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Materials and Methods
Computer Modeling

Neutrons emitted from an IND are characterized using the Monte Carlo N-
Particle Transport (MCNP) computer code created by Los Alamos National
Laboratory. The code allows a user to input a three dimensional geometry, create
materials out of elements, and irradiate with any combination of neutrons,
photons, or electrons at various energies. See Appendix B for an example of the
setup of an MCNP input code. Tallies within the code are selected by the user to
calculate and display several outputs including volume flux, particle capture, and
energy deposition (Booth et al, 2003).

The statistical sampling process of the computer program consists of a
random selection of numbers similar to that of throwing dice at a casino giving
the name Monte Carlo. Each source particle is generated and tracked
sequentially in real time until the particle is terminated by absorption, escape, or
energy cutoff. Each life of a particle is referred to as a history. Termination of a
particle is determined by using a game of ‘Russian Roulette’ in which a value of 1
means survival and 0 is death. A survived particle will undergo a random
probability distribution for the individual interaction to determine the outcome
and the time, position, direction, and energy recorded (Booth et al, 2003).
Nuclear data (i.e. cross sections) for each element are stored in Evaluated Nuclear
Data File (ENDF) libraries. These libraries are created by several international

institutions and stored by the National Nuclear Data Center (Chadwick et al,



2006). The most recent MCNP computer program, MCNPx, and its associated
ENDEF libraries were used in this project.

As soon as a neutron leaves the source, it produces a track. Each time the
neutron has an interaction, a new track is created. The length of the track is used
in calculations to determine output tallies of fluence, flux, and energy deposition.

The probability of a first collision for a neutron between / and / + d/ is:
=y .
pdl=e = Z, dl Equation 3

where ), = total macroscopic cross section of the medium
Setting the probability equal to a random number (&) between 1 and 0, solving the
differential equation, and re-arranging the equation in terms of unit length yields
the following recognized equation for the distance to a collision.

1

2

Neutrons are classified according to their energy. Fast neutrons have

[=-

In($) Equation 4

energies that exceed about 0.1 MeV (Cember, 1996). All neutrons at the time of
their birth are fast neutrons. Since neutrons have no charge, they generally lose
their energy by elastic collisions with atoms in an environment. The slowing
down process, known as moderation or thermalization, continues until the neutron
energy is the same as the average kinetic energy of the molecules within the
medium. These neutrons are called thermal neutrons and for a temperature of 293
K, the most probably energy is 0.025 eV.

As a neutron travels through a medium, MCNP employs a sequence of

steps to characterize the interactions. First, a selection process dependent upon
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the macroscopic cross section is used to identify the nuclide in the material with
which the collision takes place. Then the program checks to see if thermal cross
section tables, S(a, ), are available for the particular nuclide. The S(a, ) tables
pertain to neutron energies generally below 4 eV in order to account for the
thermal motions of the atom relative to the neutron. Next, neutron capture
probabilities are modeled for the nuclide. If the neutron is not captured, the final
process models the collision via elastic or inelastic scattering.

Elastic scattering is the most likely interaction between a fast neutron and
anuclide. Kinetic energy and momentum are conserved in this interaction similar
to billiard balls striking each other. The probability that MCNP selects elastic
collision is made with the following equation.

o o .
4 = o Equation 5
Gin + Gel UT - O-a

where o, = elastic scattering cross section
o;, = inelastic cross section
o, = absorption cross section
or = total cross section, 61 = G¢| + Ojy + Ca
From this point, the direction of the exiting neutron is resolved by using several

angular distribution tables within MCNP. Knowing the neutron direction, the

final neutron energy (E,,,) can be calculated.
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E =%Em[(l—a),ucm +1+a]

out

A-1Y
oa=|—-
A+1
where E; = incident neutron energy
Uem = center-of-mass cosine of the angle between the incident and

exiting neutron directions
A = atomic mass of collision nuclide

Equation 6

Inelastic scattering does not conserve energy and momentum. Instead, the
target nucleus captures the neutron, becomes excited, and undergoes one of the
following reactions: (n, n’), (n, 2n), (n, f), (n, n’a). The probability of an
inelastic scatter is made similar to that of elastic scattering.

o, .
— Equation 7

GT - Ua
MCNP uses a target-at-rest (laboratory) coordinate system to relate the incident
center-of-mass energy and direction to an exiting particle energy. The inelastic

scattering energy equation is as follows:

E'=E', + E+ap., (A+12) VEE, Equation 8
(A+1)
where E’ = exiting particle energy (laboratory)
E’., = exiting particle energy (center-of-mass)
E = incident particle energy (laboratory)
Uem = cosine of center-of-mass scattering angle
A = atomic mass of collision nuclide

Eventually a neutron will slow down to a thermal energy in which the

thermal neutron will continually undergo elastic scattering until the neutron
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escapes the cell of interest or is captured. Generally, as neutron energy decreases,
the absorption cross section for a nuclide increases (Turner, 1995). The
probability that a neutron will be absorbed by a nuclide is 6,/ or.
Statistics

Each source particle in MCNP is tracked during its ‘random walk’ and
scored based upon the tally selected (Booth et al, 2003). At the end of a run, an
estimate of the sample mean for the chosen score is calculated by the following

equation:
- ] &
X = ﬁz X Equation 9

where x = score
i = history number
N = total number of histories

The measure of the spread, variance, of the population for a large N is
given by:
N -\
Z (xl. -X )
2 _ =l

x N(N -1) Equation 10

The square root of the variance is the estimated standard deviation S.

MCNP uses the estimated relative error as a measure of statistical precision.

S5
R =—= Equation 11
X

The recommended guideline for relative errors is listed in Table 2. All

relative errors for this project were less than 0.05.
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Range of R Quality of the Tally

0.5to1 Garbage
0.2t00.5 Factor of a few
0.1t00.2 Questionable
<0.1 Generally reliable except for point detector
<0.05 Generally reliable for point detector

Table 2. MCNP relative error guidelines (Booth et al, 2003).

Another statistical test is the Figure of Merit (FOM). FOM is defined as:

1

FOM = —
R*T

Equation 12

Since the estimated relative error is inversely proportional to the total number of
histories N and the computer run time 7' is directly proportional to the N, an
acceptable FOM will approach a constant value.

The estimated relative error and FOM are statistical checks on the quality
of the mean. The variance of the variance (VOV) is an estimated measure in the

variance of R and is an indication of tally fluctuations. This is defined as:
vov =s*(s2)/s: Equation 13

The VOV is recommended to be below 10% and is important since S must be a

good estimate of the true standard deviation .
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The output in MCNP has a tally fluctuation chart (TFC) which lists all of
the statistical tests and whether the test was passed. All TFC charts used in this
project passed all of the MCNP statistical tests.

Precision in MCNP is defined as the uncertainty in the mean caused by
statistical fluctuations of the individual scores (Booth et al, 2003). Four different
controllable factors affect the precision: forward vs. adjoint calculation, tally
type, variance reduction techniques, and number of histories. Monte Carlo error
estimates refer only to the precision of the result.

Adjoint calculations follow a particle backwards from the detector to the
source. This calculation is recommended for large source regions and small
detector regions. In addition, there is no ability for adjoint calculations to be used
for a continuous energy spectrum. Conversely, forward calculations transport
particles from the source to the detector and are strongly preferred for large
detector regions. The detector region is the relatively large reference man
cylinder and therefore only forward calculations are used.

As a tally region becomes smaller, the more difficult it becomes to obtain
good tally estimates. The geometry of the tally region also affects the precision of
the result with one-dimension being the easiest and increasing in difficulty by
factors of 10 — 100 for a two-dimensional tally. Representing the human body as
a single two-dimensional cylinder increases the precision in the results.

MCNP has several options of user input variance reduction methods to
reduce computer time while keeping precision in the results at a sufficient level.

No variance reduction methods were used in this project sacrificing longer
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computer processing time in order to reduce complexity in the computer code.
Furthermore, increasing the number of histories to improve the precision takes
additional computer time. Large particle histories, 1 million, were used in this
project yielding prolonged computer time yet meeting the statistical output
recommendations.

Accuracy is a measure of how close the estimated sample mean is to the
true physical quantity (Booth et al, 2003). This difference is referred to as the
systematic error. It is possible for results to have great precision, but very poor
accuracy. There are three factors in MCNP that affect the accuracy of the results:
the code, problem modeling, and the user.

Problems with the code include uncertainties with cross section tables,
constants, mathematical errors, and program errors. MCNP was created in the
1960’s and has since evolved into a widely used and distinguished computer code.
Several different versions of MCNP were created over the years along with data
tables using established constants thereby minimizing the possibility of code
errors.

Poorly modeling the energy and angular distributions of the radiation
source, complex geometries, and material composition can all affect the accuracy
in problem modeling. The neutron sources used in this project consist of both
monoenergetic and continuous energy spectra. Angular distribution difficulties
were minimized by using mono-directional emissions. As for geometry, the
sphere is the easiest to model with less chance of decreasing accuracy since a

sphere is one-dimensional. Although a sphere wasn’t used, a single cylinder is a
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much better choice than several cylindrical compartments or even a three-
dimensional cube.

The elemental makeup of the compartments reduces accuracy if the
elements have large neutron cross sections. This increases the probability that the
neutron will interact with the element. Increasing the number of particle histories
run, thereby increasing computer run time, reduces the accuracy problems with
materials comprised of elements with large neutron cross sections.

The third factor affecting accuracy in the output is the error due to
incorrect user input parameters for the computer code. Most common errors
occur in variance reduction techniques such as applying particle weights. Output
accuracy was not affected by this problem since no reduction techniques were
used in this project. Additionally, sample problems from the MCNP manual were
used after initial setup to verify the program was working correctly. Several other
more complex neutron programs from Dr. Vylet of Duke University were also ran
resulting in similar outputs. MCNP has several precision checks using statistical
analysis, but does not have accuracy checks in the program. Therefore it is very
important that a user understand the inputs and fully evaluate the outputs in order
to achieve proper accuracy.

Geometry and Composition

The adult male is configured as a cylinder 30 cm in diameter with a height
of 100 cm for simplicity, increasing both precision and accuracy. The diameter
was chosen as an approximate diameter to the trunk of the body for reference man

described in ICRP Publication 23. The height of the cylinder was calculated

17



taking into account material density and the 70 kg mass of reference man. The
cylinder makeup is of soft tissue in which the elemental composition is also
derived from ICRP Publication 23 (Cristy and Eckerman, 1987). Appendix A
lists the soft tissue elements as a percent by weight. The density of soft tissue is
1.04 g/em’, giving the cylinder a mass of 73.5 kg similar to the 70 kg mass of
reference man. Using Appendix A and calculating the amount of Na® in the
cylinder results in a mass of 82.3 g. This differs from the ICRP suggested mass of
100 g in reference man. Other studies suggest that this is an overestimation since
ICRP’s assays were chemically based on a small number of cadavers (Mole,
1984). Mole suggests a 75 g sodium mass for reference man, which is close to the
value used in this project.

MCNP requires that a containment area be established around the
experiment. A sphere with a 100 cm radius was created centered around the
cylinder. The containment sphere can be filled with a medium such as air, but in
this project it serves purely as a void.

In order to account for air attenuation over distances from the source, a 0.1
cm thick wall was filled with standard dry air (Appendix A) at 15° C, 760 mmHg,
and 0.001225 g/cm3 (CRC, 2005). Distances between the source and target were
varied by changing the density of air rather than the physical distance by using the
following equation:

p=mlV Equation 14

where p = density
m = mass
V' =volume

18



As the distance between the source to target decreases, the volume of air will
decrease thereby increasing the density for a constant mass. Setting up Equation
14 as a ratio of final to initial variables and solving for the final density yields the

following:

Equation 15

Two distances of 500 m and 1000 m were used to illustrate differences in
neutron spectra incident upon a target through air. The distance from the 10 cm
radius disk source to the target is fixed at 0.1 cm. The wall of air is a 100 x 100
cm square with a 0.1 cm width resulting in a 1000 cm® final volume. The wall is

much larger than the source such that all of the neutrons will enter the wall.

/
=)

Figure 3. Source to wall diagram to capture neutron spectra variation
with air attenuation.

Keeping the height and length of the wall fixed and varying the width to
distances of 500 m and 1000 m will determine the initial volume. The final

densities for the 0.1 cm air compressed wall are calculated and listed in Table 3.
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Distance (m) ¥, (cm’)  Vp(cm’) po.(g/lem’) pr(g/em’)

500 5x10° 1000 0.001225 612.5

1000 1x10° 1000 0.001225 1225

Table 3. Densities of dry air for a given distance.

Source

The source of neutrons is emitted from a circular plane positioned 0.1 cm
away and parallel from the target cylinder. Although it may seem ideal to have
the source plane be a surface on the problem geometry, this can cause problems
with the program. Therefore MCNP recommends positioning the source plane a
short distance, i.e. 0.1 cm, from the problem geometry as this will have no
detectable differences in the output. The starting point for each source neutron is
determined by MCNP as a random location on the plane. Thus selecting a small
number of neutron histories will not produce a uniform beam emission from the
plane. The more histories run will have a more uniform source neutron beam.

Other source variables include neutron direction and energy. All neutrons
in this project are mono-directional toward the target to simulate the incident
neutrons from a distant IND explosion. The neutron energy input can be as
simple as mono-energetic or complex to simulate a neutron energy distribution.
MCNP has several built-in energy functions including fission, fusion,
evaporation, and exponential, to name a few. Since an IND explosion is the result
of fission, the Maxwell fission spectrum was chosen to simulate an IND neutron
energy distribution. The MCNP built in source energy probability function for

the Maxwell fission spectrum is as follows:
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nE)=C- ‘/E ' e(%) Equation 16

where C = normalizing constant
E = neutron energy (MeV)
a = temperature (default is 1.2895 MeV)

The sources were tested in a void to confirm that the program ran
correctly. Several different mono-energetic neutrons were emitted through a void
to a detector. Narrow energy bins were used to verify that there is no energy
variance in the source. All tally outputs detected 100% of the emitted neutrons at
the initial energies.

A similar test was used to validate the spectrum for the Maxwell
distribution. Narrow energy bins could be used to categorize the neutrons, but
since the energy range covers eight decades, the output would be extremely large.
Therefore four energy bins between 1 - 2,2 -3, 3 - 6, and 6 - 10 were selected on
a log scale for each energy decade. The tally detected the total number of
neutrons incident on the detector for that energy range. The Maxwell neutron
energy fission equation was integrated over the same energy increments. A
cumulative distribution of the data displays similarity between the MCNP output

and the Maxwell equation.
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Cumulative Distribution

1.0
— MCNPX /

n 0.8
§ ------- Maxwel /
5 06
[B]
zZ
S 04
[
§e)
5 02
©
L J

0.0 T T T T T T T T T T “‘-‘-‘T‘\ T T T T T

1606 1.E05 1E04 1E03 1E02 1.E01  1.E+00 1.E+01 1E+02
Energy (MeV)

Figure 4. Cumulative distribution comparison for the Maxwell fission spectrum
between the energy equation and MCNP void test output.
Output

MCNP has seven standard built in tallies that account for current, flux,
track length estimates, and pulse heights. All tallies in MCNP are normalized to
be per starting particle. The tallies can be directed to cover a surface or a volume
cell within the target geometry. Any modifications to a tally can be made by the
user in order to achieve a desired output.

The surface current tally counts the number of particles passing through
the selected surface in specified energy bins and has units of particles. This tally
was used to verify the initial source distributions and determine the air attenuated
neutron spectra. Specific angular ranges can be applied to detect only particles
within the particular range of direction. Since the desired output is the fraction of
neutrons crossing the surface within an energy bin, the angular distribution is not

a concern.
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The volume flux tally determines the track length of a particle integrated
over time, volume, and energy. The output is then divided by the total volume of
the cell, resulting in units of particles/cmz. The estimation of the track length is
reliable since there are often many tacks in a cell resulting in many contributions
to the tally (Booth et al, 2003).

The volume flux tally can be modified by using a multiplier card (FM
card) to obtain activated atom volume concentrations. The FM card allows
several different multipliers to be used with the neutrons/cm” output. First an
atom concentration in the volume is determined. Since sodium activation is the
focus of this project, the number of sodium atoms within the volume was

calculated using the following equation.

mole 6.022x10*atoms 1 10 cm’

82.3g Na- 3
23gNa mole 706858cm’  barn

=3.048510%atoms’

Note the units of the multiplier are per unit barn. This is because the cross section
for absorption for Na* is selected in the FM as the next multiplier and has units of
barn/neutron. Multiplying all three factors results in a final output with units of
Na** atoms/cm’.

The cross section for Na* is 0.53 barns defined for a neutron energy of
0.025 eV. The capture cross section for nuclei is proportional to the inverse of the
square root of the neutron energy or neutron velocity (Cember, 1996). This
relation is also referred to as the one-over-v law and can generally be used for

neutrons up to 100 eV to 1 keV (Turner, 1995). Using this information, it is
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possible to predict the number of activated sodium atoms knowing the neutron
flux for a specified bin. A run was performed on MCNP using both the flux tally
output to estimate activation concentration and the FM card output. A
comparison was made to verify that the ENDF/B files contained cross section data
that varied with the incident neutron energy. Figure 5 shows the results of the
comparison. The FM card output follows the estimations very well up to 1 keV
where the law may not hold true. This verifies that the ENDF/B absorption cross

section for Na* does differ with neutron energy.

1.E-09

.—-=‘=====!\ —e— Calculated
1.E-10 \ —=—FM Card

e
m
=
=

1E-13

Na-24 atoms/cm”3
|_\
m
|_\
N

1E-14

1.E-15 , i i i
1.E-02 1.E01 1.E+00 1.E+01 1.E+02 1.E+03

Average Neutron Energy (eV)

Figure 5. Comparing Na** concentrations between calculated one-over-v law
estimates to that of MCNP FM card output to verify that the ENDF/B data files
contain cross sections that vary with energy.
The last tally used is the track length cell energy deposition, which has
units of MeV/g. This tally is similar to the track length flux tally with the

addition of an energy-dependent heating function. The function calculates the

average energy deposited for all reactions with the incident neutron. Since the
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energy deposited depends on the incident neutron energy, the nuclear data files
contain energy dependent reaction cross sections. Any photons produced during

this history are not tracked and therefore are treated as if they escaped.

25



Results and Discussion
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APPENDIX A

Soft Tissue Composition

Element Percent by
H 10.454
C 22.663
N 2.490
O 63.525
Na 0.112
Mg 0.013
Si 0.030
P 0.134
S 0.204
Cl 0.133
K 0.208
Ca 0.024
Fe 0.005
Zn 0.003
Rb 0.001
Zr 0.001

Elemental composition of soft tissue (Cristy and Eckerman, 1987).

Dry Air Composition

Element Percent by
N 78.084

*O 20.9685
Ar 0.934

*CO, 0.0314
Ne 0.001818
He 0.000524
Kr 0.000114

*CH,4 0.0002

*H 0.00021
Xe 0.0000087

*C 0.01054

Elemental composition of dry air (CRC, 2005).
*Molecules were divided by elemental contribution and added to associated element
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APPENDIX B

MCNP Input Code for 1 MeV Neutrons Incident
Upon a Soft Tissue Cylinder

Cylindrical body emitted with mono-energetic neutrons

¢ This program simulates a cylindrical body exposed to a
monoenergetic
¢ plane parallel beam of 1MeV neutrons

¢ Defining the cells
11

-1.04 -100 800 -400

$Cylindrical body

13 0 (100:400:-800) -1000 $Inner Medium of Containment
14 0 1000 $Outer Void
¢ Defining Cylinder
100 cz 15
¢ Defining Planes
400  pz 50 S$Upper Plane
800  pz-50 S$Lower Plane
900  px 15.1 $Source Plane
¢ Defining Containment Sphere
1000  so 100
mode n
mpnn 110
¢ Defining tissue with Na
ml 1001.66¢ -0.10454  $Hydrogen
6000.66¢ -0.22663  $Carbon
7014.62¢ -0.0249 $Nitrogen
8016.62¢c -0.63525  $Oxygen
11023.62¢ -0.00112  $Sodium
12000.62¢ -0.00013  $Magnesium
14000.60c -0.00030  $Silicon
15031.66¢ -0.00134  $Phosphor
16000.62¢ -0.00204  $Sulfur
17000.66¢ -0.00133  $Chlorine
19000.62¢ -0.00208  $Potassium
20000.62¢ -0.00024  $Calcium
26000.42¢ -0.00005  $Iron
30000.42¢ -0.00003  $Zinc
37085.66¢ -0.00001  $Rubidium
40000.42¢ -0.00001  $Zirconium

¢ material for FM card
m2 11023.62¢ -0.00112
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¢ Parallel 1Mev Neutron Beam Along x-axis

sdef erg=1.0 par=1 sur=900 pos=15.1 0 0 rad=d1 dir=-1

sil 60
¢ Defining the Energy bins (not significant for monoenergetic tests)
e0 le-08 1e-07 5e-07 1e-06 2e-06 5e-06 le-05 le-04 1e-03 1
¢ Defining tallies

f4n 1
FM card to determine the number of absorptions
the first number is the density in atoms/barn.cm
the second number is the material number (Na-23)
the third number refers to the type of cross section

-2 1s the absorption cross section for neutrons

fm4 0.000030485 2 -2
¢ Tally for n flux in n's/cm”2

fl4:n 1
¢ Tall for n dose in Gy/(n/cm”2)

forn 1
phys:n 10 0
nps 1000000

O 0 0 00
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