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As human exploration of space continues, eventually sights will be set on

establishing a permanent manned habitat on the surface of Mars. The success of such

a base will depend on many new and developing technologies. Low mass and high

energy density power production units will be of paramount importance. Excluding

the development of some new power generating technology the clearest viable option

is nuclear power. One significant drawback to using a nuclear reactor for a power

source is the heavy shielding that must be used to protect humans from the radiation

field generated by the reactor. In order to minimize the shielding mass, taken from

Earth to adequately shield the reactor, it may be possible to use Martian soil as the

primary shielding material. Previous work has suggested that non-line-of-sight

geometries between the reactor and the habitat will provide the greatest radiation

protection to the crew. This feasibility study examines the shielding properties of two
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such geometries. The first shielding geometry attained by using is a small crater,

where the second geometry uses a cavity drilled into the surface.

The 2001 Mars Odyssey observer data has been analyzed and it has been

determined that between one and two meters below the Martian surface there exists a

hydrogen rich layer. This study examines the effects that this hydrogen rich layer

will have on the shielding properties of the two geometries. The shielding properties

are evaluated based on a dose response comparison, where dose is estimated for

phantoms placed in increasing distances from the reactors. Calculation in this study

will be carried out using Monte Carlo N-Particle 5 (MCNP5), a stochastic radiation

transport code.
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Investigation into the Effects of Subsurface Ice Deposits on the Shielding of
Fast Spectrum Nuclear Reactors using Martian Regolith

Chapter 1 Introduction

Objectives:

The primary objective of this study is to understand how the neutron and gamma

radiation fields outside a fast spectrum nuclear reactor on Mars, shielded by indigenous

material, will change based on different amounts of subsurface ice deposits. This work will

built on previous research efforts recommending the use of indigenous material for

shielding a fast nuclear reactor using non-line-of-sight geometries between the reactor and

the crew habitat (Johnson et al. 1992). From the first set of simulations, conclusions were

drawn concerning the effectiveness of using an existing small crater to shield a nuclear

reactor for a preliminary Martian settlement. More specifically, the goal is to estimate the

dose received by settlers as the thickness of the ice-poor and ice-rich layers of Martian

regolith are varied.

The second set of simulations measured the effect of subsurface ice deposits on the

neutron and gamma radiation fields outside a fast reactor shielded by indigenous material.

These simulations will differ from the first in that they will be simulating a larger reactor,

that would be used for a more advanced Martian settlement. The shielding geometry, in

this case, will not be a naturally occurring crater, but an anthropogenic cavity drilled into

the Martian surface.

This study is designed to yield detailed data giving dose estimates in humans vs.

distance from the reactor for the different shielding material geometries. The overall

objective of this study is very simple in nature; it is to determine if the use of indigenous
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material is a valid shielding option for a nuclear reactor on Mars. And, if the presence of

subsurface ice alters shielding characteristics significantly such that mission planners

should consider altering the proposed site of the first Martian base.
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Chapter 2 Background

2.1 Mission to Mars Background:

As human exploration of space continues, eventually sights will be set on

establishing a permanent manned base on the surface of Mars. The success of such a base

will depend on many new and developing technologies; however low weight and high

energy density power production units will be of paramount importance. This electrical

power will be used for scientific experimentation, mining, excavation, surface exploration,

and some form of power intensive, close-looped life support system. Preliminary estimates

place life support power requirements at 51 kW for an 18 member crew (Mason et al.

1989). Solar power is one option for the Martian base, especially because it has already

been implemented on the Martian rover. However, even under ideal conditions, a

photovoltaic solar panel of 900 m2 would be required to sustain 50 kW of electricity to the

base (Landis et al. 1991). Furthermore, the Martian night would require large numbers of

massive power storage units. Clearly, this is a significant engineering task that is not ideal

for starting an outpost in such a hostile environment.

Excluding the development of some new power generating technology, the only

other viable option is nuclear power. Nuclear power is ideal because of its high power

density, long operational life, and it does not require oxygen to operate. There have been

many studies examining the implementation of nuclear power for a lunar base, but

relatively few studies concerning the use of nuclear power on the Martian surface (Mendell

1995). However, there are many similarities between establishing a lunar base and

establishing a Martian base, namely power requirements, indigenous resources, and similar
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hostile working environment. Therefore, the methodology that was proposed to implement

nuclear power on the lunar surface can be translated to the implementation of nuclear

power on the surface of Mars. A description of Lunar base developmental stages and

power requirements can be seen below in Table 2.1.

Table 2.1 Projected stages, population size, and power level requirements for proposed lunar bases.
Taken from Lunar Bases and Space Activities of the 2l' Century, Mendell 1995.

Stage Activity Power Levels Probable Nuclear Power Supply
Automated Surface

1 Exploration! Site Preparation kWe Radioisotope Generators
Initial Lunar Base (6-12

2 people) 100 kWe Nuclear Reactor (SP-100)
Early Lunar Settlements

3 (1 00-1 000 people) 1 MWe Expanded SP-100 (Advanced Design)
Mature Lunar Settlement

4 (-10,000 people) 100MWe Nuclear Reactor (Advanced Design)
Autonomous Lunar Hundreds of Nuclear Reactors (Advanced Design w!

5 Civilization (>1 00,000 people) MWe Complete Lunar Nuclear Fuel Cycle)

The first step is to transport a small (100 kW) nuclear reactor to the surface of

Mars. This reactor should require a minimum amount of manpower before operation can

begin. The speed at which this reactor can be started is vital, given that the crew will have

a limited amount of life-support capability until the reactor is started and the power

intensive life support cycle can begin. While this reactor is operating, construction of the

permanent base would continue, and it is likely the base would attain the ability to excavate

large amounts of Martian soil. This ability would be vital in constructing large structures

filled with regolith to shield against cosmic radiation (Mason et al. 1992).

The second stage of this implementation is to transport a larger reactor (850 kWe) in

order to provide power to the now expanding settlement. It has been proposed that this

larger reactor be shielded by placing it in a cylindrical cavity drilled 4 meters deep into the



Martian surface, referred to as the "advanced reactor shielding geometry." All other non-

core reactor equipment will be placed outside the cavity on the surface, i.e., heat engines,

power transfer equipment, and heat radiators. The Martian regolith should provide

sufficient shielding to allow working 10 meters from the core, while the base could be

located 100-1000 meters from the core resulting in a relatively small dose to the crew

within the base. This technique is advantageous because it will allow the reactor to have

only a small amount of shielding mass, for instrumentation, taken from Earth. Also, having

the reactor as close to the base as possible will minimize the amount of power transmission

cable required (Mason et al. 1992).

It is unlikely that any excavation techniques will be available to use when the first

reactor is landed on the surface. Even the excavation of a cavity 4 meters deep with a

diameter of 3.5 meters (requiring 38 m3 of soil removal) would be prohibitively energy-

intensive to implement (Mason et al. 1989). For this reason the first reactor will be

shielded with alternating layers of lithium and tungsten taken from earth. This shield

would weigh approximately as much as the reactor core itself and would shield to a dose of

10 remlyr at a distance of 1000 meters (Mason et al. 1989).

This is indeed a sizable dose considering the recommended total dose limit to an

astronaut is 50 rem/yr and the short term dose limit is 25 rem/30 day (NCRP 98, 1989).

The recommended lifetime dose limit of 100-500 rem and 10 year career limit of 70-300

rem are based on age and gender (NCRP 132, 2000). It is important to note these dose

limits, unlike typical dose limits for radiation workers, are simply values adopted by

researchers working in space radiation applications and are not actual regulatory limits.



One shortcoming of the lithium and tungsten shield is that the dose at 5 meters from

the reactor would be on the order of 50 rem/hr. This would make all but the simplest

maintenance on the non-core components impossible. It is therefore logical to locate the

reactor in a natural structure, such as a crater, so that no excavation is required. This

shielding methodology will be referred to as the "crater shielding geometry." The crater

should be of a size so that no radiation is directly incident on anyone standing just outside

the crater's rim. Likewise, all of the heat radiators and heat engines could be located

outside of the crater. This way the dose rates outside of the crater could be low enough to

allow maintenance of non-core components while the reactor is operating. The major

disadvantage of this system is that it will require a large amount of piping and insulation to

carry the coolant from the reactor to the heat engines. This increase in weight could be

offset by removing the heavy Iithiuniltungsten shield from the reactor. The end result

could be a system delivering lower dose rates to the crew of the Martian base, that would

be more robust in terms of performing maintenance and repair.

2.2 Radiation in Space Background:

Before the dose rates and shielding requirements for a reactor on Mars can be

evaluated, it is relevant to discuss the entire space radiation environment that will be

encountered during the mission. The three primary sources of ionizing radiation in space

are: 1) solar particles emitted during solar flares or solar particle events; 2) galactic cosmic

radiation (GCR) and; 3) Van-Allen-belt radiation. This third type of radiation will not be

examined closely as the crew will quickly pass through the belt on the way to and from

Mars, resulting in a minor component of total mission dose (Miroshnichenko 2003).
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Solar particle events (SPE) are stochastic in nature. The strength of any given SPE

can be thought of in terms of integrated flux and average particle energy. These two

characteristics are loosely correlated, as can be seen in Fig 2.1. Stronger events both in

terms of flux and average particle energy occur less frequently. Smaller events occur

several times a year, but generally pose little radiological risk. Some of the largest events

ever recorded represent a significant and even lethal dose to unshielded crew members.

One of the largest events was recorded in October of 1989. Its integrated flux was over

5*1010 protons/cm 2,with a maximum particle energy of nearly 500 MeV.

1.00E+1O

1 .00E09
Oct-89 I

1.00E+11

Nov-601 .00E+08

I
Aug-721.00E+07
Feb-56

C 1 .00E-i-06

1.00E+05

1.00E+04
1 10 100 1000

Kinetic Energy (MeV)

Figure 2.1 Total fluence vs. particle energy for the four largest recorded solar particle
reproduced from Conway et al. 1991.

While lasting only a few days, the event would have delivered a near lethal dose of 200

rem to an unshielded astronaut. Fortunately, the majority of the dose comes from lower

energy protons that can be shield efficiently. Mission designers have proposed that "storm



shelters" be constructed on interplanetary vessels (Conway et al. 1991). These shelters

would consist of a small living area surrounded by vast amounts of shielding to protect

from high energy particles. Likewise, a storm shelter would be constructed inside the

Martian base because the planet has no natural magnetic field to deflect the particles, nor

does it have an appreciable atmosphere to attenuate the particles. Although the solar

particle events can not be effectively predicted, they can be detected with enough time to

warn a crew so that they may retreat to the shelter and remain there until the event has

passed. These storm shelters can be designed to protect against the strongest recorded

solar particle events so that the crew would receive a dose of only one or two rem. Solar

proton events therefore, are not considered to be a major dose contributor to Martian

settlers (Conway et al. 1991).

Galactic cosmic radiation (GCR), however, plays a significant role in delivering

dose to the crew of a spacecraft, as well as individuals on the surface of Mars. Galactic

cosmic radiation is comprised of approximately 85% protons, 12.5% alpha particles, 1%

heavy nuclei, and 1.5% electrons (Conway et al. 1991). The relationship between GCR

composition and kinetic energy per nucleon can be seen below in figure 2.2.
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1.00E+01
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Figure 2.2 Flux vs. energy for galactic cosmic radiation at a solar minimum. Reproduced
from Conway et al. 1991.

These particles are generally in the GeV range and have been detected up to

102 eV. The alpha particles and electrons are not of great concern because they deposit

their energy within a short range and can be shielded easily. However, the higher energy

protons and heavy ions present a serious engineering challenge to shield. These particles

have a relatively weak interaction probability with matter, making them effective at

penetrating shielding material. When these particles do interact, they are of such high

energy they frequently cause spallation events. When a spallation event takes place, the

target nuclei receives sufficient energy from the incoming cosmic ray that it is shattered

into its basic constituents, i.e., neutrons and protons. These lower energy protons and

neutrons are far more effective at delivering dose to human targets because of their higher

interaction probability. For these physical reasons, the dose from GCR can not be easily
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shielded against. As the thickness of the shield is increased, there is a larger target for the

very high energy GCR to interact with, resulting in more secondary spallation particles. In

some cases the dose from GCR can actually increase with an increase in shielding

thickness. When designing such a shield, one must define an acceptable dose rate, as well

as the amount of shielding that is economically reasonable given the high cost of lifting

additional shielding material to Mars (Conway et al. 1991).

Galactic cosmic radiation also dominates the natural background radiation on the

surface of Mars, as it dominates the background radiation during interplanetary travel. As

discussed above, Mars has no magnetic field to deflect the charged cosmic rays nor does it

have an atmosphere of sufficient density to attenuate the rays appreciably. The majority of

these rays reach the Martian surface where they interact with the top 2-3 meters of regolith.

Spallation events occur, producing high energy neutrons. These neutrons will then diffuse

up to the surface, some of which will be emitted back out into space (Boynton 2002).
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Figure 2.3 Depiction of cosmic ray induced background radiation of Mars. Taken from NASA
website.

While the neutrons diffuse in the surface, they generate gamma rays by neutron capture and

inelastic scattering. The end result is a neutron and gamma-ray field emitted from the

Martian surface delivering an annual dose of approximately 10 rem/yr to an unshielded

human or about 30 times Earth's natural background (Boynton 2002).

2.3 Geology and Atmospheric Composition on Mars:

The neutron spectrometers onboard the orbiting 2001 Mars Odyssey have detected

strong signals indicative of high levels of hydrogen close to the surface of Mars. These

signals are so strong that the hydrogen is likely in the form of ice (Boynton 2002).

However, it is possible the hydrogen rich layer is comprised of some other hydrogen rich

material such as hydrocarbons or ammonia. It has been calculated from the data collected
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that the ice does not appear at equal depths across the planet. The thickness of this "dry"

upper layer (regolith) decreases from 1.20 meters at a latitude of +1-42 degrees to about 20

cm at +1- 77 degrees. The amount of ice found below the dry layer is thought to be

between 20% and 50% by weight, but is generally accepted to be about 35%. This ice is

several times less dense than the surrounding regolith particles with which it is mixed.

From a volumetric standpoint, the ice makes up 60% of the volume while the non-ice

constituents comprise the other 40% of the layer's volume. Therefore, the lower layer is

more accurately described as "dirty ice" as opposed to regolith mixed with ice. There is a

debate over how thick this dirty ice layer extends. Estimates place the thickness between

10 and 1000 meters (Boynton 2002).

To keep the dose estimates as conservative as possible the density of the upper layer

will be assumed to be 1.0 g/cm3 (Boynton 1992). The chemical composition of the

regolith, from the Mars observer gamma ray spectrometer, is listed below in relative molar

concentration.

Table 2.2 Elemental composition of Martian soil based on Mars observer gamma ray spectrometer
(Boynton 1992). Values are in moles per cm3. All values are for dry regolith based on a density of 1
g/ cm3. Values in parentheses are for dirty ice based on a density 1.56 g/ cm3.

Elemen S0H Elemen SoU Elemen SoU Element SoU
H .0021 (.0624) Al 0.00152 Ti 7.92E-05 Sm 9.20E-09
C 0.0005 Si 0.00768 Cr 2.88E-05 Gd 1.40E-08
N 7.14E-05 S 9.38E-04 Mn 6.18E-05 Th 1.94E-09
0 .0297(.0486) CI 1.97E-04 Fe 0.00245 U 5.46E-10
Na 3.50E-04 K 3.08E-05 Co 5.59E-07
Mg 0.00152 Ca 0.0011 Ni 8.86E-07

The dirty ice layer will have the same chemical make up as the dry layer, except there will

be an additional amount of ice, increasing the hydrogen and oxygen concentrations. These
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increased values are listed in parentheses in Table 2.2. The density of this lower layer is

given by: mineral density (2.5 g/cm3) multiplied by its volume fraction (0.4) plus the

density of ice (0.9 g/cm3) multiplied by its volume fraction (0.6) to get a value of 1.56

g/cm3 (Taylor 2002). From Table 2.2 it can be seen the Martian regolith is primarily

composed of oxygen, silicon, and iron. However, the heavier trace elements may play an

important role in the production of gamma rays from neutron capture, inelastic scattering,

and neutron activation.

The chemical composition of the Martian atmosphere is 96% carbon dioxide with

trace amounts of nitrogen and argon. This atmosphere is only 1% as dense as the

atmosphere on Earth (0.000013 g/cm3). The consequence of this is that there will be

essentially no interaction between the radiation emitted by the reactor and the atmosphere

(Masarik 1996).

2.4 Ice Deposits on Mars and the 2001 Mars Odyssey:

The 2001 Mars Odyssey spacecraft was equipped with gamma ray and neutron

spectrometers in hopes of finding water deposits below the Martian surface from orbit.

This remote detection is made possible by the same galactic cosmic radiation that causes

the high natural background radiation levels. The surface of Mars is continuously

bombarded with cosmic rays which are relatively unattenuated by the thin Martian

atmosphere. These cosmic rays interact with the top few meters of the Martian surface

causing spallation events resulting in a background neutron flux coming up out of the

surface. These neutrons can then be captured by various isotopes in the Martian soil.

Shortly after this capture reaction a gamma ray is emitted with a specific energy based on
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the capture isotope. Of particular interest is the 'H(n, gamma)2 H which yields a gamma

ray of 2.225 MeV. This gamma ray can penetrate the thin Martian atmosphere and be

detected from orbit through the use of gamma-ray spectroscopy equipment (Taylor 2002).

The concentration of hydrogen in the Martian subsurface can also be estimated by

measuring the energy of the neutrons, from orbit, that are emitted from the surface. Much

like the 2.225 MeV gamma ray, the neutrons emitted from the surface can travel from the

surface to an orbiting detector having few interactions with the atmosphere. These

neutrons are born as fast neutrons having several MeV of kinetic energy. The neutrons

slow down by colliding with nuclei and imparting some fraction of their kinetic energy to

the target nuclei. The Martian regolith is comprised of mainly oxygen, silicon, and iron

with trace amounts of various elements. All of these materials are relatively poor neutron

moderators given that they have relatively high atomic masses (greater than 10). However,

if hydrogen is present in the regolith, the fast spallation neutrons will be much more

strongly thermalized by the regolith. The Mars Odyssey orbiter is designed to measure the

neutron spectrum emitted from the surface. The degree to which the neutrons are

thermalized will yield insight into the concentration of subsurface hydrogen (Taylor 2002).

The main challenge of the Odyssey team was to relate the count rates of the 2.225

MeV gamma rays and neutrons of different energies to the concentration of hydrogen in the

subsurface. The team was forced to make a number of assumptions in their model to reach

a final estimate. The first assumption is that there are two discrete subsurface layers, one

containing virtually no hydrogen and one that is rich in hydrogen. Second, the chemical

composition of the regolith is the same as what was measured during the Viking missions.
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It is also assumed the layers are arranged with the hydrogen poor layer on top of the layer

rich in hydrogen. If the ice content is fixed for the two layers both thermal and epithermal

neutron fluxes decrease until the top layer becomes about 20cm thick. At this point, the

thermal neutron flux rises dramatically and epithermal flux slowly decreases (Taylor 2002).

Once this correlation had been established, the Odyssey team preformed

calculations varying the ice content in the top layer from 1 to 2 wt%, varying the lower

layer from 10, 20, 35, 50 wt%, and varying the thickness of the upper dry layer from 10 to

200 cm. It was found that the 1 wt% upper layer and 35 wt% lower layer provided the

closest match between observed data and simulated results. More importantly it had been

shown that the upper regolith layer decreases as latitude increases, which is expected

because more ice deposits should be found in colder regions of Mars. The upper thickness

of this layer decrease from 120 cm at +1-42 degrees latitude to 20 cm at +1-77 degrees

latitude. It is theorized even at a latitude of +1-40 degrees moving to the equator, the ice

rich layer maybe only one or two meters below the surface (Taylor 2002).
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Figure 2.4 Global map of relative amounts of subsurface ice deposits on Mars based on 2001 Mars
Odyssey observations. Taken from NASA website.

2.5 The SP-100 Reactor:

The SP-100 reactor program was designed to provide a highly reliable long running

(7-10 year) nuclear reactor to be used for space applications. These applications include

powered satellite operation, long term onboard power for manned space flights, lunar base

power production, and Martian base power production. As the program continued,

multiple groups developed different designs to meet different mission criteria. The result

of these efforts is the SP-100 reactor series. The SP-100 reactor is not a single design but a

series of designs meeting different mission specifications. The SP-100 reactors are fast

spectrum reactors (majority of fissions are induced by fast neutrons) that range in thermal

output from 100 kW to 2500 kW. For safety reasons the reactor must have a negative
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temperature feedback coefficient so that power level will automatically follow a variable

load without the need for continuous adjustment of control elements. The coolant used in

these reactors varies but is generally helium gas or liquid lithium. Likewise, fuel type is

not universal but is generally uranium oxide or uranium nitride (Mason et al. 1992).

The most debated design characteristic of the SP-100 is the power conversion

engine. Designers have argued whether to use Brayton or Sterling engines to convert heat

produced by the core into electricity. In this study, the power conversion engines will not

be used in any calculation.

2.6 Principles of Shielding a Nuclear Reactor:

When determining shielding for a nuclear reactor there are several radiation sources

that are dependent on each other and must be taken into consideration when performing

shielding/dose calculations. These sources include the following:

1. Prompt fission neutrons: These are the neutrons emitted at the moment of fission

with an average energy of 1-2 MeV. A fraction of these neutrons are used to sustain the

nuclear chain reaction while the remaining neutrons are free to be absorbed by non-fuel

components of the reactor or leak out of the reactor. Due to their high flux and high

efficiency at killing and mutating human cells, they are the most important consideration in

designing a biological shield (Lamarsh 1983).

2. Delayed fission neutrons: These neutrons are released from fission products,

between fractions of a second to a few minutes after the fission process takes place. The

neutrons are generally lower in energy (-400 keV) and represent less than 1% of the total

neutrons emitted by the reactor. For shielding calculation these neutrons are not as



significant as their prompt counterparts. However, these neutrons play a significant role in

maintaining the criticality of the reactor (Lamarsh 2002).

3. Prompt fission gamma-rays: These gamma rays are emitted at the moment of

fission. They typically range in energy from a few hundreds of keV to several MeV. In a

large thermal reactor these gamma rays are almost completely attenuated by the reactor

vessel and the moderator. However, in smaller reactors a significant amount of prompt

fission gamma rays will escape, which must be taken into account during the shielding

calculations (Lamarsh 2002).

4. Fission product decay gamma rays: These gamma rays are emitted from fission

products. This gamma ray flux builds up the longer a reactor has been operating until some

steady state flux has been reached. While the reactor is operating the dose from these

gamma rays is significant but not dominant. In contrast, after the reactor has been shut

down, and the neutron flux falls to zero, this phenomenon will dominate dose calculations.

Generally, these gamma rays range in energy from tens of keV to several MeV. In large

thermal reactors most gamma rays under I MeV will be absorbed by the reactor vessel and

the moderator (Lamarsh 2002).

5. Capture gamma rays: These gamma rays are produced each time a neutron is

absorbed by a nucleus in radiative capture. This reaction is most probable at thermal

neutron energies. Reactor shielding and coolant are generally the most likely sources of

this type of radiation (Lamarsh 2002).

6. Activation gamma rays: This type of radiation is very similar to capture gamma

rays. The distinction is that capture gamma rays are generated instantaneously while
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activation gamma rays are released over time by atoms made radioactive by neutron

capture (Lamarsh 2002).

2.6.1 Neutron Removal Cross Section:

As discussed previously, the most important shielding concern, in this simulation, is

the fast neutron flux produced by the fission process. To examine this problem we must

first look at the concept of removal cross section. This concept states that the loss in fast

neutron flux with respect to time is equal to the flux multiplied by the neutron removal

probability:

dci5=rmdt. (1)

This removal probability rm (macroscopic removal cross section) is the probability that

the neutron will undergo any interaction that will lower its kinetic energy. For a point

neutron source the fast flux will decrease according to:

(2)

where r is the distance from the point source as well as the shielding thickness. For

example, a fast neutron point source in pure beryllium would have a macroscopic cross

section of 0.132 cm' (Lamarsh 2002). Therefore the fraction of neutrons passing through

100 cm of beryllium without an interaction would be equal to:

e (.132cm)(1OOcm) =1.85*106. (3)

Given that only 1.85 neutrons out of one million will be able to pass through the beryllium

without a single interaction, it is clear that fast neutrons interact easily with shielding

material, lowering their energies. However, this is somewhat misleading because each



20

collision with beryllium produces only a small energy loss to the neutron. This energy loss

is given by:

rr.5*(1..a)*E, (4)

where is the initial energy of the neutron and a is the collision parameter equal to

7 i

a1
"'

I
, (5)'A+l)

where A is the atomic mass of the target nucleus. In the case of beryllium a neutron would

be required to undergo 69 collisions to lower its energy from 2 MeV to 1 eV. An ideal

moderator would be low in atomic mass to maximize energy transfer per collision, as well

as having a large macroscopic cross section to increase the probability of interaction. In

fact, moderating power is a quantity defined as mean lethargy gain per collision multiplied

by macroscopic cross section, where mean lethargy gain per collision is defined as

(Duderstadt 1976):

a ma. (6)1a
Once a neutron has been fully moderated, it is at thermal equilibrium with the

surrounding environment. By definition it can no longer impart significant kinetic energy

to surrounding atoms. At this point the neutron can only be removed by a capture reaction,

which is also characterized by a cross section. These cross sections range widely from a

few barns in hydrogen to several thousand barns in cadmium. The ideal material to stop

thermal neutrons would have a high absorption cross section and would subsequently emit

no radiation or radiation (caused by the capture reaction) with a short range such as a low
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energy gamma or charged particle. If the range of these emitted particles is sufficiently

short, they will likely be absorbed within the shielding material, delivering no dose to a

target beyond the shielding boundaries. Ironically hydrogen, the ideal material for

thermalizing fast neutrons, is a poor choice for stopping thermal neutrons because of its

relatively low absorption cross section and the emission of a high energy gamma ray upon

neutron capture. The ideal shielding configuration for fast neutrons would be a thick layer

of hydrogenous material to thermalize the neutrons followed by a layer of matenal that

strongly absorbs thermal neutrons.

2.6.2 Gamma Ray Shielding:

When shielding a reactor, gamma rays are generally considered to be less important

than neutrons. This reflects the dose they typically deliver to biological targets outside of

the reactor. However, in order to completely shield a reactor, it can be vital to also shield

against gamma radiation. As with shielding neutrons, gamma rays are governed by first-

order removal kinetics. For an emission point source in a material the fraction of

uncollided gamma rays at a distance, x, is given by:

L (7)

The coefficient p ip is a measure of the gamma interaction probability for a given

material at a specific energy. Generally, high Z materials make better shielding for gamma

rays (Turner 1995).
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At the most fundamental level, all shielding problems can be described by:

e_*x
(8)

I 4**

where 1(r) is the uncollided radiation flux at some distance r from a point source, I is the

flux with no shielding material, x is the shielding thickness, and is the removal or

attenuation cross section. The e*x component represents radiation attenuation in the

shielding, while the 4 * r * r2 component represents the reduction in flux due to isotropic

emanation from a point source. That is to say, the radiation field will become less intense

as distance from the source increases. In theory, all shielding problems could be solved

using this equation by discretizing the source into multiple point sources, solving each one

individually, and summing the results. However, the complexity of the problem grows

rapidly for real life reactor shielding problems where the source is not a point, both gamma

rays and neutrons are emitted at different energies, and there are multiple shielding

materials with complex geometries.

2.7 Shielding Properties of the Martian Regolith and Dirty Ice:

The shielding properties of the Martian regolith are dominated by the most

abundant elements found in the soil: hydrogen, oxygen, magnesium, aluminum, silicon,

sulfur, calcium, and iron. These eight elements make up 97% of the mass of the regolith

and about 98% of the dirty ice (Masarik 1996).
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Table 2.3 Comparison of thermal absorption properties of dry soil and dirty ice. All data
taken from Chart of the Nuclides 16th edition.

Element Z
Thermal Absorption Relative Concentration of Dry

Regolith
Concentration of Dirty Ice

(barns)

H 1 0.332 0.0021 0.0021

0 8 0.00028 0.0297 0.0297

Mg 12 0.168 0.00152 0.00152

Al 13 2.56 0.00152 0.00152

Si 14 0.066 0.00768 0.00768

S 16 0.23 0.000938 0.000938

Ca 20 0.52 0.0011 0.0011

Fe 26 0.43 0.00245 0.00245

Water n/a 0.664 n/a 0.0194

Macroscopic Cross Section of Dry soil normalized to 1 g/cnlA3: 0.00433 cm

Macroscopic Cross Section of Dirty Ice Normalized 1 g/cmA3: 0.0172 cm

While neither the dirty ice nor the regolith are strong absorbers of thermal neutrons, the

dirty ice has a higher macroscopic cross section by a factor of 3.97 if both densities are

assumed to be 1.0 Wcm3. When the increased density of the dirty ice (approximately 1.56

glcm3) is factored in, the value jumps to 6.20.

Table 2.4 Evaluation of neutron thermalizing effectiveness of dry soil and dirty ice. All data taken
from Chart of the Nuclides 16th edition.

Element Z Atomic Mass
Removal Cross Relative

Concentration
Collision

Parameter
Mean Lethergy

Section (barns) Gain/Collision

H 1 1 1.00 0.0021 (.0624) 0 1.000

0 8 16 0.92 0.0297 (.0486) 0.779 0.120

Mg 12 24.3 1.60 0.00152 0.848 .0800

Al 13 27 1.73 0.00152 0.862 .0722

Si 14 28 1.89 0.00768 0.867 .0698

S 16 32 2.02 0.000938 0.882 .0612

Ca 20 40 2.64 0.0011 0.905 .0492

Fe 26 55.8 1.98 0.00245 0.931 .0354

Number of collisions needed to reduce energy of neutron from 2 MeV to 1 eV
in dry soil: 95
Number of collisions needed to reduce energy of neutron from 2 MeV to 1 eV
in dirty ice: 26
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The dirty ice layer is approximately 3.60 times more effective at thermalizing

neutrons if both densities are the same. If the increased density of the dirty ice relative to

the regolith is factored in, this value jumps to 5.62, making the dirty ice a more desirable

fast neutron shielding material. Because the dirty ice is significantly more effective at

absorbing thermal neutrons and thermalizing fast neutrons, it is likely that the presence of

this subsurface dirty ice will greatly improve the shielding properties of the two shielding

geometries discusses in chapter one.

2.8 Neutron Dosimetry:

Neutrons interact with matter in three different ways: elastic scattering, inelastic

scattering, and neutron capture. All three of these interactions take place with the nucleus

of the target atom and not with the electrons surrounding the atom.

Elastic scattering is often described as a "billiard ball" type of reaction, in that

classical Newtonian physics can be used to describe the collision parameters between the

neutron and target nucleus. Using conservation of energy and momentum, the energy loss

of the neutron is given by:

(9)

where is the initial energy of the neutron and a is the collision parameter as defined

previously. As the atomic mass of the target nucleus increases, it becomes less effective at

slowing down neutrons because the neutron can not impart as much of its kinetic energy

per collision. For this reason hydrogen is the most effective element at slowing

(thermalizing) high energy neutrons. Given that the human body has a high molar fraction
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of hydrogen, elastic scattering in the body will play a significant role in fast neutron

dosimetry (Martin 2002).

Elastic scattering is generally the dominate interaction in the neutron thermalization

process. However, inelastic scattering can also play an important role. Inelastic scattering

is similar to elastic scattering with one major exception. After an inelastic scattering event

the target nucleus is given some fraction of the neutron's incident energy just as in elastic

scattering. The difference is that some of the neutron's incident kinetic energy is also used

to elevate the target nucleus to an excited state, thus forming an excited compound nucleus.

This compound nucleus rapidly falls back down to the stable ground state by the emission

of a photon.

Once elastic and inelastic scattering events have worked to slow the neutron down

to thermal energies (thermal equilibrium), the final mechanism becomes dominant.

Neutron capture occurs most often at thermal and epi-thermal energies. Because the

neutron is uncharged, it encounters no Coulombic forces when moving close to the

positively charged nucleus. If the neutron passes sufficiently close to the nucleus, it will be

absorbed via the strong nuclear force. Often the newly formed, neutron-rich nuclide is

radioactive and will decay resulting in additional dose to the target.

The likelihood of each of the three interactions above is described by a specific

microscopic cross section. Each reaction type has its own set of cross sections which are

dependent on the incident neutron energy and the target nucleus. The probability of a

specific interaction at a specific energy is given by:
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(10)

where 1(x) is the number of neutrons that pass through a medium of thickness x without an

interaction of a specific type. Sigma is the macroscopic cross section which is equal to the

atomic number density in [atoms/cm3] multiplied by the microscopic cross section [cm2].

The dose from fast neutrons (-1 0 keV and above) is due mainly from the recoil

energy of the target nuclei in elastic collisions. These recoil nuclei have a very high LET

and typically deposit 100% of their energy within close proximity to their origination point.

Often the concept of "first collision dose" is used to estimate how much energy fast

neutrons deposit within a target. First collision dose represents an estimate of the amount

of energy a fast neutron will deposit in a target from only one collision with an atom in the

human body. The neutron will impart up to one half of its kinetic energy to the target

nuclei, which will result in a dose to the target. Therefore, this first collision dose will be

within a factor of two of the actual dose from all neutron collisions. This should not be

interpreted as the total neutron dose (Martin 2000).

Once the neutron has become fully thermalized, it can no longer deliver dose to the

target through collisions. However, the thermal neutrons can be absorbed by an atom

through radiative capture or by non-radiative capture. Radiative capture will result in the

near instantaneous release of a photon, while non-radiative capture often results in the

creation of a radioactive nucleus. The two primary captures that cause dose in humans are

the 'H(n, gamma)2 H reaction and the '4N(n, proton)'4 C reaction. The 'H(n, gamma)2 H

reaction yields a 2.225 MeV gamma ray that is treated as an internally distributed gamma
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ray source. These 2.225 MeV gamma rays will deposit 27.8% of their energy within a

standard human. The remainder of the energy will simply escape the body. The dose rate

(mradlhour) from this mechanism is 7.08 per 10000 thermal neutrons per cm2 second.

The '4N(n, proton)'4 C reaction yields a 0.626 MeV proton which will deliver nearly 100%

of its energy inside the body. The dose rate (mrad/hour) from thermal neutrons due to this

reaction is 0.9845 per 10000 thermal neutrons per cm2 second (Martin 2002).

It is clear that using the above method to calculate dose from a fast neutron

spectrum will become very complicated if the neutrons are of different energies and the

flux is non-uniform. Furthermore, it is not possible to accurately quantify the energies

deposited by fast neutrons after the first collision. The reason for this is neutron dosimetry

is highly dependent on target geometry. That is to say, some neutrons will only undergo

one scattering event before leaving the target while others will undergo several scattering

events before a capture. The average number of collisions a neutron will undergo will

depend on the geometry of the target, composition of the target, and average incident

energy. This makes the calculation required to achieve an accurate dose estimate

overwhelming, if not altogether impossible.

One possible tool for calculating neutron dose is the Monte Carlo method. In this

method all of the physical characteristics of the system are represented in a statistical

manner. When a neutron is created, its energy and direction of flight are sampled from

user supplied distributions and the neutron is then tracked until it is absorbed or leaves the

sampling volume. During the lifetime of the neutron all of the interactions it undergoes

(elastic, inelastic, and capture) are estimated and recorded. From the collision tallies the



dose can be calculated based on tabulated dose conversion factors. This process of creating

and tracking neutrons is repeated over and over until the relative error in dose falls below

some desired value.
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Chapter 3 Materials and Methods

3.1 Monte Carlo, a Stochastic Approach:

The major objective of this work is to track the dose distribution and radiation

profile as a function of distance from an SP- 100 reactor, with Martian regolith providing

the shielding material. The complexity of this problem arises from the fact that the reactor

emits a spectra of both gamma rays and neutrons, the composition of the regolith is not

constant, and the regolith geometry is complicated. The variability in these parameters

suggests that a deterministic modeling method would be quite difficult to perform.

Therefore, a different method must be used. Monte Carlo is a method used to reproduce a

statistically-dependent process such as the interaction of radiation with matter. It is an

especially useful technique in that it is not hindered by complex geometry or material

composition. The probability distributions governing collision events are sampled to

describe the phenomenon as it would happen in real life. This sampling is based on the

generation of random numbers to sample different parameter values for multiple

calculations. The use of a random number generator is analogous to rolling dice, hence the

name Monte Carlo. This process must be performed on a digital computer because many

particle histories must be completed to arrive at a statistically robust result. For this

technique to be useful probability distributions must be sampled from known transport

data, e.g. nuclear cross section data.

3.2 A Monte Carlo Example:

Consider a calculation to determine the transport of a monoenergetic parallel

neutron beam through a slab of given composition. The first task is to determine where the
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first collision will take place. This is done by sampling from the probability distribution

function, in this case:

p(x)=E,e, (11)

where is evaluated at the initial energy of the neutron. Now a random number is

selected to locate the first collision. If the location of the first collision is larger than the

thickness of the slab, no collision is recorded. Conversely, if the location of the first

collision is found to be within the slab, the type of reaction must be determined. Assuming,

for the sake of simplicity, that only elastic scattering and absorption can take place, the

probability of scattering is p5 = and the probability of absorption is p = 1 p5.

A random number R is selected between 0 and 1. If R< p the collision is assumed

to have been an elastic scattering; otherwise an absorption took place. If the collision

results in an absorption, the history is tallied and terminated; the next particle is then

generated. If an elastic collision had occurred, the scattering angle and energy loss would

be determined from known physical distributions. Then, the scattered neutron is tracked to

see where the next collision will take place. This elastic scattering will continue until the

particle's energy is fully absorbed or until the particle leaves the volume of the slab. If

several million neutron histories are performed, the flux of neutrons and energy deposition

as a function of slab depth can be determined.

MCNPc

The specific Monte Carlo program that is used for this work is Monte Carlo N-

Particle 5 or MCNP5. This code is capable of simulating the transport of neutrons,
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photons, and electrons. The code tracks a three dimensional configuration of materials in

geometric cells bounded by first and second degree surfaces. The input MCNP file, or

input deck, consists of three "cards" each giving a different set of simulation parameters.

The "volume card" is comprised of individual volumes defined by surfaces and assigned a

material composition with a corresponding density. The "surface card" is made up of

surfaces used to define volumes in the volume card. The "data card" contains all other

information needed to run the problem, i.e., source data, material data, and tally

specifications (X-5 Monte Carlo Team 2003).

3.3.1 Shielding Geometry:

The shielding geometry of both parts of this study was kept as simple as possible to

avoid an overly cumbersome problem, as well as to keep the simulation as computationally

efficient as possible. The geometry of all simulations consists of three pieces: the regolith,

dirty ice, and atmosphere (shielding); the reactor (source term); and the human phantoms

(target).

Keeping the crater shielding geometry of a theoretical Martian crater close to what

it would actually be on Mars is vital to the accuracy of the first set of simulations. In order

to determine the dimensions of the crater, one must define the "optimal size" of the crater.

The optimal size of the crater is defined to be just large enough so that a reactor (200 cm

high and 150 cm in diameter) placed at the bottom of the crater will not have any

unobstructed view of a human, 174 cm tall (ICRP 23 1979) , standing 100 cm outside the

outer rim of the crater. In other words the crater must be large enough to ensure that no

radiation has an unobstructed path to anyone working on secondary reactor systems outside
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of the crater. However, the crater chosen to house the reactor should not be too large

because it will become more difficult and expensive to engineer the connection between the

core, inside the crater, and the secondary systems, outside of the crater.

Unfortunately, few Martian craters have been mapped to characterize depth, width,

inner wall incline angle, and outer wall descent angle. However, crater geometries are

relatively universal and the dimensions for our simulated crater were taken from Meteor

Crater in Arizona (Fig. 3.1).

Figure 3.1 Meteor Crater in Arizona.

Meteor Crater is approximately 1000 meters in diameter, which is 1-2 orders of magnitude

larger than the crater we will simulate in MCNP. Craters up to a few kilometers across,
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with a single ring, and a steep impact angle tend to be proportional to each other in terms of

depth, inner wall incline angle, and outer wall descent angle (Kathleen 1987).

The crater's depth (from the surface) to diameter ratio is 1:5. Likewise, the rim

height (above the surface) to depth ratio is 1:4. The inner wall incline angle and the outer

wall decline angle are not constant, but range from some maximum value to zero.

However, if these angles are averaged over the lengths of the walls, we find the inner

incline angle is 40 degrees and the outer decline angle is 20 degrees. Finally, the ratio of

the diameter of the flat bottom of the crater to the total diameter of the crater is 1:2.

Scaling Meteor Crater and matching it to the "optimal size" criteria previously mentioned

will yield a crater 400 cm deep (from the surface), 2000 cm in diameter, with a 100 cm

high outer rim. The crater will have a flat circular area on the bottom of the crater 500 cm

in diameter, before a constant incline angle of approximately 40 degrees, followed by a

decline angle of approximately 20 degrees.

lineter

4ineters

J degrees

5 ititrshtor
Core

Figure 3.2 Side view of Crater simulated in MCNP

O degrees

It is important to note that these dimensions are for a crater that has "aged" sufficiently;

when a crater is formed it is not flat on the bottom, but rounded. Over time, wind swept

sediment will quickly fill the crater until at some point the geometry of the crater will not
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rapidly change over time. Because of the windy conditions on Mars, it is reasonable to

assume most craters would have a flat bottom making them ideal for placement of a nuclear

reactor.

The last assumption that must be made is that the icy layer under the surface

reforms after the crater is formed. Any subsurface ice located at the point of impact of a

meteor would most likely melt upon impact. However, over several hundreds or thousands

of years, the water and ice would migrate under the crater reforming the subsurface ice

layer.

This geometry is reproduced in MCNP by using a large array of right angled

cylinders located inside of each other stacked three levels high. The cylinders are stacked

in this way to reflect the three types of materials that are expected to be encountered on

Mars. The lowest level, dirty ice, is made of regolith minerals mixed with 35% wt ice

(figure 3.3, red). The second layer consists of regolith with a density of 1.0 glcm3(blue).

The final layer is the thin Martian atmosphere with a density of 1% the density of earth's

atmosphere or 0.000013 g/cm3(yellow). The total volume of the crater shielding geometry

is a cylinder 675 cm high and 4600 cm in diameter. The diameter of each cylinder moving

out from the origin increases by 10 cm. The height of the regolith, dirty ice, and

atmosphere cylinders is altered between fixed boundaries to form craters with different

starting depth of the dirty ice layer.
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Figure 3.3 Close up view of
interface between atmosphere, dry
regolith, and dirty ice boundaries.

Figure 3.4 Side view of crater shielding geometry based on Meteor Crater.

The advanced reactor shielding geometry will be used for second set of simulations

(Fig 3.4). This geometry is similar to the first in that the basic geometry is the same, i.e.,

three layers of right angle cylinders. For this geometry the top surface of the Martian

regolith is at a constant elevation, unlike the previous simulations. The 2500 kW reactor

was placed inside a cavity 400 cm deep by 200 cm in diameter. Directly above the reactor

is a circular lithium hydride shield that has a thickness of 45 cm. Above this is a gamma

ray shield made of tungsten that is 2.5 cm in thickness (Mason et al. 1989). The total

simulation volume is a cylinder of 675 cm in height by 2000 cm in diameter. The thickness

of all individual cylinders is set to 25 cm while the material characteristics remain

unchanged from the previous crater shielding geometry.
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Figure 3.5 Side view of advanced reactor shielding geometry.

The architecture of MCNP does not allow the transport of neutrons simultaneously

with the photons that are produced directly from fission and decay products. Therefore, for

each simulation, two different MCNP run must be performed. The first run deals with

neutron transport and will model prompt fission neutrons, delayed fission neutrons, gamma

rays produced by inelastic scattering, and capture gamma rays. The second half of each

simulation will take into account all prompt fission gamma rays and gamma rays from the

decay of fission products.

3.3.2 Source Term:

Based on design schematics, the reactor core is modeled to be a cylinder 200 cm in

height and 150 cm in diameter. Likewise elemental composition is taken to be (Lewis

Research Center 1993):

Fuel pins 315 kg (assume U3 08)

Reactor vessel 195 kg (iron)

Reflector 125 kg (Byrillium)

Safety Rods 25 kg (Cadmium)

Details concerning exact fuel pin composition, geometry and location are unknown

to this researcher, thus making it impossible to calculate the neutron and photon flux inside

the reactor and the flux emitted from the reactor. Fortunately, this study is fundamentally a
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shielding problem and, as such, only the particle flux coming out of the reactor is

important. Because this is a fast reactor the spectral shift that the neutrons will undergo

upon leaving the reactor core will be small as compared to a thermal reactor. In other

words most neutrons that leave the reactor will have approximately the same energy they

had at which were born; this is a known quantity. The reactor core will, therefore, be

modeled as a homogeneous mixture of the above listed elemental composition. Then, the

neutron "birth" location will be sampled uniformly inside the core volume. Defining the

source term in this way will help retain some of the spectral shaping the actual core would

have on the neutron and gamma flux. In this work, the assumption has been made that this

reactor is dry, thus having no coolant. Normally this type of reactor would be filled with

circulating liquid lithium. This assumption, although not desirable in practice, will make

the dose estimates more conservative because the lithium will slightly thermalize the fast

neutrons making them more easily shielded when they leave the reactor. The core is also

assumed to be highly enriched U-235 which is consistent with the SP-100 design.

The total neutrons emitted by the core per unit time are calculated from the power

output of the reactor. The reactors for the two geometries must be able produce 100 kW

and 850 kWe, respectively. The first reactor is assumed to have an efficiency of

approximately 29% to yield a thermal output of 350 kW. While the second larger reactor

has a total thermal output given to be 2500 kW. Assuming a recoverable energy of 180

MeV per fission (Lamarsh 1983) and using the number of neutrons emitted per fast fission

of U-235 as 2.6, the neutron generation rate is given by:



(35000Q1/s)
(18OMeV/fission)(1 .602 * 10W' 3J/Me

= (1.215 * 10'6fissions/s)(2.6neutronsl fission) = 3.16 * 10' 6neutronsls (12)

The activity of the second reactor is given by:

(250000Q1/s)
(1 8OMe V/fission)(1 .602 * 1 0' 3J/Me J')

= (8.654*1016fissions/s)(2.6neutrons./fission) = 2.25 * 10' neutrons! s (13)

The neutron initial energies are sampled from the fast Watts fission spectrum (X-5 Monte

Carlo Team 2003).

The prompt fission gamma rays and decay gamma rays are also sampled uniformly

with the homogeneous reactor core. Likewise, the total number of gammas emitted per

unit time is based on the total thermal output of the reactors. This is possible because the

average number of gammas emitted per fission is a known constant, 7 gammas! fission

from steady state fission product decay and 5 gammas/fission from prompt fission gamma

rays (Lamarsh 1983). This yields the following source terms for the gamma rays produced

by the two reactors:

(1.215 * 1016 fissions /sX7 gammas / fission + 5 gammas / fission) = 1.476 * 10' 7gammas/s (14)

(8.654 * 0' fissions /s)(7gammasl fission + 5 gammas! fission) = 1.051 * 1018 gammas/s (15)

The initial energies of these gamma rays are sampled from empirical formulas for

prompt gammas and decay gammas at reactor equilibrium (Lamarsh 1983).

Prompt gammas: z(E) = 26.Oe_23E for 0.3<E<1 (16a)

Zp(E)=8.0ellE for 1<E<7 (16b)

Decaygammas: Xd(E)=6.65eIE (17)

where the function %d(E) is defined so that xd(E)dE is the number of gamma rays emitted

per fission with energies between E and E + dE. These equations were added together and
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discretized by evaluating them at 32 different energies so the distribution could be entered

into MCNP. Finally, the less frequent high energy gamma rays were biased, using the

MCNP biasing function, so they could be tracked in greater detail. This was done because

the higher energy gammas are more penetrating than their lower energy counterparts and

will, therefore, have a greater effect on dose.

3.3.3 Neutron Regolith Activation:

In addition to the reactor source term there will be an additional source of radiation

outside of the reactor volume. This additional source term is a result of the neutron

activation of the regolith. Several components of the regolith can be activated to some

degree or another. The activity of any individual isotope in the regolith during reactor

operation is given by the following equation:

ACt! V!tY=95Ya (1-e') (18)

where a is the macroscopic absorption cross-section of the isotope, 0 is the thermal

neutron flux, 2 is the decay constant of the activated isotope, and t is the time which the

reactor has been operating. It is unclear if this regolith activation will result in a significant

dose to an individual standing in close proximity to the crater. The simplest method to

determine if this activation dose is significant is to estimate the dose contribution from the

most significant neutron activation isotope. A dose rate calculation was performed and

compared to the dose rate from all other contributors. All of the major constituents of the

regolith have thermal neutron absorption cross sections in the range of millibarns or tenths

of barns, except iron which has two major isotopic absorptions. Iron-54 has a relative

macroscopic cross section almost as high as Al-27. However, it emits no gamma ray. Iron-
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58 has a relatively high cross section of 1.3 barns. However, Fe-58 has only a 0.282%

natural abundance. Although Al-27 has a cross section of only 0.23 barns, its natural

abundance is 100% with the subsequent emission of a high energy gamma ray.

Table 3.1. Thermal neutron activation properties of Martian regolith. Concentration data based on
Mars observer gamma ray spectrometer (Boynton 1992). All other information taken from Chart of
the Nuclides.

Isotope
Molar Concentration of

Natural
Abundance

Thermal
Activation Cross

Relative
Macroscopic Cross

Gamma Energy of
Activated Isotope

Dry Regolith (mol/cm3) Section (barns) Section
0-18 0.0297 0.205 0.00016 2.7865E-05 197.1, 1356.8,...
Mg-26 0.00152 11.01 0.039 0.01866913 843.8, 1014.4,...
AI-27 0.00152 100 0.23 1 1779
Si-30 0.00768 3.0872 0.107 0.072566861 1266.2 (weak)
S-36 0.000938 0.02 0.2 0.0001 07323 3104

Ca-46 0.0011 0.004 0.7 8.81007E-05 1297.1
Fe-54 0.00245 5.845 2.3 0.942121711 none
Fe-58 0.00245 0.282 1.3 0.025691362 1099.2,1291.6

When comparing the relative macroscopic absorption cross section from Table 3.1,

we can see that Al-27 activation will result in the emission of more than an order of

magnitude times the number of high energy gamma rays than the next largest contributor.

Once MCNP has calculated the average neutron flux for a region of regolith, the saturation

activity can be determined. This activity can then be input, as the new source term, into a

second MCNP run so an estimate of dose rate from aluminum activation can be made.

3.3.4 Tallies:

In order to track how the radiation emitted by the reactor moves through the

Martian regolith, a system of MCNP tallies is required. The tracking of neutrons through

the regolith was done by volume tallies every meter and every half meter in the incline and

decline regions of the crater rim, respectively. In order to track the spectral shift of the

neutrons moving out radially from the reactor, energy bins were set up within each tally. It
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is believed the neutron spectrum will change more rapidly moving away from the core on

the inner rim wall than the outer rim wall. These energy bins have the following

boundaries: 0 eV to 0.5eV (cadmium cut off), 0.5 eV to I eV, I eV to 10 eV, 10 eV to 100

eV, 100eV to I keV, 1 keV to 10 keV, 10 keV to 100 keV, 100 keV to 1 MeV, and I MeV

to 10 MeV. Likewise, these same energy bins were set up within the human phantom to

observe the neutron energy spectral shape as the neutrons interact with the phantoms.

3.3.5 Phantoms:

The construction of a computer simulated mathematical human, or phantom, for use

in this study is vital to obtaining accurate dose estimates for an actual person standing next

to the reactor. With the advent of faster and faster computers, mathematical models of

human phantoms have become more and more complex. Currently many phantoms include

bone structures and individual organs, each with a different composition. For the most part

phantoms with internal structure are used where the dose to individual organs is expected

to vary greatly. However, for this study we are not necessarily concerned with variations in

dose to individual organs, but dose to the body. It would be possible to construct a

complex phantom, tally doses in each organ, and sum these doses to calculate the total

body dose, however the error in MCNP calculations is directly related to the number of

interactions in a tally volume. Therefore, the smaller the tally volume the more error can

be expected in the dose calculation. Because this is a shielding application, relatively few

radiation interactions are expected to take place inside the phantom. Thus it is unlikely that

sufficient interaction will take place inside individual organs to yield statistically

meaningful results.
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Furthermore, the dose to the phantoms will be due mostly to neutrons. In general

neutrons, both fast and thermal, have relatively flat dose vs. penetration profiles as they

move through human tissue equivalent material (Martin 2002). This implies that all organs

inside the body would receive approximately the same dose assuming the composition is

relatively close to tissue equivalent. Dose limits are generally much higher for individual

organs relative to total body dose limits. Because the dose to all organs is expected to be

approximately the same, it is reasonable to assume the limiting dose in this situation will be

the total body dose.

The phantom structure used in all simulations is based on the MIRD-V model,

originally designed at Oak Ridge National Laboratory (Turner 1995). This phantom is

based on the reference man of 174 cm in height with a mass of 70 kg yielding a density of

0.95 g/cm3. The phantom is defined by three sections, an elliptical cylinder (24 cm high

with 10 cm major axis and 7 cm minor axis) comprising the head and neck, an elliptical

cylinder (70 cm in height with 20 cm major and 10 cm minor axis) comprising the torso,

and two truncated right cones (80 cm in height with a top diameter of 10 cm and a bottom

diameter of 2 cm) comprising the legs. There is one slight variation between the MIRD-V

model and the phantom used in this simulation (Fig 3.7). In the MIRD-V model the

phantom's legs come together at the base of the phantom where the feet would be. In this

study the phantoms legs are not angled. This was done because the angling of truncated

right cones in MCNP is very difficult and the effect on dose received is thought to be

negligible because the mass and shape of the legs are kept constant.
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Figure 3.6 Anterior view of
phantom simulated in MCNP.

The next step in constructing a working phantom in MCNP is setting the

elemental composition of the phantom to be representative of the elemental composition of

an actual person. The reason for matching elemental composition is that it will preserve

the number and types of interactions that the radiation will have with the phantom. For this

study, the phantom will have an elemental content as given by Martin (2002).
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Table 3.2 Atomic density of most
common elements found in
reference man. Taken from
Martin 2902.

Element Atoms/cc
Hydrogen 5.98E+22
Oxygen 2.45E+22
Carbon 9.03E+21
Nitrogen 1 .29E+21
Sodium 3.93E+19
Chlorine 1.70E+19

Under normal conditions MCNP will calculate the number of collisions in a given

phantom. This collision rate is not the desired dose rate. To determine the dose rate, a set

of conversion factors from NCRP-38 (1971), ANSIIANS-6.1.1 (1977), which are very

close to the values tabulated by ICRP 2 1(1975), will be used. These conversion factors

have units of rem /hr
and are essentially all encompassing, meaning they take into

n/cm *

account energy deposition from neutrons of all energies, the 'H(n, gamma) 2H reaction, and

the '4N(n, proton) "C reaction, and are all based on reference man constructed out of tissue

equivalent material ICRP 23 (1975).

For the crater shielding geometry (350 kW reactor in a crater) there are eight

phantom placements. The first calculation is for a phantom placed 1400 cm away from the

reactor. Each subsequent placement is an additional 125 cm away from the first (Fig 3.8).

All phantoms are place so they are facing the reactor and so that they unlikely to shield any

other phantom from the incident radiation. This technique will allow one MCNP run

instead of eight to yield the same results.
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For the advanced reactor shielding geometry (2500 kW reactor in a manmade

cavity) there are also eight placements. Placements are identical to the crater shielding

geometry, except that the first phantom is place 200 cm away, on the surface, from the

reactor and each subsequent phantom is placed an additional 100 cm away, on the surface.

Figure 3.7 Top down view of advanced reactor shielding geometry.

3.4 Simulation Description:

As was mentioned, this study is divided into two main geometries, the crater

shielding geometry and the advanced shielding geometry. The crater shielding geometry is

of a 350 kW SP-100 reactor located in an indigenous crater that is approximately 20

meters in diameter. Within this geometry four different simulations were performed. In

each simulation the starting elevation of subsurface ice was changed, by changing the



thickness of the top dry regolith layer, in order to measure the effect it will have on

radiation transport and dose to the phantoms. In simulation one through four the depth of

the dry regolith layer was changed from 20 cm to 70 cm to 120 cm and with no subsurface

ice present. As mentioned previously, each simulation required two MCNP runs. The first

run is for the transportation of prompt neutrons, delayed neutrons, inelastic scattering

photons, and radiative capture photons. The second run takes into account the prompt

gamma rays and the gamma rays from fission product decay.

The advanced shielding reactor geometry is of a 2500 KW SP-100 reactor located

in a man made cavity drilled into the Martian surface. This geometric configuration

required five different simulations, each consisting of two MCNP runs. The first three

simulations had a change in the depth of the dry regolith layer from 20 cm to 120 cm to no

subsurface ice at all. This effectively changed the subsurface elevation at which the dirty

ice begins. These simulations were performed to quantify what thickness of dirty ice is

required to absorb the majority of the neutrons. However, these simulations are, in fact, not

physically realistic. It is extremely likely, given the heat generated by the reactor and the

reactor's proximity to the dirty ice that the dirty ice will melt. This loss of shielding will

alter the shielding properties of the soil, thus altering the surface dose rates. This was not a

concern for the crater shielding geometry because the reactor was not directly adjacent to

the dirty ice.

The fourth simulation of the advanced shielding geometry had the subsurface ice

located just around the reactor with a thickness of 200 cm. Based on the first three

simulations of the advanced reactor shielding geometry, this thickness was determined to
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be the thickness to absorb almost all of the neutrons. This 200 cm layer could theoretically

be duplicated by injecting a proposed high hydrogen content epoxy directly into the

subsurface to match the hydrogen density of the dirty ice. This epoxy is being developed to

be mixed with regolith in order to be used as building material for a cosmic ray shielding

structure (Miller 2003). The exact amount of epoxy needed is not known, but is thought to

be about 25-50, tons assuming it has the same hydrogen weight fraction as water.

The final simulation was identical to the previous one except a two-inch thick slab

of iron was placed on the surface to serve as a gamma shield. This gamma shield is

significant because it will be observed that in the presence of subsurface ice the surface

dose will be dominated by gamma rays. Theoretically, this iron could be mined from the

Martian soil and refined. This would eliminate the need to bring extra shielding material

from Earth.

All runs were performed on four different computers each with slightly different hardware.

All runs were set up to run full time on each of the computers processors (appendix C).

The time of each run was set so that the error on all phantoms was 15% or lower.

However, for some runs this 15% was not an achievable error due to time constraints;

therefore they were run for a time no longer than 25 days.



Chapter 4 Results

4.1 Results for Crater Shielding Geometry:

The following results are for the crater shielding geometry as described in Chapter

3. The results for all simulations were found to be very similar, therefore only data from

the 20 cm dry layer simulation will be listed in this section. All other data are listed in the

appendix. The neutron spectral data will be presented graphically due to the significant

length of the data set.

Table 4.1 Total neutron dose rate as a function of distance from the reactor for the 20 cm
dry layer simulation.

Position Number Distance (cm)
Dose rate
(rem/hr)

Absolute Error
(rem/hr)

1 1400 1.08E+03 6.27E+01
2 1525 6.79E+02 4.83E+01
3 1650 5.22E+02 4.14E+01
4 1775 3.57E+02 3.36E+01
5 1900 2.56E+02 2.96E+01
6 2025 1.94E+02 2.41 E+01
7 2150 2.09E+02 2.71E+01
8 2275 1.76E+02 2.48E+01

Table 4.2 Total photon dose rate as a function of distance from the reactor for the 20 cm
dry layer simulation.

Position Number Distance (cm)
Dose Rate
(rem/hr)

Absolute Error
(rem/hr)

1 1400 3.72E+01 2.05
2 1525 3.24E+01 2.83
3 1650 2.02E+01 2.38
4 1775 1.59E+01 2.39
5 1900 1.23E+01 2.47
6 2025 9.06E+00 2.22
7 2150 9.42E+00 2.91
8 2275 6.74E+00 2.42
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Figure 4.1 Neutron flux spectrum in phantoms for 20 cm dry regolith layer with the crater shielding
geometry.

4.2 Results for the Advanced Reactor Shielding Geometry:

The following results are for the advanced reactor shielding geometry as described

in Chapter 3. The results for all of the simulation containing subsurface ice were found to

be very similar. Therefore only the results for the simulation with 200 cm of ice around the

reactor and from the simulation with no subsurface ice will be shown in this section. All

other results are listed in the appendix. The neutron spectral data for the simulation with no

subsurface ice is represented graphically due to the length of the data set. No other neutron

spectral data will be given because for all other simulations the neutrons are completely

absorbed within 2-3 meters.
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Table 4.3 Total neutron dose rate as a function of distance from the reactor for the no
subsurface ice simulation.

Position Number Distance (cm)
Dose Rate
(rem/hr)

Absolute Error
(rem/hr)

1 200 2.18E+04 5.66E+02
2 300 6.50E+03 3.00E+02
3 400 2.06E+03 1.55E+02
4 500 1.24E+03 1.21E+02
5 600 6.46E+02 9.01 E+01
6 700 2.87E+02 5.57E+01
7 800 1.08E+02 1.57E+01
8 900 1.45E+02 4.2OEi-01

Table 4.4 Total photon dose rate as a function of distance from the reactor for the no
subsurface ice simulation

Position Number Distance (cm)
Dose Rate
(rem/hr)

Absolute Error
(rem/hr)

1 200 1.05E+04 123
2 300 2.85E+03 60.1
3 400 9.38E+02 32.9
4 500 3.99E+02 19.9
5 600 2.00E+02 13.9
6 700 9.02E+01 8.57
7 800 7.47Ei-01 8.16
8 900 2.91E+01 4.10

Table 4.5 Total neutron dose rate as a function of distance from the reactor for the 200 cm
subsurface ice simulation. Note that zero dose rates are not to be interpreted as actual zero dose
rates, but should be viewed as below some computational detection threshold.

Position Number Distance (cm)
Dose rate
(rem/hr)

Absolute Error
(rem/hr)

1 200 1.18E+01 9.55E+00
2 300 0.00E+00 0.00E+00
3 400 0.00E+00 0.00E-'-OO
4 500 0.00E+00 0.00E+00
5 600 0.00E+00 0.00E+00
6 700 0.00E+00 0.00E+00
7 800 0.00E-1-00 0.00E+00
8 900 0.00E+00 0.00E+00



Table 4.6 Total photon dose rate as a function of distance from the reactor for the 200 cm
subsurface ice simiilatinn

Position Number Distance (cm)
Dose Rate

(rem/hr)
Absolute Error

(rem/hr)
1 200 3.18E+03 74.7
2 300 3.87E+02 20.4
3 400 1.O1E+02 8.47
4 500 3.72E+01 4.10
5 600 2.15E+01 3.00
6 700 1.23E+01 2.18
7 800 1.04E+01 1.75
8 900 4.79E+00 0.959

Normalized Neutron Spectral Flux in Phantoms with no
Subsurface Ice
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-.-- Phantom 1
-.-- Phantom 2

Phantom 3

Phantom 4
-*--- Phantom 5
-.-- Phantom 6
-+--- Phantom 7
- Phantom 8

Table 4.2 Radially normalized neutron spectral flux in phantoms for simulation 8 with the advance
shielding geometry.
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Chapter 5 Discussion

5.1 Estimation of Dose from Regolith Activation:

The exact calculation of the dose from regolith activation is complicated given that

neutron flux is dependent on all three spatial variables, thus making the Al-28 distribution

non-uniform. Furthermore, the thickness of regolith will shield the Al-28 atoms differently

depending on where the radioactive atoms are created. In order to make an estimation of

this dose a number of assumptions were made. The average thermal neutron flux was

taken to be io neutrons/cm2 *5 Using equation 19 we can calculate the specific activity

for the regolith.

Activity=( io neutrons/cm2 *s)(0.23 * 1024 cm2 )(0.00 1 52moles/cm3)

(6.02*1023 atoms/mole)=21 Bq/cm3 or 0.00057 Ci/m3 (19)

Assuming the activated volume is a cylinder 1000 cm in diameter and 500 cm deep the

total activity from Al-28 would be 8.2 GBq at equilibrium. This sample area is not the

actual activated area, but only an estimate. Using the uniformly distributed cylindrical

source term described above a new MCNP run was performed to estimate dose rate. The

dose rate calculation was made using a single phantom (Fig 3.8) placed on top of the

activated regolith cylinder and using the before mentioned photon flux to dose rate

conversion factors. The resulting photon dose rate was found to be 0.00025 rem/hr with

5% relative error.

For the advanced reactor shielding geometry the thermal fluxes, found in the

regolith below where the phantoms are placed, tend to be two orders of magnitude higher

than in the crater shielding geometry. This is expected given that the reactor's thermal
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output is approximately an order of magnitude larger and because the phantoms are located

closer to the reactor. If all other parameters remain the same, the dose rate from regolith

activation for this geometry would be approximately 0.025 rem/hr with 5% relative error.

Due to the fact the activation dose rates, for both shielding geometries, are significantly

lower, more complicated modeling of the dose from soil activation is not required. It is

important to note that the dose rate from regolith activation may not be insignificant once

the reactor has been shut down because the reactor's radiation output will drop off rapidly

with time after shut down.

5.2 Discussion of Crater Shielding Geometry Results:

For each simulation, total dose rate vs. distance was plotted. These data were then

normalized to factor out the radiation losses associated with increasing the distance from

the source to the target (geometric losses) and plotted again. This will help to show the

effect that crater material has on shielding the phantoms vs. distance. This is important

because the amount of material between the source and the phantom does not increase

linearly as distance from the source to phantom increases. Assuming the reactor is

approximately a point source at the location of the phantom's positions, this "radial

normalization" is accomplished by using the inverse square law found in the denominator

of equation 8. All phantoms are normalized to the first phantom using the ratio:

ørnn =
()2(Ø), (24)

where q5,,,, is the radially normalized flux at the nth phantom position, d is the surface

distance of the nt phantom position to the reactor, d1 is the surface distance of the first
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phantom position from the reactor, and is the flux at the first phantom position. This

normalization also works for dose calculation because particle flux is proportional to dose,

assuming that dose is the result of primary particles and not scattering. The neutron

spectral flux and normalized spectral flux for each simulation has been plotted to give

insight into the energy of neutrons that are penetrating the crater and delivering dose to the

phantom. Finally, the effective dose delivered to the phantoms by different neutron energy

groups has been plotted for each simulation. Error bars, representing plus/minus one

standard error, are given for each data point.

The most important result from this work is the calculation of dose rate vs. phantom

position, because this will tell us the magnitude of dose rate that could be expected outside

the crater.

1.60E+03

1.40E+03

1 .20E+03

1.00E+03

8.00E+02

6.00E02
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2. 00 E+ 02
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Total Dose vs. Distance

.--20 cm dry layer

-.--- 70 cm dry layer
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120cm dry layer

-k--- No subsurface icel

Figure 5.1 Total dose vs. distance for simulation 1.4 for crater shielding geometry.
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There are two significant observations that can be made about Fig 5.1. First, with regards

to the magnitude of the dose, the closest phantom has a dose rate on the order of 1400

rem/hr, resulting in a time to lethal dose of about 20 minutes. Even at nearly 23 meters

away from the reactor the dose rate is 200 rem/hr. These are extremely high dose rates

even for a fast reactor, which generally requires a great deal of shielding (relative to

thermal reactors). The second major observation is that the dose rates are only slightly

altered by the presence of subsurface ice. The simulation with the largest amount of

subsurface ice suggests higher amounts of subsurface ice could provide a slightly better

radiation shield relative to lower amounts of subsurface ice. However, because the error

bars at only one standard deviation often overlap it is difficult to say conclusively that there

is any difference in the shielding properties of the crater with different levels of subsurface

ice. Even if a small difference in dose rates were real, the small increase in shielding

efficiency that is gained by the presence of subsurface ice is not large enough to warrant a

change in mission plans, i.e. locating the reactor in an ice-rich region of Mars.

The dose component (gamma and neutron) vs. phantom distance was compared in

order to evaluate whether gamma or neutron dose is dominate. The values for neutron dose

rate in this study were found to be about 15 to 20 times higher than gamma dose rates (Fig.

5.2). Because the gamma dose rate is significantly lower than the neutron dose rate, it will

not be discussed in further detail.
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Average Neutron and Photon Dose vs. Distance
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Figure 5.2 Average Neutron and Photon Dose vs. Distance.

The neutron spectral flux in each phantom was also plotted to give insight into the

energy of neutrons reaching the phantoms and to determine if it would be feasible to use a

thin layer of strongly absorbing material (i.g., cadmium) to shield against thermal neutrons

(Fig 5.3). The results show that the spectral flux in each phantom is similar. Likewise, the

spectral fluxes are very similar for different levels of subsurface ice.
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5.3 Neutron flux spectrum in phantoms for 20 cm dry regolith layer with the crater shielding
geometry.

The fast neutron flux is slightly higher than all intermediate fluxes as they slowly fall off

followed by a large thermal neutron peak. These data suggest that it may be advantageous

to shield against thermal neutrons to reduce the surface dose rate. However, if the spectral

effective dose equivalent contributions are plotted, we see that although the number of

thermal neutrons is greater than other energy regions, the effective dose equivalent is

dominated by fast neutrons (Fig. 5.4).
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5.4 Radially normalized spectral neutron dose in phantoms for 20 cm dry regolith layer with the
crater shielding geometry.

This is due to the fact that fast neutrons have greater energy to and are more damaging to

tissue (higher quality factor).

The spectral effective dose equivalent contribution can also be compared to

published ICRP effective dose equivalents vs. neutron energy data (ICRP 511987).
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Figure 5.5 Effective dose equivalent per unit neutron fluence vs. neutron energy. Reproduced from
ICRP 51.

The data from Fig 5.4 are in general agreement with published data of Fig 5.5. However,

there are a few minor disagreements. First, the dose from 1 MeV to 10 MeV neutrons falls

off because this energy bin is not fully populated given that the neutrons are born with an

average energy of about 1-2 MeV. Second, there is a large dip in the effective dose

equivalent between in the energy range of 0.5 eV and 1eV. This occurs because this

energy bin is smaller than the other bins and many of these neutrons are thermalized out of

this energy bin within the phantom itself, which also explains the small peak in dose in the

thermal neutron range.

As discussed previously, every shielding problem has two components, radiation

losses due to the material through which the radiation passes and radiation losses due to

geometry. In order to gain insight into which of these two components is dominating the



studied scenarios, the dose vs. phantom distance was plotted with each dose rate

normalized to factor out dependence on distance from the reactor (Fig 5.6).
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5.6 Radially normalized total dose vs. distance for simulation 1-4 with the crater shielding geometry.

From 1400 cm to 1900 cm the dose rate falls off rapidly indicating that the reductions in

dose rate are likely due to shielding. Beyond 1900 cm, the dose rate becomes flat within

the statistical variation. This implies that beyond 1900 cm the reduction in dose rates is

due to geometrical losses and not losses due to shielding materials. Between 1400 cm and

1900 cm there are relatively few radiation interactions with the phantoms, yielding poor

statistics. This is why some of the dose rates beyond 1900 cm increase slightly as distance

increases. Results from studies on the original design for the 100 kWe SP-100 reactor,

using shielding taken from Earth, indicated that the dose rate at 1000 meters away is

approximately 10 rem/yr or 1.15 mrem/hr (Mason et al. 1992). If the point source

approximation is used to estimate the dose rate (based on data from the last phantom
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position -'-200 remlhr) from the crater shielded reactor at 1000 meters, the dose rate is given

by:

2250cm

100,000cmJ
*200rem/hr lOOmrem/hr. (25)

This implies that the method of using a crater to shield a fast SP-100 reactor is actually an

inferior way of shielding a reactor by two orders of magnitude relative to bringing a modest

amount of pre-designed shielding material from earth. These results are inconsistent due to

the large amount of shielding material around the crater.

Referring back to Fig. 5.6 some interesting trends can be observed. For the first

four distances the spectrum has the same shape although the magnitudes shift down,

showing that attenuation from the crater is still occurring. For the last four distances the

radially normalized spectra are statistically indistinguishable (Fig 5.6). This is

characteristic of a constant unshielded neutron source. These data point to an

unanticipated, but reasonable result. The neutrons from the reactor have two pathways to

reach the phantoms outside of the crater. First, they can pass underneath the rim of the

crater and come up through the surface below the phantoms. Based on data from Fig. 5.6,

this pathway is important up to a distance of about 1900 cm from the reactor. It is likely

that most neutrons moving along this pathway are fully absorbed after passing through this

amount of the regolith and therefore do not contribute appreciable dose to the four most

distant phantom positions. The second pathway is for the neutrons to pass through the rim

of the crater. These neutrons interact with the rim, become partially thermalized, and are
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re-emitted as an unshielded toroidal source. This explains why dose only falls off as a

function of geometry after a distance of 1900 cm.

Figure 5.7 Illustration of partially thermalized neutron being emitted from the rim in the crater
shielding geometry.

The fault with the crater-shielding methodology is not a function of crater

composition, but of the characteristic rim on the edge of all craters. For fast reactors this

rim simply serves as a way to thermalize neutrons and redirect them as a partially

thermalized unshielded toroidal source. This causes potentially unacceptable dose rates as

far away as several thousand meters. Even if the crater size were increased, the

phenomenon of the rim acting as a new source would still exist. The only way the crater

method could work is if the crater were so large that the flux incident upon the inside of the

rim was reduced (due to geometric losses) to a fraction of what is was for the 20 meter

diameter crater investigated in this study. This new crater would likely have to be several



63

hundred meters in diameter, thus presenting a serious engineering challenge in terms of

lowering the reactor into the crater.

5.3 Discussion of advanced reactor shielding geometry:

Total dose rate vs. phantom distance is plotted along with the individual dose

contributions from photons and neutrons (Fig. 5.8). The individual dose rate plots provide

insight as to the source causing the majority of dose and the effectiveness of shielding.

Finally, the neutron energy spectrum in each phantom for simulation number nine is plotted

in order to see if the neutrons are indeed being thermalized as they move away from the

reactor. Error bars, representing plus/minus one standard error, are given for each data

point.

While the presence of subsurface ice had little effect on the simulations of the crater

shielding geometry, it greatly altered the shielding properties of the regolith for the advance

reactor shielding geometry. The simulation with no subsurface ice had surface dose rates

approximately an order of magnitude higher than all simulations with subsurface ice.
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Figure 5.8 Photon dose vs. phantom surface distance for advanced shielding geometry

This influence of subsurface ice is very significant, given that the source-to-phantom

distance is kept constant and only the shielding material is altered. The dose rates from the

120 cm dry regolith layer and the 200 cm simulated ice layer are approximately the same.

Most importantly, simulations with the 200 cm dry layer were able to achieve significantly

lower dose rates of less than 10 rem/hr at surface distances of about 700 cm. These are still

high dose rates, but they do entertain the notion of someone possibly entering this area for a

short period of time to perform maintenance or emergency repairs, while the reactor is

running, without exceeding monthly recommended dose of 25 rem (NCRP 98, 1989).

Exponential functions were fit to the dose rate data (fig 5.8) to estimate the

minimum distance a Martian base would have to be, from the reactor, in order to receive a

dose of less than 1 rem/yr. If no subsurface ice is present, the base would have to be 1870
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meters from the reactor. For the simulations where subsurface ice is present, a distance of

only 265 meters would be needed. In contrast, the crater shielding scenarios would yield a

dose rate of approximately 120 rem/yr at 265 meters. Clearly the method of shielding a

reactor by drilling a cavity into the regolith and placing the reactor inside is very effective

at shielding a Martian base from a fast spectrum nuclear reactor.

From the results of this work it can be shown that, in the presence of subsurface ice,

the surface dose rate is dominated by gamma rays, unlike the crater shielding geometry.

The dirty ice is so effective at absorbing the neutrons that no dose can be detected beyond 3

meters from the reactor along the surface plane.

Neutron Dose vs. Phantom Surface Distance
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Figure 5.9 Neutron dose vs. Phantom surface distance for advanced shielding geometry. Note
incomplete plots are not to be interpreted as a zero dose rate, but below some computational
detection threshold.

It is important to note, it is likely there is some neutron dose beyond a distance of 300 cm,

it was just not computationally detectible due to the limited number of particle histories. It



is likely the neutron dose rate beyond 300 cm is below 1 rem/hr because the neutron dose

rates at the 300 cm phantom position are below 1 rem/hr. For each simulation,

approximately 150 million particle histories were run and not a single neutron had an

interaction with any phantom beyond 300 cm from the reactor, along the surface plane,

where subsurface ice was present. This suggests the neutron dose is indeed small.

Photon Dose vs. Phantom Surface Distance
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Figure 5.10 Photon dose vs. Phantom surface distance for advanced shielding geometry

The photon dose rates were very similar in each simulation except the simulation

where no subsurface ice was present (Fig 5.10). In this simulation the dose rate was

approximately an order of magnitude above all other dose rates. This is likely explained by

the fact that in the simulation with no subsurface ice the neutrons are absorbed throughout

the vertical distance of the soil producing capture and inelastic gamma rays close to the
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surface. The closer to the surface that the gamma rays are produced, the less shielding

material there will be between them and the phantom, resulting in an increased photon dose

rate. Conversely, in the simulation with subsurface ice most neutrons are absorbed well

below the surface. Therefore, most neutron generated gamma rays will have a significant

amount of regolith (shielding) between their birth location and the phantoms. While the

addition of two inches of iron was effective at reducing the photon dose, it was not as

successful as expected (fig 5.8). Dose reductions from this iron shield were on average 30

to 50%. These figures might not prove significant enough to justify the construction of

such a heavy shield.

Finally, the spectral flux in each of the phantoms for the simulation with no

subsurface ice was plotted. Unlike in the crater shielding geometry, the spectral flux does

change as the phantom distance from the reactor increases.
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Figure 5.11 Radially normalized neutron spectral flux in phantoms for simulation 8 with the
advance shielding geometry.

This can be seen (Fig. 5.10) looking at the thermal neutron fraction in phantom one and

phantom eight. For phantom one this fraction is only 0.06 while in phantom eight it is

0.52. This shows the neutron flux is indeed becoming more thermalized as the phantoms

get further away from the reactor. This means in the advanced reactor shielding geometry

dose rates are a function of distance and shielding. This is in contrast to the crater

geometry where, after a certain distance, the dose rate is only a function of distance.



Chapter 6 Conclusion and Future Work

6.1 Conclusions:

The results of this study suggest that the methodology of using an existing crater to

shield a small fast spectrum reactor on Mars is a poor way to protect the crew of a nearby

base from the harmful effects of radiation. This geometry produces dose rates that are very

high (>1000 remlhr) to anyone close to the rim of the reactor, as well as any base located

within a few kilometers from the crater (>10 remlyr). The reason for this result is that the

rim of the crater, which is present on all craters, acts as a new neutron source because the

rim is unable to sufficiently thermalize and absorb the fast neutron flux. For this reason, no

amount of subsurface ice will affect the shielding properties of this system.

Unlike the crater shielding methodology, the advanced reactor shielding

methodology is dramatically affected by the presence of subsurface ice. The difference in

surface dose rates is equal to or greater than one order of magnitude, when compared to the

simulations with no subsurface ice. These differences are so large that even though this ice

could likely melt next to the reactor, it could be worthwhile to artificially create this

hydrogen rich environment around the reactor. It may also be possible to find some way to

keep the dirty ice around the reactor from melting by using some type of passive cooling

system or finding a way to stop the water from leaking away from the reactor.

Unfortunately, the possibility of extracting iron from the soil to be used as a supplemental

photon shield does not appear to be promising. This is because iron has a relatively low Z

(26) making it an inefficient material to shield the wide spectrum of gamma rays produced

by the reactor. The end result is that with the presence of subsurface ice or some hydrogen
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rich compound it is possible to reduce the surface dose rate to less than 10 rem/hr only 700

cm away, along the surface, from a 2500 kW fast flux reactor and reduce dose rate to a

base only 265 meters away to less then 1 rem/yr.

2 Future Work:

It is important to remember this study is only one piece of a much larger problem

that requires a great deal more research from many disciplines. First and foremost the

question must be answered as to how important is it to have workers above the operating

reactor for short time (1-2 hours) without receiving a dose above the recommended limits.

The answer to this question will be based on the design of the heat engines, heat sinks, and

power transmission system. These designs will not likely be made final for many years to

come.

The primary shielding objective for a habitat on Mars is simply not to minimize the

dose to the crew from the reactor, but to minimize the total dose to the crew from all

radiation sources. In order to do this the entire radiation environment must be understood.

The current problem is getting an exact picture of the neutron field on Mars created by the

galactic cosmic radiation. More specifically it is unknown how the background neutron

flux, emitted from the surface, is angularly and energetically dependent. This is significant

because the Martian habitat will need to be shielding to some degree from galactic cosmic

radiation. The angular dependence of this neutron background flux will determine how

much shielding will be placed on all six faces of the habitat. In the end, the problem will

come down to how best to use the shielding material to minimize dose to the crew. It is

possible that in order to best minimize the dose most of the resources should be used to
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shield the reactor and the top of the habitat assuming there is little background neutron

scatter into the surface plane. It is also possible that there is a large amount of scatter into

the surface plane and that large amounts of shielding material must placed on the sides of

the habitat. In this case the result might be that very little reactor shielding is need to

protect the crew of the base because the base is already shielded against neutrons from the

side.

The idea of drilling a cavity to utilize the Martian regolith as a shield for a nuclear

reactor is a sound plan from a dosimetry point of view. However, it is likely that a cavity

deeper than four meters would be a more effective shield. The benefits of extra shielding

must be juxtaposed with the thennal hydraulic losses associated with increasing the length

of the connecting pipes between the core and the heat engines. Ideally, a set of mission

conditions will be established such as: desired annual dose per crew member; the exact

design of the reactor systems; the shielding requirements of the base; and the need to have

a low dose rate (<10 rem/hr) close to the reactor. From these conditions the optimal depth

of the cavity could be calculated and a more precise need for subsurface hydrogen rich

shielding materials could be determined and engineered.
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Appendix A-Additional Simulation Results
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Data from Crater Shielding Geometry:

Table A.1 Total neutron dose rate as a function of distance from the reactor for the 70 cm
dry layer simulation.

Position Number Distance (cm)
Dose Rate
(rem/hr)

Absolute Error
(rem/hr)

1 1400 1.20E+03 6.62E+01
2 1525 7.67E+02 5.30E+01
3 1650 5.96E+02 4.66E+01
4 1775 4.1OE+02 3.93E+01
5 1900 3.22E+02 3.42E+01
6 2025 2.52E+02 3.05E+01
7 2150 1.78E+02 2.46E+01
8 2275 2.16E+02 3.20E+01

Table A.2 Total photon dose rate as a function of distance from the reactor for the 70 cm
dry layer simulation.

Position Number Distance (cm)
Dose Rate
(rem/hr)

Absolute Error
(rem/hr)

1 1400 4.20E+01 2.37
2 1525 3.16E+01 2.33
3 1650 2.02E+01 1.62
4 1775 1.55E+01 1.42
5 1900 1.41E+01 1.50
6 2025 1.00E+01 1.11
7 2150 8.89E+00 1.44
8 2275 7.64E+00 1.07

Table A.3 Total neutron dose rate as a function of distance from the reactor for the 120 cm
dry layer simulation.

Position Number Distance (cm)
Dose Rate
(rem/hr)

Absolute Error
(rem/hr)

1 1400 1.33E+03 7.06E+01
2 1525 7.88E+02 5.23E+01
3 1650 5.95E+02 4.72E+01
4 1775 3.98E+02 3.82E+01
5 1900 2.73E+02 3.20E+01
6 2025 2.58E+02 2.94E+01
7 2150 2.14E+02 2.83E+01
8 2275 1.98E+02 2.66E+01
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Table A.4 Total photon dose rate as a function of distance from the reactor for the 120 cm
dry layer simulation.

Position Number Distance (cm)
Dose Rate
(rem/hr)

Absolute Error
(rem/hr)

1 1400 4.95E+01 2.99
2 1525 3.37E+01 2.43
3 1650 2.35E+01 2.23
4 1775 1.54E+O1 1.46
5 1900 9.70E+00 0.90
6 2025 1 .09E+01 1 .34
7 2150 1.02E+01 1.52
8 2275 8.24E+00 1.28

Table A.5 Total neutron dose rate as a function of distance from the reactor for the simulation
without subsurface ice.

Position Number Distance (cm)
Dose Rate

(rem/hr)
Absolute Error

(rem/hr)
1 1400 1.26E+03 4.41E+01
2 1525 8.86E+02 3.66E+01
3 1650 5.93E+02 2.93E+01
4 1775 4.47E+02 2.52E+01
5 1900 3.24E+02 2.24E+01
6 2025 2.34Ei-02 1.86E+01
7 2150 2.09E+02 1.69E+01
8 2275 2.00E02 1.84E+01

Table A.6 Total photon dose rate as a function of distance from the reactor for the simulation
without subsurface ice.

Position Number Distance (cm)
Dose Rate
(rem/hr)

Absolute Error
(rem/hr)

1 1400 4.63E+01 1.87
2 1525 3.81E+01 2.62
3 1650 2.26E+01 1.58
4 1775 1.72E+01 1.56
5 1900 1.30E+01 1.18
6 2025 9.18E+00 0.99
7 2150 9.40E+00 1.12
8 2275 7.41E+00 1.16
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Data from Advanced Reactor Shielding Geometry:

Table A.7 Total neutron dose rate as a function of distance from the reactor for the 20 cm
dry layer simulation. Note that zero dose rates are not to be interpreted as actual zero dose
rates, but should be viewed as below some corn wtational detection threshold.

Position Number Distance (cm)
Dose Rate

(rem/hr)
Absolute Error

(rem/hr)
1 200 1.78E+00 1.16E+00
2 300 2.63E-01 2.63E-01
3 400 0.00E+00 0.00E+00
4 500 0.00E+00 0.00E+00
5 600 0.00E+00 0.00E+00
6 700 0.00E+00 0.00E+00
7 800 0.00E+00 0.00E+00
8 900 0.00E+00 Q.00E+00

Table A.8 Total photon dose rate as a function of distance from the reactor for the 20 cm
dry layer simulation.

Position Number Distance (cm)
Dose Rate

(rem/hr)
Absolute Error

(rem/hr)
1 200 2.74E+03 75.3
2 300 2.95E+02 18.3
3 400 7.46E+01 6.85
4 500 3.27E+01 3.61
5 600 1.65E+01 2.90
6 700 7.30E+00 1.54
7 800 7.94E+00 1.58
8 900 3.73E+00 0.886

Table A.9 Total neutron dose rate as a function of distance from the reactor for the 120cm
dry layer simulation. Note that zero dose rates are not to be interpreted as actual zero dose
rates, but should be viewed as below some computational detection threshold.

Position Number Distance (cm)
Dose Rate

(remlhr)
Absolute Error

(remlhr)
1 200 3.26E+00 1.46E+00
2 300 5.33E-01 3.77E-01
3 400 0.00E+00 0.00E+00
4 500 0.00E+00 0.00E+00
5 600 0.00E+00 0.00E+00
6 700 0.00E+00 0.00E+00
7 800 0.00E+00 0.00E+00
8 900 0.00E+00 0.00E+00
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Table A.10 Total photon dose rate as a function of distance from the reactor for the 120 cm
dry layer simulation.

Position Number Distance (cm)
Dose Rate

(rem/hr)
Absolute Error

(rem/hr)
1 200 3.17E+03 1090
2 300 4.08E+02 67.2
3 400 1.1OE+02 11.2
4 500 3.95E+01 5.37
5 600 1.63E+01 3.01
6 700 1.06E+01 2.12
7 800 1.04E+01 2.25
8 900 5.57E+00 1.28

Table A.11 Total neutron dose rate as a function of distance from the reactor for the 200 cm
dirty ice layer with 5 cm iron shield simulation. Note that zero dose rates are not to be
interpreted as actual zero dose rates, but should be viewed as below some computational
detection threshold.

Position Number Distance (cm)
Dose Rate

(rem/hr)
Absolute Error

(rem/hr)
1 200 6.80E+0O 5.75E+00
2 300 0.00E+00 0.00E+00
3 400 0.00E+00 0.00E+00
4 500 0.00E+00 0.00E+00
5 600 0.00E+00 0.00E+00
6 700 0.00E+00 0.00E+00
7 800 0.00E+00 0.00E+00
8 900 0.00E+00 0.00E+00

Table A.12 Total photon dose rate as a function of distance from the reactor for the 200 cm
dirty ice layer with 5 cm iron shield simulation

Position Number Distance (cm)
Dose Rate

(rem/hr)
Absolute Error

(rem/hi)
1 200 1.82E+03 45.5
2 300 1.86E+02 11.1
3 400 5.38E+01 4.64
4 500 2.70E+01 2.51
5 600 1.26E+01 1.65
6 700 6.70E+00 1.25
7 800 5.70E+00 1 .00
8 900 4.51E+00 1.14
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Normalized Neutron Spectrum vs. Phantom for
70 cm Dry Regolith Layer
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Figure B.1 Normalized neutron spectrum in phantoms for 70 cm dry regolith layer the with crater
shielding geometry. Phantoms 2-8 have been normalized radially to the position of phantom 1.
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Figure B.2 Normalized neutron spectrum in phantoms for 120 cm dry regolith layer with the crater
shielding geometry. Phantoms 2-8 have been normalized radially to the position of phantom 1.



Normalized Neutron Spectrum vs. Phantom with no
Subsurface Ice
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Figure B.3 Neutron flux spectrum in phantoms with no subsurface ice with the crater shielding
geometry.
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Figure B.4 Relative spectral neutron dose in phantoms for 70 cm dry regolith layer with the crater
shielding geometry. Phantoms 2-8 have been normalized radially to the position of phantom 1.



Relative Spectral Neutron Dose for 120 cm Dry
Regolith Layer
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Figure B.5 Relative spectral neutron dose in phantoms for 120 cm dry regolith layer with the crater
shielding geometry. Phantoms 2-8 have been normalized radially to the position of phantom 1.
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Figure B.6 Radially normalized spectral neutron dose in phantoms with no subsurface ice with the
crater shielding geometry.



Appendix C- Computer and Runtime Information



Table C.1 Simulation description. comouter selection, and run duration.
Description Computer Run Time (days)

Crater_Shielding_Geometry
Simulation #1
Neutron with 20 cm dry regolith Weber 16
Photons with 20 cm dry regolith Darcy 25
Simulation #2
Neutron with 70 cm dry regolith Weber 16
Photons with 70 cm dry regolith Darcy 25
Simulation #3
Neutron with 120 cm dry regolith Weber 16
Photons with 120 cm dry regolith Euler 25
Simulation #4
Neutrons with no ice Euler 16
Photons with no ice Euler 21

Advanced_Reactor_Shielding_Geometry
Simulation #5
Neutrons with 20 cm dry regolith Weber 25
Photons with 20 cm dry regolith Carnet 25
Simulation #6
Neutrons with 120 cm dry regolith Weber 25
Photons with 120 cm dry regolith Darcy 25
Simulation #7
Neutrons with 200 cm dry regolith Weber 25
Photons with 200 cm simulated ice block Darcy 25
Simulation #8
Neutrons with no ice Weber 25
Photons with no ice Carnet 25
Simulation #9
Same as geometry 8 with 4.7 cm iron shield (neutrons Euler 20
Same as geometry 8 with 4. 7cm iron shield (neutrons Euler 20

Table C.2 Specifications for computers used in study
Computer Processor Speed Memory
Weber 450MHz Ultra Sparc II 4 GB
Darcy 750MHz Ultra Sparc II 2 GB
Euler 750MHz Ultra Sparc II 2 GB

Carnet 750MHz Ultra Sparc II 2 GB




