to good neutron shields (such as water and plastics that are high in hydrogen).
Since SuperHENC uses the neutron data in conjunction with the gamma spectroscopy
data to determine the quantities of material present, it was likely that the combination of
detector geometry as well as shielding composition within the SWB contributed to the

observed discrepancies.
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3.2 Evaluation of the Raw Data

In order to get a better understanding of the potential impacts of shielding on the
accuracy of the ISOCS assay results, the raw detector data was evaluated. Since the
primary isotope present within the SWBs was Pu-239 the evaluation focused on that
isotope. Pu-239 is also advantageous as it has four distinct decay gammas (129.3,

203.55, 375.05, and 413.71 keV) that can be compared during shielding analysis.

The first step was to adjust for the efficiency of the detector. The detector efficiency was
provided by the manufacturer in a calibration report (see excerpt from this report
provided in Table-2 and Figure-3) (Ref. 12). The manufacturer's report identified a
number of points of efficiency based on energy and angle of incidence. Although the
curves are not, in general, straight lines, they were observed to be generally straight lines
in the range of Pu-239 decay gamma energies, i.e., between 129.3 and 413.71 keV when

plotted on a log-log graph.

Assuming that the curves are straight lines on the log-log chart in this region, the
efficiencies at 0 and 90 degrees were interpolated for each of the Pu-239 decay gamma
energies. Then, since the radioactive material is distributed throughout the containers,
with the detector placed at an angle to the box to get as much of it within the solid angle
of the detector, it was assumed to be reasonable to use a curve between the two lines
shown in Figure-3 that is the average of the logarithm of the 0 and 90 degree efficiency

values.
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Table-2: ISOCS Detector Efficiency Values

E ikeV) 0 deg. 1sd % 90 dege | sd %
30 2.21E-04 0 a4 2. TOE-07 3160
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344 2TEHS 074 3 12E05 119
662 3ASE.05 109 2 16E<415 | 56
779 3.21E-05 1.19 |.BoE-G5 168

1112 2. 20E-05 142 | 39E-D5 195
1408 1 TIE-03 1.63 1 1YE-D3 209
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S000 4 OTED6 14 3. 20E-06 4.01%
1000 1 16E-06 625 | DBE-D6 693
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T I
=
! i

_ITIU

Figure-3: ISOCS Detector Efficiency Graph

While this could introduce some error in determining an absolute reading, it should be
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noted that an inspection of the curve shows that the 0 and 90 degree efficiency lines are
generally straight across the energies of interest (i.e., from 129.3 —413.71 keV), with a
generally consistent slope. As a result, any differences in the actual and assumed angle
would result in an absolute, rather than a significant relative offset. Since the primary
focus of the data analysis for this thesis is on the relative readings, any error introduced
by a difference between the actual and assumed detector angles was not considered
significant. For example, the average angle of incidence may be closer to 15-30 degrees;
this would result in a systematic offset which should be relatively consistent across the
data points. This also seemed appropriate, as the exact angle that the detector was placed
with respect to the SWB is not known, and could not reasonably be expected to be placed

with precision during the assay using ISOCS.

The second step was to normalize the data based on the relative intensity of the gammas
during decay (decay branch ratios taken from BNL table of nuclides [Ref. 13]). The

relative intensities for the Pu-239 decay gammas are shown in Table-3.

Using the detector efficiency and the gamma decay intensities, the raw data for a number
of containers (see Appendix E for example data) was normalized, as shown in Table-4.
The relative intensities of the peaks were normalized to 413.71 as it is the highest energy

Pu-239 decay gamma.

This data was also graphed in Figure-4. Error bars are shown to illustrate the large range
of potential values for the relative intensities, particularly for the weak 203.55 keV

gamma energy.
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Table-3: Relative Gamma Energy Intensity for Pu-239

Energy (keV) | Intensity (%) Intensity (Relative)
129.3 6.31x10° 11.09
203.55 5.69x10™ 1.00
375.05 1.55x10° 2.72
413.71 1.47x10° 2.58

Table-4: Relative Gamma Intensity for SWB Containers

Container Energy (keV) | Relative Intensity | Uncertainty
NT060207R 129.3 0.354 25.93%
375.05 0.946 10.55%
413.71 1 15.01%
NT060208R 129.3 0.491 17.35%
203.55 0.987 69.54%
375.05 1.03 8.25%
413.71 1 14.08%
NT060209R 129.3 0.403 1.56%
203.55 0.619 5.85%
375.05 1.02 2.60%
413.71 1 2.74%
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Table-4: Relative Gamma Intensity for SWB Containers (continued)

Container Energy (keV)  Relative Intensity | Uncertainty
NT060210R 129.3 0.501 7.25%
203.55 0.496 44.47%
375.05 0.917 10.65%
413.71 1 15.41%
NT060211R 129.3 0.284 3.12%
203.55 0.534 10.82%
375.05 0.919 4.35%
413.71 1 5.79%
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Figure-4: Relative Gamma Energy Intensity for Pu-239
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3.3 Initial Method for Determination of Shielding Thickness

Using the normalized data for the SWBs, the following shielding equation (Ref. 14) was

used to try to determine the amount of shielding present:

| = Le—H#/P(px)

Where:
I = the shielded photon intensity
I, = the initial photon intensity
u/ p = the mass attenuation coefficient
p = the density of the shielding medium [g/cm’]
x = the thickness of the iron [cm]

Iron was used for this shielding determination, as it was the primary shielding material
present within the SWBs (which themselves are primarily iron), with a nominal density
of 7.87 g/em’. Using the values for mass attenuation for iron (Ref. 14) for selected
photon energies, the mass attenuation coefficients for the Pu-239 decay gamma energies

were linearly interpolated, as shown in Table-5.

Using the mass attenuation coefficient and the density of iron, arbitrary values for
shielding thickness were plugged into the formula to see how they would impact the

attenuation of the four Pu-239 decay gamma energies. It was observed that the greatest
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attenuation occurs at lower energies, while higher energies are attenuated less.
Furthermore, this relationship is not constant, and the difference in attenuation for two
different shielding thicknesses becomes less at higher energies. Specifically, the
observed differences between the 413 and 375 keV peaks was quite small, which helps
explain why some of the data indicates lower normalized counts for the 413 peak as
compared to the 375 peak. This difference appears to fall within the range of uncertainty

of the measurements as shown in Figure-4.

Table-5: Mass Attenuation Coefficients for Iron
based on a Simple Weighted Average

Photon Energy (keV) Mascsole\::ﬁ:ri\:s:ion Source
100.0 0.344 Ref. 14
129.3 0.250 Interpolation
150.0 0.183 Ref. 14
200.0 0.138 Ref. 14
203.55 0.137 Interpolation
300.0 0.106 Ref. 14
375.05 0.095 Interpolation
400.00 0.092 Ref. 14
413.71 0.091 Interpolation
500.00 0.083 Ref. 14

Although the mass attenuation factors for a given gamma energy is constant, the
shielding present is being modified. By changing the shielding thickness, the intensity of

the radiation that can pass through the shielding material unattenuated is being reduced
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logarithmically but at a different rate for the four energies being considered. As a result
the intensity for the four different energies diverges depending on the thickness of the
shielding present. Using this divergent nature of shielding for different energies, it
should be possible to compare the observed normalized intensities to the calculated
divergence to determine the amount of shielding present. To demonstrate this, a number
of different shielding thicknesses of iron were postulated as shielding material for
photons with the energies of gammas resulting from Pu-239 decay and plugged into the
shielding equation discussed previously. The results and this calculation are presented in

Table-6.

Table-6: Calculated Attenuation Factors for Pu-239 Decay Gammas in Iron
(Simple Weighted Average)

Energy (keV)
129.3 203.55 | 375.05 | 413.71
0.25 0.73 0.91 0.99 1
Shielding 0.5 0.53 0.83 0.98 1
Thickness
(cm) 1 0.29 0.7 0.96 1
2 0.08 0.48 0.93 1

Attenuation Factor

Table-6 shows that as the shielding thickness increases, the divergence of the normalized
intensities will widen, as expected. By comparing the ratio between the129.3 and 413.7

keV peaks it should be possible to determine the shielding thickness for a given shielding
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material, in this case, iron. For example, if the ratio is found to be 0.35, it can be seen that
this is between 0.5 and 1 cm of shielding thicknesses. By iteratively changing the value
for thickness in the shielding equation between these two values, the thickness

corresponding to a ratio between the 129.3 and 413.7 keV peaks of 0.35 can be found.

3.4  Application of the Initial Shielding Methodology

In order to apply this methodology to the SWBs, the available data set was reviewed to
find SWBs that contained mostly iron based wastes. Six boxes were identified as
containing greater than 90% iron, and an additional five boxes were identified as
containing between 80% and 90%. Upon applying the shielding thickness determination
methodology to these wastes boxes, an unexpected result was observed. By varying the
assumed shielding thickness, such that, relative to the 413.71 keV gamma intensity that
the 203.55 keV peaks were properly attenuated, the calculated value for 129.3 keV peaks

were far less than the observed values.

For example, SWB NT060209R is identified as being composed of approximately 94.5%
iron based metals. The normalized intensities for this SWB are shown in Table-7. At 1.5

mass attenuation lengths, the calculated values are as shown in Table-8.

As shown in Table-7 and Table-8, the calculated relative intensity for the 129.3 keV
gamma is less than half that observed. In order to explore this further, the intensities
relative to the 413.7 keV gamma were found for all the gamma peaks for the SWBs

containing greater than 80% iron, and are presented in Table-9.
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Table-7: Normalized Intensities for High Iron Content SWB

Energy (keV) | Relative Intensity Uncertainty
129.3 0.40 1.56%
203.55 0.62 5.85%
375.05 1.02 2.60%
413.71 1 2.74%

Table-8: Calculated Intensities for 1.5 cm of Iron

Energy (keV)
129.3 203.6 375.1 413.7
Relat_lv_e 0.15 0.58 0.95 1
Intensities

Table-9: Normalized Intensities for Several High Iron Content SWBs

; Calculated
_ Energy | Relative Uncertainty Intensity | ghjelding
Container (keV) | Intensity 0 Relative to | Thickness
(%) 1413 keV peak
(cm)
Containers with > 90% Iron Contents
NTO60209R 129.3 0.4 1.56 0.4 0.75
203.55 0.61 5.85 0.62 1.3
375.05 1 2.60 1.02
413.71 0.98 2.74 1
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Table-9: Normalized Intensities for Several High Iron Content SWBs
(continued)

Calculated
_ Energy | Relative Uncertainty Intensity | ghielding
Container (keV) Intensity (%) 4$:I:tlve to | Thickness
eV peak
(cm)
NTOe0211R 129.3 0.31 3.12 0.28 1.05
203.55 0.58 10.82 0.53 1.75
375.05 1 4.35 0.92 2.2
413.71 1.09 5.79 1 -
NTO70684R 129.3 0.4 4.16 0.35 0.85
203.55 0.57 18.43 0.51 1.85
375.05 1 10.05 0.89 3.1
413.71 1.13 9.60 1 -
NTO70685R 129.3 0.4 2.22 0.42 0.7
203.55 0.66 8.04 0.69 1.05
375.05 1 3.68 1.05 -
413.71 0.95 5.34 1 -
NTO70702R 129.3 0.33 2.84 0.32 0.9
203.55 0.59 11.32 0.58 1.5
375.05 1 4.38 0.99 0.3
413.71 1.01 8.84 1 -
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Table-9:

(continued)

Normalized Intensities for Several High Iron Content SWBs

Calculated
_ Energy | Relative Uncertainty Intensity | ghielding
Container (keV) | Intensity (%) 4$:I:tlve to | Thickness
eV peak
(cm)
NTO70703R 129.3 0.42 2.08 0.4 0.75
203.55 0.61 8.78 0.58 1.5
375.05 1 3.56 0.95 1.4
413.71 1.05 4.64 1 -
Containers with 80-90% Iron Contents
NTO70687R 129.3 0.42 3.22 0.43 0.65
203.55 0.68 12.11 0.7 1
375.05 1 5.32 1.04 -
413.71 0.96 7.13 1 -
NTO70692R 129.3 0.4 5.22 0.34 0.85
203.55 0.61 22.62 0.51 1.85
375.05 1 8.17 0.84 -
413.71 1.2 14.97 1 -
NTO70692R 129.3 0.35 1.40 0.35 0.85
203.55 0.62 4.77 0.62 1.3
375.05 1 2.15 1 -
413.71 1 2.89 1 -
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Table-9: Normalized Intensities for Several High Iron Content SWBs
(continued)

. Calculated
. Energy Relative Uncertainty Intel:‘srty Shleldlng
Container : Relative to | Thickness
(keV) Intensity (%)
413 keV peak
(cm)
NTO70695R 129.3 0.38 1.83 0.37 0.8
203.55 0.66 6.42 0.65 1.2
375.05 1 2.95 0.99 0.3
413.71 1.01 4.10 1 -
NTO70700R 129.3 0.35 3.78 0.35 0.85
203.55 0.57 15.74 0.56 1.6
375.05 1 5.78 0.99 0.3
413.71 1.01 8.53 1 -

As can be observed in the last column of Table-9, very diverse shielding thicknesses were
determined based on the ratio of energies. For example, NT070702R shows thickness as
0.9 cm for 129.3 keV and as much as 1.5 cm for 203.55. This seems to indicate that the
129.3 keV gammas are being attenuated much less than they should be. It was
considered that this could be the result of “buildup” of low energy gammas as a result of
multiple attenuation events for higher energy gammas. This was believed at this point in
the evaluation to be unlikely given the narrow energy peaks being considered, but was
noted for future consideration. It was also noted for future consideration that this is a

side effect of having a distributed source, rather than a point source.
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Chapter 4 Evaluation of the System using MCNPX

In order to investigate the potential impacts of a distributed source suspended within a
distributed shielding matrix, such as surface contamination on an iron substrate, a series
of Monte Carlo Neutral Particle (MCNPX) models (Appendix F) were developed in
accordance with the MCNPX manual (Ref. 15) to identify if the discrepancies between
the actual ISOCS readings and the expected behavior based on the shielding equations
were also present during modeling. Models included variations of both distributed and
discrete sources within a shielding medium. In general, each model was an evolution of
the previous models, and only those aspects that change between successive models are

discussed. These models are discussed in detail in the following sections.
4.1  Evenly Distributed Source - Homogenous Shielding

The intent of this model was to determine the impact of a homogenous shielding material
on a homogenously mixed source. The development of the model, results, and

conclusions are discussed in the following sections.
4.1.1 Model: Evenly Distributed Source - Homogenous Shielding

The SWB was modeled as a simple rectangular box with wall thicknesses of 0.4 cm steel
(98% iron, 2% carbon) based on typical characteristics of SWBs as identified by WIPP

(Appendix B). Homogenous waste material was then added to the inside of the SWB.

The waste was modeled as a volumetric source with Pu-239 distributed through a

shielding material with varying densities from 0.1 to 7.0 g/cm’ consisting primarily of
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iron, to approximate surface contamination on iron objects within the SWBs, consistent
with the waste present in the SWBs that were assayed by ISOCS and SuperHENC, as

shown in Figure-5.

Figure-5: SWB Model with Evenly Distributed Source

Initially the detector was modeled as a small sized cylinder approximately 6 ft away from
the SWB, consistent with the configuration of the actual measurements; however, initial
modeling attempts were not successful. Specifically, very few photons were detected
crossing through the detector, resulting in uncertainties that exceed the recommend
values even with extended simulations (Ref. 16). As a result the model was modified to
count photons escaping through one side of the box. The energies of these escaping
photons were tallied so that there was a 1 keV range for the peak corresponding to the 4
primary decay gammas for Pu-239 (i.e., 129-130 keV, 203-204 keV, 375-376 keV, and

413-414 keV).
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Additionally, it should be noted that the detector was modeled as a simple tally through
the side of the SWB. This was advantageous as it isolates the behavior of the distributed
source in the shielding matrix from possible interactions within the detector itself which
may adversely impact the ability to determine the physical limitations of the system. In
this regard, MCNPX provides a perfect detector, as it can count every photon that passes

through a surface without attenuation or angular or energy sensitivities.

Counting all the photons that escape through one side of the box rather than simulating a
detector at a distance similar to the actual ISOCS configuration was believed to be a

reasonable approach for a number of reasons.

First, the evaluation is looking at the relative intensities to determine the shielding
thickness. Relative intensities are based on the isotope undergoing radioactive decay and
the attenuation between the source and the detector, not on the size of the detector. As a
result, a larger detector will not impact the relative strengths of the photon peaks, and will
significantly lower the statistical error resulting from a smaller detector size for a given

number of photons.

Second, the discrepancies that were seen between calculated and observed values for the
low energy photons were believed to be a result of the presence of a distributed source.
As a result, removing the potential errors introduced by modeling another component in

the system seemed prudent.

Third, several assumptions as to the composition of the SWBs have to be made to

facilitate modeling. Additionally, the SWBs can vary greatly in terms of contents and
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arrangements, so any assumptions made regarding the detector location and behavior are

likely subsumed in the assumptions already made for the SWB contents.

The density of the shielding material was varied from a very low density (0.1 g/cm’) to
approximately the density of iron (7.0 g/cm’). Initial runs were for 1 million photons,
however, MCNPX identified statistical errors with this few a number of photons, and the

photon count was increased to 100 million.
4.1.2 Results: Evenly Distributed Source - Homogenous Shielding

The results for the evenly distributed source with homogenous shielding model are
presented in Table-10 and graphed in Figure-6 (normalized to 413.72 for direct
comparison with the results presented from ISOCS). The maximum error identified for
any of these points was 1.46% (the MCNP manual [Ref. 16] identifies that relative errors

of less than 10% are reliable).
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Table-10: Relative Intensities for Pu-239 Decay Gammas in a Homogenous Shield

Gamma Energy (keV)
129.3 203.55 375.05 413.71
0.1 0.352 0.697 0.961 1
0.5 0.258 0.610 0.946 1
1 0.246 0.598 0.947 1
1.25 0.243 0.592 0.944 1
«:g 1.5 0.242 0.592 0.944 1
%3 1.75 0.241 0.591 0.944 1
'g 2 0.240 0.590 0.942 1
é; 2.5 0.240 0.591 0.939 1
§ 3 0.240 0.592 0.940 1
;;'E> 3.5 0.239 0.592 0.937 1
4 0.237 0.592 0.934 1
5 0.238 0.595 0.939 1
6 0.237 0.593 0.934 1
7 0.238 0.589 0.935 1
Normalized Intensity
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Figure-6: Relative Energy Frequency for Varying Shielding Density
4.1.3 Discussion: Evenly Distributed Source - Homogenous Shielding

These results were compared to the shielding equations to see if the same effect that was
seen for the ISOCS assay data was replicated in MCNP, namely an increased number of

low energy photons as compared to those predicted by shielding equations.

This comparison focused on matching the calculated shielding thicknesses to the MCNP
results in the 1 to 2 g/cm’ range. First, the gamma abundance was normalized to the
highest energy (413 keV). Then the assumed shielding thickness was varied until the
normalized intensity for the 203 keV gamma peak matched that shown in MCNP.

Initially, this produced around 16.3% for the 129 keV based on the calculated values
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using the shielding equation and 24.6% for the MCNP values.

At this point it was acknowledged that some error may have resulted from using a simple
weighted average to determine the mass attenuation coefficient (Figure-7). It had been
necessary to interpolate the constant, as there were no available sources that had the mass
attenuation coefficients for the specific gamma energies of interest. A weighted average
of the logarithm of the mass attenuation coefficients produced a much smoother curve
(Figure-8) and is believed to be a better approximation of the actual mass attenuation
coefficients as compared to the simple weighted average (Figure-7). Specifically, the
value for mass attenuation at 129.3 keV produces a much smoother curve in relation to
the surrounding points for the weighted average of the logarithmic values as compared to

a simple weighted average.
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Figure-7: Mass Attenuation Coefficients (Simple Weighted Average)
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The values that resulted from the weighted average of the logarithmic values of the mass

attenuation coefficients are shown in Table-11.

By using the values obtain from the weighted average of the logarithmic values (Table-
11), the calculated value for the 129 keV gamma increased to 20.1% versus 24.6% for the
MCNP values. It was noted, that this is still a difference of 22% in abundance, which is
significant when compared to the identified error of 1.46% relative to the measured
values. Relative attenuations based on the weighted average of the logarithmic values of

the mass attenuation coefficients are provided in Table-12.
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Table-11: Mass Attenuation Coefficients for Iron
Based on the Weighted Average of the Logarithmic Values

Photon Energy (keV) Mascso,:::ﬁ:ri\:::ion Source
100.0 0.344 Ref. 14
129.3 0.231 Interpolation
150.0 0.183 Ref. 14
200.0 0.138 Ref. 14
203.55 0.136 Interpolation
300.0 0.106 Ref. 14
375.05 0.095 Interpolation
400.00 0.092 Ref. 14
413.71 0.090 Interpolation
500.00 0.083 Ref. 14

Table-12: Calculated Attenuation Factors for Pu-239 Decay Gammas in Iron
(Weighted Average of the Logarithmic Values)

Energy (keV)
129.3 203.55 | 375.05 | 413.71
0.25 0.76 0.91 0.99 1
Shielding 0.5 0.57 0.83 0.98 1
Thickness
(cm) 1 0.33 0.7 0.96 1
2 0.11 0.48 0.92 1

Attenuation Factor
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It was also acknowledged that buildup of photons at lower energies (~100 keV) as a
result of the Photo Electric Effect and Compton Scattering of higher energy photons
could introduce error resulting in the observed discrepancies. For example, it was
possible that the amount of low energy photons had built up to the point where the 129.3

keV peak was indistinguishable from the background of attenuated photons.

To investigate if buildup of low energy photons was occurring, additional MCNPX
models were run using the same parameters as previously (i.e., same number of photons,
with identical source at 1 g/cm’ shielding density), but with an additional 1 keV wide
tally on either side of the tally for the 129 keV. The results of this modeling are shown in

Table-13:

Table-13: Relative Gamma Intensity in the Vicinity of the 129 keV Peak

Energy Bin . Relative
Intensity
(max keV) Error (%)
128 1.344x10°3 0.27
129 5.138x10° 1.40
130 1.421x10°3 0.27
131 1.419x10° 2.65

The peak for the 129 keV gamma is 27 times that of the next lower bin, and 100 times
larger than the next higher one. This (and the error as reported by MCNP) indicates that

the cause of the elevated photons in the 129-130 energy bin is not the result of buildup.

The higher than expected ratio between low energy and high energy photons could have
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been caused by the presence of a distributed source in a shielding matrix. For example, if
only one locality is considered, more unattenuated 413.7 keV Pu-239 decay gammas
should arrive at the detector from that locality than unattenuated 129.3 keV Pu-239 decay
gammas, once normalized for decay intensity (Table-3), as a result of differences in
attenuation based on photon energy (Table-6). On the other hand, if a second locality,
closer to the detector is postulated, a higher fraction of the 129.3 keV gammas relative to
the 413.7 keV gammas would arrive at the detector. Taken separately, the total amount
of shielding between the source and the detector could be found using the calculated

value, however, if both are present, the shielding thickness is harder to determine.

In this example, suppose the two sources are of equal strength are on a straight line along
the axis of the detector, with one source being at 0.5 cm of shielding distance and the
second at 1.0 cm for 129.3 keV . Based on Table-12, the 129.3 keV gammas would be at
an intensity of 0.57 and 0.33 relative to the 413.7 keV peak for 0.5 cm and 1.0 cm

respectively.

It must be considered, however, that the 413.7 keV gammas are also attenuated through
that distance. If the unshielded intensity of both sources is assumed to be 1, the intensity
0of'413.7 keV gammas would be 0.702 and 0.492 for shielding thicknesses of 0.5 cm and
1.0 cm respectively. This would result in a shielded relative intensity of 129.3 keV

gammas of 0.400 and 0.162 for shielding thicknesses of 0.5 cm and 1.0 cm respectively.

Adding these two sets together results in an intensity of 1.194 for 413.7 keV gammas and
0.562 for 129.3 keV gammas. Normalizing these values to 413.7 results in a relative
intensity of 0.471 for the 129.3 keV gammas.
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By iteratively applying the shielding equations to solve for a relative intensity of 0.471
for 129.3 keV gammas, a shielding thickness of 0.678 cm is found. Based on a shielding
thickness of 0.678 cm, the intensity of 413.7 keV gammas should have fallen off by a
factor of 0.619 from the original intensity. Based on the intensity of 1.194 identified
above and the shielding present would result in a combined source intensity of 1.92.
Since we started with two sources each with an intensity of 1, the impact of the multiple
sources on the perceived relative intensities and associated shielding thickness result in a

4% underestimation of the actual source strengths.

It is also interesting to note that the curves identified in Figure-6 appear to rapidly
converge on one value. This behavior was also not anticipated by application of the
shielding equation (Table-12). As density increases, it was expected that the ratio of
lower to higher energy photons intensities would continue to decrease. Since the system
does not appear to be saturated with low energy photons (as shown in Table-13), it is
postulated this is another result of having a distributed source in a shielding matrix. The
impact of increasing shielding matrix density on the ratio of photon intensities will be

investigated further.
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4.2 Localized Distributed Source - Homogenous Shielding

The intent of this model was to determine the impact of a localizing the shielding at one
end of the SWB or the other would result in the behavior that would be expected based
on the shielding equations. The development of the model, results, and conclusions are

discussed in the following sections.

4.2.1 Model: Localized Distributed Source - Homogenous Shielding

Initially an evenly distributed source throughout the SWB was modeled, while varying
the shielding material density (as per Section 4.1.1). Subsequently the source was
modeled as a Gaussian distribution concentrated at either end of the SWB (as shown in
Figure-9), while maintaining the same source strength and varying the shielding material
density. All three of these models were run in two different configurations that included

or excluded the shielding provided by the SWB itself.

Figure-9: SWB Model with Localized Distributed Source
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4.2.2 Results: Localized Distributed Source - Homogenous Shielding

The results of modeling a locally distributed source throughout a homogenous shielding
material are shown in Figure-10. The maximum error identified for any of these points

was 1.95%.

The upper set of lines represent the model without the SWB present, with the source near
the detector (NBNS), evenly distributed (NBDS), and far from the detector (NBFS).
Similarly, the lower set of lines represent the model with the SWB present, with the
source near the detector (BNS), evenly distributed (BDS), and far from the detector
(BFS). As can be seen, the ratio between 129.3 and 413.7 keV peaks became asymptotic,

approaching a single value at higher shielding thicknesses.
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Figure-10: Modeling of Evenly and Locally Distributed Sources
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4.2.3 Discussion: Localized Distributed Source - Homogenous Shielding

As previously discussed in Section 3.3, the ratio between the intensities for Pu-239 decay
gammas should be an indicator of the shielding present between the source and the
detector. However, an examination of Figure-10 indicates that this may not work for a

distributed source.

Specifically, it is observed the ratio of lower to higher energy photons intensities appears
to converge once a certain shielding thickness is present. This is contrary to the behavior
anticipated by the shielding equations (Table-12) namely that the ratio should continue to
decrease logarithmically. It is also observed that the presence or absence of the SWB in
the model appears to have the primary effect of shifting the entire curve, rather than
greatly changing its shape, though it is noted that the presence of the SWB appears to

flatten the extremes of the curve.

To verify that the convergence is not caused by buildup of low energy photons, the
energy bins next to the 129.3 keV gamma peak were examined to see if there was
evidence of significant buildup as shown in Table-14. The energy bin containing the 129
keV gamma is 17 times that of the next lower bin, and 48 times larger than the next
higher one, indicating that buildup of low energy photons does not have a significant

impact on the results of this model.
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Table-14: Relative Photon Intensity in the Vicinity of the 129 keV Peak -
4 glcm® Far Source with SWB Model

Energy Bin . Relative
Intensity
(max keV) Error (%)
128 2.273x10™ 0.68
129 5.780x10° 4.16
130 1.079x10* 0.96
131 2.260x10° 6.65

It was possible that these results were impacted by the distributed source being only
roughly defined within the shielding matrix, and therefore additional modeling using a

distributed source with clearly defined boundaries seemed appropriate.
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4.3  Fixed Volume Distributed Source - Homogenous Shielding

The intent of this model was to establish a source with consistent properties, namely
strength and dimensions, to further explore the potential impact of a homogenous
shielding material on a distributed source. The development of the model, results, and

conclusions are discussed in the following sections.

4.3.1 Model: Fixed Volume Distributed Source - Homogenous Shielding

To ensure that the observed results were not a product of slight differences in the
distribution of the source, the source was then modeled as a fixed volume. Specifically, a
volumetric source was modeled that extended the width and height of an SWB but was
only 40 cm long, as shown in Figure-11. To help isolated the effect of the distributed

shielding on the system, the SWB was not included in the model.

The fixed volume was moved through the distributed shielding material, starting at one
end of the material then moving to the far side. As before, the shielding material density

was varied for each source location.
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Figure-11: SWB Model with Fixed Volume Distributed Source

4.3.2 Results: Fixed Volume Distributed Source - Homogenous Shielding

The results of the modeling of a fixed volume distributed source being moved through a
homogenous shielding material are shown in Figure-12. The maximum error identified

for any of these points was 0.96%.

It was observed that once the source is moved past the middle of the SWB, all the lines
converge. Additionally, as the shielding density increases, the lines for the closer sources
appear to be converging on the lines for those further from the detector, with those closer
to the detector taking large amounts of shielding density to approach the results of from

the more distant sources.
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Figure-12: Results for a fixed volume source moved throughout the container

4.3.3 Discussion: Fixed Volume Distributed Source - Homogenous Shielding

It is worth noting that as the source moved closer to the far end of the SWB, it became
the same configuration as with the source on the near end, except with the detector
reversed. For example, the configuration with the source 10 cm from the far end of the

SWB is the same as 10 cm from the near end, with the detector on the opposite side.

It is interesting that the results (Figure-12) indicate that the attenuation of 129.3 keV
photons relative to 413.7 keV photons appears to initially decrease with increased
shielding thickness consistent with the expectations of the application of the shielding

equation (Table-6) but then increase. This increase of 129.3 keV photons relative to
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413.7 keV photons appears consistent with the observed results from the actual data
(Section 4.1.2). This could be caused be either geometry effects on distributed sources as
discusses in Sections 4.1.3 and 4.2.3, or buildup of 129.3 keV photons resulting from

attenuation of higher energy photons.

To determine if buildup of low energy photons was causing the observed increase in low
energy photons, the energy bins next to the 129.3 keV gamma peak for the source
modeled at 10 cm away from the detector were evaluated as shown in Table-14. This
case was chosen because it showed the greatest trend of increasing ratio between high

and low energy photons as shown in Figure-12.

The energy bin containing the 129 keV gamma is 41 times that of the next lower bin, and
106 times larger than the next higher one, indicating that buildup of low energy photons
does not have a significant impact on the results of this model and is therefore not the

cause of the upward trend in low energy photons relative to higher energy ones.

Table-15: Relative Photon Intensity in the Vicinity of the 129 keV Peak -
2 glcm® Source 10 cm from detector

Energy Bin . Relative
Intensity
(max keV) Error (%)
128 2.802x107 0.19
129 7.387x10° 1.16
130 3.060x10° 0.18
131 2.886x107 1.86

At this point, it was also noticed that the ratio between 129.3 and 413.7 keV photons
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appears to be converging on a value around 0.416. Similar values are also present in
previous simulations where the SWB was not included in the model (Section 4.2.2). As
can be seen in Figure-10, the results from that model, without the SWB converged around

0.42.

It is unclear what the significance of this value might be. It is possible that this is related
to the mean free path of photons within the distributed shielding material. Mean free path

is the inverse of the of p value defined in the shielding equation in Section 3.3.

Using the shielding equation, it can be determined that a relative attenuation ratio of 0.42
between 129.3 and 413.7 keV photons corresponds to approximately 6.1 cm of iron
shielding. This in turn corresponds to approximately 1.4 mean free paths for 129.3 keV
photons and 0.55 mean free path lengths for 413.7 keV photons. However, it is not
immediately clear what the significance of these mean free path lengths might be,
although it is noted that the 129.3 keV photons are traveling through approximately one

mean free path more than the 413.7 keV in this distance.

As shown in Figure-6, the relative attenuation appears for other energies also appear to
stabilize at a given value. This effect may warrant additional research. However, the
determination of the significance of the ratio of mean free paths at the point of
convergence, while interesting, does not seem to directly impact the research objectives,
other than to acknowledge that it places a limit on the attenuation of low energy photons

in a distributed source as compared to high energy photons.

In order to determine if these observations held in the case of a more complex source, the
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next step was to evaluate a SWB model with several sources with different densities
placed within a shielding matrix. Additionally, it would be of interest to determine the

impact of multiple detector locations on the results.
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44  Complex Source

The intent of this model was to determine if the presence of a number of discrete sources
within a homogenous inter-source shielding matrix would provide results similar to those
seen for a homogeneous mixture of TRU waste materials within an SWB. The
development of the model, results, and conclusions are discussed in the following

sections.

4.4.1 Model: Complex Source

This SWB model included multiple discrete sources with different densities within a
homogeneously mixed inter-source shielding as shown in Figure-13. The model was
then modified to include a tally across every box surface, i.e., the top, bottom, left, right,

front, and back surfaces of the box.

Figure-13: SWB Model with Complex Sources
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4.4.2 Results: Complex Source

Initial results showed large errors at 100 million photons, so the model was modified to
increase the number of photons to 1 billion. This reduced the error to a maximum error
of 7.76% for all the points for 1 g/cm’ or less. The error for points beyond 1 g/cm’
continued to increase but were included in the results to show the general trends. The

results are shown in Figure-14.
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Figure-14: Results for SWB Model with Complex Sources
4.4.3 Discussion: Complex Source

Results at low densities of the inter-source shielding (0.01 — 1.0 g/cm’) were general

consistent with the observations in Section 4.3.3, namely that the ratio between low and
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high energy photons tend to converge.

At higher densities (2.0-5.0 g/cm’), however, it became clear that the ratios between high
and low energy photons were diverging instead of converging. At this point it was
noticed that the 1 keV bin on either side of the 129.3 keV spectrum lines were almost the
same value as the energy bin for the actual peak. An example is provided for the bottom
SWB surface tally in Table-16. The maximum error identified for any of these points

was 2.39%.

Table-16: Relative Intensities for Low-Energy Photons for the Bottom Tally

Inter-Source Shielding Density (g/cm®)
0.1 0.25 0.5 0.75
£ 129 1.35x10° 8.23x10° 3.75x10° | 1.79x10°°
= a;
g ’g o 130 1.40x10° 8.12x10° 3.63x10° 1.75x10°®
C w =
= 131 1.34x10° 8.05x10° 3.63x10° | 1.75x10°
Ratio of 130 to 129 1.03 0.987 0.968 0.980
Ratio of 130 to 131 1.04 1.01 1.00 1.00

The very low ratios (~1) between the three bins indicates that the majority of the counts
detected in the 129-130 keV bin were from photoelectric effect and Compton scattering
interactions with photons that were born at higher energies, namely the 413.7, 375.1, and
203.6 keV Pu-239 gamma peaks. This is contrary to what had been seen for the
homogenous mixtures seen the previous models (Table-13, Table-14, Table-15). This is

likely the result of transitioning from a source with a homogenous source distribution to a
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model with more complex and dense sources.

It was acknowledged at this point that the shielding density that was being modeled
exceeded the actual density that could be present. Although this does not change the
physics of what is occurring within the SWB, it does illustrate that although a general
solution to this issue may not be available, a solution for the specific parameters of

interest might be.

For example, it would not be possible to determine the source strength within an SWB
that had infinite shielding, as none of the photons would escape. This would be true if
the source was small, or extremely large, unless the source itself was infinite. As a result,
there will always be some limit to what can be determined with a given source, shielding

thickness, and detection capability.

Two potential paths forward were identified at this point, both of which were pursued and
discussed in the following sections. The first is to isolate the photon energies, to confirm
that the photons observed in the 129-130 keV range are, in fact, originating at the higher
energy peaks (see Section 4.5). The second is to reduce the density of the complex
sources to see if useful results can be observed using SWBs with nominal masses

consistent with what can be accepted at the WIPP (see Section 4.6).
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45  Complex Source — Mono Energetic

This model was intended to allow for isolation of specific energy peaks to determine how
many high energy photons eventually result in energies that are in the lower energy bins
that are being evaluated. The development of the model, results, and conclusions are

discussed in the following sections.
45.1 Model: Complex Source — Mono Energetic

In order to determine if the photons being observed in the 129-130 keV energy bin were
resulting from photons being born at the higher energies of 203.6, 375.1, and 413.7 keV,
the MCNPX model was modified to include only one energy at a time. Specifically, the
model was run at 413.7 and 129.3 keV. To ensure that error was kept within the
recommend error range (Ref. 16), the number of photons modeled was adjusted to 10
billion, with all of these photons originating at a single energy. Other than these changes,

the model was identical to those used previously (See Figure-13).
4.5.2 Results: Complex Source — Mono Energetic

The results from the monoenergetic model are presented in Figure-15, which also
includes the results from the polyenergetic model for comparison. The maximum error
identified for any of the 413.7 keV points was 0.57%. Even at 1 billion photons, the error
for the 129.3 keV was considerably higher at an average of 46.8% for the 0.75 g/cm’
points. The number of runs was raised to 10 billion for a few points, such at the 0.50

g/cm’ point, which reduced the error to a maximum of 17.7% and an average of 8.5%.
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However, as noted in Section 4.4.3, the density of the system exceeds that allowed for
SWBs so limited value was seen in doing additional runs at 10 billion photons
considering the time frames involved, and that at this point, all that was need was a rough

approximation of the value for comparison purposes.

These results were graphed using a logarithmic axis for the ratios to allow the
monoenergetic and polyenergetic results to be easily compared. The data showed a trend
for the polyenergetic ratio to be mostly flat at the evaluated densities, but increasing
slightly. The monoenergetic ratio showed a tendency for the ratio to decrease as

shielding density increased.
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Figure-15: Ratio of Photon Intensity in Monoenergetic and Polyenergetic Sources

The number of photons that originated at 413.7 keV that were detected within the
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413-414 keV bin were compared to the number of photons in the 129-130 keV bin, when
only 413.7 keV source photons were present (monoenergetic). This was then compared
to the ratio between the 413-414 keV and the 129-130 keV bin when all the energies were
present (polyenergetic). The maximum error for any of the values considered in this
comparison was 3.19% for the monoenergetic values and 6.18% for the polyenergetic

values. The results are shown in Table-17.

Table-17: Percentage of Low Energy Photons Born at Higher Energies

Inter-Source Shielding Density (g/cm®)

Detector
Location 0.1 0.25 0.5 0.75

Bottom 51.07% 53.60% 55.15% 56.22%

Top 49.17% 50.73% 52.12% 51.90%
Back 48.23% 52.84% 57.28% 56.46%
Left 48.14% 49.92% 51.22% 52.14%
Front 50.31% 54.83% 56.05% 56.03%
Right 49.81% 53.46% 55.47% 57.04%

Percentage of Polyenergetic 129-130 keV
photons born at 413.7 keV

4.5.3 Discussion: Complex Source — Mono Energetic

The monoenergetic model confirms the conclusions of Section 4.4.3, namely that the
modeling of the complex source combined with the inter-source shielding thicknesses

results in a very poor differentiation between the 129.3 keV peak resulting from
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unattenuated flux from the source as compared to attenuated flux being born at higher
energies. This is shown in the data as presented in Figure-15, which shows that the ratio
between 129.3 and 413.7 keV photon intensity in the monoenergetic case is two orders of
magnitude lower than in the polyenergetic case. This is confirmed in Table-17 which
shows that around half of the total 129-130 keV photons in the polyenergetic case are
born at 413.7 keV. With the addition of 129-130 keV born at either 203.6 or 375.1 keV,
the number of photons born at 129.3 that arrive at the detector unattenuated is a minor

contributor to the whole.

It was considered that the width of the energy band could be narrowed to isolate the
unattenuated flux peak (e.g., 129.29 to 129.31). This approach was rejected, however, as
it is not believed, based on the data provided, that ISOCS would be able to discriminate
to this level of precision, even if MCNPX can. This is consistent with the peak widths
shown in Appendix A that are typically 2 keV wide at full width half maximum

(FWHM).

As a result, the next step was to reduce the evaluated densities to be more consistent with
those that are actually present in SWBs. If the signal-to-noise ratio observed for the
complex source as discussed in this section and in Section 4.4.3 continue, then it may
indicate that for bulky objects, such as the SWBs, the ISOCS is inadequate for

performing accurate assays.
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4.6  Complex Source — Reduced Density

The intent of this model was to reduce the density of shielding materials within the SWB
to quantities that are more representative of the conditions that were present during the
actual measurements. The development of the model, results, and conclusions are

discussed in the following sections.
4.6.1 Model: Complex Source — Reduced Density

The model developed in Section 4.4.1 was modified to reduce the densities of the discrete
sources by about a factor of 4, as shown in Figure-16. Additionally, the density of the

distributed shielding was only evaluated up to 0.75 g/cm’.

This value was based on the maximum allowed weight of the contents of an SWB of
3,360 pounds, which converts to approximately 1,527 kg (Appendix B). The inside
dimensions of the SWB are 36 9/16” x 68 3/4” x 52”, which converts to roughly 93cm x
175 cm x 132 cm for a volume of 2,148,300 cm’ (Appendix B). Given the maximum
mass of 1,527 kg and the volume, the maximum allowed density is approximately 0.71

g/em’.
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Figure-16: SWB Model with Reduced Density Complex Sources

4.6.2 Results: Complex Source — Reduced Density
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Figure-17: Results for SWB Model with Reduced Density Complex Sources
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The results from the reduced density complex source model are presented in Figure-17.
The maximum error identified for any of these points was 0.70%. The data showed a
trend for the reduction in the 129.3 to 413.7 keV photon intensity ratio as the inter-source

shielding density increased.

4.6.3 Discussion: Complex Source — Reduced Density

The behavior observed in the reduced density complex source is more consistent with the
expected response for discrete sources spread through a shielding medium. Namely, as
the amount of shielding between the source and the detector increases, the number of
129.3 keV photons relative to the number of 413.7 keV photons decreases, consistent
with Section 3.3. This is opposite the trend identified in the complex source (Figure-14)

and monoenergetic complex source (Figure-15) cases.

It is noted, however, that the observed behavior is not entirely consistent with the
shielding equations. The intensity for photons through a given shielding medium should
fall off logarithmically. As shown in Figure-18, the fall off for 129.3 keV photons is not
a straight line when plotted logarithmically, and appears to be leveling off as density

Increases.

This finding is consistent with the observations in Section 4.5.3, namely, that as the
amount of shielding increases, the fraction of photons born at higher energies and being
detected in the energy band from 129-130 keV also increases, thereby obscuring the

number of unattenuated gammas born at 129.3 keV.
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It was considered that the observed behavior could have resulted, at least in part, by the

overlapping intensity attenuations from the three sources, each with its own attenuation

curves.
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Figure-18: 129.3 keV Photon Intensity for Reduced Density Complex Source

In order to verify that the observed behavior was a primarily a result of buildup of low

energy photons resulting from energy reducing interactions, such as photo electric effect

and Compton scattering of high energy photons, the reduced density complex source

model (see Section 4.6.1) was rerun with monoenergetic sources with the results being

compared to the polyenergetic source model discussed above. The maximum error for

any of the values considered in this comparison was 0.69% for the monoenergetic values

and 0.19% for the polyenergetic values. The results are presented in Table-18.
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Table-18: Percentage of Low Energy Photons Born at 413.7 keV -
Reduced Density Source

Inter-Source Shielding Density (g/cm®)

petector 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Bottom 6.37% 11.01% | 15.00% | 19.91% | 25.12% 30.17% 34.74%
Top 1.82% 2.35% 2.70% 3.03% 3.32% 3.56% 3.75%
Front 3.29% 5.77% 7.66% 9.57% | 11.29% 12.87% 14.31%
Back 2.25% 3.32% 4.21% 5.12% 5.93% 6.66% 7.21%
Left 2.61% 4.26% 6.05% 8.56% | 11.58% 15.08% 18.63%
Right 3.18% 4.75% 5.80% 6.80% 7.65% 8.30% 8.82%

Percentage of 129-130 keV Photons born at 413.7 keV

The percentage of photons being born at higher energies is greatly reduced as compared
to those seen in the high density sources (see Table-17). However, they still account for a
significant fraction of the low energy photons. Additionally, it is noted, that the
contribution varies greatly dependent on the source geometry with respect to detector
location. For example, at maximum density with the detector located at the top of the
container, only 3.75% of the 129-130 keV photons were born at 413.7 keV, as compared

to the detector being at the bottom, which resulted in 34.74% being born at 413.7 keV.

The variation of readings based on detector location indicates that a single photon
spectrum reading taken at an arbitrary location may not provide useful information
regarding the internal contents of the container, particularly as the density of materials

within the container increases.
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To fully understand the contribution of higher energy photons to the 129-130 keV bin,

additional models were run for all the Pu-239 decay energies. The resulting percentages

of 129-130 keV photons that were born at higher energies are shown in Table-19. The

maximum error for any of the values considered in this comparison was 1.11% for the

monoenergetic values and 0.19% for the polyenergetic values.

Table-19: Percentage of 129-130 keV Photons Born at Higher Energies —

Reduced Density Source

Inter-Source Shielding Density (g/cm®)

Ejzz‘t’lt:r: 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Bottom | 17.31% | 28.44% | 39.58% |52.28% | 65.36% | 78.15% | 89.78%
Top 5.84% | 7.36% | 845% | 9.37% | 10.14% | 10.81% | 11.35%
Front 9.08% | 16.77% | 22.74% | 28.43% | 33.43% | 38.22% | 42.57%
Back 6.95% | 9.96% | 12.66% | 15.28% | 17.55% | 19.59% | 21.11%
Left 7.86% | 12.41% | 17.90% | 25.14% | 34.00% | 44.28% | 54.73%
Right 9.64% | 13.97% | 17.26% | 20.04% | 22.25% | 24.07% | 25.44%

Percentage of 129-130 keV Photons born at Higher Energies

This information is also displayed graphically in Figure-19. As the density of the

shielding matrix increases, the amount of buildup at the lower energies increases greatly,

making the accurate determination of the intensity of unattenuated 129.3 keV gammas

difficult.
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Figure-19: Percentage of 129-130 keV Energy Photons Born at Higher Energies —

Reduced Density Source

While there are other Pu-239 decay gamma that could be used for the determination of a

shielding ratio, they also have problems.

The 203.55 keV gamma is much lower in intensity than the 129.3 keV gamma (see
Table-3), is harder to detect due to lower detector efficiency (Figure-3), and still
susceptible to buildup from attenuation of higher energy photons (Table-20 and Figure-
20). This conclusion is consistent with the ISOCS data (See Table-4), which often

showed that the 203.55 keV gamma peak was indistinguishable from background.
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Table-20: Percentage of 203-204 keV Photons Born at Higher Energies —
Reduced Density Source

Inter-Source Shielding Density (g/cm®)

Detector 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Bottom 17.89% | 24.27% | 28.80% | 33.93% | 38.89% | 43.41% 48.08%
Top 11.32% 13.55% 14.77% | 15.90% | 16.76% 17.45% 18.05%
Front 16.09% | 22.45% | 26.41% | 30.02% | 33.03% 35.45% 37.90%
Back 11.85% 15.15% 17.31% | 19.58% | 21.51% 23.12% 24.45%
Left 13.50% | 17.76% | 21.07% | 25.03% | 29.18% 33.46% 37.62%
Right 13.83% | 17.89% | 20.30% | 22.53% | 24.31% 25.80% 26.88%

Percentage of 203-204 keV Photons born at Higher Energies
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Figure-20: Percentage of Low Energy Photons Born at Higher Energies —

Reduced Density Source
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As aresult, the 203.55 keV peak is also not well suited for determining the shielding
thicknesses. The maximum error for any of the values considered in Table-20 or Figure-

20 was 0.55% for the monoenergetic values and 0.58% for the polyenergetic values.

The 375.05 keV peak, while relatively intense, is also not well suited for differential
comparisons as it is very close in energy to the 413.7 keV peak, resulting in only minor
differences in attenuation for a given shielding thickness. These variations are often
within the statistical error margins of the measurements of the ISOCS, as demonstrated in

Figure-4.

As a result of all these issues, it must be concluded that, while ISOCS can detect the
presence of radioactive isotopes, the physical limitations that arise from the nature of the
measurement system and the physical configuration of the SWBs and the contained waste
limit the amount of precision these readings can have, and therefore the fundamental

accuracy.
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Chapter 5 Integrated Discussion

5.1  Summary of Objective and Methods
As established in Chapter 3, the specific objectives of this research were to determine if:

e Using the data available, the discrepancies between the SuperHENC and ISOCS

assays can be explained
e ISOCS generates useful data when used for assay of SWBs
e The use of ISOCS can be improved to allow for better measurements in the future

To satisfy the research objectives, the assay data from ISOCS and SuperHENC were
compared. Additionally, the ISOCS process was modeled in MCNPX. The modeling in
MCNPX was performed iteratively to discover the behavior of distributed sources in a

shielding matrix when measured with gamma spectroscopy.
5.2  Significant Observations
Two major trends were noted during the performance of the MCNPX models.

First, the presence of a distributed source in a distributed shielding material, such as
surface contamination on large metal objects, results in energy specific photon
attenuation that is inconsistent with a point source that is present behind a discrete shield.
This results in the ratio of low energy to higher energy photons to converge on a

seemingly fixed ratio at higher shielding densities.
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Second, the allowed densities of shielding materials within the SWBs can result in

significant buildup of low energy photons from the attenuation of higher energy photons.

The combination of the effects of a distributed source and buildup of low energy photons
from attenuation of high energy photons results in conditions at the detector that may

vary greatly for a given container based on the position of the detector.

Since the intensity of unattenuated low energy gammas from the decay of Pu-239 (or
other TRU isotopes) relative to unattenuated high energy gammas cannot be reliably
determined, the amount of shielding present between a discreet source and the detector
cannot be reliably determined. Furthermore, since the sources are not discreet, nor
necessarily evenly distributed, the accurate determination of shielding material is subject

to significant uncertainty.

Since the amount of shielding cannot be reliably determined, the use of the attenuated
intensity in conjunction with the shielding thickness to determine the unattenuated source

strength is subject to significant uncertainty.

For example, if the ratio between the low energy photons to high energy photons is
elevated as a result of the distribution of the source material as well as the buildup of low
energy photons, the shielding thickness will be underestimated. As a result, for a given
detector reading, when the shielding thickness is removed to determine the amount of
material present, the source will be presumed to be smaller than it actually is. This
conclusion is consistent with the discrepancy seen between ISOCS and SuperHENC in

Table-1 and Appendix D.
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5.3  Other Issues that May Impact the Use of ISOCS

The physics issues identified above are by no means the only potential issues that may
complicate the use of ISOCS (or other gamma spectroscopy based systems) for assay of

SWBs in the field.

Although Pu-239 is the primary isotope present within the SWBs, it is not the only one
present. The other isotopes each have their own gamma emission spectrums which will
serve to elevate the background of low energy photons, making it difficult to differentiate
the unattenuated 129.3 keV gammas from the decay of Pu-239 (or other isotopes) from
those being born at different energies. As the amount of shielding within the SWB
increases, the difficulty of isolating a single low energy peak from the general noise of
attenuated photons will increase, thereby further complicating the task of accurately

determining shielding thickness and ultimately source strength.

Heterogeneity of the waste will result in greater variety of readings. In the models
considered, the complexity and variability of the results increased significantly in moving
from a homogenous source to a more complex, yet still relatively simple, arrangement.

In actual TRU waste, a variety of complicated shapes composed of different materials

will be present.

Similarly, the variations in ISOCS and SWB relative placement may result in
inaccuracies. For example, the detector could be placed slightly closer or further away
from the SWB. Additionally, the capabilities of the detector itself were not considered in

the modeling. Any real world detector will have significant limitations on the accuracy
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of measurements including, but not limited to angular and energy sensitivities,

attenuation within the detector itself, and finite resolution.

Another potential confusing factor is the presence of background radiation. In the
MCNPX models, only the photons added as part of the modeling are present. The
presence of background radiation could further complicate the accurate determination of
low energy peaks. In addition to the typical sources of background radiation, there may
also be small amounts from other TRU containers in the vicinity, as the ISOCS assay is

not performed within a shielded enclosure.

Although all of these issues could impact the efficacy of the use of ISOCS (or other
gamma spectroscopy based assay systems) for in-situ measurements, and could be
evaluated at length, it is believed that the physics issues evaluated within this thesis are
more significant, and ultimately limit the theoretical maximum accuracy that the ISOCS

or other gamma spectroscopy system can attain.
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Chapter 6 Conclusions

As a result of the findings discussed in this thesis, the following conclusions are reached:

Research Objective 1: Using the data available, can the discrepancies between the

SuperHENC and ISOCS assays be explained

Conclusion: Yes. The buildup of low energy photons resulting from attenuation of high
energy photons as well as the effect on relative photon attenuation resulting from a
distributed source present upon a distributed shielding material results in an inflated ratio
of low energy photons to higher energy photons. This inflated ratio results in an
underestimation of the shielding present, thereby resulting in an underestimation of the
actual source strength. The magnitude of this effect varies greatly based on the shielding
density and the extent of shielding distribution, and are therefore do not behave like a
simple systematic error offset. As a result, the accuracy of the system depends greatly on
the composition of the waste. These conclusions are consistent with the discrepancy seen

between ISOCS and SuperHENC in Table-1 and Appendix D.
Research Objective 2: Does ISOCS generate useful data when used for assay of SWBs

Conclusion: Yes, though with significant limitations. As shown in the available ISOCS
and SuperHENC data, the results from ISOCS can be used as rough approximations of
the materials present, and provide a general indication of the materials present. It should
be noted, however, that the measurements will generally reflect lower quantities of

materials being present than actually are. Therefore, the ISOCS readings should be used
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with caution, especially if being used for regulatory compliance.

Research Objective 3: Can the use of ISOCS be improved to allow for better

measurements in the future

Conclusion: Yes, though with significant limitations that may not be practical. It was
observed that different measurement locations resulted in significantly different results.
Therefore, if multiple measurements were taken at different locations, and the highest
reading was used, or perhaps the median reading with an offset, the discrepancy with
SuperHENC data may be reduced, this is a topic for additional research. However, this

would require a much more significant time commitment for the performance of assays.

Similarly the size of the containers or the mass of the contents could be reduced to help
reduce the amount of potential shielding materials. This too may not be practical. The
size of containers is set by specific needs, and is not within the control of the facility.
Additionally, the cost for disposal is on a container basis, distributing the content

between multiple containers will rapidly increase these costs.
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Chapter 7 Recommendations

As discussed in the previous sections, there appear to be physical issues that limit the
potential accuracy of a gamma spectroscopy system for the assay of large objects when
used in the discussed configuration. However, there are several lines of research that
could be investigated to improve the overall accuracy. These include but are not limited
to further investigation on multiple readings from different angles and determining if
these can be reliably correlated to container contents. In particular, it would be worth
researching if some angles were more reliable than others for accurate detection, such as
taking the reading from the location of either the highest or lowest on-contact radiation

readings.

Additionally, some of the methods identified for neutron based systems may be applied to
gamma spectroscopy based systems. For example, counting the system before and after
adding a gamma source of known strength and using this information as a calibration
point may yield more reliable information on shielding thickness allowing for a more

accurate determination of source strength.

Another potential area of interest would be to pursue the significance of the convergence
point for the ratios between high and low energy photons discussed in Section 4.3.3,
including the significance of the ratio between mean free path lengths at the point of

convergence for two given photon energies, if any.
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Appendix A. Example ISOCS Data

C

WASTE EXAMINATION TECHNIQUE
COVER PAGE

Waste Gererator Site. Nesada Test Site, NSTEC Environmental Marggement TRU Project

Wasle Siragm Category. 55000

Wasle Stream Name: Halerogensods Debns

Surface Dose Rate of Loaded Standara Waste Box: 01 mR/Mr gamma, 0.02 miemmr Navton

Surface Contamination Survay of Loaded Standard Waste Boi < 20 dpmi100cm” a;< 200 dom 00 cm B+
See NTS master submina! for filered liner bag data (cirgle onel Mo

Numberof Pages in Data Report: 22

Commanis
Containgr Number: NTOB0208R
Generated from Livermors waste stream — NTLLNL-85118 as listed in CCP-AK-NTS-001, Rev. 9

Waste Examination Expert

S\Mm Vrizya : UTEA 0844/ 11 -0% o2
Narna g Sanctum TimeDate
WEF SUBRY
£ ZTFC LD
e 2 4B oy sipre
Hama -Ha'gpnturc Tinaitate
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Appendix A. Example ISOCS Data (continued)

C WASTE EXAMINATION TECHNIQUE
COVER PAGE

Waste Gereralor Site Nevata Tes! Site, NSTEC Enwirpnminial Management TRU Projeot

Vinste Sirdam Categary. 55000

Wasle Siream Name, Heterogeneous Debrs

Surface Dote Rate of Loaded Standard Waste Boxr 0% mRUhr gaimma, 0 02 mRem/ht Neuton

Surface Contammatan Survey of [oades Standard Waste 8ox: < 20 dpmi1D0em’ o, < 200 dom/ 100 em’ B ¥
Sea NTE master submittal for flwrod liner bag data (ool ohe): No

Numbaér of Pages in Data Repte 22

Comments
Container Number. NTOB0Z08R
Generatad fram Livermors waste siream — NTLLNL-55119 as listed in CCP-AK-NTS-001, Rev, &

Waste Examination Expert
Sheyy Ruizya SAoOuzen 044/ v o3
WEF suUPV
Y
Heo 5 2. 4B Lot/ )44
hama San bt T e T

76



Appendix A. Example ISOCS Data (continued)

NATIONAL SECURITY TECHNOLOGIES STANDARD OPERATING PROCEDURE
C Tilie Container Repackaging and Operations Procedure (SBI) :i-lt ol 38
Ravisies Na 0 “Pericdic Review Dus Date 08/25/10
Effoctive Daie. DB/25/08 - . _ Guam-f Aﬂucﬂng- Yos
Appendix A
Area § Payload Contalner Evaluation Record
Page 1 of1
PAYLOAD CONTAINER EVALUATION RECORD
Container identification Numbar: NTOS0208R _____— Initials ~ Date
Coritainer Type (cirche Oref_ SWEN Gargo Gantawines / Druth / M MntrnPt:i: == E 08727/08
Nuclear Filter Vent(s) model 1905 serial numbar(s) KG-280 | K |__=r 08/27(08
Nuclaar Filter Vents ins-alled 1o manufaclures specification: Ea! B umat (], o —
Tarque Wrench Number mndaa Calibration Dus Dale: Q3/18/08 09 |
Bois installed 1o manfactures spaciicatons: G424 Salﬁ UﬂsstD| SET
Turque Wrench Number  Calibration Due Date Z3e|gq
| Container Inspection S | Initiats ' Date
Evidence thal Ihe conlainet s, or has been pressurized. CYes [ No ] ﬁm?@ ]
C Potentially significant rust o corrasion, the load bearing capacity s — - oo 700
suspeet (piing, pesing, Sshing, o diik solerstion an sy outldn surlaco) Yes (1 No [F '
Split seams, leads obviols holes, pinholés, punctures (of any aize), ar 0w27/08
Dreaches, creases, broken welds, cracis or wal thinning Yes 1
Load bearing canacty suspecl Yes L No ] T  pw2rIoe
Fastenar damaged such that tha cantainas will remain closed and Is | 5 | oamins
not in fitm contact with the snlife tircuniference of the container: ‘;‘&s____: No L _
Dents, scraps, or scraiches that make the container's structural Integnty | ar P,
quéslionable ot prevent the 10p nd bottam surfaces from being parallel Yes IO No 3
Cumrrl_enl.ﬁ (¥ "™ o “Linmnt” tn rarand o0 oy Aere completedy slile the momoemplance and the e mive sclion ke ]
KIA ]
WH
el TR geA, e
Narfia ﬂ_
WEF SUPV &ﬂ
teo Bérsmus ,,L (/e [27/6€
Narms Sonaluph e nin

GENERAL USE
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Appendix A. Example ISOCS Data (continued)

NATIONAL SECURITY TECHNOLOGIES STANDARD OPERATING PROCEDURE

Thie: Waste Examination Technique (SBI) I Page 150f 18
c Oocument No.. SOP-2151.5665 Use Category: il
IRevision No. 0 Pariodic Review Due Date. 0826110

Quality Affecting Yes

Effoctive Date: 08125/08 L

Appendix A
Payload Container Covershest
Page 1 of 1

Container Number: ]lm:wmn

Contalner Type (circle One): (SIWE: | Cargo Container / Drum / Macropack Initals | Date
ainar Tare Weight (empty). 640,00 Pounds 260,81 Kg Scale IDE NA A0 842712008
Contaifgr Tare Waight (Assemblady, 68200 Pounds 31000 Xg  Scale IDE NIA qp  |e212008
Container Gross Weight  1350.00 Pounds 61384 Kg Scale ID# 27083486 | 20 lamorzoos]
Pathaging Configueation:  Metal SWR, plastic bag liner, fibarboard finer (no B} o 1872008
Closure Method, Twisted and taped &0 |w20/2008
Gaskel(s) Present st Closure:  Yes o eneiz008
C Tampar Indicating Device (TID) applied: 0041, 0042 Q97282008
Layars of Confinement 1 o1 | Sr2e008
Container il Fastor 80 o g jenano08
Source Container Numbaer(s):
NT26s | NI i A [ N/A | WA
Comments

Adifitonal stale used [De 270460 All operstions performed iH accordance with SOP-2151,565 Rev 0. AN chacks
petformed on W27/08 on Med(a No. 082608-2. All bags and wraps breachad of left Unsealsd

Waste Examination Expert
¥ 1)

W‘J—E %ﬁ?)ﬂﬂ E.-k-t i “ﬂ;m s
) fie hrr T Bt 1494 729-4%
C Signatun ¢/ TimaTiate |

Name © ¢

‘GENERAL USE
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Appendix A. Example ISOCS Data (continued)

. NA'!'IOHAL SECURITY TECHHDLOGIES ETANDARD DPERATING PROCEDURE

Title; Wastu Examination Technique (SBI) Page15.of 18
(C pocumentNo - SOP-2151.665 ~ Juse cawgory: i
Revigion No. 0 Penodic Fieviaw Due Date wzmu

| Duamy Al'fe:ﬂng 'Yu

| Eflctve Date: 0872508 _

Appendix A
Payload Container Coversheet
Page 1 of {
Gonulnar Number: NTOS0208R
Container Type (cicie Gnej: SWE / Carge Container / Drum / MacroPack " intials  Date
EHHT:WM#MWM NiA paunds /A Kg T scaleiDs L)
.Gnntamar T;t Ywaight !m‘;d; N/A pounds akg _sm I0# NiA
Container Gross Wasght: NIA puun:-iu N/A Kg __smlu IO# /A
Packaging Configuration: N/A -
Clogure Mathod: N/A& |
Gnmis} presant 8t Closure: N/& o
C Tamper Indicating Device (TID) applied 0523 |
Layers al Cnmlmmml NIA |
Contalner Fyl Fmtot NIA % |
Source Container Number(s);
NIA [ NIA A | A | NIA

Commeants
TIl) #0042 replaced with 0523 as a resull of headspace gas sampling and the TiD being placed qver the sample port.

Waste Examination Expert
Luis G, éﬁ_ﬂ%‘
WEF SUPV

Y Seiraio 8t feéfe?

GENERAL USE /

C
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Appendix A. Example ISOCS Data (continued)

‘ NATIONAL SECURITY TECHNOLOGIES STANDARD OPERATING PROCEDURE |

Tile: Waste Examination Technigue ['55_1}_ Page 15cf 18 |

{C Document No.- SOP-2151.565

Ravision No: 0 | Periodic Review Due Date: 08/26/10 |

| Effective Date: 08/25/08 | Quality Affecting: Yes

Appendix A

Paylead Container Coversheet

Page 1 of 1
Container Number: | NTOG0Z06R
| r
Contalner Type (circle Gnel: SWB ¢ Carge Gontainer / Orumy | MecroPack Initials ‘ Date
Container Tare Weight (amply): M4 pounds N.4A Kg Scale I0# N4 |
Container Tare Welgh! (assembled) NIA pounds NS4 Kg Scale ID® NiA
Cantaingr Gross Weight NAA pounds N/A Ko Scale 10# N/A J

Packeging Conliguralion’ MIA&

Closure Msthod: N/A

Gaskel(s) present at Clasure: N/A

C Tampe Indicating Device (TID} applied; 0623
Layers of Confinernant: NiA

Container Fill Factor: WA %

Source Container Number(s):
NiA | NiA NiA: NiA Ty
Commants

TID #0042 replaced with 0523 as a result of headspace gas sampling and the TiD beirg placed ovar the sample port

Waste Examination Expert
Lavis Grogor, é& lovs/ufofer
Nama 4 e Tima/b)

WEF SUPV

oo Ao o duler

GENERAL USE /
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Appendix A. Example ISOCS Data (continued)

I NATIONAL SECURITY TECHNOLOGIES STANDARD OPERATING PROCEDURE
¢ jhic: -le_;to E;ammtlinn Tar-:hntqua {S8i) | Page 16 of 18
Dosument No - SOP-2151.565 Il |
Rewision Na 0 Periodic Review Dbe Date 08/25/10
Eﬁ'm:lwe Date 08/25/108 {Quaiity Affecting  Yes |
Appendix B
Payload Container Covershent
Pagz iof2
Gross Weight: Container Number:
13500 lbe 8134 kgs NTOB0208R
WMmP L % Estimated Waight WMP f % Estimated Welght
Iron based | Plastics (wasle | s 00%
|metalsialicys it 1z7oa s s o kgs | materials) ) 1asibs a1 Kgs.
Nulmll;‘:ﬂloys 2.00% Organic matrix D.00%.
2rolbs w23 kgs oo lbs 20 kgs
Other metals 050% safos 31 kgs |Inorganic matrix 0 50% &5 Ibs 11 ks
Other inorganic
0.50% | 0.00%
C- natarfals I fia ibs 31 Kign Salle : 0.0 fbs 0.0 kgs
Cellulosics 050% ~ (Steel (packaging | 5 _
68 1bs 11 kigs |materials) 0.0 Ibs 0.0 hgi
Plastics _
Rubber ©.50% (packaging 0.00%
£8 fbos 11 kgs imaterials) i o0 bbe GO kys

Payload Cantainer Cantents:
27108 Media No. 027081
WEE 5. Peczka, WH J Tanaka: IW.J. Woods W T Hicks. LB K Kackman, RCT M. Collsn/RCT S, Perinock

SWH Bag plastc bag stub with rubber o-ring and plastc tape (NTS generated) [08% plastic, 1% rubber]
irpn brsod metal govebox with inon based metal hasdwam coppar lubing, iren based mea) porls_ rubiber glovenos
gioves, Plnxglas paneis, rubber gaskel matena!, pasic bag out by, (80% iton based metal, 8% plashe, 1% other
matals, 1% nubber) containing piastic simps (100% plastic), Aguanet absorbent added to ensura na lquids from CC Wt
application are present (NTS gunerated) {10U% other inorganic), Ifon based metal toels {100% jron based metal), rop
hazed matal filters {100% iron basad motal), for based scrapar with plastic mandie (70% iron based metal 30% plestin),
plastic [-knife with on nased metal blade (NTS generated] (08% plastic. 1% ron sased matal), ron based metal flange
100% inon bazsd metal) ircn Hesed metal scraper (100% ifon based metal), celiulosics labels (100% cliulasics), iran
hied metal bolis (100% ian based metal) coveres in plastic shealing (100% piastio) with plastic tape (100% plastiu), Iron
based metal plate (100% tron pased fretal) from glovebox with plistic tape ( 100% plastic) Plaslic bag out bag with plastic
lape with ruober o-ring (D9% plastio, 1% rubber) contining iron baked metal HEPA unit With calliionics fiter medin (98%
ifen based metn, 2% cellylosics), ffon hased metal clamp (100%: iron based metal) ana plastic clamp (100% plastic)
Cappir plping {100% athor metals) with plastic tape (100% plastic) Wood bames HEPA fller with collulossts #ar medin,
CIrubbar gankete, von basaed mats) clamps, plasuc bag

GENERAL USE
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Appendix A. Example ISOCS Data (continued)

NATIONAL SECURITY TECHNOLOGIES STANDARD OPERATING PROCEDURE
cJ‘ﬁJe: Waste Examination Technigue (SBI) Page 17 of 18

Mocument No- SOP-2151.565 Use Category: il
Revision No. 0 Pariodic Review Due Date: 08/25/10
Effective Date: 08/25/08 Quality Affecting: Yes

Appendix B

Payload Container Covershest
Page 20f2

Payload Container Contents Continued: ~Teedasas.

cellylosics labels, copper lubing (5% cellulosics. 2% iron based metal, 1% other metaly, 1% plastic, 14 rubber)
fron based metal cyndrical HEPA unit with cellulosics filter med|a with ceilutosics labela (68% lron based metal,
oollulosics) contained in plastic bag (100% plastic) with plastic tape (100% plastie), Plnslic bag out bag with

Iastic, bag out bag weth rubber o-fing (8% plastsc, 1% rubber) with piastc @pe (100% plastc) containing iron based
migtal HEPA with callulosios filter madia, rubber tubing oh end with Iron based metal clamps (97% iran based metal,
. ruhber 1% celhdosics) Plashc bag with plastic taps (100% rﬂashc}curdamg brass fitting t1r:mr.mrmm)

(100% rubbar), rubber glove (NTS generated) (100% rubbar), plastic bag (NTS generatied) (100% plastic) with iron
based matal wire (NTS generated) (100% iron based metal), inon based metal scrap (100% Iron based metal),

fron besed matal bolts (100% ron based matal), iron based melal (ool (100% ron besed mpial), celluicsics &

plaistic labal (50% piastic, 50% callulosica), absorbent {100% inarganics). Tac cloth (NTS generated) (38% cellulosics,
1% incrganic materials)Tac ciofh (NTS generated) (28% cellulosics, 1% inorganic materials) with metal shavings

(100% iron based metaiTac cloth (NTS genesated) (82% cellulosics, 1% inorganic matarals) with ron based metal
nuts & bolts (100% iron based metal), celiuiosics debris(100% cellufosics) & meta! shavings {100% iron basad metal)
Wiood framed HEPA fiter with plastic bag & plastic tepe, cellulosics labels, ion basad flange with iron basad metal port
jcoviirs, mitsl and catulosics filtsr madia (60% cefiuiosics, 38%: Iroh basad metal 1% plaslic) Tac cloth (NTS generated)
{884 calluiosics, 1% inorganic materials) iron based matnl ciamp {100% iron basad matnl), Inon baned metal nuts
(10{1% iron based maetaf), bolts, & washars (100% iron based mutal), plastic tapo (100% plastlc), plastic sheeting

{m plastic) Pim’ bag (NTS generated) with plastc tape (NTS generated)*(100% plastic), & abtarbent {

1 inorganics

PENETES Media No 082708-1WEE D, DeGening, WH L Kinstad, IW M. McClefiand IW D, Kranjcavich, LB C. Kackman
Plastic bag with piastic tape (100% plastic) with coppsr pipe (100% ofner matais) and matal valve asssmbly

(160% iron basad metal), plastic shesting (NTS generated) (100% plastic] with iran basad hardware and shavings
(100% iron based metsl)

Waste Handler

_._:;E:Em -?éi’..j - %ﬁﬂ
ination Expart

C%Pz{m M{zh— 1235 lapajon

Sagrature

GENERAL USE
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Appendix A.

G

Example ISOCS Data (continued)

Tk = - e = i g

NATIONAL SECURITY TECHNOLOGIES ORGANIZATION PROCEDURE

Document Number: OP-2151.522

Effective Date: 09/18/08

Ravigion Number, 14 Page 17 of 18
APPENDIX H
Container Radioisotope Inventory Control Form
Page 10l 1
Payload Container ID NTOBOZD9R
= I Parant Containar / Container PEg | ‘Contaiper FGE
cale: | vme Group i Toml | Total
Q27/08 | 1425 | NT2657 Group Thise 283 83 | 1054 18.54
N
\‘
gl
B B
N |
[ N Il
. N I
| | N
| -
| | LN
I_ | | e
i | S
[ | —
| S
R
N
r = LN
WEF
v BE gk .
e ik PRE Y
N
&\M\ ch@—/’ - o \gss—
Namg ) Sigrature Dat= | Time

{ =TSRGSA Contml
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Appendix A. Example ISOCS Data (continued)

NATIONAL SECURITY TECHNOLOGIES ORGANIZATION PROCEDURE 1

Document Number- OP-2151.522 Effective Date: 11/10/08
| Revision Number 15 Page 18 of 19 |

ADDEMMNIY I
L =iy} L

mr
~ AER
Authorization to Reassign MAR Value
of 1

Page 1
Vilastn Containar Number. NTDED208R | Date: 11118008
Methodology Ussd for Change: Data Package Number
1S0CS SWHesgages o &

T 02 m

Description of Change (provide brief summary of changes and altach data package)

Update af actual sotopic valles lor SWEB NTOB0209R, The current asaigned PE-<g and FGE |8 based off of the
full value of the parenl OSB conalners that were loaded into NTOA0Z09R. This 1IS00S medsurament is an
accurate representation of the package activity and nol an oslimate

Propasad New Values
Pa-B-27.10

Pa-G+ 16=27.30
FGE - 14860

FGE + 10~ 14 .80
4820nCigm

Justilication {inciude references 1o technical documents originating or justitying this changs, as applicabla)
IS0CS measurement of payload container NTOS0Z0SR after repackaging. ISOCS dala package:
SWE_MNTDE0209R attached.

< Y-S 7 97> YRR,
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Appendix A.

2y ke

Example ISOCS Data (continued)

Catwera Services, Int

C Hender Information
Contaner i
Assay Method:
Ay Software
Prio edure and Rewsion
Agiay Bate/Tome:

SWA NTOS0Z09R
ISECS Assay

e i il L

Cene J00 V3,
04 7151 318 Revisian O
4/29/08 11:07 AM

i T = Ty s
GBUoneiry Lomposer Ve

Lontainge Net Weight 432 hg
O< Replicate [Yes/MNao): Neo Hesulrs: N/&
Calculated Totals
Waste Classification (TRU ar LLW): TRW
TRU Activity Cancentration: A.51E+03 = GHR4E#01 nCifgram
Plutonium Equivalent Miiss [PE-g) LTIE#0L ¢ S06E-01 gram
Plutonium Egquivalent Activity [PE-CH: LB7E+00 = NfA PECH
Fisslle Gram Equivaient (FGE) LA6E+01 & 3.B7E-01 gram
Total Decay Heat (W): 4:84E-02 &+ 99004 W
Applied Isolopic Mass Distributions
Pi-238 0.02% Py-241 Danse
Pu-239 83.27% Pu-Z42 0.05%
Pu-240 B.26%
Bummary of Assay Resulls
c Aciivity Coiicentration
Nuclide cl nCl/gram
Pu-238 SASE-02 % 146803 Te0E+2 &  453E+00
Pu-239 9.09E-01 4 243802 L2BIEHQ3 = 7556401
Pa-240 237601 & GORE-03 T08E402 = 1BYE.D1
Ple-221 GABE4DO 4 L73ED1 A01E4Ca 2 S3TEVD2
Pu-242 3.09e-05 b 4 BIBE-O7 95902 = 2.57TE-03
Am-Z41 161ED1 % 183602 112603 % SEREH0]
Np-237 3.90E-04 + 312805 1.21E+00 = 9.69E-02
Am-243 A0%E-04 % 3.B6E-05 LATEHOD = 1:20E-01
Cm-243 197804 = 1.39E-05 BAIEDL 2 4.31¢-02
Ciflpulated + 1 Sigma +2 Sipma
Pt-g 2716401 17aE+0 2. 76t+41
FI3E LABE+0] 1.48E+01 1.50F+01

Gommednts

All grrors quotest &t 1-sigma uniess otherwise stated

FGE repr=sents Py 239 fissile gram equwalent

Sipnntures

Qperatar: i//

Do /o€

SME:

WiGs:

T s 2

Date: ey 3 %
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Example ISOCS Data (continued)

Appendix A.

_ | TR i e
(0 mEEE O Gy POM0EE | COMENY | D0SMLYT | WaveoL | 00T LGRS L1 S TE T S W
COUTRINIOGG 00+ a0 G REOLE | GOY AI06 & - DO BOD0 U | OO 064 RGO | U GEMIE OONMD.  OoeROeo - Gorove (een (|
AP G0HNIND TIeR0T0 APUVINESY 00V MOOD | GO0 0, ON4X000 | 00eln0n | 0OWDOOT | GENer  anviionn oG BDARODD ee0 St
LsD SOvitHOD 00e3:0T  1FUGNLY O0INOND | Gtheon'D | [ote-Btiot'd T.__....!_—qa Boedonrl | oUSIER  OohlOBOD  dosRGSE | Woddoon | eawn [
5 OeISEON SoeaEUE 0TV 00eEOSd | Geeatool | M ENVE | Gle3oBE | O0eRO000 | BTEITE oD 0D GR-EED  (EKDD ey T |
NN WREST  TeENES  drdedry | el | Mp v it _ (EmET | 0TI sOdieRIL  VOEET TONEEY @l ()
TooANNDNE PRAITE ITRCET W] @B | WikET | edeEs | WIS | Staeew  DWSTIL Modsese  00Uger debew D

cow o TUBNGEW) DOGELES PEIOETE GGETY | WERTT | MEIORT | weimies _ CEI0RED | CUENGR  ARIONYT rea00RS .8...@._.,.: [Lra I [T
in dbrpem L fONAl Oielddvd  WFKOTY | PeLO0T tirasiv e -y O0«ITEES | Al-Fww areantly (4o i ) | =0T ol =iy (¥ |
GUOSUMANG (OEEi: VPWET WEMEIVD  J0Lh | GHARIEE | oY | el ObieSy  ebind ) TR RodueR e i R
S JENAT . ROIREG felr0l  S0EOIT | WM | THRATT | foMewd | D0-0R0T | PURNW ILBAT 0owd  sgediooT S I
boOnRIEr Lopmws  TCMDET  eRUeeET | dBIROE | MRRLET | AHIeE | DAIRRE | OEMEY  GRdeW BRI peMifDd i 18

IF TRl IeEENT O IDND  WOERGD [ WRINE - (EWeDE | WETRT | IDVIERYT 0T3Oy OT-ROET 3sEdR | abeloERT 0 Hiw |5

Sb O RENST ISCNSTET WeliEET | ey | cedsowt | bs3mey | memedr _ wodlivs | 01381 EOCHINE PewSsE fETERT BN [T
T ] By e mis o ] Lo T L TR TR S L [Apol) aprneespre [T ]

= Ay R MO SR o maaiy Fag i) daw

| | | _ =
! | wioToa0ih Wl smihiman  aieT  osdaares | aurrer | mamem [T
| @ [ 1 | ] [ il 0 | -] TR e T s TR [T TR I S e T ..”

kil sy td._ii sl o

L
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Appendix A. Example ISOCS Data (continued)

FeriprLion: L M e

e ENE LWk WTCEUZO%N - e
Flle Moms: cs\gerisai (rranidata igemmp by h-ia thelspie e h e llRlotle. guo
cofiweTe: Lancs
Tenplate; IEMPLE 30X, Vérziop: dofanlf
DAY Gi8% e T e T e
By ] goosmi b *animrature= (02 €. Preaapres ind l:luq. :U- Rl ae = ]
Integzatium: Sonrergenogy 1000, PEREN 20 ) CEtlle 27 (&)

imafiaione l_anx--“.i't.L : : : cia GRS
§ Copmmtyy Unepia, _mi a3 al 4 o 9%  Nawevewd; CigisEsd Rolois.

T g El N
o8 1100 34Tl 45D egtae] T.ab

: ::u-'r-ﬁp' L et !:.nni Traa saie Bl TE L pmipgeny .--.:-n.'n._ se*Oelss  Doia  1.00
T Seuasce-Sub layer fpoay G- & Ta € 1g [ fmsnfinihg
i Abaorbetl ‘_,_,LL;I-‘ e 1 t_..'e: o h O ::L:
A Td # gt @ T e N
;:: ;:-::;:MI_M'!I.UE €0.0n ’ ,ﬂ_lf s Bl Y

Cpllimatar: Sfu=m=-100d 0ld )
0Ld1S0CS_ S0mm_side 1B0deg_collimstion_[no_collimator)
zolee for Bfficlsncy clires gaderaticn:

Thm¥ SF m
[ T R i LD T S

£5.0 45,5 108 jis. 0 AGD.0 200.0 SOLUG BO0.0 TOD.O I000.0

.0
TH00.0 1TC0. 0 2000.0

()
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Appendix A. Example ISOCS Data (continued)

':gHr.-_we; G OUGENTERRACASFT S5 HYS THEU Aepadii ENBERTUEN205D HHFE

faport SEEratad o = ST 2000 12:06:2EIFM
Cabenlm Title = SHE HTLEDZDSR

inmprle Dapcripricn : Pox Weignt L34 1bs,
apple [dentiflaatian L SHE NTOGORLDR

sample Type t 6H18%

tanplE GelrssTry -]

feak Locste Threstold = 3.00

Poak Lticats Rana= [in crsnnels) 100, - &18d

Peak Area Range (in channels) : A0 - B9
Identification Ensrgy Tolerande : 1, 5000 FWHM

Sampie Sids : 2,223E4D00% granm
Sample Taken On 3 -

Acquisizion Started 1 9/28/24008 11:07:43 AW
ldwe Time 3 18000 seconds
Hesl Time : 1821.1 ‘seconds

C= Time 3 1.1 0

Energy Calibration Used Dope On : 9/23/2008
Efficiency Salibrasden Used Done On 3 5/29/2008
Efficiency ID H SWH;_NTUEG?GBH

)
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Appendix A. Example ISOCS Data (continued)

dh g
.= U= ik Al . B . bt :
L i s rdslajersnsasrgrad i assddsasrnsrsedpatagridginefudiibasaitad dERFAdEada

perectar fame: $15505C
Shuple Tille; IwE WT0A070ER
PFeat fnnlyeis Performechong S/ 2006 13:06:2E En

Pask Analysls Fram Channeld 104
Badc Anplyzis 1o Chanhel: nss

Feak #G1 Rot Pean Sheray o TadltoEer Deas e Rres Con Do

Ho. prart enl castrold  (keV) [EeVy Aras OniceEt . Count i
2 1= M0 135.79 42.32  2.18 4.83E+002 EU6.8%  2.6IE+004
1 15%= 171 163.26 56,58 1.68 T,33E+005 210M.91  B_44E4004
4 IR0= 213 205.83 75.09  1.65 1.33E4004 BODB2  Z.T0E+004
M5 234~ 290 23140 5,30 2,31 5.14C«003 205,55 Z.42E4004
W OE 224~ 200 2R4.11 Q4. 68 2.9 1 41E+004 343080 2.IAFN 004
m 7 224 290 270.19 98,74 2.33 3.93E+004 4ATD.68  2.25E+004
m 8 224~ 29 28205 103.08 2,34 2.32E-004 393.04 1.99E+004
M. 8 295- 323 304.02 111,13 2.30 7.44E«003 290,99  2.00E*004
Al E8Es 323 31482 115.08 2,31 6.67E=003 Z85.34 1.¥iEe00s
Wil 33— 262 242,76 125.31 1,71 5.768-000 233.70  1.23E4004
i M- 362 155:78 129.35% " 1.72 2,.32E+004 {699 S BEE4O0I
13 JES- f15 3S3.81 14405 1.900 3.6GE003 790,35 L.5%EF004
14 432- 478 440,92 161,26 2,71 1.278+003 196,44 9,49E+003
5 432- W7 467,12 I0uee 2,720 7,53E+002 175,68 9. 84E400
Miis  S5le- S5TT  SI4.T6 19583 1,70 4.DIE+002 132.76  5.36E-00]
m LT 514~ 577 5%58.56 203,82 1,71 2.5BE+003 14966 4.74E-003
m ¥ S14= S7TT  SEB.EZ 208,63 1.71 S.79Ee003 19585 A 1TH.00F
33 Be6- 659 E5Z.83 238,30 2015 3. 3002 225.B5 2. 3%E-003
20 631- D4 698,09 255.45 .68 4,29E-002 204,65 2.31E+0013
Mi2L 80)- P25  @12.14 207,22 1.43  1i96E<002 V5,43 1.SHE4003
mige  BGE- B35 W20.13 ID6.14° .43 1L3IESQ0F 70200 1.54E40D3
23 BaT- HN9 5217 311,88 1.53 6,75E4002 167.47 1.%5E+003
24 BT W90 BEZIM 323,000 2.18 T ONE4002 204,400 1.84E4003
MES  %01- 977 SB%.3r 332.8D 1,75 I 4TE40N5 122,69  1.5BE4003
& 26 i~ 922 911t 2A5.49 L.75 1. 04EaD03 gz 3% 1.9184002
M/ Z7  B37- 967 S4Z.B1  345.07 I.50 Z!06E4Q03 1l%.e0 L.36E+003
E 28 §¥1- 96T 961.44  35l.96 1.55 2.MPEs002 6206 L.OIEENO3
2% 996~ /10%4 100E.2& 16831 1.92 8.27£+002 B2, 63 1. 1SE+003
mo30 0 ®#6- 1050 1024.82 375.11 1.%3 G.5TESD03 1771008 1.02E+002
m 3L 986 L0&q  1039.26  2H0.46.  1.93 1. 3ME4000  BY.E5 B LEEODZ
32 1065~ 108X 073,46 337,92 1.88 2.132+003 187.92 9.13F+002
M3 1323 1L72 1130.33 410.7% 1.78 S.715=003 (156.33 E.O5EH002
w3t 1323~ D112 1E54.37  422.5%  L.17 3.BEE4OR2 59,52  4.90EHO02
w35 3123- P92 1ie5.92 dze.7l 1,77 B.iZEeBl 40,61 473002

36 1274- 1243 IR33.31 451.46 2.06 G6.922+002 UD4.5€  3.9ZE4002
37 1387- 14p6 1355.84 510.5% Z2.A0 5.22Es00Z. BO,50  2.69E=Q02
3 EEL- 1R00  15%3.100 563,23 1.63 2.488+002 €8.,07 2.30E+(102
39 16571674 1EB4.21) ED9.2E Lo9)  3J4E+D02 ¢ BB.TS 2. 3dE+DO2
40 1686 1097 1650.88° 619.04 0.78 7.40E4+001 11.37 1.23E+002
41 IR0~ 3020 1805.36  &b2.43 O L.93 AL 48EDDZ 2,53 2.44E+|02
Mig7 1%eG6- 11893 1872.2¢ 722l08  L.7% LOTIESQOD WL B3 1. qTEHOUZ

&9



Appendix A.

M= Firat pEak in a/muisiples ragion

m = Other peak in @ sultipler regi

4 singlet

Erroras Quoted af L5600 migma

()

Example ISOCS Data (continued)
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Appendix A. Example ISOCS Data (continued)

w - [ i (| [} j ] BNk 1 e
# q---.i|p‘lllll‘r-l‘.|i--lqlo‘lc‘l-Iil’l.l-lII'Dl1'1III"l‘i"ldl‘-‘l"-“---—..l

=Ws MeORTISE
< \SER] 2K\ TAMTILES INTS_OS8_TRU fxpandea

Tanpi= Title:
M lide Library Lasd:

AT T = £ 0 FIENTIFIED MUCLTURS S —— T
blyed LGB -1 Energy Field Behiwily CAntiaedsy
P Confideice (kav) 1% inol fgraml fnrartainey
BI=-211 L4755 353,308 12,96 1.33179E-002F  2.62113E-023
404 8D 4.:0
§26, 80 1.90° 3, VI4SIE-ADd  L.SBTIIE~DNZ
W31 60 8.30 )
Me-2368  0.%26 34,671 23,40 1. 0d2beE.0b0  1.91265E-001
G gde W00 1. 5421BE-000 2.74085E-001
45,55 p.23 _
104.20* T7.20  4,2102BE-000 7,34B5SE-001
111.00 17.70 (4U52067E-0C3 V. HER4E-0O2
158.35 3.6 , _
- , 160, 33* 31,50 2.63289E-002° 5.01119e-003
NPp-237 0,396 57,10 8.39 )
BE. 40" £2.40 1L AFI00E«Q00 2. 26022E~00)
C 87,99 0.14
92.24 1.68
.64 0.60 4,0DG5URE+001. 2.75402E+00]
4587 2.73
104800 1.27
117-70 0.16 _ _
143254 0.43 6.0GDOLE-DOOD 1.505248+000
15181 0,23
194. 95~ c.18 L.326108-000 4.49206E-001
212.29 0.16
Mp-23TE 0, BUn 26 17 t5.00
6. AR* 7.40 1 RAIGRE-QO0D 4.10477E-001
44, 65 5.62 N, M0diE-000 8. 631ISE-001
38.43% 32.00 AJVRBISES-000  5.077BeE-00%
.3 1.03 7,76B53E£:000 I.81476%+3200
300,324 6. 62 1,256148-002 6. BS3I2E-DOI
312,17 M. 00 1.IZBO0OE-00F Z.WRLIO3IE-O03
. 140, %1 &.47
U-i3ged  fnl2 96, 58% 1.30 2.69612E-004 5.24199E+003
£3.30 t.80
B1.07 0.36
§3.80% .50 4.35641E000 T BSTVSE-DUI
TE6. 36 G.29
el 084 I
C:IHPIJF 1. QG0 189300 0.01 2. B85+ 003 3, Y1203ES002
J03 55+ 0,00 2.72220B-001 5.GI0GIE+00Z
¥75.05" 0.00 2.37TISE+003 F.9255)E+002
_ 41371 0,07  2.982245.003 3, 06136E-002
Ae=21) o, 9u% 12.20 ¥ 0.17
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Appendix A.

C'?" .

C

Cont ann

Am=241 %99 g3
e -
Lo Kd¥
0574
Y3 .27
102, ad+
125, 10

o 4G

Tl gyl

208.01"

267.58

426.47"

&l0.07"

653.02
F= i
4. 674
T
11760
4z 387
&7.80
gg_u5.
103.76*
106,12
117.00%
120.97
209,75
22818
FLT BY
272.8%
277,60
185.4%
PR
T4 .3

A=-Z24318 H.764

AM-243 [.966

CH=243 0,303

[ R O =
L
i
-
=

& oAfA

aE
R
[ = =

=2 -1 ]
Lﬂhﬂll‘.\-cl"?cl
-:I-‘ﬂ-:lq!:lﬁlgl‘-‘l Lo 4

=11
.nb'ﬂﬂlﬂﬁﬁllﬂﬂﬂs

o
=
(=]
"
-
-

§ n.od
g8 O.02

2. 547185£+ 000
1. 95752E+00)
1. 2008 3E+ M)
o A 4&5!.'5_;1’\-‘”

EE T ey e

4 AZYZIEO03

Z/4055ZE+DUS
1. D611 9E+00

4 ;09805E+000
1.320508+000

6. 14267E-001
1, 06298£+000

7.3518FE+000

2. BSISTE-001

s = Oretgy Jipe found o Ehe sneotroo.
& - Encegy Lins nisd ugad (or Haighted Hesmo RAcUiviny

Enargy Tol=zance :

Hielirde conlidane Lndex threshold =
L9600 nlcea

Errors guofed at

1300 FHHN

8,30

Example ISOCS Data (continued)

T-REAETE4 U2

4, 43410k 002
2.615R2E+002
1. L4008 002
1. Ma3IEs002

4.61553E+000

P

= TvES
B25E-002

320
EN

1. 3i601E-D01
1846850001

T, BEABIE-D0L
2.39351E-001

Lubs241r-001
1. 2TISTE-001

i.23894E+000

23381 E-000
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Appendix A.

)

' LE

...... LR R TR

" LU

E .':.' ety
LT A ik 5
18 e A

Cimiidanze

Wantw

¥ £5-137 0.%92
5I-211 0:475%
nE-2364 6.926
WF=2317 4. 3596
Hp-2378 0:840
U=-2384d 0,432
Pu=23% 1,900

% Pu-l40 0.988
Am-idi B G.3FD
Am=2418 ® 0.764
AM=243 D.9ES
CH-243° 0 0.303
7 = puelide

% = mclide
€ = nucllide

Errors quot=s at

3 .

¥l mEan
Rotlivity

tnCt fgoum

11677084002
1L 797 t2E+003
[, 27083TE=000
G, 116242E-001

1. 06D sigma

T E«Q F W

PR e T L T L N R R RN L R

MY Eman
Retbkvilty
~TcETialnly

woTaE-001
1E0TE=4D2
.90 TISE-OL
2.TIBTRIE-003
7. B63103E=-001
L. 48143TE+OOR
1 '_ﬂllﬂ‘ﬁg.g.u]_'li:.:

B m e e

5. 3L12L4E-002

2.353314E-201
9.451682E-002

i= part of an undetermined salutlon
rejected by the Anterfervnce anslysis
contaitis energy Ilnes not used in Weighted Mean AStiwvity

]

Example ISOCS Data (continued)

FEaraaEEEEE
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Appendix A. Example ISOCS Data (continued)

C Peer wocdbn Performed cns  BAZO2008  L2zU06:300 PH
Fapk Locat= From Chanpel: T
Pagk temtes Ta Chantel: Rlas
Fokk Eroray Poar Srem in Peag CFS fesk Tels
M, |Mati cautl® pEE Saoong L Gprertadnty Tyj= Huzlige
2 49,42 HuAhBTEDOD g8.11

= 15 170.8& 4. 1008E-BDR 23,58 Sian
5 23H.30 2. 1H0TE-DD1 58.56 Bt

M 21 207 .22 LiRERIE=DD] s
24 323.09 31.2156E-001 25,00 AT

M 25 132,80 1.3T1SE+D0D §.97 Sim

M 27 335.07 1.1436E+000 5.57

H 29 IGh .3 5.4503E-001 .95 Sue

= 1l AB0. &l T.6528E-001 .36 Him
3¢ 3%r.92 1.1BL6E+GUD F.50 _

s M 422 .55 2.1585E-001 14.03 S
36  45)1.46 3.8471E-00] 1%.149 Sigra
IT '910.55 Z.3021E-3901 in4s S
3§ hp3.23 1.37538-001 27.48 Suie
% 609,28 L.T451E=QO] 22,22 Sum

84z 22.09 3.5215E-003 20.37 Sum

C m 43 137,99 2.0015E-002 £3.39 Sum
44 911.33 H.3134E=-002 aD.aq
4% 934.34 2. ATHIE-D02 65. 15
45 ‘Ogy.98 154 3E-002 S5.8¢6
47 1120.54 4.1317E~002 53.E88
48 1461.30 5. 2746E-001 6.5%3
$8 17185.71 5. 6388E-202 22,54
50 Z6l6.B3 . 2460 E=D01 i4.18

M = Firat poak in & milliplet regisi
2 = Other peall na multipist region
F = Flntas sipgist

Erzora guot=s &2 10900 sigeme
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Appendix A.

c

Pt =stior Names

e

Example ISOCS Data (continued)

1]

L R e L R R N R R R R NN

L]

HIRENTS

S e Gacmstoy:

Sample Title;

Wugllide Lib¥ary Usedy

RA-223

TH=22T

HWE WT0e0209R

IF

wll oy

9y
(kay

=y

1Z74.53
7324
1332.30
E61 ., GAe
857,610

T4.81

713

87.3Q
384.84
426.499
104250
T66.34
831.83
1106.50

EL.O7

B3. 78

§4.90
122,31
i44.20
15400
158, 62
179.6Y
J80.47
JEE, 17
32380
378.50
338, iz
342.90
37184
404,59
A0L 2D

E2.50

78,77

#5.43
BE4T

84.00
§00. 00
11320
113.20
117.20
141,30
04 .30

o
4

el
4 1]
#9.354
@5.80
4%.95
85.21
D24
0.22
037
OLEE
3:83
1.72
.48
D.71
3.
015
15.00
24 80
13.30

(= el - NL Y
= WD N

LR+ )
"
N
L=

o
¥

=]
=

D. 43
1.77
B.50
0.24
210
1.6%
2.66
1.40
1.22
L
0,46
017
013
0.23

Co\GEX I EIH\CAMF IS \NTS

rFLTFOo kS

e ki bl ]
et

75
IHCirgras)

{.7068E-008
4.4417E~D04
3.561TE-004
1, 1003E=-003
1. 7368 E=-001
1, 60518001
6. 0242E+000
7.52638+000
15958002
3. i E-002
5. 6616E=002
6. SRETE-QO2
1.1254E-002
LOTTE-001
1 ﬂ2$¢£*ﬂﬂ1
5. B250F-002
3. 85398-002
31,37126E-001
8,0232E-002
3. TEESE-T0Z
2,9927E-001
1. 1B&3E+000
9. 140n9E-003
£, 6359-00
2. B9SIE-QO07
1.1220E-001
a4 0E-002
6.1482E-001
L 0GRE-001
§.2309E-002
. THLAE« D0
5:8335E1001
7.83338-001
B.7T50E-001
q 2331 E-001

7.82808-001
1.043%E 000
3 HBBEE- 000
1 6366000
2.7824E.000
LR A9k 000

2.9311E-001

IEE THU Ewpandad

Whine ¥4 e

Huplids

(OCifgrau)

4171£-ﬁﬂa
1 BEE-004
1. T0E-023
1. 74E=-001
1.13E=002

8, 148-003

1L13E-D02

LR N

by
3l

B
LIRS
i

InC

=1 s

:
i

2. 4480E-004
2.BEZHE-004
| B445E=-004
3.5042E-00%
3. TIRAE-O02
L 2BT6E«Q0T
=3. M ELE+Q0]
1. 9829E+000
-4 . BETIE=T03
1. 39)9E-002
1.10818-002
=3, G0BYE-007
=2.671JE-003
1.1922E-001
L, 40238-002
=5, 5080E-002
5. G4Z0B-001
=1.51e9E-001
5.5736E-002
4. 3840E=-002
=1, 8113 E-002
7. 4163E-00]
1 HHOAE- G0
1. 032HE-00)
5. 5#kag-002
2. ThZ3E-002
-4, 630¢E-002
1, 7429E-001
=Z ATHEEHOOD
4. TIS9E-004
1.41idE4002
-9, 04 BTEL 000
=11 37HE 000
L.E2T0E+Q0D
2.5TS8E=-0{]1
3.36ETHYO00
1. 180824000
=2, 45E71E+00)
~§.SBE04E 000
4.1 279E-001
=2.245%38-002
5,051 7E+000

95



Appendix A.

C PA=231

I-23%

=234
o+23%

Example ISOCS Data (continued)

BT
IGE.10
21068
=L P 1)
2300
230.30
250 .4 b

SES &
T

254,70
256.25
273,00
751.40
ilh.15
296.60
765,90
300.30
304.44
3t2.6H
3i4.E8
378,82
334,40
3§2.45
350.50
255,78
260.23
283,87
300.02
302.65
302.65
312.94
Jiﬂuﬁﬁ
340, 80
357.21
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Appendix A. Example ISOCS Data (continued)
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Appendix A. Example ISOCS Data (continued)

.F' Tl e A A v g2 bk WL Tah
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203,41 .00 1: STHEES Q05 FLATHES 002
34 54 &, 00 £ S AR 007 =9 BERGCEHODD
#3r. l 0. 00 4. 9 PTBE-D02 -q.2T2NE+ 002
b= 20 % 19.25 0.15 1. 1421E«n01  1.RME-O0F  =1.2G3EE«00]
13Z.0% - 3. 2C61E-00] -31.3803E=-002
136,06 4.1 2.17848+000 -4, 8 TERE=001
7RO 9.50 1.ETEBE-002 3. 7200E-003
159, §2 0-1% 8. R3INFE-001 1.0798E+000
CF-249 =4. B0 0.15 LU0T84E4003  LIEVE-DD3  =%.4570EEG03
az.35 n.19 5. 1456 +000 =1.092%E+002
104 .41 2.08 §.238RE-DO1 3. 5842E4+000
168.29 a1 1. age-001 ~6. B501E-001
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23560 0.14 B.2391E-00) A, 42T7TIE-0DX
333.40 i4.40 1.26%IE-002 S HABIE-00Z
C |ELIN &6.00 1. 0735E-003 3, 6299E-004
# = Nuellde identifled during the nuclide identification
* = Enargy line found if the specurum
> = MpA value not calculated
2 = Half-ilfs teo short to be able to perforh the decay correction
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Appendix B. Standard Waste Box Data Sheet

Program Coordinator: Gerald Woolsey

Date: 08/10/06

Name of product Procurement Lead Time | Catalog Number
Standard Waste Box (SWB) 10 weeks

Reference Documents
a) WP 08-PT.01, Standard Waste Box Handling and Operation Manual Rev 5
b) E-1-343, Specification for Fabrication of the Standard Waste Box, Rev 9

€) Quality Assurance Inspection Plan for the Standard Waste Box Inventory WP
13-QA.19, Rev. 2

d) 165-F-001-W Series, Standard Waste Box Assembly, Rev V

1.0 General Description

Standard Waste Box
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Appendix B. Standard Waste Box Data Sheet (continued)

Table 1 - SWB Weights

Component Weight (pounds)
Maximum Gross | Nominal Tare Net Content
SWB 4,000 640 3360

Table 2 — SWB Dimensions

Dimension Approximate Measurement (Inches)
Inside Outside
Height 36 9/16 36 7/8
Length 68 Y4 71
Width 52 54

2.0

3.0

4.0

Container Performance Criteria

The SWB was qualified by the U.S. Department of Energy (USDOE) in 1988
as meeting the U.S. Department of Transportation (USDOT) requirements for
Specification 7A Type A packagings. Qualification has been documented in
the USDOE, DOE/RL-96-57 (Volumes 1 and 2), Test and Evaluation
Document for the U.S. Department of Transportation Specification 7A TYPE A
Packaging, under Docket Number 89-07-7A and 98-45-7A.

U.S. DOT 7A Compliance Documents -

49 CFR §173.465, Type A Packaging Tests

Quality Assurance

The Seller's C of C shall be signed by an officer of the Sellers' Organization,
certifying the conformance of the supplied items to the requirements of this
specification  (including contract drawings). The  Certificate of
Compliance/Conformance (C of C) shall be traceable to the serial number(s) of

the component(s).

Suggested Manufacturers —specified in the BOA
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Appendix C. Example SuperHENC Data
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Appendix D. Pu-239 Assay Data for SuperHENC and ISOCS
SuperHENC ISOCS
_ Ci Uncgrtainty Ci Uncgrtainty
Container (Ci)1-0 (Ci)1-0
NT070692R 1.97x10° 1.90x10" 1.42x10° 3.82x10%
NT070688R 1.8902x10° | 1.82x10™ 1.36x10° 3.87x10%
NT070724R 1.63x10° 1.58x10™ 9.34x10™" 2.51x1072
NT070707R 1.61x10° 1.60x10™ 1.42x10° 4.05x1072
NT070695R 1.51 x 10° 1.38x10™ 9.77x10™ 2.74x10%
NT070683R 1.3462x10° | 1.47x10* 1.22x10° 2.80x10%
NT070691R 1.34x10° 1.95x10™" 1.11x10° 3.01x10%
NT070702R 1.26x10° 1.18x10™ 1.16x10° 3.79x1072
NT060209R 1.2029x10° | 1.13x10* 9.09x10™ 2.43x10%
NT080337R 1.11x10° 1.67x10™" 2.42x10™ 7.83x10°
NT080263R 9.33x10™ 8.77x10% 6.55x10™ 2.01x10%
NT080266R 8.70x10™ 8.84x10% 4.61x10™ 1.30x10
NT080262R 8.45x10" 8.99x107 4.43x10™" 1.69x10%
NT080328R 8.06x10™ 8.10x10% 3.46x10™ 1.11x10?
NT070677R 7.75x10™ 1.28x10™" 8.99x10™ 2.45x10%
NT070709R 7.66x10™ 2.13x10™ 4.79x10™ 1.44x10
NT070705R 7.11x10" 9.66x1072 1.04x10° 2.91x10°
NT080346R 6.62x10" 6.01x107 4.94x10® 2.52x107°
NT080348R 6.48x10™ 9.66x10% 4.12x1072 2.10x10%
NT080259R 6.32x10™ 1.00x10" 1.14x10° 3.62x10%
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Appendix D.

Pu-239 Assay Data for SuperHENC and ISOCS

(continued)

SuperHENC ISOCS
Ci Uncertainty Ci Uncertainty
Container (Ci)1-0 (Ci)1-0
NT080336R 5.92x10% 6.43x107° 5.16x10% 1.52x1072
NT070720RA 5.85x10* 1.06x10* 7.24x101 1.79x1072
NT080255R 5.30x10" 1.43x10° 3.92x10* 1.01x107%
NT070686R 5.06x10" 6.80x102 6.56x10" 1.63x107%
NT070703R 4.43x10" 6.45x102 8.08x10 2.03x107
NT070722R 4.40x10* 3.84x107 3.94x101 1.37x1072
NT070681R 4.17x10* 3.88x107? 5.48x10% 1.81x10%2
NT070679R 3.97x10? 1.42x10* 4.02x10* 1.31x107%
NT070685R 3.96x10* 7.85x107 4.41x10* 1.29x1072
NT070678R 3.91x10? 5.32x10% 6.18x10% 1.55x1072
NT080341R 3.88x10% 4.69x102 2.45x10% 7.66x10°3
NT070728R 3.77x10% 4.28x102 3.02x10? 1.04x1072
NT080333R 3.71x10* 4.30x102 2.16x10* 7.21x10°3
NT070689R 3.63x10* 3.65x107 3.42x10% 9.77x10°%
NT070711R 3.50x10% 4.97x102 3.05x10% 1.04x1072
NT080257R 3.36x10% 4.30x102 2.72x10° 6.68x107
NT070718R 3.27x10* 3.23x102 1.31x10% 5.93x102
NT070687R 3.18x10* 3.16x102 2.96x10t 9.41x10°2
NT070719R 2.89x10* 4.27x102 2.96x10* 8.68x10°
NT070684R 2.83x101 3.19x107% 2.92x10% 1.08x1072
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Appendix D.

Pu-239 Assay Data for SuperHENC and ISOCS

(continued)

SuperHENC ISOCS
' Ci Uncc'ertainty Ci Uncc'ertainty
Container (Ci)1-0 (Ci)1-0
NT070704R 2.58x10™ 3.10x10% 1.08x10™ 3.78x10°
NT070723R 2.42x10™ 2.66x10% 2.39x10™ 7.96x10°
NT080258R 2.40x10™" 2.47x1072 2.17x10™" 6.08x107°
NT080349R 1.98x10™ 1.91x1072 7.91x1072 7.98x1072
NT060211RA 1.89x10" 6.37x10% 4.64x1072 2.26x10°
NT070690R 1.67x10™" 3.29x10% 1.85x10™ 7.46x10°
NT070721R 1.58x10™" 2.45x10% 8.90x10% 4.49x10°
NT070694R 1.52x10™ 2.23x107? 7.99x10™" 2.05x107
NT070706R 1.43x10™" 2.56x10% 6.35x10% 4.20x107
NT080261R 1.34x10™" 2.41x10% 3.24x10™ 9.46x10°
NT080330R 1.33x10™ 1.95x10% 2.84x10™ 8.58x10°
NT070693R 1.26x10™" 2.10x10% 3.55x10™ 1.11x10%
NT070729R 1.19x10™ 1.88x1072 3.07x10™ 8.85x107®
NT070680R 1.08x10™ 1.88x107? 3.36x10% 2.15x10°
NT070712R 1.07x10™ 1.79x10% 1.78x10™ 8.68x10°
NT080256R 8.99x10° 1.42x10% 2.90x10™ 9.55x10°
NT080342R 8.54x107 4.74x10° 2.34x10™" 9.08x107?
NT080340R 8.36x1072 1.38x10° 1.16x10™" 6.49x107°
NT070676R 8.34x10% 1.51x10% 1.53x10% 1.95x10°
NT080335R 8.34x10% 2.55x10% 6.47x10% 2.69x10°
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Appendix D.

Pu-239 Assay Data for SuperHENC and ISOCS

(continued)

SuperHENC ISOCS
Ci Uncertainty Ci Uncertainty
Container (Ci)1-0 (Ci)1-0
NT080339R 7.32x1072 1.56x1072 1.34x101 5.49x10°
NT080329R 7.07x1072 6.95x107° 3.51x10% 1.63x1072
NT060208R 6.92x107? 1.11x107% 2.22x10t 9.46x102
NT080331R 5.90x102 3.19x102 4.40x10 3.39x102
NT060212R 5.49x102 2.69x107 6.15x107° 5.71x10°3
NT070699R 5.49x107° 2.39x107 5.17x107 3.10x10°3
NT080338R 4.97x102 7.61x10°3 1.43x10* 7.30x107
NT070715RA 3.42x102 4.63E-003 1.06x10% 6.42x103
NT080344R 2.73x107 1.31E-002 9.15x107 4.67x102
NT070701R 2.57x1072 1.02E-002 8.89x107 4.29x10°3
NT070682R 2.24x107 6.25E-003 1.06x10* 4.53x10°3
NT070713R 1.95x107 1.06E-002 3.98x107? 3.82x10°3
NT060207R 9.92x10°3 1.60E-003 8.91x102 4.60x102
NT070714R 8.80x10°3 1.64E-003 1.88x10* 6.73x10°
NT080260R 6.58x107 2.47E-003 1.48x101 6.20x10°3
NT060210R 3.74x10°3 2.57E-003 9.45x107 4.02x10°3
NT080334R 3.31x10°3 1.72E-003 4.11x102 4.88x10°2
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Appendix E. Example Raw ISOCS Detector Data

Energy FWHM | Net Peak Net Area Continuum
(keV) (keV) Area Uncertainty Counts
NT060207R
129.3 129.3 1.57 1.85x10° 479.64 9.62x10°
375.05 374.8 1.72 5.79x10° 61.11 3.82x10°
413.71 413.42 1.65 5.42x10? 81.34 2.39x10?
NT060208R
129.3 1294 1.73 4.83x10° 837.96 3.54x10*
203.55 204.23 1.94 7.29x10? 506.98 1.55x10*
375.05 375.16 1.81 1.19x10° 98.18 1.74x10°
413.71 413.88 1.96 1.02x10° 143.66 8.69x10?
NT060209R
129.3 129.35 1.72 2.22x10* 346.94 9.86x10°
203.55 203.62 1.71 2.56x10° 149.66 4.74x10°
375.05 375.11 1.93 6.57x10° 171.08 1.02x10°
413.71 413.75 1.76 5.71x10° 156.33 6.05x10?
NT060210R
129.3 1294 1.55 2.89x10° 209.52 9.43x10°
203.55 203.71 1.24 2.15x107 95.62 2.91x10°
375.05 374.98 1.74 6.19x10? 65.9 5.38x10?
413.71 413.69 1.35 5.98x10? 92.18 3.41x10?
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Appendix E. Example Raw ISOCS Detector Data (continued)

Energy FWHM | Net Peak Net Area Continuum
(keV) (keV) Area Uncertainty Counts
NT060211R
129.3 129.51 1.59 6.62x10° 206.43 4.86x10°
203.55 203.8 1.51 9.36x10° 101.32 2.48x10°
375.05 375.54 1.67 2.51x10° 109.16 5.84x10°
413.71 414.22 1.78 2.42x10° 140.07 4.69x10°
NT060211RA
129.3 129.23 0.98 2.67x10° 439.51 5.20x10°
203.55 203.54 1.01 2.46x10° 64.04 1.20x10°
375.05 375.05 1.3 5.30x10° 57.23 3.12x10°
413.71 413.68 1.74 5.93x10? 97.18 3.12x10?
NT070676R
129.3 129.16 1.5 7.83x10° 296.72 3.67x10°
375.05 375.05 1.63 1.60x10? 85.99 3.52x10°
413.71 413.4 1.44 1.93x10? 73.93 2.45x10°
NT070677R
129.3 129.34 1.46 1.78x10* 322.33 9.88x10°
203.55 203.55 1.49 2.79x10° 159.84 5.13x10°
375.05 375.04 1.7 7.55x10° 187.75 1.12x10°
413.71 413.68 1.7 7.12x10° 213.66 8.81x10?
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Appendix F. Example MCNP Input File

Modeling of Standard Waste Boxes - J. Miller Master’s Thesis
¢ kst Block 1 Cell Cards %% % % ks e st s
c  Waste mixture inside SWB

1 1 -0.01 20-3060-70100-110 IMP:P=1
¢ NoSWB

2 3 -0.001275 10 -40 50 -80 90 -120 (-20:30:-60:70:-100:110) IMP:P=1
¢ Atmosphere

3 3 -0.00127510-210 230 -90 250 -260 IMP:P=1

6 3 -0.00127510-210 120 -240 250 -260 IMP:P=1

7 3 -0.00127510-210 90 -120 250 -50 IMP:P=1

8 3 -0.00127510-21090-120 -260 80 IMP:P=1

9 3 -0.00127540-210 50 -80 90 -120 IMP:P=1
¢ Ground (Dry Sand with Gravel)

4 4 -1.650 -10220230-240250-260 IMP:P=1

¢ void around the problem
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Appendix F.

50

Example MCNP Input File (continued)

210:-220:-230:240:-250:260 IMP:P=0

c ok ok o ok ok s ok s ok sk sk sk skosk sk sk BlOCk 2: Surface Cards sk sk s ok s st o skeosk sk skokosk ok

¢ SWB modeled as a rectangular cube with wall thickness of 0.4 cm,

10 PZ

20 Pz

30 PZ

40 PZ

50 PY

60 PY

70 PY

80 PY

90 PX

100 PX

110 PX

0.0

0.4

93.3

93.7

0.0

0.4

132.5

132.9

0.0

0.4

175.0

$ Bottom Outside of SWB

$ Bottom Inside of SWB

$ Top Inside of SWB

$ Top Outside of SWB

$ Front Outside of SWB

$ Front Inside of SWB

$ Back Inside of SWB

$ Back Outside of SWB

$ Left Outside of SWB  (approximate shape)

$ Left Inside of SWB  (approximate shape)

$ Right Inside of SWB (approximate shape)
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Appendix F.

120 PX

175.4

Example MCNP Input File (continued)

$ Right Outside of SWB (approximate shape)

¢ 130 RCC 224.94296.87 47 1.51 1.99 0 2 § Detector at 1/2 z, 60 in. away

210 PZ

220 PZ

230 PX

240 PX

250 PY

260 PY

200.0

-50.0

-50.0

500.0

-50.0

500.0

$ Top of world

$ Bottom of world

$ Left of world

$ Right of world

$ Front of world

$ Back of world

c st sk ok ok ok ok ok ok sk sk sk skoskoskoskoskosk ok BlOCk 3: Data Cards st sk s ok ofe ok ok ok ok sk sk sk s skoskoskoskoskosk ok

M1 26000 -0.9799

6000 -0.02

94239 -0.0001

M2 26000 -0.98

6000 -0.02

$ Waste Iron mass fraction (approximate)
$ Waste Carbon mass fraction (approximate)
$ Waste Plutonium mass fraction (approximate)
$ SWB Iron mass fraction (approximate)

$ SWB Carbon mass fraction (approximate)
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Appendix F. Example MCNP Input File (continued)

M3 7000 78 $ Atmospheric Nitrogen
8000 21 $ Atmospheric Oxygen
18000 1 $ Atmospheric Argon
M4 14000 1 $ Sand - Silicon
8000 2 $ Sand - Oxygen
MODE P $ Photon Transport only (Table 4-1)
PHYS:P $ Photons - 5.4.2.2

¢ Source Definition 5.5.1

SDEF CEL=1 ERG=d1 X=d2 Y=d3 Z=d4 PAR=2  §$ Photons in Cell 1

¢ SI-Source Information 5.5.1.1 SP-Source Probability 5.5.1.2

SI1 L 0.1293 0.20355 0.37505 0.41371 $ Discrete energies for Pu-239

SP1 0.00631 0.000569 0.00155 0.00147  $ Probabilities per BNL

S12 0.4 150 175.0 $ X bounds of waste
SP2 0 0.050.95 $ Bias away from detector (X axis)
SI3 0.4 132.5 $ Y bounds of waste
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Appendix F.

SP3 0 1

SI4 0.4 93.3

SP4 0 1

¢ Tallies

F1:P 120

¢ Tally Energy 5.6.3

Example MCNP Input File (continued)

$ Equal probability on Y axis
$ Z bounds of waste

$ Equal probability on Z axis

$ Surface Tally 5.6.1 and 5.6.1.1

E10.128 0.129 0.130 0.131 0.203 0.204 0.375 0.376 0.413 0.414 0.5

¢ other

PRINT 50 110 128 130 161 162 $ Output Print Tables 5.8.4

NPS 100000000

$ History Cutoff 5.8.1
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