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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 µg 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 
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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.  
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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.  
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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: 

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

assays can be explained 

 ISOCS generates useful data when used for assay of SWBs 

 The use of ISOCS can be improved to allow for better measurements in the future  
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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 
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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. 
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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/cm3 may be present, while the top soil was 

identified as having a density of 1.3 g/cm3. 

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 
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fundamental level.   

Table-1:  Aggregate Assay Data for SuperHENC and ISOCS 

Isotope SuperHENC 
(Ci) 

ISOCS 
(Ci) 

Difference 
(%) 

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 3.84x10-3 1.13x10-3 -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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Figure-3:  ISOCS Detector Efficiency Graph 

While this could introduce some error in determining an absolute reading, it should be 

Table-2:  ISOCS Detector Efficiency Values 
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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 6.31x10-3 11.09 

203.55 5.69x10-4 1.00 

375.05 1.55x10-3 2.72 

413.71 1.47x10-3 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% 

 

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: 

°
/  

Where: 

I = the shielded photon intensity 

Iо = the initial photon intensity 

µ/ ρ = the mass attenuation coefficient 

ρ = the density of the shielding medium [g/cm3] 

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/cm3.  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) 
Mass Attenuation 

Coefficient 
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 

Shielding 
Thickness 

(cm) 

0.25 0.73 0.91 0.99 1 

0.5 0.53 0.83 0.98 1 

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 

Relative 
Intensities 

0.15 0.58 0.95 1 

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

Container 
Energy 
(keV) 

Relative 
Intensity

Uncertainty

(%) 

Intensity 
Relative to  

413 keV peak 

Calculated 
Shielding 
Thickness 

(cm) 

Containers with > 90% Iron Contents 

NT060209R 
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) 

Container 
Energy 
(keV) 

Relative 
Intensity

Uncertainty

(%) 

Intensity 
Relative to  

413 keV peak 

Calculated 
Shielding 
Thickness 

(cm) 

NT060211R 
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 - 

NT070684R 
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 - 

NT070685R 
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 - 

NT070702R 
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:  Normalized Intensities for Several High Iron Content SWBs 
(continued) 

Container 
Energy 
(keV) 

Relative 
Intensity

Uncertainty

(%) 

Intensity 
Relative to  

413 keV peak 

Calculated 
Shielding 
Thickness 

(cm) 

NT070703R 
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 

NT070687R 
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 - 

NT070692R 
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 - 

NT070692R 
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) 

Container 
Energy 
(keV) 

Relative 
Intensity

Uncertainty

(%) 

Intensity 
Relative to  

413 keV peak 

Calculated 
Shielding 
Thickness 

(cm) 

NT070695R 
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 - 

NT070700R 
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/cm3 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). 

Source
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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/cm3) to 

approximately the density of iron (7.0 g/cm3).  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). 



  30 

Table-10:  Relative Intensities for Pu-239 Decay Gammas in a Homogenous Shield 

  Gamma Energy (keV) 

  129.3 203.55 375.05 413.71 
S

h
ie

ld
in

g
 D

en
si

ty
 (

g
/c

m
3 ) 

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 

1.5 0.242 0.592 0.944 1 

1.75 0.241 0.591 0.944 1 

2 0.240 0.590 0.942 1 

2.5 0.240 0.591 0.939 1 

3 0.240 0.592 0.940 1 

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/cm3 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.   

 

Figure-7:  Mass Attenuation Coefficients (Simple Weighted Average) 
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Figure-8:  Mass Attenuation Coefficients  

(Weighted Average of Logarithmic Values) 

The values that resulted from the weighted average of the logarithmic values of the mass 

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

Photon Energy (keV) 
Mass Attenuation 

Coefficient 
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 

Shielding 
Thickness 

(cm) 

0.25 0.76 0.91 0.99 1 

0.5 0.57 0.83 0.98 1 

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/cm3 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 

(max keV) 
Intensity 

Relative 

Error (%) 

128 1.344x10-3 0.27 

129 5.138x10-5 1.40 

130 1.421x10-3 0.27 

131 1.419x10-5 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 

of 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 

Source
Distributed 
Shielding 



  39 

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. 

 

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 g/cm3 Far Source with SWB Model 

Energy Bin 

(max keV) 
Intensity 

Relative 

Error (%) 

128 2.273x10-4 0.68 

129 5.780x10-6 4.16 

130 1.079x10-4 0.96 

131 2.260x10-6 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 
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SWB is the same as 10 cm from the near end, with the detector on the opposite side.  
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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 g/cm3 Source 10 cm from detector 

Energy Bin 

(max keV) 
Intensity 

Relative 

Error (%) 

128 2.802x10-3 0.19 

129 7.387x10-5 1.16 

130 3.060x10-3 0.18 

131 2.886x10-5 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 µ 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 



  47 

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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4.4 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/cm3 or less.  The error for points beyond 1 g/cm3 

continued to increase but were included in the results to show the general trends.  The 

results are shown in Figure-14.   

 

Figure-14:  Results for SWB Model with Complex Sources 
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high energy photons tend to converge. 

At higher densities (2.0-5.0 g/cm3), 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/cm3) 

 0.1 0.25 0.5 0.75 

M
ax

im
u

m
 

E
n

er
g

y 
(k

eV
) 

129 1.35x10-5 8.23x10-6 3.75x10-6 1.79x10-6 

130 1.40x10-5 8.12x10-6 3.63x10-6 1.75x10-6 

131 1.34x10-5 8.05x10-6 3.63x10-6 1.75x10-6 

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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4.5 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. 

4.5.1 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/cm3 

points.  The number of runs was raised to 10 billion for a few points, such at the 0.50 

g/cm3 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. 

 

Figure-15:  Ratio of Photon Intensity in Monoenergetic and Polyenergetic Sources  
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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/cm3) 

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/cm3.   

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 cm3 (Appendix B).  Given the maximum 

mass of 1,527 kg and the volume, the maximum allowed density is approximately 0.71 

g/cm3. 
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Figure-16:  SWB Model with Reduced Density Complex Sources 

4.6.2 Results:  Complex Source – Reduced Density 

 

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.   

 

Figure-18:  129.3 keV Photon Intensity for Reduced Density Complex Source 
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Table-18:  Percentage of Low Energy Photons Born at 413.7 keV –  
Reduced Density Source 

Inter-Source Shielding Density (g/cm3) 

Detector 
Location 

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/cm3) 

Detector 
Location 

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% 8.45% 9.37% 10.14% 10.81% 11.35% 

Front 9.98% 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 
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Table-20:  Percentage of 203-204 keV Photons Born at Higher Energies –  
Reduced Density Source 

Inter-Source Shielding Density (g/cm3) 

Detector 
Location 

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 

 

Figure-20:  Percentage of Low Energy Photons Born at Higher Energies –  

Reduced Density Source 
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As a result, 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: 

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

assays can be explained 

 ISOCS generates useful data when used for assay of SWBs 

 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 



  68 

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 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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Appendix A. Example ISOCS Data (continued) 
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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-I-343, Specification for Fabrication of the Standard Waste Box, Rev 9 

c)      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 ¾ 71 
Width 52 54 ½ 

2.0              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   

3.0              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).  

4.0              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 

Container Ci Uncertainty 
(Ci) 1-σ Ci Uncertainty 

(Ci) 1-σ 

NT070692R 1.97x100 1.90x10-1 1.42x100 3.82x10-2 

NT070688R 1.8902x100 1.82x10-1 1.36x100 3.87x10-2 

NT070724R 1.63x100 1.58x10-1 9.34x10-1 2.51x10-2 

NT070707R 1.61x100 1.60x10-1 1.42x100 4.05x10-2 

NT070695R 1.51 x 100 1.38x10-1 9.77x10-1 2.74x10-2 

NT070683R 1.3462x100 1.47x10-1 1.22x100 2.80x10-2 

NT070691R 1.34x100 1.95x10-1 1.11x100 3.01x10-2 

NT070702R 1.26x100 1.18x10-1 1.16x100 3.79x10-2 

NT060209R 1.2029x100 1.13x10-1 9.09x10-1 2.43x10-2 

NT080337R 1.11x100 1.67x10-1 2.42x10-1 7.83x10-3 

NT080263R 9.33x10-1 8.77x10-2 6.55x10-1 2.01x10-2 

NT080266R 8.70x10-1 8.84x10-2 4.61x10-1 1.30x10-2 

NT080262R 8.45x10-1 8.99x10-2 4.43x10-1 1.69x10-2 

NT080328R 8.06x10-1 8.10x10-2 3.46x10-1 1.11x10-2 

NT070677R 7.75x10-1 1.28x10-1 8.99x10-1 2.45x10-2 

NT070709R 7.66x10-1 2.13x10-1 4.79x10-1 1.44x10-2 

NT070705R 7.11x10-1 9.66x10-2 1.04x100 2.91x100 

NT080346R 6.62x10-1 6.01x10-2 4.94x10-3 2.52x10-3 

NT080348R 6.48x10-1 9.66x10-2 4.12x10-2 2.10x10-2 

NT080259R 6.32x10-1 1.00x10-1 1.14x100 3.62x10-2 
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Appendix D. Pu-239 Assay Data for SuperHENC and ISOCS 
(continued) 

SuperHENC ISOCS 

Container Ci Uncertainty 
(Ci) 1-σ Ci Uncertainty 

(Ci) 1-σ 

NT080336R 5.92x10-1 6.43x10-2 5.16x10-1 1.52x10-2 

NT070720RA 5.85x10-1 1.06x10-1 7.24x10-1 1.79x10-2 

NT080255R 5.30x10-1 1.43x100 3.92x10-1 1.01x10-2 

NT070686R 5.06x10-1 6.80x10-2 6.56x10-1 1.63x10-2 

NT070703R 4.43x10-1 6.45x10-2 8.08x10-1 2.03x10-2 

NT070722R 4.40x10-1 3.84x10-2 3.94x10-1 1.37x10-2 

NT070681R 4.17x10-1 3.88x10-2 5.48x10-1 1.81x10-2 

NT070679R 3.97x10-1 1.42x10-1 4.02x10-1 1.31x10-2 

NT070685R 3.96x10-1 7.85x10-2 4.41x10-1 1.29x10-2 

NT070678R 3.91x10-1 5.32x10-1 6.18x10-1 1.55x10-2 

NT080341R 3.88x10-1 4.69x10-2 2.45x10-1 7.66x10-3 

NT070728R 3.77x10-1 4.28x10-2 3.02x10-1 1.04x10-2 

NT080333R 3.71x10-1 4.30x10-2 2.16x10-1 7.21x10-3 

NT070689R 3.63x10-1 3.65x10-2 3.42x10-1 9.77x10-3 

NT070711R 3.59x10-1 4.97x10-2 3.05x10-1 1.04x10-2 

NT080257R 3.36x10-1 4.30x10-2 2.72x100 6.68x10-2 

NT070718R 3.27x10-1 3.23x10-2 1.31x10-1 5.93x10-3 

NT070687R 3.18x10-1 3.16x10-2 2.96x10-1 9.41x10-3 

NT070719R 2.89x10-1 4.27x10-2 2.96x10-1 8.68x10-3 

NT070684R 2.83x10-1 3.19x10-2 2.92x10-1 1.08x10-2 
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Appendix D. Pu-239 Assay Data for SuperHENC and ISOCS 
(continued) 

SuperHENC ISOCS 

Container Ci Uncertainty 
(Ci) 1-σ Ci Uncertainty 

(Ci) 1-σ 

NT070704R 2.58x10-1 3.10x10-2 1.08x10-1 3.78x10-3 

NT070723R 2.42x10-1 2.66x10-2 2.39x10-1 7.96x10-3 

NT080258R 2.40x10-1 2.47x10-2 2.17x10-1 6.08x10-3 

NT080349R 1.98x10-1 1.91x10-2 7.91x10-2 7.98x10-3 

NT060211RA 1.89x10-1 6.37x10-2 4.64x10-2 2.26x10-3 

NT070690R 1.67x10-1 3.29x10-2 1.85x10-1 7.46x10-3 

NT070721R 1.58x10-1 2.45x10-2 8.90x10-2 4.49x10-3 

NT070694R 1.52x10-1 2.23x10-2 7.99x10-1 2.05x10-2 

NT070706R 1.43x10-1 2.56x10-2 6.35x10-2 4.20x10-3 

NT080261R 1.34x10-1 2.41x10-2 3.24x10-1 9.46x10-3 

NT080330R 1.33x10-1 1.95x10-2 2.84x10-1 8.58x10-3 

NT070693R 1.26x10-1 2.10x10-2 3.55x10-1 1.11x10-2 

NT070729R 1.19x10-1 1.88x10-2 3.07x10-1 8.85x10-3 

NT070680R 1.08x10-1 1.88x10-2 3.36x10-2 2.15x10-3 

NT070712R 1.07x10-1 1.79x10-2 1.78x10-1 8.68x10-3 

NT080256R 8.99x10-2 1.42x10-2 2.90x10-1 9.55x10-3 

NT080342R 8.54x10-2 4.74x10-2 2.34x10-1 9.08x10-3 

NT080340R 8.36x10-2 1.38x100 1.16x10-1 6.49x10-3 

NT070676R 8.34x10-2 1.51x10-2 1.53x10-2 1.95x10-3 

NT080335R 8.34x10-2 2.55x10-2 6.47x10-2 2.69x10-3 
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Appendix D. Pu-239 Assay Data for SuperHENC and ISOCS 
(continued) 

SuperHENC ISOCS 

Container Ci Uncertainty 
(Ci) 1-σ Ci Uncertainty 

(Ci) 1-σ 

NT080339R 7.32x10-2 1.56x10-2 1.34x10-1 5.49x10-3 

NT080329R 7.07x10-2 6.95x10-2 3.51x10-1 1.63x10-2 

NT060208R 6.92x10-2 1.11x10-2 2.22x10-1 9.46x10-3 

NT080331R 5.90x10-2 3.19x10-2 4.40x10-1 3.39x10-2 

NT060212R 5.49x10-2 2.69x10-2 6.15x10-2 5.71x10-3 

NT070699R 5.49x10-2 2.39x10-2 5.17x10-2 3.10x10-3 

NT080338R 4.97x10-2 7.61x10-3 1.43x10-1 7.30x10-2 

NT070715RA 3.42x10-2 4.63E-003 1.06x10-1 6.42x10-3 

NT080344R 2.73x10-2 1.31E-002 9.15x10-2 4.67x10-2 

NT070701R 2.57x10-2 1.02E-002 8.89x10-2 4.29x10-3 

NT070682R 2.24x10-2 6.25E-003 1.06x10-1 4.53x10-3 

NT070713R 1.95x10-2 1.06E-002 3.98x10-2 3.82x10-3 

NT060207R 9.92x10-3 1.60E-003 8.91x10-2 4.60x10-3 

NT070714R 8.80x10-3 1.64E-003 1.88x10-1 6.73x10-3 

NT080260R 6.58x10-3 2.47E-003 1.48x10-1 6.20x10-3 

NT060210R 3.74x10-3 2.57E-003 9.45x10-2 4.02x10-3 

NT080334R 3.31x10-3 1.72E-003 4.11x10-2 4.88x10-3 
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Appendix E. Example Raw ISOCS Detector Data 

Energy 
(keV) 

FWHM 
(keV) 

Net Peak 
Area 

Net Area 
Uncertainty 

Continuum 
Counts 

NT060207R 

129.3 129.3 1.57 1.85x103 479.64 9.62x103 

375.05 374.8 1.72 5.79x102 61.11 3.82x102 

413.71 413.42 1.65 5.42x102 81.34 2.39x102 

NT060208R 

129.3 129.4 1.73 4.83x103 837.96 3.54x104 

203.55 204.23 1.94 7.29x102 506.98 1.55x104 

375.05 375.16 1.81 1.19x103 98.18 1.74x103 

413.71 413.88 1.96 1.02x103 143.66 8.69x102 

NT060209R 

129.3 129.35 1.72 2.22x104 346.94 9.86x103 

203.55 203.62 1.71 2.56x103 149.66 4.74x103 

375.05 375.11 1.93 6.57x103 171.08 1.02x103 

413.71 413.75 1.76 5.71x103 156.33 6.05x102 

NT060210R 

129.3 129.4 1.55 2.89x103 209.52 9.43x103 

203.55 203.71 1.24 2.15x102 95.62 2.91x103 

375.05 374.98 1.74 6.19x102 65.9 5.38x102 

413.71 413.69 1.35 5.98x102 92.18 3.41x102 
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Appendix E. Example Raw ISOCS Detector Data (continued) 

Energy 
(keV) 

FWHM 
(keV) 

Net Peak 
Area 

Net Area 
Uncertainty 

Continuum 
Counts 

NT060211R 

129.3 129.51 1.59 6.62x103 206.43 4.86x103 

203.55 203.8 1.51 9.36x102 101.32 2.48x103 

375.05 375.54 1.67 2.51x103 109.16 5.84x102 

413.71 414.22 1.78 2.42x103 140.07 4.69x102 

NT060211RA 

129.3 129.23 0.98 2.67x103 439.51 5.20x103 

203.55 203.54 1.01 2.46x102 64.04 1.20x103 

375.05 375.05 1.3 5.30x102 57.23 3.12x102 

413.71 413.68 1.74 5.93x102 97.18 3.12x102 

NT070676R 

129.3 129.16 1.5 7.83x102 296.72 3.67x103 

375.05 375.05 1.63 1.60x102 85.99 3.52x102 

413.71 413.4 1.44 1.93x102 73.93 2.45x102 

NT070677R 

129.3 129.34 1.46 1.78x104 322.33 9.88x103 

203.55 203.55 1.49 2.79x103 159.84 5.13x103 

375.05 375.04 1.7 7.55x103 187.75 1.12x103 

413.71 413.68 1.7 7.12x103 213.66 8.81x102 
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Appendix F. Example MCNP Input File 

Modeling of Standard Waste Boxes - J. Miller Master’s Thesis 

c **************** Block 1: Cell Cards ****************** 

c     Waste mixture inside SWB 

  1   1    -0.01     20 -30 60 -70 100 -110 IMP:P=1 

c     No SWB  

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

c     Atmosphere 

  3   3    -0.001275 10 -210 230 -90 250 -260 IMP:P=1  

  6   3    -0.001275 10 -210 120 -240 250 -260 IMP:P=1    

  7   3    -0.001275 10 -210 90 -120 250 -50 IMP:P=1    

  8   3    -0.001275 10 -210 90 -120 -260 80 IMP:P=1   

  9   3    -0.001275 40 -210 50 -80 90 -120 IMP:P=1    

c     Ground (Dry Sand with Gravel) 

  4   4    -1.650    -10 220 230 -240 250 -260 IMP:P=1  

c     void around the problem 
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Appendix F. Example MCNP Input File (continued) 

  5   0               210:-220:-230:240:-250:260   IMP:P=0 

   

c ***************** Block 2: Surface Cards *************** 

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

  10  PZ    0.0                 $ Bottom Outside of SWB 

  20  PZ    0.4                 $ Bottom Inside of SWB 

  30  PZ    93.3                $ Top Inside of SWB 

  40  PZ    93.7                $ Top Outside of SWB 

  50  PY    0.0                 $ Front Outside of SWB 

  60  PY    0.4                 $ Front Inside of SWB 

  70  PY    132.5               $ Back Inside of SWB 

  80  PY    132.9               $ Back Outside of SWB 

  90  PX    0.0                 $ Left Outside of SWB   (approximate shape) 

  100 PX    0.4                 $ Left Inside of SWB    (approximate shape) 

  110 PX    175.0               $ Right Inside of SWB   (approximate shape) 
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Appendix F. Example MCNP Input File (continued) 

  120 PX    175.4               $ Right Outside of SWB  (approximate shape) 

c  130 RCC   224.94 296.87 47 1.51 1.99 0 2  $ Detector at 1/2 z, 60 in. away 

  210 PZ    200.0                $ Top of world 

  220 PZ    -50.0                 $ Bottom of world 

  230 PX    -50.0                 $ Left of world 

  240 PX    500.0                 $ Right of world 

  250 PY    -50.0                 $ Front of world 

  260 PY    500.0                 $ Back of world 

   

c ****************** Block 3: Data Cards ******************** 

M1    26000  -0.9799            $ Waste Iron mass fraction (approximate) 

       6000  -0.02              $ Waste Carbon mass fraction (approximate) 

      94239  -0.0001            $ Waste Plutonium mass fraction (approximate) 

M2    26000  -0.98              $ SWB Iron mass fraction (approximate)   

       6000  -0.02              $ 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 

c Source Definition 5.5.1 

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

c 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 

SI2  0.4 150   175.0                             $ X bounds of waste 

SP2  0   0.05 0.95                         $ Bias away from detector (X axis) 

SI3  0.4  132.5                             $ Y bounds of waste 
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Appendix F. Example MCNP Input File (continued) 

SP3  0  1                                   $ Equal probability on Y axis 

SI4  0.4  93.3                              $ Z bounds of waste 

SP4  0  1                                   $ Equal probability on Z axis 

c Tallies  

F1:P 120                                  $ Surface Tally 5.6.1 and 5.6.1.1 

c  Tally Energy 5.6.3 

E1 0.128 0.129 0.130 0.131 0.203 0.204 0.375 0.376 0.413 0.414 0.5  

c other 

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

NPS  100000000                              $ History Cutoff 5.8.1 

 


