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1. INITIAL ENTRIES 

Scientific Note Book: # 730E 

Issued to: Virinder Sandhu 

Issue Date: 71 1 8/05 

Printing Period: August 10,2005 (final printout) 

Project Title: Shielding Calculations with MCNP 

Project Staff: Virinder Sandhu, Roland Benke, Oleg Povetko 

By agreement with the CNWRA QA, this notebook is to be printed at approximate quarterly intervals. This 
computerized Scientific Notebook is intended to address the criteria of CNWRA QAP-00 1. 

1.1. 0 b j ec tives 

This notebook encompasses two different projects performed for shielding calculations. 

1.1.1 Description for Project A 

Complex shielding calculations performed with computer codes are often limited by the constraints of 
computation speed and time. Even basic shielding calculations can become time-consuming or difficult to 
model. It is not too uncommon to find situations in which brevity of a calculation is necessary, both in the 
modeling and execution aspect. The objective of the first project was to reduce the time necessary in 
modeling the dose to a response cell from an incident flux of photon particles. 

Reduction in computation time was hoped to be achieved by performing alternative calculations on 
components of the general geometry. This calculation was intended to simpli& the complex interactions that 
occur in the interior of a material. Performing a such a simplification required the use of a representative 
volume, or training cell, of the bulk material, such as a unit cube. The small-scale behavior of the training 
cell can be analyzed by determining the probability of a particle exiting the cube at a certain direction and 
energy, resulting in a probability distribution. These distributions can be generated for several directions of 
incident particles. Then, by reconstructing the shield with these unit volumes, one can attempt to provide 
an overall probability distribution of the entire shield by appropriately combining the distributions of the 
training cells. This analysis can then provide the spectrum of particles exiting the far end of the shield for 
a variety of incident beam energies (this beam could theoretically be polyenergetic). It was hoped that such 
an analysis would provide a shorter method to arriving at dose calculations. Additionally, the testing of such 
a theory seemed relatively straightforward, and it was hoped to provide the author familiarity with the MCNP 
software package. 
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1.1.2 Description for Project B 

The delivery of the waste packages to be placed into Yucca Mountain during preclosure is dependent upon 
the subsurface transporter system. This system, which consists of a shielded enclosure resting atop the 
transporter, is driven by dual-locomotives, one locomotive being placed on each end of the transporter. 
While the shielded enclosure strongly attenuates any radiation being emitted from the waste package, the 
presence of an ambient radiation environment still exists around the transporter system. Because the 
locomotive are operated by human labor, it is important to determine the dose workers receive during their 
time spent on the transporter system. The objective of the second project was to determine whether such a 
dose was within regulated limits. 

1.2. Computers, Computer Codes, and Data Files 

The primary computational software package used during both projects was MCNP, which stands for Monte 
Carlo N-Particle. Although several versions of this code are available, MCNPS 1.30 was used for the present 
work. This code, which has enjoyed many years of development and use, was created and is maintained by 
scientists at Los Alamos National Laboratory (LANL). MCNP carries out 3-dimensional transport of 
electrons, photons, and neutrons (or their coupled transport) using Monte Carlo statistical methods and 
atomic / nuclear reaction data. The details of the model, such as cell definitions and material properties, are 
defined in an input file and is fed directly into the code. 

Additionally, some post-processing code was written in Fortran77 for Project A. This code searched the 
contents of an MCNP debug file (this file can be accessed with the DBCN card in MCNP), which contains 
a history by history detailing of the transport of each particle and providing information such as energies, 
directions, and surfaces crossed. The code was responsible for extracting the exiting direction and energy 
of all particles that left any surface of the training cell. The code written was named “extractf’ and can be 
found in a CD-ROM attached to a hard copy of this report. 

The MCNP5 software was installed and executed locally on a PC machine using the Windows XP platform. 
“Extractf’ was written and executed on a resident cluster at CNWRA (Spock), employing the f77 compiler 
that was freely available on the Unix OS to develop the code. 

Three input files were used for MCNP in Project A. The first is labeled “slab,” which represented the base 
geometry of the problem (concrete slab with phantom slab) The second is labeled “first2M,” which created 
a narrow beam of particles (encompassing a small area of the surface) for the alternative calculation. The 
third is labeled “broad,” which created a broad beam of particles (encompassing a broad area of the surface) 
for the alternative case. 

Output from MCNP for Project A was collected and organized in folders according to the direction of the 
incident radiation. These folders can be found on the CD-ROM, containing files that are named according 
to the incident energy in keV (for example, 50.out is the output file for the 50 keV energy). 
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The input file for MCNP in Project B is labeled “transp.” This file models the waste package, the railcar on 
which it rests, the transporter, and both locomotives. Using surface tallies and flux-to-dose conversions, this 
file is ultimately responsible for calculating dose at different distances from the transporter. This file has 
yet to execute properly due to failure to correctly transport outside of the shielded enclosure. The problem 
is caused by incorrect cell importances and other execution errors. 

2. Introduction 

As described above, MCNP is a 3-dimensional radiation transport code. A user creates a geometry that is 
filled with objects, defining the properties of those objects in the process. The user then creates a source of 
particles to be transported through the system (spent fuel assembly, isotropic point source, etc.), their 
transport being affected by the objects in the system. The user then creates a tally, which gives the problem 
a purpose. This tally keeps track of a quantity that the user deems important, such as the amount of energy 
deposited in a particular cell, or the number of particles that cross a particular surface. 

A very basic example is a narrow beam of particles being fired into a wall of material. A user could specify 
the width and energy of the beam, and the particle type. The particles would be fired into the concrete slab, 
and the user for example, could calculate the probability of a particle exiting the far end of the slab. 

3. Theory 

Both Project A and B used MCNP extensively. 

The governing equation in MCNP is shown below. 

- 1  
!= -ln(5) 

E ,  

where Et is the macroscopic cross section of the material and 6 is a random number generated by MCNP. 
This equation is known as the distance to collision equation, and is the guiding equation of the code. A 
particle is born with a certain direction and speed, and with a certain energy. MCNP will calculate Et for 
the particular material that it is in, and then roll a random number. These values are plugged into the 
equation above to calculate P, the distance traveled by the particle. MCNP also calculates the distance to the 
cell boundary along its path of travel. If the particle has a collision in that cell, MCNP will use appropriate 
formulas and cross-sections to determine the type of collision it makes, and, if it survives, the new direction 
it travels. If the particle is safely transported to the boundary of the cell, then MCNP will locate the cross 
section for the new cell it has entered, generate a new random number, and the process repeats until the death 
of the particle. 

This occurs until the number of prescribed particles have been simulated, or the amount of time designated 
for computation has expired. At the end of the run, the tally will have an associated relative error, and the 
user must decide whether the answer is accurate enough to be acceptable. 
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3.1 Planned Procedure of Project A 

The project will begin by modeling and quantifying the interaction of a narrow monoenergetic photon beam 
with a concrete slab shielding a phantom human tissue slab. The size of the concrete slab is 7 cm x 7 cm x 
3 cm, and the size of the phantom slab is 5 cm x 5 cm x 1 cm. The photon beam will be fired into the center 
of both slabs. The photon beam will be fired for 11 different energies, including 1000 keV, 950 keV, 850 
keV, and so on until 50 keV. Surface tallies (Fl) will be performed on the six sides of each slab, yielding 
12 total tallies for the entire problem. These tallies will be discretized by not only the energy (1000 keV - 
900 keV, 900 keV - 800 keV, ...) of the crossing particle, but also the cosine it makes with the surface normal 
( -1 to 0,O to 1). The latter of the two helps to distinguish between backscatter and forward scatter through 
a surface. This analysis will produce 11 output files, one for each incident photon energy. Tallies from the 
output will yield the probability distribution of a photon's ability to reach a specific surface in the geometry. 
The MCNP input file for this case will be called 

Once this analysis is performed, the alternative case will be to break down both the concrete slab and the 
phantom slab into smaller unit cubes (1 cm x 1 cm x 1 cm). The same energy range of photon beams will 
be fired into the cube, and the same tallies will be used on the surfaces of the cube. Thus, the tallies provide 
the probability of a source particle exiting the cube while crossing a certain surface. These runs also will 
have the DBCN card turned on in the input file, since this card provides a history by history account of each 
particle transported in MCNP. 

The reason for the DBCN card is that it is desired to extract the exiting energy and direction of each particle 
that leaves the cube. This will provide a probability distribution as a function of exiting direction and energy. 
The energy bins are broken up into the same range as the surface tallies in the base case. Twenty-six 
representative directions were chosen, which can be visualized if one imagines standing at the center of the 
unit cube. Six directions are found by moving directly to each face of the cube, eight are found by moving 
diagonally into each corner of the cube, and twelve are found by touching each edge of the cube (where two 
surfaces of the cube meet). Breaking the infinite possible number of directions into these 3 general 
categories makes sense when once thinks about the possible directions of travel for the photon. 

Shown below in Figure 1 is a quick diagram of the discretization of the cube response function. 
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Figure 1 : Discretization of Cell Response 

In order to extract the information from the DBCN card (debug file), an extraction code will be written that 
searches the file for an escape event (in lieu of capture) and record the exiting direction and energy. The 
event will then be counted in the appropriate energy bin and direction. In order to determine the direction, 
each exiting vector will be projected onto the appropriate unit vector of the reference direction, and the 
projection with the largest magnitude will provide the correct reference direction. Once the entire file has 
been searched, the complete probability distribution of the problem is obtained. Note that this distribution 
will be obtained for 11 different photon energies. 

Additionally, three different beam directions were used in the alternative case. One direction was 
perpendicular to the face of the cube (Straight On), the second was along one of the diagonals of the cube 
toward the center (Along Diagonal), and the third was into the edge of the cube (where two cube surfaces 
meet) toward the center (Rotated Cube). The names in brackets were used to describe these directions in a 
simpler manner. The reason for this in the alternative case model is clear when one imagines the response 
of the first cell of the overall concrete shield, for example. When a photon makes an interaction in the first 
cell, it could head (in general) towards the face of first cell, towards the corner of the first cell, or towards 
one of the edges of the first cell. If this particle manages to travel into an adjacent cell, then the response 
of that cell is dependent on the direction that the radiation arrives in. Thus, it is important to sample the 
response of the cell in terms of different incident radiation directions. 
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The response of the overall shield, for example, could then be theoretically be determined by appropriately 
combining the response of the each cube that comprises the shield. For example, with the concrete slab, to 
determine the probability that a photon can make it straight through the shield with relatively little energy 
loss, one would simply cube the probability of the response cell (the distribution for perpendicular incidence) 
for exiting the cube in the < 0 1 0 > direction and the energy range of 900 - 1000 keV. This is because the 
concrete slab is three unit cubes thick. 

It is envisioned that this overall response matrix can be created such that the beam can be polyenergetic. 
However, the model will only consist of a single narrow beam incident on a concrete slab. No work has yet 
been performed that determines how such a matrix will be constructed. 

3.2 Planned Procedure for Project B 

The difficulty involved in this project will be the unavailability of structural sizes and materials of certain 
transporter and locomotive components. Any structural information for the locomotive and transporter used 
in this analysis will be obtained from the Subsurface Transporter Safety Systems Analysis (ANL-WER-ME- 
00001 REV 00) from February 2000 or the Yucca Mountain Science and Engineering Report 
(DOERW-0539-1) from February 2002. Information for the spent fuel assembly, such as the source term 
and the composition of the hardware and assembly, will found in the report PWR Source Term Generation 
and Evaluation (BBAC00000-0 17 17-02 10-000 10 REV 0 1). 

The entire transportation system will be modeled using MCNP. The system consists of a typical B&W Mark 
B PWR fuel assembly surrounded by a double-layered enclosure (typical of all waste packages placed in 
Yucca Mountain). This package will be resting on top of a small railcar, and this entire arrangement is 
surrounded by a shielded enclosure, which also has two layers. The outer layer is composed of a 5% borated 
polyethylene (9.3 cm), and the inner layer is composed of carbon steel (17.1 cm). The shielded enclosure 
rests on the transporter car, which has two locomotives (one on each end) driving the system. Due to the 
detailed components of the system, many of the components will be simplified in terms of shape. 

The input file will contain the composition of materials used to create the transportation system, the sources 
of which will be documented in the file. Source terms for the waste package will be developed by Oleg 
Povetko using the 1-D point depletion code OFUGEN, which is outside the knowledge of the user. Source 
terms will hopefully be generated for the spent fuel region, as well as the activated plenum and periphery 
hardware, which has a top and bottom component to it. 

The photon spectrum for all of these regions will require the necessity to make separate MCNP runs for each 
region. Each region will contribute to the dose at any point in the problem, and thus one can simply add the 
four runs to get the total dose at a point. 

Additionally, the waste package can emit both photons and neutrons, and calculations must be done for both 
types of particles. 
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A large difficultly in getting the model to run will be selecting the correct cell importances, since the photons, 
which originate in the spent fuel assembly, will have to cross not only the waste package shielding, but also 
the thick shielded enclosure. To cut down on computation time, it will be important to appropriately scale 
up the number of photons in certain regions. However, the user is not particularly sure how to go about 
correctly selecting the magnitude of the importances. 

Dose regions will be created in appropriate places around the geometry (such as a specified distance near 
the shielded enclosure, or in the worker cab). An surface flux tally is performed at each surface, and then 
a flux-to-dose conversion (the source of this will be documented in the input file) is used to calculate the dose 
on the plane. 

4 Performed Procedure 

4.1 Procedure for Project A 

Analysis began by creating the MCNP input file “slab,” which consists of a monoenergetic photon beam fired 
into a concrete slab shielding a human phantom tissue slab. Both the composition of the tissue and the 
concrete can be found in the input file. Eleven different energies were used for the beam, beginning from 
1000 keV, then 950 keV, 850 keV, and so on until 50 keV. The output file of each was stored as “xxxout*,” 
where xxx stands for the incident energy in keV, and * stands for a letter in the alphabet (this is simply an 
artifact of the MCNP code). In reality, 4 tallies were performed for each calculation. Tally 1 represents all 
surfaces except the incident face of the concrete (surface 30), the face opposite this (surface 40), and the 
incident face of the tissue slab (surface 90). Tally 11 includes the three excluded surfaces from Tally 1. 
Tally 6 is a heating (MeV/gram) tally for both the concrete slab and the phantom tissue slab. Tally * 18 (the 
asterisk converts the tally from a pulse tally to an MeV tally) measures the total heating inside each slab (not 
on an per gram basis). Note that tallies in these problems are normalized by the number of source particles. 

The results of these tallies can be found in the Microsoft Excel file “Slab.xls.” Results for each beam energy 
can be found on separate tabs in the Excel file. To find which surface number corresponds to which surface 
on the slabs, one can simply inspect the MCNP input file. Cosine angles ranges (for example, -1 to 0) are 
also listed with some of the surfaces in the Excel file. These angles are measured with the positive normal 
used to define surfaces in MCNP, NOT the outward normal of the surfaces. All files created / used in this 
analysis can be found in the folder called Slab Analysis. 

Because there is exactly one source in the problem, the probabilities listed by each surface tell us the 
probability that a source particle will cross that particular surface. 

Once this was completed, the file “first 1 M ’  was created. This file fires a narrow beam into both a concrete 
unit cube and a human tissue unit cube. As described in Section 3.1, in addition to sampling the normal 
range of photon beam energies, three different incident directions were also sampled. The DBCM card was 
turned on so that the individual photon histories could be recorded. This information is recorded in an 
independent file and can grow to rather large sizes (on the order of one GB for lo6 particles). This size is 
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due to the fact that each entry gives the starting position, direction, energy, and weight of each particle. Any 
time a particle makes a collision or crosses a surface, the previous information mentioned is logged as an 
entry. Thus, the file can grow to large sizes. 

These files were used to create a probability distribution. In order to create a probability distribution, a 
Fortran77 program called “extract.f” was written to extract important information. The program was 
responsible for searching each history, determining whether or not the photon escaped the cell. If the photon 
escaped the cell, then its exiting energy and direction of travel were recorded. After searching all entries, 
the program then went through each entry to determine which of the 26 primary directions the particle was 
closest to. It then placed a marker into the appropriate energy bin in that direction. For example, if it was 
found that a particle exited the cell in the < 0 1.1 0 > direction with an energy of 634 keV, then a counter 
would be placed in the <O 1 0 > direction in the 600 - 700 keV bin. 

The execution went as follows. First, the MCNP code was executed with the input file. The output of the 
code provided not only appropriate tallies for the 6 surfaces in the cube (these are recorded in an Excel file, 
placed in each folder) and the energy deposited in the cell, but also the DBCM card output file. Since this 
file was so large and a local Fortran compiler was not available, the file was transferred to the local cluster 
(Spock) and post-processed there. The “extract.f” file was coded and compiled on Spock. The code asks 
for the name of the DBCM file and the energy of the starting particle. The code will then output a file named 
“fort.9” that contains the necessary information contained in the DBCM file. This includes the probability 
distribution (as a function of direction and energy bin). At the top of this post-processing file is also some 
small calculations that help confirm the validity of the post-processing code. 

Thus, when all 3 of the different incident directions were ran with all 11 different incident energies, all the 
execution was complete. The data is organized in the following manner. The folder Cube Analysis contains 
all data from this analysis. There are folders (within this folder) that contain the “fort.9” files (one for each 
different beam energy) from both materials (tissue and concrete) and the 3 directions, and has an Excel file 
associated with each folder that collects tally information from all the MCNP runs. 

One of the assumptions made in the problem was that the incidence of a narrow beam. However, if one 
wants to construct a situation in which the incident beam is broad (which might be more common in a 
shielding problem), then the preceding work is no longer valid. Thus, a small analysis was performed to 
check to see whether or not a switch from a narrow beam to a broad beam would impact the probability 
distribution, or response, of the cell. The MCNP input file “first2M’ was created to convert to a broad beam 
incidence. Only the straight on incidence direction was tested to see whether or not any impact was made 
in the results, due to time constraints. However, the response of both the tissue and concrete were tested. 
Files and results for this analysis can be found in the folder /Cube AnalysisBroad Beam. 

4.2 Procedure for Project B 

Procedures for project B were relatively straightforward. The MCNP input file was called “transp” and 
modeled the entire transporter system. Dimensions and materials were found in reports discussed in Section 
3.2, and anything that could not be found was filled in with an educated guess. Much time was spent 
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constructing the model, due to unfamiliarity with large-scale models and the number of cells created for the 
problem. In future, it is important to note that a large number of cells, especially for a shielding model, can 
lead to a long time spent trying to incorporate a small design feature change. 

The photon and neutron spectrums generated for the source in MCNP were done by using the code ORIGEN, 
which was performed by Oleg Povetko. These terms were generated after breaking down the assembly into 
four components; top of assembly, bottom of assembly, fuel region, and plenum region. These regions all 
have activated hardware (a big contributor being CO-6O), which can contribute to dose in the problem. To 
calculate these sources, the PWR Source Term Generation report was used to determine the total mass of 
important isotopes in each region. These values were placed into ORIGEN and used to generate the spectrum 
for each region. The sources (activated hardware) can be found in the folder “\Transporter 
AnalysisDesignBasisSourceTerm.” They have been extracted and placed into an Excel file in “\Transporter 
Analysis\Extracted Source Terms.xls.” 

Additionally, the spent fuel in the assembly also provides a source in the problem. All these regions must 
be run separately in MCNP to calculate the total dose at any point in the problem (the results of each run are 
simply added up in the end to find. 

A problem that has been encountered is cell importances. Particles begin in the spent fuel assembly, but must 
traverse a significant amount of dense metal before they can reach the outside of the shielded enclosure. 
Thus, it is important to make sure that regions in the problem can properly increase the number of photons 
in the problem so that the photons can reach a tally surface. However, this is a time consuming task and the 
user is not familiar with some of the code outputs that help determine how to appropriately account for this. 

As of yet, no dose results have yet been fruitful. Two runs have been performed that gave answers, but it 
is likely that these results have errors in them. A calculation for the dose at 1 m and 10 m away fi-om the 
shielded enclosure was done, and stored in the files “ 1 m.out” and “ 10 m.out” respectively. These files can 
be found in the folder Transporter Analysis. 

5. Analysis and Results 

5.1 Analysis of Project A, Slab Analysis 

No analysis has been done for this part. Output files simply contain results fi-om the run. These files were 
generated so that when the shield was reconstructed with the cubes, they could be compared to the these 
numbers. This would help verify the validity of the technique described in Section 1.1.1. 

5.2 Analysis of Project A, Cube Analysis 

A back-of-the-envelope calculation was performed to test a simple case. Let us assume a 1 MeV photon 
beam fired at 3 cm thick concrete slab. It was found that for the unit cube of concrete, the probability of 
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exiting the cube in the < 0 1 0 > direction, which was the incident direction, between the energies of 900 keV 
- 1000 keV was 0.8363. Thus, if one wanted to travel through 3 cm of cubes while being minimally 
attenuated, the probability of exiting the other side would be 0.83633, or about 58%. One can also use 
analytical theory to determine this value as well. The following equation, found in Lamarsh, determines the 
probability of a photon exiting a slab of material of thickness x without being attenuated. 

p / p is the mass attenuation coefficient and p is the physical density of the material. For barite concrete 
(found on the NIST website), p / p was found to be 0.06112 cm2 / g at 1 MeV, and p = 3.350 g / cm3. 
Plugging in x = 3 cm, it was found that the probability of not being attenuated was 54%! Thus, there is 
excellent agreement between the reconstruction method and what is to be analytically expected. 

Performing a calculation of greater complexity would be extremely different, and one must ultimately rely 
on the base case results to determine the validity of the method. 

5.3 Analysis of Project B, Transporter Analysis 

As mentioned before, the errors in the code that must be dealt with are the following. 

1. warning. random number stride 1529 17 exceeded 222 times. 

2. warning. biased source position rejection sampling is dangerous. 

3. warning. importance function may be poor. see print table 120. 

4. warning. the tally in the tally fluctuation chart bin did not pass 2 of the 10 statistical checks 

5. energy distribution of the source must be properly biased 

Error 1 has been fixed by using the RAND card and increasing the stride number. The stride number is 
simply the number of random numbers generated between any two consecutive histories. 

Error 2 is not understood yet, either. Source position rejection sampling is, or believed by the user to be, 
when a user allocates certain cells in an enclosed area to be used for the source. If a particle is generated by 
the source within the enclosed area but not within the certain cells, it is rejected and another particle is 
sampled. It was thought that this was done in a unbiased manner, but not according to error 2. 

Error 3 is understood. Each cell can have an importance that dictates the behavior of a particle when it 
reaches that cell. Importances are typically used for shielding calculations, when it is unlikely that a particle 
will make it through to the other side. However, these importances must be organized in a proper manner 
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and according to certain rules that are unknown to the user. This error could also be caused by the fact that 
importances for other parts of the problem were completed ignored since they were unimportant, but the code 
fails to recognize this. In this case, it may still give an error. 

Error 4 is simply a result of the other errors. Particles are not being transported properly in the problem, and 
thus the tally will come out to be incorrect. The biggest problem is that the Pareto fit for the PDF has a slope 
of 0.0, which means (apparently) that too few histories have been run in the problem. 

Error 5 is a large problem as well. This is not an actual error in the code, but an observation made by the 
user. The waste package is most likely to produce low energy photons, but these photons have a smaller 
probability of making it through the shielded enclosure compared to higher energy photons (which are less 
likely to be emitted). A bias in the source can account for this so that the problem will take a shorter amount 
of time. However, it is not known to the user how to determine this biased distribution based on the real 
distribution. 

Despite these errors, answers were calculated by the code that seemed to be promising. These answers are 
valid for a worker standing next to the shielded enclosure on the ground when the doors are closed. Federal 
regulations require that over the course of a 40-hr work week for 50 weeks of the year (thus making 2000 
hr / year of work), a worker can receive no larger than 5 rem / yr. Thus, a worker exposed to a consistent 
radiation environment can receive no larger than 2.5 mrem / hr of dose. Using MCNP, the following results 
were calculated. 

I Distance from Shielded 1 DoseandRelSve 
Enclosure Error 

I I m  1 0.48 mrem / hr [0.23] I 
I 10 m 1 0.80 mrem / hr [0.36] I 

~~ ~~~~~ 

Table 1 : Doses Received by Worker Next to Shielded Enclosure 
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Close-out of Electronic Notebook 730E 
No further entries will be made to this electronic note book after August 10,2005. Any further work on this 
project will be done in the form of journal articles or CNWRA/NRC publications. 

Entries into Scientific Notebook No. 730E for the period July 18,2005 to August 10,2005 have been made 
by Virinder Sandhu. 

[Virinder Sandhu, Scientific Notebook #: 730E ] E121 [7/18/05] 


