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Abstract
With space flights becoming longer and more feasible, it is important to consider the effect that
constant cosmic radiation will have on our astronauts. Studies have shown that radiation can have a
long-term effect on cardiac health, so a number of labs have started research on radiological effects in the
cardiovascular system of mice. At Nevis Labs this summer, I worked with the RARAF group to model
our experimental setup in MCNP and design shielding that will restrict neutron radiation to only the
heart region of a mouse phantom.
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Introduction

The Radiological Research Accelerator Facility (RARAF) is a facility focused on the effects of radiation
on biological tissue. Usage of the facility ranges widely from the testing of radiation mitigator drugs, the
development of biological assays to quantify radiation exposure, UV sterilization, and more. Our current
experiment aims to understand how radiation effects the cardiovascular system in order to help understand
how astronauts on long term space flights will be affected by cosmic radiation. While cosmic radiation is
composed of protons, alpha particles, and many other types of heavy ions, RARAF is focusing on the neutron
component of this radiation because of its existing well-calibrated and understood neutron source. In the
future, this experiment would move to NASA’s Space Radiation Lab at Brookhaven National Labs.
It is well-documented that atherosclerosis can be caused by cosmic radiation so studies like this are
being done to better understand that process [1]. The mice used for these studies are known as double
knockout (dKO) mice; they have been specifically bred to develop heart disease in similar ways to humans
and on a time scale of about ten weeks. However, if we attempt to expose the heart of the mouse to the
correct amount of radiation without shielding the rest of the body, the high concentration of dose over the
rest of the body will cause problems in the gastrointestinal and immune systems and lead to premature
death. Therefore, it becomes necessary to have shielding designed to focus the neutron radiation onto the
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cardiac region with as high a ratio of dose possible. An example of our setup can be seen in figure 1.
A mixed beam of atomic and molecular deuterons and protons at a ratio of 1:2 are accelerated to
5MeV and focused onto a beryllium target1 . The resultant neutron spectrum is primarily between 0.2MeV
and 9MeV, and it matches the profile seen 1.5km from the Hiroshima detonation site. This is the same
source as used in previous biodosimetry experiments at RARAF. From here, we will physically collimate the
neutron radiation using 5% Borated Polyethylene. About 80% of the radiation is delivered by neutrons with
the remaining radiation delivered by gamma rays. Because we don’t know the exact location of the neutron
source - the beam targeting the beryllium is variable and when it hits a different location on the beryllium,
the source position in the experiment changes - knowing where to properly place shielding becomes important
because of this variability. Using the mouse phantom and radiographic film in figure 1, we will be able to
properly center the shielding over the mouse phantom such that the correct region is targeted.
Our setup includes a “ferris wheel”, as seen in figure 2, with the neutron source in the center and
the samples rotating around it. This is because, while the neutron source radiates in every direction, its
intensity is not uniform due to wiring and cooling tubes blocking some portions. This rotation compensates
for the unevenness.
Neutron interactions depend heavily on the energy of the particles. Because they are not charged, their
only interactions occur from the sort-ranged nuclear force. In matter, neutrons give up energy in interactions
to produce recoil protons, alpha particles, and heavier nuclear fragments. These cause significant cell damage
that is difficult to repair. Our neutron spectrum in this experiment lies solidly in the fast neutron range,
between 100keV and 10MeV. A neutron is considered thermal or slow when it has less than 1/40 eV energy,
at which point it is slow enough to be captured by nuclei.
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Methods

Work for this project was completed in Los Alamos National Laboratory’s Monte Carlo N-Particle (MCNP)
software, which is used to model particle transport. This software allows for the creation of materials,
geometries, and radiation sources for experimental setups. There was some verification from physical tests
with a mouse phantom and radiographic film; our mouse phantom was created from slices of material with
the same density as tissue, with different cavities of other densities for the lungs. Radiographic film is
thin sheets of material that change color with the absorption of radiation. However, my work this summer
consisted solely of MCNP analysis. Within the MCNP code, I primarily used type *F1 tallies to count
particles in each energy bin, F4 tallies with a multiplier for dose [3], and type TMESH1 tallies for counts in
1 We

chose beryllium for its stability, high specific heat, and high neutron yield.
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Figure 1: An image of our setup. The green material is our shielding, the metal cap shown at the top
contains our beryllium target that is the source of our neutrons, and the brown shape below the shielding
is our mouse phantom. This phantom contains three pieces of radiographic film - on at the front, one in the
middle, and one in the back - to examine the dose received at each layer.
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Figure 2: Ferris wheel setup in RARAF.
volume cells.
Before physical experiments could be run I needed to perform some statistical tests to ensure that
MCNP matches and duplicates real life events. First, I verified our beam shape and particle distribution.
For this, I programmed in our source and took a mesh output. Next, I checked that our neutron absorbing
material acts in the simulation as it should according to the materials reference sheet. Our neutron absorbing
material is SWX-201HD 5% Borated Polyethylene High Density Green (BPE). In order to check this, I used
values from the material specification sheet for BPE to check neutron thermalization and photon attenuation
rates. Our material was provided by the company Shieldwerx. Finally, I verified that the two different types
of detector variables I used will give us an analogous ratio to dose.
After these verifications, I was able to analyze a handful of different geometries, including moving the
source off-center to determine what our margin of error in setup is, analyzing the energy spectrum and dose
through different inches of shielding, and changing the width in the opening of the shielding.
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Figure 3: Cross-section view of particle spread when the particle beam is propagating along the y axis.

3
3.1

Results
Particle Spread and Energy Spectrum Verification

The source I programmed was a disc with a radius of 0.75cm emitting neutrons in a 40˝ cone. This is
a simplification; in real life, our source radiates in all directions. However, for the sake of making the
simulation more efficient, this source just needs to have a large enough angle such that it will encompass the
whole mouse phantom and shielding. As seen in figure 3, our beam is more concentrated in the center and
decreases radially, which is as expected when projecting a spherical distribution onto a 2D plane.
Our spectrum is modeled after the spectrum seen 1.5 kilometers from the Hiroshima bomb, simply
because our facility has this setup well understood and calibrated, and also because it provided a good
spectrum of neutrons in the range that we wanted. I specified this spectrum, as shown in table 1, into MCNP
and compared it to the raw spectrum data. This output can be seen in figure 4. What was important with
this verification is that the profile shapes are near identical; the difference in order of magnitude is because
of differing numbers of initial particles (i.e. slightly different normalization).
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Figure 4: Comparison of the IND spectrum in table 1 to the energy spectrum generated in MCNP using the
IND as an input.

E [MeV]
0.1345
0.2025
0.308
0.4595
0.5945
0.691
0.782
0.8915
1.036
1.265
1.625
2.07
2.35
2.7
3.54
4.395
4.845
5.675
6.895
7.8
8.62
9.525
9.99
10

#/MeV/cm2
5.52E+06
5.52E+06
6.45E+07
6.45E+07
2.58E+07
2.58E+07
1.29E+07
1.29E+07
3.98E+07
3.98E+07
2.49E+07
2.49E+07
1.56E+07
1.56E+07
9.53E+06
9.53E+06
1.51E+07
1.51E+07
934505.2
934505.2
175560.8
175560.8
43.46112
10

#/MeV/cm2 (normalized)
5.69E-03
5.69E-03
6.64E-02
6.64E-02
2.66E-02
2.66E-02
1.32E-02
1.32E-02
4.09E-02
4.09E-02
2.56E-02
2.56E-02
1.60E-02
1.60E-02
9.81E-03
9.81E-03
1.56E-02
1.56E-02
9.62E-04
9.62E-04
1.81E-04
1.81E-04
4.47E-08
1.03E-08

Table 1: Input IND spectrum. The normalized spectrum was created by dividing each value by the total
number of particles, which was found by summing up all the particle counts for each bin[4].
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Figure 5: Left: Thickness of SWX-201HD required to reduce to thermal 90% of an incident neutron flux, as a
function of initial neutron energy (exit epithermal flux is 10% of incident neutron flux). Right: Thickness of
SWX-201HD required to reduce an incident gamma flux by a factor of 10, as a function of incident gamma
energy (exit gamma flux is 10% of incident gamma flux). Graphs sourced from material specifications
provided by the company, Shieldwerx.

3.2

5% Borated Polyethylene Material Verification

Using the material specification sheets, I first pulled specific values of energy and thickness of BPE and made
sure that that thickness, when matched with the energy from the graph, would thermalize 90% of incident
neutrons, as seen in figure 5. From looking at table 2, we can see that the percent of thermalized neutrons
hovers around 10% as expected, with some error involved at very low energies and thin amounts of BPE and
at very high energies with thick chunks of BPE. Similarly, I matched energies and thicknesses for photons
to make sure they were 90% absorbed. Because BPE is not a good gamma attenuator these numbers were
less accurate, as seen in table 3, but within acceptable bounds.

3.3

Mesh Tally Verification

I used a track-averaged mesh tally, or a type 1 TMESH tally, in this analysis. Tallies in MCNP function
as detectors in the simulation, and mesh tallies allow the user to specify smaller bins to examine radiation
in. Type 1 mesh tallies score track averaged data of flux, fluence, or current within each defined cell. A
type 4 standard tally, with some conversion factors, shows dose averaged in a volume[3]. However, there is
no guarantee that the ratio of these tallies will match up with the ratio of dose as measured by a type 4
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Inches BPE
0.6
1
2
3.05
4
8

Energy [MeV]
0.01
0.1
1
1.57
3.25
10

Thermal Neutrons
3.58E-05
3.81E-04
4.09E-04
2.53E-04
2.22E-04
1.47E-04

Total Neutrons
2.22E-03
3.80E-03
3.64E-03
2.70E-03
2.41E-03
2.22E-03

% Thermalized
1.61
10.01
11.24
9.39
9.25
6.62

Table 2: Results from testing different thicknesses of BPE with their corresponding neutron energies from
5 in order to make sure that thermal neutrons absorbed by the material made up 10% as per the material
specifications. This worked best at middle energies.
Inches BPE
1.9
5
10
20
40

Energy [MeV]
0.020153
0.07
0.5
2
7.8

Attenuated Photons
9.35E-01
2.51E+00
2.32E+00
1.68E+00
1.45E+00

Total Photons
9.23E+00
1.17E+01
1.08E+01
9.74E+00
9.42E+00

% Attenuated
10.13667
21.45934
21.3639
17.231
15.40256

Table 3: Results from testing different thicknesses of BPE with their corresponding photon energies from 5
in order to make sure that 10% would be attenuated as per the material specifications. It didn’t match up
perfectly in the simulation but we already know that BPE is an extremely poor gamma attenuator.
volume-averaged tally; we would prefer to not use a type 4 volume-averaged tally because it will average the
dose over the whole volume and not show the variation from the front to the back of the phantom. Therefore,
I had to perform a statistical check to see if the ratio of center-to-edge radiation matched in both variations.
I split the mouse phantom into chunks as shown in figure 6. I put a type 4 dose tally in each colored volume
and then put type 1 mesh tallies over each area to compare. For the type 4 dose tally, the slice in the center
had a count of 1.29e-13 and the slice on the edge had a count of 2.65e-14, making the center-to-edge ratio
about 4.88. For a type 1 mesh neutron tally, the center count was 0.00128 and the edge count was 0.000292,
a ratio of 4.38. This is acceptably close - the slight difference in ratio could be because this type of mesh
tally only tallies neutrons and not photons, while the type 4 standard tally is not particle specific. While
this experiment is mostly neutrons, there are still a handful of incident photons that would account for that
discrepancy.

3.4

BPE Thickness Impacts

I ran our spectrum through differing thicknesses of BPE to see the effect on spectrum scale and shape, as
in figure 7. It is clear from that figure that each successive inch of shielding resulted in less detail in the
spectrum as well as a decreased amount of energy deposited. Our tallies here were done within a virtual
mouse phantom comprised of a block of water placed behind the shielding2 .
I performed the same test to check dose decrease, as seen in table 4 and figure 8. You can clearly
2 Water

was used because, since soft tissue is primarily composed of water, it has a similar neutron absorption rate to tissue.
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Figure 6: Location of tallies to verify that a type 1 mesh neutron tally is analogous to type 4 dose volumeaveraged tally in ratio. Red represents the edge and blue represents the center.

Figure 7: Spectrum output from different thicknesses of BPE.
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Inches
0
1
2
3
4
5

Normalized Dose
6.26E-14
3.47E-14
2.11E-14
1.33E-14
8.72E-15
5.82E-15

% of Total Dose
100
55.45568599
33.67113896
21.31547614
13.93970002
9.298727036

Table 4: dose decrease with different inches of shielding

Figure 8: Dose decrease with different inches of shielding.
see that each successive inch of material added approximately halves the dose each time, which behaves as
expected.

3.5
3.5.1

Source Changes
With and Without shielding

Just to confirm that adding shielding would indeed help, I did a quick run with our source incident on our
mouse phantom, both with and without shielding, as seen in figure 9. Clearly, the addition of shielding
focuses the neutron intensity into a clean peak; however, further into the phantom (and further away from
the source), the intensity drops off dramatically. This is because neutron absorption in water (and therefore,
tissue) is extremely efficient. Ideally in an experiment radiation intensity on both sides of the subject would
be the same; therefore, this effect can be mitigated by changing mouse orientation halfway through the
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experiment to get an even dose on both sides.

3.5.2

Center of Source Moved

I varied the source center position from directly over the gap in shielding (or the point 0,0 as seen in figure
10) both up and over 30mm. The shielding here was 9.5cm (approximately 4 inches) thick and located 6
inches from our source. The gap in the shielding was 0.8cm for these specific studies. Because our source
is a cone and not a straight beam, varying the location of its center can change the intensity of the center
peak.
First, I moved up the z axis to create the neutron spreads as seen in figure 11. In our ideal position
at the origin, the center-to-edge ratio is approximately 5 to 1; however, this rapidly decreases as the source
moves further up. Our margin of error in this vertical Z axis is therefore only ˘5mm.
Next, I did the same analysis across the x axis, moving the source across the opening of the gap in
the shielding. This can be seen in figure 12. The center-to-edge ratio stays approximately 5 to 1 but once
the source moves off the edge of the shielding and hits the phantom from the side, that ratio jumps to 6 to
1 skewed heavily to the right.
Finally, I did the same analysis along the diagonal in figure 13 with similar results, including some
“spillover” after shifting more than 30mm over. Line plots of values taken across the center of the long axis
of all the previous color maps can be seen in figure 14.

3.6
3.6.1

BPE Geometry Analysis
Shielding Shapes

As in figure 16, there are three different possible directions: straight, widening, and narrowing. The output
in figure 15 confirms that a widening shape is best for a high center to edge neutron dose ratio. This makes
sense qualitatively for our cone-shaped radiation spread, as the edge neutrons will have more material to
pass through and therefore are more likely to be absorbed.

3.6.2

Shielding Gap

While the opening by the mouse needs to be approximately 1cm wide to focus the radiation in the correct
space, the gap in the shielding on the side closest to the source can vary in width. I changed this width as in
figure 17 from an 8mm gap to no gap (i.e. with the triangular points of the shielding touching). The optimal
width in this setup was around 6mm, with the ratio at 8mm and 4mm being less. It is worth noting that
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Figure 9: Neutron count along the front, middle, and back portions of the mouse phantom.
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Figure 10: I moved the source location along this grid, first vertically along x “ 0, then horizontally along
z “ 0, and finally diagonally along x “ z.
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Figure 11: Moving the source up along the z axis.
the optimal gap width in the shielding is dependent on the distance to the source. Here, the distance to the
source was chosen to be 6 inches because that is approximately the length to the source in our actual setup.

4

Conclusions and Moving Forward

Using MCNP, I was able to correctly model our experimental neutron source and shielding material to
simulate our setup. From here, I determined that the most viable setup for our shielding has a widening gap
in the material; that ideally, the center of our source will be located in the exact center of that gap; and that
when the source is six inches away from our shielding, the corresponding ideal gap is 6mm wide. We have a
larger margin of error in the axis along the gap - we only need to avoid off the edge of the shielding - while
along the z axis we will need to make sure that it is within ˘5mm from the center to get an accurate 1cm
irradiation on the mouse. Moving forward we will be comparing results from these modelled tests to real
radiographic film as our main model-to-measurement method. Some preliminary tests were run as in figure
18, where you can see similar cross-section shapes as to the shielded portions of figure 9. You can also tell
that the source was skewed slightly to the left as there is a telltale bump in dose along the left side of the
spectrum, similar to the top left graph in figure 14 and in the rightmost color map in figure 12.
Something else to potentially consider going forward is creating a more extended environment model of
14
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Figure 12: Moving the source right along the x axis.

Figure 13: Moving the source diagonally.
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Figure 14: Cross sections taken along the center of the mouse phantom along the x axis, from figures 11, 12,
and 13.
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Figure 15: Neutron energy deposition shape for different orientations of the shielding.

Figure 16: Different options for shielding wedge geometry. A has the shielding with straight edges, B with
one narrowing wedge, C with widening wedges, and D with narrowing wedges in accordance with figure 15
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Figure 17: Neutron spread when changing the width of the gap in shielding closest to the radiation source.

Figure 18: Front, middle, and back slices of radiographic film placed within the mouse phantom in figure 19.
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Figure 19: The mouse phantom with radiographic film as seen in figure 18.
the setup to factor in the background created by particles scattered off the aluminum countertop and within
the setup itself. Ideally, this background will be low enough to be negligible, but it is worth investigating as
a possible source of error.
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