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B.5. Nuclear Engineering, Mississippi State University, 1983

M.S. Nuclear Enqgineering, Unive:.sity of New Mexico, 1987

Early space nuclear reactor concepts have used Iithium
hydride as the primary neutron attenuator. Lithium hydride
is desirable because of its low density, its hydrogen
content, and its historical data base from use during the
SNAP program. However, 1lithium hydride has a low melting
point, hydrogen dissociation, a volume expansion of 25%
during a phase change, and a tendency to react with other
materials. Also, 1lithium 6 has an exothermic (n, a)
reaction that produces tritium, an alpha particle, and about
4.8 MeV of energy producing internal heating in the shield.
Studies have indicated that for fuvture, higher power nuclear
reactors, that a neutron shielding material other than
lithivm hydride will need to be developed. The SP-100
reactor concept, currently in its developmental stage, has a
layered tungsten - lithium hydride shield. Studies indicate
that this shield configuration is the 1lightest weic
shield.

This configuration and taree other shielding concerts
were analyzed to determine the lightest shield and to

determine the shield configuration with the smallest




volume. The other three concepts were a boron carbide -
tungsten layered shield, a boron carbide - heryllium layered
shield, and a lithium hydride - beryllium shield. FEMP2D
and FEMP1D codes were used in this analysis.

These codes were developed at Sandia National
Laboratory. They used the input from another code, RFCC,
which produced energy dependent dose ccnversion factors, and
determined the shields' ability to attenuate the neutron and
gamma radiation to permissible dose limits.

The results of this analysis show that the 1lithium
hydride -~ tungsten layered shield was indeed the 1lightest
weight shield. However, a boron carbide - tungsten shield
was calculated to have the least volume. This is important
since launch vehicles may have a cargo bay volume
constraint. Therefore volume, not weight, may be the

driving factor in determining the shield confiquration.
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1.0 INTRODUCTION

Apollo 11 <c¢limaxed with Neil Armstrong becoming the
first human to walk on the moon on 20 July 1969. Six manned
lunar landings followed with the last being Apcllo 17 in
April 1972. There is little doubt that man will return to
the moon to mine its rescurces and use it as a base for
planetary explorations in the next century. As space
exploration resumes, there will be a need for a power source
that's reliable, has a high pow.. density, and, in some
cases, portable, These reasons, and many more, make space
nuclear reactors an attractive power source for future space

missions.

The idea of using space nuclear reactors in space is
not new. The United States has one nuclear reactor in
orbit, the SNAP-102A, and the Soviet has more than twenty
operational at the present time. ( The United States'
reactor, the SNAP-10A, has been shut down permanently.)
Recently, the 1idea of space nuclear reactors has been
rejuvenated with the projected power demands for £future
civilian and military space missions. Research on the
Strategic Defense Initiative (SDI) projects power levels in
the multimegawatt regime. Conventional power sources are
not able to reasonably obtain these higher power levels.
The Space Power 100 kWe (SP-100) space nuclear reactor 1is

the first step in providing power levels beyond conventional

levels.
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Using a space nuclear reactor introduces several

technological problems to be solved. For a reactor coupled
to a satellite, the paylioad must be protected from radiation
introduced to the environment by the nuclear reactor. While
the physics of radiatiocan i¢ well known, the problem of
shielding a space nuclear reactcer is complicated by the need
t> use the strongest lightweight material to minimize the
launching cost to the spacecraft.

Early space nuclear reactor concepts wused 1lithium
hydride (LiH) as the neutron shield. The SP~100 follows
this lead. However, there is a need to investigate other
neutron shielding materials because LiH has some properties
degrading its integrity, especieclly at higher power levels.
LiH has a melting point of about 960 X (Weast, et al.,
1975] . At high temperatures, LiR has hydrogen dissociation.
Hydrogen dissociation 1is most undesirable because hydrogen
is the ultimate neutron attenuator. However, LiH is now the
leading candidate as a neutron shield primarily because of
its low weignt density of about 0.775 grams/cc. But it |is
compulsory that, as space nuclear reactors evolve into
higher power, there be a concentrated effort to develop
other shielding materials other than LiBH.

One possible alternate neutron shielding material |is
boron carbide (B4C). B4C has a low density, 2.52 gms/cc.
Boron has a high probability or cross section for neutron

absorption. This probability is increased when the neutrons

are at lower energies, referred to as thermal energies.




Carbon adds strength; it also scatters neutrons which

causes them to lose energy and, in effect,' this slows the
neutrons down to the thermal energy range increasing the
B4C's absorbing. ability. This is an important interaction
in B,C's constituent atoms. B,C has a melting point of

4 4
2623.15 K. fThis implies that it could survive a much higher
povwer level than LiH. 34C is very hard and britcle but has
a very high compressive strength [Akerhielm, 1975j.

However, since B4C has a much higher density than LiH

{and B,C has no hydrogen in it), LiH is still currently the

4
most desirabie of the two materials, providing the
temperature in the shield is at an acceptable range. A
B4C/W shield will be analyzed in this thesis,

Along with neutron attenuation, gamma ray shielding
will also be 1looked at. Tungsten (W) is the 1leading
candidate for photon shielding. 1Initial studies from many
sources, including Oak Ridge National Laboratory, indicate
that a LiH/W shield is the ultimate 1low mass radiation
shield for a space nuclear reactor. This thesis will
support this for missions in which the mass of the shield is
the ultimate driver. However, some postulated Air Force

missions may necessitate that volume, not mass, be the

driving constraint for a shield.
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2.0 BACKGROUKD REVIEW

Spece Nuclear Power is not new. In fact, it can trace
its beginning back to 1948. In 1948, the Air Force
initiated & program called Project Feedhack. This wag 3
study to develop reconnaissance satellltes. The need for a
reliable power source was a paramount issue ([Voss, 1984].
This was a prelude tn the Space Nuclear Auxiliary Power
(SNAP) program which was initiated in 1955. The SNAP
program was divided into two distinct parts; odd numbered
SNAP projects referred to radioisotope generators while even
numbered SNAP projects referred to space nuclear reactors.
These projects, along with America's wholie space program got
a tremendous shot in the arm when an event took place in
1957.

On 4 October 1957, the Union of Soviet Socialist
Republics launched Sputnik 1, the first man-made object put
into a long duration orbit [Simons, et al., 1973]. It only
weighed 184 pounds, transmitted data to Earth for only 21
days and was in orbit only 90 days, but it caused a near
panic in the scientific and miiitary communities. It was
feared that now the Soviet Union had, or was <¢lose to
having, the capability of delivering weapons to the North
American c¢ontinent from their own soil. This fear was not
realistic, however; America's space program was accelerated
because of it.

The United States preceded the Soviet Union in

launching the first space nuclear reactor. The reactor was




called the SNAP-10CA. SNAP-10A was launched on 3 April 1865

from Vandenberg Air Force Base, Coaliforria. The reactor
operated successfully for 43 days. A wvolrtage reqgulator
failure caused its permanent shutdown; it orbits in this
mode today.

Ancthe: space reaccor program was initiated in  1955.
It was named Project ROVER, This program was to develop a
niuclear rocket engine. Thnese engines were at first
developed to be a potential backup for intercontinental
ballistic missile propulsion. However, it was later
considered a candidate for boosters for manned Mars flights.
The program terminated in January 1973, but by all accounts,
the reactors developed are considered a technological
success. In fact, the most powerful nuclear reactor ever
built, the Phoebus~2A, reached a peak thermal output of 4080
megawatts wnen tested [Koenig, 1986].

While these two programs were terminated because of
changing national priorities, they certainly left behind an
enormous technology base for future development of space
nuclear reactors. The ROVER program will serve as a
stepping stone to the multimegawatt space nuclear program,
and the SNAP program furnishes a technology base for the SP-
100 program.

Future military and civilian space programs
necegsitated the SP-~100 program. This program was born in

1982 by the Department of Energy (DOE) and the National

Aeronautics and Space Agency (NASA) [Dix, et al., 1984]. A




tri-agency agreement between NASA, DOE, and the Defense

Advanced Research Projects Agency (DARPA) signed in February
1983 established the SP-100 program ([Wright, 1984]. This
program will eventually lead to the development ocf higher
power reactors. A major challenge facing the use of small
compact core reactors is protecting the payload, whether
it's human or electronic, from radiation induced by the
nuclear reactor. The SP-100 uses LiH neutron shield (as d4id

the SNAP program), and a W shield for gamma rays.

2.1 Past Shield Designs For Small Space Reactors. There

have been many designs for space nuclear reactor shields.
All of the ones fabricated have one thing in common; they
use LiH as the neutron attenuator. (Except the shields used
in the ROVER program.) The SNAP program is the technology
base for LiH shield development. It seems prudent to
examine the SNAP shields to yet a good foundation for future
shield development.

SNAP-2 was a small developmental reactor. The core
diameter was 22.86 cm and produced a 3.5 kWe [Voss, 1984].
Two shields were developed for SNAP-2. The shields
contained about 136 kg of LiH which allowed a large shadow
of protection. SNAP-3 was a higher power reactonr than SNAP-
2. It was to provide 30-60 kWe. There were seven shields
developed for SNAP-8. The shields consisted of W for gamma
ray attenuation and LiH for neutron attenuation [Barattino,

1985]. The shields c¢ontained more LiH than the SNAP-2

shields, but they had a smaller void fraction.




The SNAP-10A shield development has some significance

since this reactor was actually flown in space. The reactor
was designed for low power; it only produced 500 We. This
power level made LiH a most viable shielding material, and
it also made the use of a gamma shield nonexistent, The
shield contained about 91 kg of LiH in a stainless steel
honeycomb [Anderson, et al., 1983]1. a summary of the SNAP
shield development is given in Table 2.1.

In the nuclear rocket program, ROVER, the hydrogen
propellant was used as the shielding. This was most
convenient since as the hydrogen was used up, the reactor
shut down leaving only the fission products to shield. For
an open cycle reactor system, this might be acceptable.
However, <for closed cycle high power reactor which probably

wili not  use hydrogen coolant, this is not feasible and

another concept must be explored.




Table 2,1 LiH Shields From The SNAP Program.

Reactor Type

SNAP-10A
test casting

SNAP-10A
cast shield

SNAP-10A
developmental shield

SNAP-2
developmental shield

SNAP-2
DRM-1 shield

SNAP-8
thermal shieldqd

SNAP-8
two-region test
casting

SNAP-8
two-region
DRM-1 shielgd

SNAP-8
experimental
shield 1

SNAP-8
experimental
shield 2

SNAP-~-8 DR shield
SNAP-~8

experimental
shield 3

Shield Mass

91 kg LiH

91

91

136

136

1c9

205

327

91

91

91

327
55

kg

kg

kg

kg

LiH

LiH

LiH

LiH

LiR

LiH

LiRH

LiH

LiH

LiH

LiH

Shielad

1.19 x

4.23 X
7.20 X

[Anderson, et al., 1983)

10°

103

10

10

104

ccC

ccC

ccC

ccC

ccC

ccC

ccC

cC

ccC




2.2 Conclusions From Pagst Designs. LiH had some cracking

problems in the SNAP shields. This is a potential prcblem
since it could create streaming paths for the radiation to
penetrate the shield. However, studies have shown that the
cracks were random and did not create a straight streaming
path, a problem referred to as “shine through". Ramping the
reactor power up'and down, thus changing the temperature of
the LiH, will invoke creep stress in the shield and
aggravate the cracking preblem. Also, higher power levels
will lead to hydrogen dissociation. Aiding in this reaction
is an oxygen impurity found.in LiH. This impurity combines
with LiH to form lithium hydroxide [Welch, 1975]. The

results is an outgassing of HZ‘ The governing reaction for

this is:
LiH + LiOH ---> Li_ O + H,.
'

2
This reaction becomes prevalent at temperatures above 680
degrees K. When coupled with meteoroid punctures in the

shield H. can be released from the shield. 1If LiH melts, it

2
changes volume drastically. It expands about 25%; this

could pose major problems for the container of LiH and
negate the neutron shield if the container 1s ruptured
during expansion. This same thing could happen if the
container holding 1liquid LiE was punctured by micro-
meteorites. The 6 Li isotope in natural lithium can also
cause problems. It will absorb neutrons and the resulting
in the exothermic reaction:

SLis+'no —° Hy +* a3 + 4.8 MeV.

This causes the temperature in the shield to rise. Depleted




e cnn

LiH (LiH with little or no 6Li) could be a sclution to this

problem.

2 minimum temperature of about 600 R will minimize
radiolugical induced hydrogen dissociation. Thus, a
temperature range for wuse of LiH is recommended to be
between 600 and 680 K [Barattino, 1985].

LiH has other precarious physical properties. It is
easy to burn, it has moderate strength, and it reacts with
almost anything. To sensibly use LiH, the reactor power
needs to be less than one megawatt thermal [Anderson, et
al., 1983]. Also, the temperature in the ghield must not
exceed its melting point (960 K) and, as stated, its
optimum operating temperature range should be between 600
and 680 K. To add strength and stability to LiH, a
honeycomb matrix can be used as with the stainless steel
matrix ain the SNAP shields. However, for higher power
reactors, LiH cannot be used unless an active cooling system
is used to maintain the shield temperature at an acceptable
level.

Tungsten appears to be the leading candidate for gamma
shielding. It 1is expensive, but since the weight of the
shield may be the initial ultimate driver in material
selection, W is a solid choice. Gamma rays interact with
electrons of atoms. W has a high electroun density. Because
of this, it takes less W than other conventional gamma

shields to attenuate the gamma flux to the same level.

10




3.0 Radiation Attenuation

Charqged particles are usually massive making it
somewhat easy tc stop them. Of the forms of radiation of
¢oncern, alpha, beta, gamma, and neutrons, the most
penetrating are gamma rays and neutrons. If these are
stopped, then the other forms of radiation pose no threat.
The following sections are an explanation of the radiation

interactions without going into detailed quantum mechanics.

3.1 Gamma Ray Attenuation. Gamma ray sources are fission

gammas, fission~-product-decay gammas, capture gammas,
products of inelastic scattering, and reaction products
[Schaeffer, 1973}]. Gamma rays have no charge, therefore,
they are very penetrating. Gamma rays interact with an
atom's orbital electrons. Basizcally, there are three ways
in which they do this. These are photoelectric absorption,
Compton scattering, and pair produvction.

Photoelectric absorption, or photoelectric effect,
occurs when a tightly bound electron is subjected to an
incident gamma ray. The atom absorbs the photon which
disappears; this results in an electron being ejected if the
electron absorbs more energy than its binding energy. The
ejected electron will have all the energy of the gamma minus
its binding energy. At low energies, E < 0.5 MeV, this is
the dominant gamma ray interaction.

When the photon energy is increased, 0.5 <E < 1.2 Mev,

Compton scattering becomes dominant. This process occurs




when a photon scatters with an orbital electron, and it

loses some of its initial energy, and the electron 1is
ejected from the atom. This can be thought of as scattering
of electromagnetic waves by charged particles [Weidner et
al., 1973j. It is obvious that this process is proportional
to the electron density of the attenuating medium.

When the gamma ray is of high energy, then pair
production threshold 1is dominant. This occurs when E
> 1.022 MeV which is equal %o the combined rest energies of
an electron and a positron [Hubbell et al., 1968]. The
photoelectric effect and Compton effect are examples of
electromagnetic energy of photons being converted to kinetic
energy and potential energy of material particles [Weidner
et al., 1973}. In pair producticn the photon produces two
particles which have opposite charge, an electron and a
positron. In this case, the incident photon disappears.

The absorption coefficient for each of these
interactions accounts for the total absorption coefficient
for gamma ray attenuation. The total absorption coefficient
is expressed as

Htot = pipe t+ the -+ Kpp-
Since materials with a higher density wusually have more
electrons orbiting their atom's nucleus, there is a definite
relationship between the absorption coefficient and the
material's density. This introduces the idea of a mass
attenuation coefficient, uh , where , 1s the attenuation

L . . -1 . .
coefficient and has dimensions of ¢m =, and o is the density

12



of the material. The mass attenuation coefficient has units

of cmz/gm. This coefficient is proporticnal to the total

gamma interaction probability or cross section.

3.2 Neutron Attenuation. There are three basic ways in

which neutrons interact with matter: elastic scattering,
inelastic scattering, and absorption. Elastic scattering is
an event where kinetic energy is conserved and the internal
energ” of the nucleus is not changed. The final energy of
the neutron can be related to the initial energy of the

neutron by the formula:

(l+a)+(1- a)cos(ﬂc)} E.

E, =
= .

Where: E; =Final Energy
E; =Initial Ecergy

a = (4z1)2
A+l ]
A =the Atomic number.

. =the Center of Mass Scattering Angle.

Hydrogen with an atomic number of 1 can take all of the
neutron's enerqy, and the maximum energy the neutron can
lose corresponds to a backscattering event of 180 degrees in
the center of mass system [Duderstadt, et al., 1976]. A
neutron can survive enough scattering events until its
kinetic energy is sufficiently degraded so that it can have
its energy increased by hitting a thermal vibrating nucleus.

The therwal neutron is eventually absorbed by a nucleus.

Another form of elastic scattering is resonance
scattering. In this case the incident neutron is abscrbed
13
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by the nucleus. To return to its ground energy state, the
nucleus will expel another neutron that has the same energy
as the incident neutron [Selph, 1968].

In inelastic scattering the incident neutron is
captured by the nucleus. This produces a compound nucleus
in an energetically excited state; the nucleus then ejects a
neutron, but this does not return the nucleus to its ground
state, i.e., the expelled neutron has a lower energy than
the 1incident neutron. In an attempt to return to ground
state, the excited nucleus will giv off one or more gammas.
Usually, this kind of scattering event o¢ccurs at high
neutron energies, and a great deal of the incident neutron's
energy can be given to the nucleus [Duderstadt et al.,
1976]. This makes this an important reaction for shielding,
but it generates secondary gammas which have to be
attenuated.

Finally, absorption is an important interaction. This
usually happens when the neutron is in the low or
intermediate energy range as with the thermal neutrons
mentioned above. The incident neutron is captured by the
nucleus which excites it. The excited nucleus then attempts
to gco to its ground state by emitting one or more gammas.
These gammas are usually highly energetic and they too must
be attenu ted since they can contribute substantially to the
radiation dose. As the neutron penetrates the shield, it
undergoes scattering events which reduces its energy; 1if it

survives long enough, it will eventually become an

14



intermediate or thermal neutron and most likely be absorbed.

Therefore, this may be most important interaction in
shielding.
Individual shielding materials have a higher

probability for one of these events than another. Since
fission neutrons are born with very high energies, and since
high energy gammas also are produced, layered shields become
important to maximize radiaticn attenuation and minimize the
mass of the shielding councept. Besides having the ability
to maintain its integrity under severe radiation, the
shielding material must also be able to maintain its
integrity when placed under severe thermal and mechanical
stress. Minimizing mass, and maintaining structural
integrity for the reactor‘s lifetime are the goals for a

space nuclear reactor shield.




4.0 Radiation Damage to the Payload

It may be guite some time until humans are subjected to
a close proximity to a space nuclear reactor. This is the
reason early space nuclear reactors were concerned with
shielding the electronics in the payload. However, in the
not too far distantvfuture, astronauts may have to perform
maintenance on reactors or systems powered by reactors. The
shield must be able to perform its protective function

whether protecting humans or an electronic payload.

4.1 Human Exposure. The ultimate responsibility for

setting guidelines for radiation safety is the International
Commission on Radiological Protection (ICRP). In individual
countries, national committees are set up to follow ICRP
recommendations. This country has the National Committee
on Radiation Protection and Measurements (NCRP) [Cember,
1969] . The criteria for human terrestrial occupationail
exposure set by the NCRP is well established and strictly
adhered to by 1industries. However, for space nuclear
reactors, this criteria would result in such massive shields
that the concept of a space nuclear reactor might not be
realistic (except for reactors used on the moon, etc.).
Shield design for nearby human existence is beyond the scope

of this thesis.

4.2 Radiction Exposure to Electronic Pavloads.

Protection of the :lectronic paylcad is the major function

of early space reactor shields. Protecting the payload




electronics must include protection from sSpace reactor

induced radiation and natural radiation in space. Since
many of our current spacecraft utilize radicactive
2lements, there 1is an experienced technology base for
radiation protection of electronics from low energy gammas.
Rowever, radiation produced by a nuclear reactor introduces
high energy neutrons and gamma rays which will take a more
elaborate shielding scheme than what is presently used in
spacecraft. Various research centers such as Sandia
National Laboratory are engaged in extensive research to
harden electronics to enable them to withstand a higher
radiation flux. This will be most advantageous because it
will take less shielding mass to protect the electronics,
thus saving substantially on launch cost.

The basic radiation interactions were discussed in
Sections 3.1 and 3.2. The different photon interactions,
pair productiorn, Compton scattering, and photoelectric
effect are dominant in distinct energy regions. The
particular energy ranges differ somewhat for different
materials. Figure 4.1 shows the three gamma interactions as
a functicn of the atomic number, 2, and gamma ray energy.
Silicon (Si) is the primary material c¢f concern in shielding
electionics. Its atomic number, 2, 1is equal to 14.
Photoelectric effect dominates photon interaction up to
about 50 keVv. Compton scattering dominates from 50 kev to
about 19 MevV. Pair production dominates at photon energies

greater than 19 MeV.
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Pigure 4.1 Photon Interactions.

Neutrons interact by elastic scattering, inelastic
scattering, and absorption. Neutrons that collide with a
nucleus in an elastic scattering event can knock that atom
out of its lattice position. The energy necessary foc this
is about 25 eV in most materials. Knocking an atom out of
the lattice position can cause it to dislodge other atoms as
well. This process cas, alter the material's ability to
conduct current or other desirable electronjc properties.
Inelastic scattering cam also cause displacement of atoms in
their lattice positioms. Absorption sometimes leads to a
transmutation, i.e., converting one element to another.
Obviously, the properties of the target atom are lost. The
dominant processes in silicon are. the displacement of an

atom from its lattice pusition and ionization. Ionization is

18




any process by which an atom, molecule, or icn gains or

loses electrons resulting in a species having a net charge.
This can be caused by energetic neutrons or gamma rays.

Any space nuclear reactor shield system must be able to
protect the mixture of electronic devices contained in
integrated circuits. Neutrons, gammas, and charged
particles can permanently damage the electrcnics. Although
redundancy will be used in the electronic circuits, a shield
will still be essential to protect the payload for the
lifetime of the reactor. But the most important aspect of
the shield 1is that it provides the means to extend the
lifetime of the electronic «circuits insuring that the

mission can be accomplished.
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5.0 Analyzing the Reactor

The nuclear reactor design taken for this thesis is
similar to the SP-100 reactor. The SP-100 is not in its
final design state. Therefore, although the reactor design
in this thesis is based on some of the features of the SP-
100 as of 9 August 1985, it will not be the same as the
final SP-100 configuration which may be built and deployed
near future.

This reactor is a small compact reactor with highly

o
“350. It is designed to produced 2 MWt, and it

enriched
serves as the Dbaseline design for the FEMP1D shielding
calculations with a few modifications.

FEMP2D was not used for the actual shielding analysis.
However, it was run to determine some important features to
be used in FEMPI1D. Primarily, it aided in the selection of
the proper enerqy structure for the <cross sections.
Collapsing the cross sections will allow the codes to run
using less computer CPU time. The cross sections in the
collapsed group structure are defined so as to preserve the
interaction balance in each region. FEMP2D was used in an
attempt to verify the interaction definition for each
region since there were existing bench marks to verify
FEMP2D's results. The same group structure could then be
used with FEMP1D with more confidence. This Secticn will

describe the reactor model use with FEMP2D and some of the

code setup p-o -=dures.,




5.1 Reactor Description. A cross sectional view of the

core modeled is shown in Figure 5.1. Table 5.1 gives some
reactor data. It has a radius of 27.5 cm and a height of
approximately 62.25 cm (including the core structurej.
There are 696 fuel pins consisting of highly enriched
Uranium Nitride (UN), 7 hexagonal in~core contrel and safety
rods, a2 flow baffle on the outside boundary of the fuel pins
consisting of a neutron absorbing material (B4C) and
structural container, and 16 external control drums placed
in beryllium carbide (BeZC) reflecting material.

The sixteen control drums are mostly Bezc, but they
alsc contain a 120 degree, 1 cm segment of B4C which acts as
a neutron absorber and is turned toward the core as in
Figure 5.1 when the reactor is in a shutdown mode. However,
for this analysis, the reactor is in its most «critical

configuration which would be represented with the B4C turned

to the outside. (This is the reactor's operational
configuration.) In fact to simplify the configuration, the
B4C segment is ignored completely. (A neutron getting into

the neutron absorber has a very small probability of
scattering back into the core contributing to the reactor
criticality.)

The center of the core consists of a hexagonal safety
plug shown in Figure 5.2. The innermost rod consists of

B,C followed by Be_,C. When the reactor is shutdown, the B4C

4 2
is inserted into the core for neutron absorption, and when

the reactor is operational, the Be2C is inserted for neutron
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Table 5.1 Reactor Characteristics.

Core Radius 27.5 cm
Core Height (Including Core Structure) 62.25 cm
Active Core Height 32.06 ¢cm

Fuel Pins:

Pin Diameter 1.05 enm
Pitch/Diameter 1.07

Fuel Pellet Materiail Utanium Nitride
Density 14.32 g/cc
Melting Point 2740 K
Pellet Column Height 32 cm
Cladding Material: 99% Niobium 1% Zirconium
Cladding Thickness 0.074 cm
Density 8.4 g/cec
Melting Point 2640 K
Tungsten Liner 0.013 cm thick
Number of Fuel Pins 696

Enrichment:
300 pins with 72% enrichment
in the middle 20 cm section;
96% enrichment in top and
bottom 12 cm.
396 pins 96% enriched

Coclant Lithium

23
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reflection. In the analysis, the reactor will be in the
operational mode. The cladding material for the Bezc rod
consists of an niobium-zirconium alloy (Nb-1Zr) which is 1%
zirconium. A gap separates the cladding and the outer

region of the hexagonal element. The outer region also

consists of Nb-1Zr. All of the remaining 6 intermal control

rods consist of these same materials.

T
4
|

The fuel rods consist of two different enrichments of
235U

—4.474 —
b4 .274 4

Figure 5.2 Hexagonal Control Rod.

UN, 96% enriched in uranium-235 ( ) isotope and 72%
enriched 2350 to flatten the flux in the core. Figure 5.3
shows a «cross sectional view of the fuel rods. The fuel

pellet in the center of the fuel pin is the UN. The pellets

O

Figure 5.3 Cross Section of the Fuel Rods.
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are 0.85 cm in diameter. The density of the UN is 96% of

its theoretical density. The theoretical density of UN is
14.32 g/cc. The length of the fuel pellet column is 32 cm.
A 9.013 cm thick W liner is placed between the fuel pellets
and the cladding material. The cladding consists of Nb-1Zr
0.074 cm thick. The total diameter of the fuel pin is 1.05
cm and its pitch/diameter ratio is 1.07.

There are 300 fuel pins that have two axial enrichment
zones., These pins concentrate themselves in the area from
the center ¢of the core joining the center safety plug with
their outer boundary approximately along the outer edge of
the 6 control rods shown in Figure 5.1. The‘remaining 39¢
fuel rods are uniformly 96% enriched.

A W wire spacer 0.0735 cm is wrapped helically around
each fuel pin. The fuel rods are arrandged in a triangular
pitch with the outer boundary of the fuel area bounded by a
coolant flow baffle.

The baffle consist of two walls of Nb-12r 0.125 c¢m
thick. There is an inner neutron absorbing material, BQC,
which is 0.025 c¢m thick against each wall. The coolant flow
region is approximately (.15 cm thick.

The coolant is lithium (Li), which consist of 7.5 atom
percent of the 6Li isotope and 92.50 atom percent of the 7Li

-

isotope. The reactor core vessel is made of Nb-1Zr and the

surrounding reflector material is Bezc.
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5.2 Finite Element Code. The codes used in the analyses

were the Finite Element Multigroup Pn l-Dimensional (FEMP1D)
and the Finite Element Multigroup Pn 2-Dimensional (FEMP2D)
codes. These radiation transport codes are based on a
spatial discretization using finite element methods and an
angle representation using spherical harmonic methods. They
are able to treat eigenvalue problems, upscattering in the
different energy groups, and coupled neutron and gamma
problems. They will run on vector machines and are written
in FORTRAN 77 [McDaniel, 1984]. The results reported this
thesis were calculated using the VAX 11/7506 version of

FEMP1D.

5.3 Setting up the FEMP2D Input. The core design modeled

for FEMP2D shown in Figure 5.1 was divided up into
concentric cylinders two different ways as shown in Figures
5.4a and 5.4b. This was to determine the sensitivity of K-
effective with FEMP2D to core division. The answers were
essentially the same which indicates, for this reactor, that
core division 1is not wvery «critical. Therefore, the
concentric division shown in Figure 5.4a was selected.

The material composition is modeled by creating a
homogeneous mixture for each zone. Atom densities are
calculated 1in such a way a& to preserve the number of atoms

of each nuclear species within each zone, This procedure is

commonly termed "smearing.” Effective radii must be
calculated for these zones since the geometric
26
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rl=2.4414
r2=7.4377
r3'12.0877
r4=16.8492
rs=18.4500

r6=27.5000

r1-12.875
r2816.8492
r3-27.5000

Figure 5.4a and Figure 5.4b. Smeared Zones for FEMP2D.
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configurations of the materials at the zone boundaries are
not circular. Radial zcne 1 is bounded by an hexagonal
element,
First, the area of the hexagonal element is calculated
using the formula:
Area = n*r?*tan(PI/n).

Where:
n = the number of sides, 6.

r = the distance from the center of the
hexagonal element to the center of one of
the hexagonal edges.

PI = 3.14159.

2

Since the area of a circle is PI*r“ the equivalent radius

can be calculated as:

Rreq = (Area/PI)o's.
This wvalue 1is used as the effective radius of the first
radial zone.

The next step is tc calculate an effective radius to
set the outer boundary of radial zone 3. There are 300 fuel
pins and seven hexagonal control rods in this section.
Also, there are coolant and wire spacers between the fuel
rods and fuel rod/contr&l rod boundaries. Since the fuel
pins are in a triangular pitch, it will be necessary to
analyze the area ratios for one triangular cell to determine
the zone boundary. Figure 5.5 shows the triangular cell.

The diameter of the fuel pins is 1.05 cm. The pitch to

diameter ratio is 1.07. Therefore, the pitch between the
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. Ffuei Pin

Tungsten Wire
Spacer

Coglant Area

--Pitch«--i
Figure 5.5 7Triangqular Cell.

the fuel pins is calculated by:
Pitch = (p/D) * D.

the pitch to diameter ratio.

Where: P/D

D = diameter of the fuel pins, 1.05 cm.

Next the total area of the triangle is calculated by using

the formula:

2 4 sin(theta).

Area = 0.5 * a
Where:
a = pitch
ttheta = 60 degrees or PI/3 radians
for an equilateral triangle.
Using the following formula to calculate the area of the
fuel pins in the triangular zone,
Area = (1/6 + 1/6 + 1/6) * PI * (1.05/2)2 ,

the ratio cf the area of the fuei pins to the area of the

total triangle can be obtained. The area of the 300 fuei
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pins is 300 * pI * r2. Taki'g this tctal and muitiplying it
by the inverse of the ratio of the fuel pins to the area of
the total triangle calculat=2d above gives the total area of
the 300 fuel pins, the coclant channels and the wire
spacers. The area of one hexagonal element has been
calculated. Taking that value and multiplying it by seven
gives the total area for the center safety plug and the six
control rods. \ddin¢ the total arca of the seven hexagonal
elements to the total area of the 300 fuel rods, coolant
channels, and wire spacer gives the total area bounded by
this effective radius. Calculating *his effective radius is
done as above for the first effective radius. Appendix A
shows these calculations.

| Since Ly and Ly, the effective radii calculated above,
are now known, L, is obtained by subtracting twice £, {the
diameter of the hexagonal elements) from Ly Ly, is
calculated by realizing that it is the boundary of all 696
fuel pins, coolant between the pins, the wire spacer, and
the seven hexagonal elements. As before calculate the area
of all 696 fuel pins, rwrultiply by the inverse of the fuel
pin to total area in the triangle. The value defined 1in
this manne:r is total area of the 696 fuel pins, c¢oolant and
wire spacer. This total is added to the area of the seven
hexagonal elements giving the total area of the fuel region.
r can now be calculated in the same way as ry and ry were

4
using the same formula.

The other radii are given in Table 5.2. rs is the




radius from the center of the core to the reactor vessel.
L is the radius to the outer boundary of the reflector.
Table 5.2 Effective Radii for Radi«l Zones.
r, = 2.4414 cm
r, = 7.4377 cm
ry = 12.0877 cm
L, = 16.8492 cm
r. = 18.4500 cm
Ie = 27.5000 cm
The core is then divided into axial 2zones. Figure
5.6 shows the homogeneous material zones used for
determining the axial division. Going from left to right

and bottom to top, the first zone is made up of Nb~1Zr which

is the fuel pin cladding of the fuel pin plenum protruding

out of the top of the core, B4C, which is the follower 1in

the seven hexagonal elements, and Li coolant. The second

zone consists of structural material, primarily Nb-1lZr. The

2C reflector.

The fifth is a thin strip of fuel pin support structure or

third zone is the ccore. The fourth is the Be

grid supporting the fuel pins. It is composed of Nb-1lZr.

Finally, the ¢top 1is a pool or reservoir of Li coolant.

These physical boundaries, together with the different axiai

enrichment zones 1in the fuel, determin2 the axial 2zone

divisions to be used in this analysis. The first 300 fuel
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pins in the center of the core have two enrichments of 72
and 96%. The top and bottom 12 cm of these pins are 96%
enriched while the middle section ie 72% enriched. Since
there is a change in enrichment zones, there is a change in
the atom densities alse. Thus two axial boundaries are
created; one lz‘cm from the bottom of the fuel pins and one
12 c¢m from the top. Figure 5.7 shows the radial and axial
zones created by the above scheme. The 42 material zones
created by the core division shown in Figure £%.7 have
nuclides whose atom densities'will be smeared to constitute
homegeneous mixtures. These homogeneous mixtures are
considered by the cocde as constituting specific materials.
This means that the homogeneous mixture in 2one 1 1is
considered one material, the homogeneous mixture in zone 2
is another material, etc. Zones 1 and 2 could conceivably
have the same nuclides in them, but not the same smeared
atom density. Thus, the code considers the nuclides to be
different materials.

Of course, different zones may be composed of the same
homogenized material. This usually happens when a radially
bounded 2zone 1is separated by an axial zone of different
nuclides., Setting up the material zones is called setting

up a mixing table.

5.4 Atom Density Calculations. The different nuclides used

to model this reactor are listed in Table 5.3. The atom
densities of each of these nuclides must first be calculated

before they are smeared in their respective zones. ‘To
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Table 5.3 Nuclide Atom Densities. (Atoms/(Barn cm))

Nuclide Atom Density
96% Enriched Fuel:

Nitrogen 3.3226 E-2
235y 3.1913 E-2
238y 1.3129 E-3

72% Enriched Fuel:

Nitrogen 3.3131 E-2
233y 2.3939 E-2
| . 238y 9.1920 E-3
?
182, 1.6627 E-2
183, 9.0403 E-3
184, 1.9389 E-2
186y . 1.8081 E-2
Niobium 5.5046 E-2
Zirconium 5.5602 E-4
6Li ‘ 3.4748 E-3
TLi 4.2856 E-2
Beryllium 7.6179 E-2
Carbon (In Be,C) 3.8090 E-2
104 2.1970 E-2
1lg 8.7881 E-2
Carbon (In B4C) 2.7463 E-2
|




calculate the atom densities of the materials for this model

the fcllowing formula may be used:

o * Na

Ma
Avogadro's Number, 6.022045 X lO23

N(atoms/cc)

Where: Na

atoms/ (gm atom) or molecules/(gm mole).
Ma = Molecular weight gm/(gm atom) or
gm/(gm mole).

Nuclide density (gm/cc).

P
Consicder BeéC:
p =1.9 g/cc

Ma = 30.04 g/cc
(1.9) * (6.022045 X 1023

N =
= 3.8090 X 1022 molecules/cc
N(Be) = (2) * (3.8090 x 1022
= 7.6179 X 10°% atoms/cc

N(C) = 3.8090 X 1022 atoms/cc

The first calculation for N of Be2C did not yield' the
atom density of any of the constituent atoms, Be or C. The
value obtained has units if molecules/cc. In one molecule
of Bezc, there are 2 atoms of Be ard one atom of carbon.
Therefore, the next two calculations yield the desired
results, NBe(atons/cc) for Be and Nc(atomS/cc) for carbon.
Since the FEMP codes require the atom densities in units of
atomgy(barn cm), 1t 1is nDpecessary to multiply the atom
densities calculated by the above by 10™ 2% cm?/bacn.

Another way to calculate atom densities requires a
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knowledge of the crystal structure, Consider the crystal
structure of Nb-17r showrn in Figure 5.8. The atoms form a
cubic structure of 2 atoms per cell. For Nb~1zr, in 50
cells, there are 100 atoms. 99 of these atoms are Nb while
the other one is 32r. Since the sides of the crystal are
3.301 A, and 1 A equals 10~8 cm, the volume can be
calculated:
Volume of 50 cells = (50) * (3.301 x 10783
= 1.7985 x 10721 o,
To get the atom density of 2zr:
1 zr atom/(1.7985 x 107%Y) = 5.5602 x 1022 atoms/cc.
The atom density of Nb is:

99 Nb atoms/(1.7985 X 107%1) = 5.5046 x 1022 atoms/cc.
Again, the values need to be muitiplied by 10724 to vield
the «correct units in atoms/ (barn cm) for the FEMP inputs
(Stein, 1986].

This technique works well for the simple crystal
Structure of Nb-~1Zr. However, for complicated crystal
Structures, it may not be a very feasible way to calculate
atom densities although it will always give the correct
theoretical atom density.

After calcuiating the atom densities for each material,
these atom densities are homogenized or smeared throughout
the zone which they are in. Zones 1, 2, and 3 all contain

Nb~1Zr. However, they also contain other materials and the

Nb~1Zr comprises a different volume fracticn of the total




2 atoms
per cell

“psot i

Figure 5.8. Crystal Structure of Nb-12Zr.

vclume of the zones. This vields a different smeared atom
density for Nb-liZr for each of these zones when smeared in
each one. Table 5.3 gives the nuclides in this reactor
model with their respective atom dengities.
To calculate the smeared atom densities for each zone,
the following formula:
W(smeared)= N(atoms/(barn cm}) * (Vm/Vz)
Where: N(smeared) = the smeared atom density in
the particular zone.
N(atoms/(barn <¢m)) = the atom density calculaEed
above.
Vm/Vz = the ratio of the volume of the
material in the zone to the

total volume of the zone.

Consider the Nb-~1l2r in zome 2 in Figure 5.7. That zone

6 7

has four nuclides: Nb, 2r, "Li, and 'Li. From Figure 5.7

it is obvious that it is bounded radially by £y and r, and

axlially by 9.75 cm. The volume for the whole zone is then:
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vz = 3.1416 * (7.4377% - 2.4414%) * 9.75
= 1,511.8906 cc.
The Nb~12r in this zone is the cladding of the fuel pins in
the plenum section of the fuel pin. From the triangular
cell analysis already done, the area of the fuel pins to the
total area of the zone may be calculated. First, calculate
the‘area of the zone:

2

Area of the zone = 3.1416 * (7.4377% - 2.44142)

= 155.0657 cm®.

From the triangular cell analysis discussed in Section 5.3,
the ratio of the area of the fuel pins to the area of the
triargular cell is:
Afp/Ac = 0.4330/0.5466
= 0.7921.

Therefore, the a&area of fuel pins can now be calculated by
multiplying this ratio by the area of the whole zone:

Area of the fuel pins = (0.792)) * (155.0657)

= 122.8275 cm2
Since Nb--1Z2r is the cladding ¢of the fuel pins, the ratio of
the c¢ladding area to the area of the fuel pins needs to be
calculated. The cladding for these fuel pins is 0.074 cm
thick. The area of the cladding for cone fuel rod is:
A_ = 3.1416 * ((1.05/2)% = ((1.05 - (2 * 0.074))/2) %)
And the area of one fuel pin:
A = 3.1416 * (1.05/2)2

= 0.8659 cm®.
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The ratio of the area of the cladding to the area of the
fuel pin is:
j Ac/A = 0.2269/0.8659
= 0,2620.
The total area of the Nb-1Zr is then obtained by multiplying
the ratio calculated above and the area ¢f the fuel pins
calculated already:

T A(Nb-12r) = (0.2620) * (122.8275)
= 32.1801 cm?.
] And the volume of Nb-1Z2r is: (32.1801)*9.75 = 313.7628 cc.
There is now enough information te calculate the smeared
atom density for Nb-12r for this cell.

N (smeared) = (313.7628/1,511.8906) * 5.5602 X 1074

ir
= 1.1541 x 10~ % atoms/(barn cm)

Ny (smeared) = (313.7628/1,511.8906) * 5.5046 X 1072
; = 1.1425 X 10”2 atoms/(barn cm).

i All the smeared atom densities in each zone can be
calculated 1likewise. However, for some zones it 1is not
necessary. For example, zone 25 is made up totally of Bezc.
In this case, the volume ratio is 1 and smearing in

unnecessary. Also, when calculating the smeared densities

in zones where the material has the same height as the 2zone

et e e — ot =

(as was the case for the Nb~1Zr above), the smeared
densities can be obtained by using the area ratios since the
heights divide out in the volume ratios. The smeared atom
densities 1in Appendix B are calculated using the area

ratios for each zone.
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5.5 Dividing the Core into a Fine Mesh. FEMP2D and FEMPID

permit the core to be divided into a fine mesh grid which is
smaller than the zone division shown in Figure 5.7. Core
division can cause problems when the divisions do not define
flux alterations between the zone boundaries. For example,
the flux profile in the fuel region and the flux profile in
the control rods will be different. Therefore, caution
should be taken as to where the homogenized zone boundaries
are 1in the core. A consequence could be an erroneous
criticality calcuiation. Using a fine mesh spacing allows
for better numerical stability and could avoid this problem.
The core modeled in this thesis did not show this
sensitivity. Other core models may. The user should be
aware of this potential problem-because other core models
may exhibit poor flux definition across zone boundaries.
Consider the radial zones, ry and Lye. There are 7
zones bounded by these radii: zones 2, 8, 14, 20, 28, 32,
and 38. These zones have Jdifferent materials in them. If
the mesh spacing was left with no fine mesh between the two
radii, then there 1is a good possibility that some of the
neutron and gamma interactions with these materials would
occur without the finite element scheme tracking it.
Therefore, for all the zones bounded by these radii, there
must be a fine mesh space defined radially such that the
fine mesh will not be longer than the mean free path of a
neutron in the materials for all the above zones. This

means that the material with the smallest mean free path

Al
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should determine the fine mesh structure, and the mesh
spacing should be no longer this value. This implies a
difficult task to «calculate all the mean free paths.
J However, the FEMP codes do this and they print these values
A out. The radial spacing can be picked arbitrary, the code
v run, then the mean free paths checked with the output file
under a column called PLEN. This technique also applies for
t defining the mesh spacing in the axial direction.

‘ Appendix ¢ has an input file used for the FEMP2D
analysis for this core. Determining the sensitivity of the

input data is a major concern when running the code.

5.6 Sensitivity of Solution to Material Atom Densities.

Since k-effective (Keff) is sensitive to the core
composition defined by the atom densities, the calculation
of atom densities can make a big difference in the Keff FEMP

2350 atom

converges on. It is obvious that the higher the
density, the 1less volume it takes to have a «critical
assembly. Also for higher neutron energies, there is some

2380 atoms. Other materials can also have an

fission in the
impact on the value of Keff‘

For certain energy droups, there 1is a higher
probability for absorption. Although inelastic scattering is
the dominant interaction for both Nb and 2r, they have a
slightly higher absorption probability in two energy groups,
the first and last. The last group is the lowest energy,

and since this is a fast reactor, these probabilities are

most likely not consequential. Since this material is 99%

42
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Nb, the absorption cross section for 2r is not 1likely to
have an effect on Keff' The Keff is sensitive to {the W
content.

All the W isotopes have a higher absorption probability
in the lower energy groups. Couple this with the importance
of W's scattering probability, the W liner and wire spacer
could have an important contribution to the multiplicatio.

factor.

5.7 Group Cross Section Structure Selection. Group

collapsing is when group constants are generated for a few-
group calculation using the energy spectrum generated by a
many-greup calculation. The calculation group structurekwas
cemposed of 25 neutron groups and 12 gamma groups shown in
Appendix D. The groups finally used in the FEMP1D shielding
caiculations consisted of 16 neutron groups and 8 gamma
groups, Cross section sets may be obtained with many more
groups, but traditionally they are collapsed to smaller ones
to save computation time. With the advent of the CRAY and
other super fast computers, this may not be as big a factor
in the future as it has been in the past. But it still is
important to keep the computations within reasonable limits
to avoid computation overkill.

In collapsing, the broad group assumption is made that,
for the group selected, the energy spectrum will be the same

as it is for the initial group. To demonstrate the

collapsing process, consider only the absorption interaction
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for only two groups.

The following equation is used for absorption:

putag

j°d£2,,(£)¢(£) j‘dzz,,(g)qb(z)+§'dsz.(z~)¢(s)

ﬁ Lo==F% - Eo £
| dE4(E) [ dE$(E) + | dEY(E)
B5a £, Ea
t = Erlél + 8.24'1 — 2a¢l
3 1+ &2

- Lea1d1 + Lot
¢1 + 92

The Keff for both the 25 neutron and 12 gamma group
structure and the 16 neutron and 8 gamma gcoup structure was
0.995. This verified the use of the coarser group structure
for the FEMPID shielding analysis. For shielding analysis,

the Keff is not as important as generating the radiation

flux profile.




6.0 FEMP1D Analysis

FEMPID 1is the code used in the' actual shielding
analysis. Because the code is one dimensional and has no
bounds in the Z direction, the core modeled for FEMPzD was
modified with different material mixtures for each radial
zone, There is a correction factor that takes into account

the infinite cylinder model.

0.l Buckling Height Correction Factor. For a nuclear

reactor to be critical, the ratio of the neutron of a given
generation to the neutrons of the previous generation must
be equal to 1. This value is represented as K-infinity, the
infinite medium multiplication factor, and it is used when
there 1is no leakage of neutrcns out of the reactor in a
model of an infinite reactor with no physical bounds.
Since a nuclear reactor has physical boundaries, another
multiplication factor which includes neutron leakage, Keff'
is used to describe reactor criticality. It is referred to
as the effective multiplication factor, If Keff is 1less
than 1, the reactor is said to be subcritical, and it will
not sustain a chain reaction. 1If Keff equals 1, the reactor
is said to be critical, and if Keff is greater than one,.the
reactor is supercritical. For a power reactor, the reactor
should operate at a Keff of 1.

FEMP2D can account for the flux distribution in heoth

the R and the Z direction and thus the corresponding neutron

leakage. FEMP1D models the reactor as an infinite cylinder.




e

Therefore, there 1is a correction factor to compensate for
the neutron leakage in the 2 direction. FEMPLD calls this
the transverse dimensions for buckling correction by
material, and it is the “equivalent height™ for the

transverse direction.
Table 6.1 shows these buckling correction factors as
they are input into the code and their corresponding

geometric buckling. R and H in Table 6.1 represent the

Table 6.1 Height Correction Factors.

Gecmetry Geometric Buckling Ezg Equivalent Height
Rectangular AN LA LA _ %
Parallelepiped (E) + \};") + (E) B= Val + 8
Cyliinder N3 1

Ve * H =R
(%) +(3)
R H
Layered Cake ‘R
Cylinder v\1 r\? H=-—
(%) +(3) .
R H
Vg = 2.405

extrapolated radii and heights for each geometric
configuiation. Each material must have a correction faétor.
The word material here actually means the mixture of
nuaclides in e:ch zone. If zone 1 has four nuclides, Nb,
2r, B, and C, then the code would consider each of these
nuclides as consvituting one material. In other words, if
the nuclides are homogeneously mixed in each zone, then the
correction factor must be applied to each zone. In some

zones, such as the shield, the factor may be zero since the

shield 1is far enough away from the core that it contributes

little to core criticality.




Som> geometries do not have a correction factor. For
example, a sphere, which has the most efficient geometry in
terms of neutron leakage, does not have a transverse
direction. Therefore, it has no correction factor.

The height correction factor adjusts the height
scmewhat S0 as to model the neutron leakage in the axial
direction. Without 1it, the calculated Keff would be too
high since there would be no way to account for the r.eutron
leakage in the axial or Z direction; these neutrons would
then be assumed to bhe in the reactor contributing to

fission.

6.2 LPN Determination. Many mathematical functions can be

expressed as series expansions or by a set of polynomials.
For example, a Taylor series can represent functions such as
sin(x) or exp(x). When a series expansion is used, there
comes a point when an appropriate rnumber of terms are
carried in the expansion such that the answer is affected
negligibly by continuing with more terms. If a function
desciribing the neutron flux can be exvanded, then there
needs to be a determination as to the order of the expansion
to minimize computation time and cost.

Using spherical barmonics method, the flux can be
expressed by Laeyendre pulynomials [Benry, 1975]. Legendre
polynomials can be darived (see Appendix E) by solving the

following differential equation:

(1 ~ x‘:)dzy/dx2 - 2x dy/dx +p(p + 1)y = 0.




The general solution tc this equation is:
y = ClUp(X) + C2Vp(X).
Where:

1 -

[t

Up (X) (P(p + 1)/21) X2 (no = 2)(p + 1) (p + 3)/41) %%

~(p(P - 2)(P-H(p+1)(p+3)(p+5)/6nx + ...
And:
VpIX) = X - ((p - 1) (p + 2)/31)X>
+((p-1(p-3)(p+2)(p+ 4)/5)%X
((p-1(p=-3)(p~-51(p+2)(p+4)(+6/TK

+ ...

If p is zero or an even positive integer, then Up(X)
will terminate with the X" term. Therefore, it 1is a
polynomial of degree n. If p is an odd positive integer,
then Yp(X) c¢an be expanded to a polynomial of degree n.
Otherwise, these series diverge. If the series are
convergence, they converge in the interval [-1, 1]
[Hildebrand, 1976]. The neutron transport eguation can be
discretized in 1its angular dependence so that Legendre
polynomials can be used.

The neutron transport equation can be written in the

form: VQ¥(r, E,Q) + Z(r, E)¥(r, E,Q) =

/ / E,(r, E', Q' — E,Q)¥(r, E', @')dE'dY

v E

+ / /’ Egluz:,(s')\n(r, E,Q")dE'dQY’
9 1

+5(r, E, 1)
48




To simplify the geometry, consider a one dimensional slab

defined in only one finite direction, Z. By problem
av

selection, Q.9¢v=0-—-i
Jdz
Q XA
- laz
v
=u37s where u = cos ( 8 ).

Since the range of values of cos( 8 ) 1is the
interval [-1, 1], it is auspicious that a spherical
harmonics expansion leading to an expression in Legendre
polynomials may be used. These polynomials are orthogonal:

1

2
Pi(u') P(p')dp' = =——— for I =
_[4(#)&(#)# g fort=n

X
/P,(p')P_(y.')dy' = 0 when | # n.
21

They can be computed from the following three relations:

Fo(u) =1
1100==#
(2A+1)uPi(m) = (I +1)Pyr(u) + Pioy(p).

The angular flux density can be expanded:
V(z,E,p) = i(2n + 1)¥(z, E)Po(u).
The FEMP codes have a;=gnput parameter in the 1$$ array
which sets the spherical harmonic order called LPN. There
needs to be a determination of order of expansion necessary

to define the flux without computation overkill. This was

done by making several FEMP1D runs setting LPN =1, 3, 5, 7,




and 9 for both the LiH/W and the B4c/w shield models.
Figure 6.1 - Figure 6.14 show the results of this effort.

Consider Figures 6.1 and 6.5 to determine the effect
spherical harmonic order had on reactor criticality for both
the LiH/W and 54C shield models. Between PN = 1 and 3,
there was a big relative change in Keff' Keff between LPN =
3 and 5, exhibits a smaller change. Then there is little or
no change at all in Keff between LPN = 5 and 9. This means
that LPN = 5 1is sufficient for reactor criticality
calculations.

For the shielding analysis, there needs to be an
examination of the flux definition in the shield itself to
determine the spherical harmonic expansion effects for both
shields. Figures 6.2 -6.4 and Figures 6.6 - 6.8 show the
neutron fluence at 77, 100.2, and 130 c¢m from the end of the
reactor. These points are all in the shield and the neutron
fluence 1in plotted as a function of the spherical harmonic
order, LPN. Again, there is a big relative change in the
fluence between LPN = 1 and 3. Also, there is a smaller
change between 3 and 5. When LPN = 5, the fluence
stabilizes with very little or no change between 5, 7, and
9., This indicates that LPN = 5 is a sufficiently refined to
define the neutron flux in the shield.

This same analysis was done for gammas. Figures 6.9 -
§.14 show these results. The same conclusion can be made
about gamma profile as above for Keff and the neutron flux.

But consider the seemingly erratic behavior between LPN = 1

50




and LPN = 3 in Figure 6.9. This region of the shield is in
W. It is expected that there are numerous secondary gammas
being prcduced as a result of inelastic and capture in W
isotope. Since this interaction rate is dependent upon
group energy, it appears that energy dependent flux defined
by LPN = 1 had a higher probability for secondary production
than the the other spherical harmonic expansions did when it
reached the W slakt. The reason this doesn't happen in the
B4C shield is that the neutron energy is different at this
peint than in the LiH shield.

The importance of determining the spherical harmonic
order 1is that it saves a substantial amount of CPU time
which ultimately saves computation cost. For this reactor
model, a spherical harmonic order of 5 was Iound to produce

as accurate an answer in Keff’ the neutron flux, and the

gamma flux as did the higher order expansions. Therefore,

an order of 5 was selected for the shielding analysis.
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6.3 Coarse Mesh Model With Shield. The FEMP codes provide

a very useful input parameter which can save substantial
computational time. In the case of shield descign,” a core
model can be represented by a fine coarse grid withwut the
shield. This grid is much smaller than the material's mean
free path. Most numerical algorithms produce a more
accurate answer when more mesh spacing is introdrced. As in
any computational scheme, the accuracy may not change kteyond
a certain numker of mesh points, or the change maf be very
insignificant. When the fine mesh has been selected and the
FEMP code executed, the output can be. stored to be used for
latter runmns. FEMP provides the storage of the group
dependent flux to be stored on unit 10 (or tape 10 as the
manual calls it). This parameter, ISTRT, is set in the 1$$%
array (See Appendix C). Also, the keff calculated for the
fine mesh can be used in another run. This input, XK, or
eigenvalue estimate, can be put into the input deck in the
2** array. Using the fine mesh gives a good definition
of the flux profile from the core. For shielding, this is
more important than the criticality calculation, when the
model with the shield attached is set up, there is no need
to use fine mesh spacing in the core if the output from the
previous run, stored on unit 10, 1is used as the initial
guess. Actually, this is not a guess at all, and the code
will need no iterations to improve on this answer. A coarse
mesh spacing ﬁay then be used, as long as the mesh spacing

chosen 1s no longer than the shortest material mean free
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path in each material zoane. Howaver, to ensure that the
shield 1is is giving an accurate answer for the flux profile
in it, a fine mesh spacing may then be for the shield only.
A fine grid may also be initially used to check for
differences in the flux definition, and‘or the «critically
convergence, between a fine or course grid. If both runs
are dcne before modeling the reactor with the shield
attached, and the answers are insignificantly different,
then there is no need to store the flux, calculated by the
fine mesh, on unit 10 and use it for the shielding
calculations. The coarse core grid model can be used with
the shield, allowing it to generate its own core flux
profile, since it can converge with the same accuracy as the

flux input from unit 10 generated by the fine mesh.

6.3.1 FEMPID Reactor Model. Figure 6.15 shows the core

configuration used for the FEMP1D shielding analysis. The
core 1is compos2d of 4 material zones. The atom densities

calculated for this run were calculated using the formula:

N =3 V;N,;.
2
Where: Vj is the bfraction of super zone volume
occupied by the jth zone.
i3 is the nuclide atom density in jth zone.
N is the atoum density in the super zone.

i
N was calculated for the FEMP2D runs. The materials used

for FEMP1D can be related to the FEMP2D materials as shown

in Table 6.2. Zones 5, 6, and 7 comprise the shield, and




Table 6.2 Relationship of FEMP1lD Zones to FEMP2D Zones.

FEMP1D ZONE FEMP2D ZONES

Zone 1 Zones 14 and 26

Zone 2 Zones 15 and 27

Zone 3 Zones 16, 22, and 28.
Zone 4 Zone 20

have different compositions depending on whether the B4C or
the LiHd shield is being analyzed. The materials used in
FEMPZD can also relate to FEMP1D as shown in Table §6.3.
Using this information the volume averaged smeared atom
densities where calculated as shown in Appendix B. Table

6.4 shows the nuclide composition of these materials.

Table 6.3. Relationship of I'EMP1D Materials to FEMP2D.

FEMP'D Material FEMP2D Macerials
Material 1 Material 2

Material 2 Materials 7, 8, 11, 12
Material 3 Material 5

Mater.al 4 Material 13

Once the atom densities and zones are set up then the
FEMP1D input file is set up as shown in Appendix C. For
shielding optimization for both volume and mass, the gamma

shields (W or Pe) were moved at 10 cm increments up and down
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the shield. A comparisor was made as to the =shield
thickness that satisfied the dose constraints. This is

discussed in 1etail in Section 8.
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Table 6.4 Core Material Composition for FEMPI1D.

Nuclide
Niobium
Zirconium
Lithium 6
Lithium 7
Nitrogen
Uranium 235
Uranium 238
Tungsten 182
Tungsten 183
Tungsten 184
Tungsten 186
Niobium
Zirconium
Lithium 6
Lithium 7
Beryllium
Carbon
Nicbium
Zirconium
Lithium 6

Lithium 7

Material Number

Atoms/Barn/Cm

1

NN
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1.1425
1.1541
6.8148
8.4050
1.5015
1.3461
1.5539
1.4963
3.5321
6.9513
7.0644
1.1407
1.1523
5.9377
7.3232
7.5108
3.7554
5.5046
5.5602
3.4743

4.2856

E-02
E-04
E-04
E-03
E-02
E-02
E-03
E-04
E-04
E-04
E-04

E-02

E-04
E-04
E-03

E-03

E-03
E~-02
E-04
E-03

E-02



42.25

Variably placed Zone € {1 cm thick W)

Zone 5

Shield

Zone 4

lone 3

Core

Zone 2

Zone 1

Figure 6.15. FEMP1D Reactor Model.
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7.0 General.ing Dcse Regponse Functicns

FFMP2D and FEMP1D will generate gamma and neutron
radiation fluxes which may be multiply by a dose rate
conversion factor to produce a radiation dose. A dose is
the absorbed energy deposited in the medium by the
radiation. Radiation damage is measured in different units.
A gray is the SI derived unit of absorbed dose, but the unit
most commonly used is the rad (Radiation Absorbed Dose). A
rad is equal to an absorbed dose of 100 ergs of energy per
gram of matter. Conversely, 1Gy = 100 ergs. The dose
requirements for this reactor is S X 105 rads for gammas and
l X 1013 Nvt, or neutron fluence which 1is the time
integrated neuvtrcn flux. Both of these requirements are for
a seven year period and are set for silicon, the primary
medium f£or microelectronics. The neutron radiation is thell
MeV equivalent dose. Therefore, the shield must be able to
protect the payload at a dose plane 25 meters from the
reactor core for these requirements to successfully complete
a required mission. The code used for generating dose rate
conversion factors for this analysis 1is called RFCC.

Appendix G shows the RFCC input manual.

7.1 Setting up RFCC. Appendix G has an input manual for

RFCC, two sample input files, two sample output files, and a
sample FEMPlD input deck using the information generated by
these RFCC input files. The first input data set generates

the neutron flux to dose conversion factor. For this



analysis, the first parameter, IRFC, was set to 1. This
instructed the <code that it is to generate nultigroup
regponse functions only. If IRFC had been set to zero or 2,
then the rest of the input deck would have been put into
arrays using the FIDAS input scheme. The next input is
ICASE, the response function case number. It is set to 1.
This input deck 1is to gene ate f£flux to doge conversion
factors. The next parameter, IMG, tells the code what
response function to generate. In the sample input file,
IMG 1is set to 9, which generates the dose rate conversion
factors for human tissue. (The manual is not clear on
this.) The next parameter, NG, 1is the number of energy
groups for which conversion factors are to be generated.
This number is set to 1l6. Next, both the upper and lower
bounds of each energy group has to be entered. Actually,
the code 1is clever enough to assume the lower bound for
energy g:oup one is the upper bound for energy group two,
and the lower en2rgy bound for group two is the upper qgroup
to group three, etc. Therefore, if there are 16 neutron
energy groups, there must be 17 entries to define the group
structure to the code, the last being the 1lowest energy
bound in the lowest energy group.

Dose conversion factors can be generated again at this
point for another group structure and/cr a different
material such as silicon. I[f only the 16 netitron group
conversion factors are desireéd, set the next three

parameters after the lowest energy hound o0f the lowest
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energy dgroup to zeros. This sets ICASE=IMG=NG=0 and
terminates the run.

The output file simply states the eLergy group number,
the vupper and lower bounds fo. that z2nergy group, and the
dose rate conversion factor for that energy group
(averaged) . The units of the¢ dose rate conversion factor
are 1in Rem/hr/(n/sec-cmz). Appendix G shows the sample
outrut file generated with the input deck described above.
This same process is done to generate dose rate conversion

factors for gamma radiation.

7.2 Using thne Qutput of RFCC ir FPEMPIR. Both FEMPID and

FEMP2D can use the output of RFCC. FEMP2D uses th.s data in
the 37** array while FEMP1D uses it in the 35%* array. Since
the inputs are similar for both codes;, only the FEMP1D input
will be discussed.

In the 1$$ array, the last input parameter is called
NRF. This 1is the number of response functions that are
going to be input into the 35** array. For this analysis,
NRF is 8set to 2 because the response function for neutron
radiation (the set of dose rate conversion factors generated
by RFCC for neutron radiation), and the response function
for gammas (the set of dose rate conversion factors
genesrated by RFCC for gamma radiation) will be input.

Consider the neutron dose rate conversion factors
first. RFCC generated 16 conver3ion factors. One
conversion factor for each energy group. These sixteen

will be the first 16 entries in the 35** array as shown in
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Appendix 6. Since the code expects 16+48=24 enerudy groups
(.6 neutron grcups and 8 gamma groups), then tha last 8
entries for the first response function are zero. This 1is
basically telling tue code that the first group of response
functions are for neutrons only.

Next the entries must be made for the 8 gamma groups.
Again the code expects 24 entries since thet is the total
number of energy groups. Since the first 16 are neutron
energies, and they are not of any interest in the second
rasponse function, the first sixteen entries must be zero.
FEM? permits efficient input of repeated quantities. Since
there are zeros in the last 8 entries for the first response
function, and there are 16 zeros in the beginning of the
inputs for the second response function, there are 24
repeating =zeros in this array. The sample input deck 1in
Appendix G shows an entry "24R0.0". This is telling the
code to enter zero 24 consecutive times. Finally, the last
eight entries 1in this array are the eight dose rate
conversion factors generated by RFCC.

When the FEMP code using this input deck is run, there
will be <columns near the end of the ocutput deck labeled
"RESP 1" and "RESP 2". These columns represent the total
radiation dose produced by neutrons (RESP 1) and the total
deose produced by gammas (RESP 2). RESP 1 is the sum of the
neutron flux for each energy group nmultiplied by the dose
rate conversion factor for that corresponding energy group.

RESP 2 is the sum of the gamma flux multiplied by the
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corresponding dose rate conversion factor for each energy
group. This ocutput parameter <c¢an be calculated for
different positions in the reactor and shield to see the
radiation level at a particular position. For the shielding
analysis the values were printed as different positions in
the shield to determine the position in the shield where the

radiation was attenuated to the specified levels.
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8.0 Shield Optimization

Designing a shield for a space nuclear reactor must
include many considerations. Shieids must be structurally
stable. They must be able to attenuate the radiation levels
for & least the proposed duration of the reactor mission.
Considered for this analysis are the following layered
shield concepts: the traditional LiE and W shield, a
Be/LiH shield, a W/B4¢ shield, and a H@/B4C shield. Many
considerations, such as thermal expansion and material
compatibility, can make the shield unacceptabla. However,
if the shield material cannot attenuate the radiation to
acceptable levels within a certain mass and volume
constraint, it is eliminated as a candidate shielding
material regardless of its other material properties,

When the shielding material is selected, then 1its
weight must be calculated to determine the feasibility of
using the material as a shield. Also, volume is a major
constraint since some of the early space nuclear reactor:s
may be launched in the sgpace shuttle. If the launch vehicle
is the space shuttle, then it is possible that the limited
volume of the shuttle bay may determine the shield design.
Therefore, with the candidate shielding material

investigated, both volume and mass were the criteria for

optimization.

8.1 Tungsten and Lithium Hydride Shield. A layered W/LiH

shield has been advocated as the lightest shield for space



nuclear reactors. W, oDecause of its high electron density,
has the ability to interact with gamma rays much more than
any of the other three materials. Unfortunately, its high
density means it is heavier than the other materials with in
the same volume. The dominant probability for all W
isotopes' neutron cross sections is scattering.

In the 16 group cross section set, the major cause of
secondary gammas 1in 182W for high energy neutrons is
inelastic scattering. The probability is the highest in the
higher energy ranges, specifically, the uvpver 5 groups
ranging from 1 MeV to 17.33 Mev. Energy group 5 has a cross
section of about 2 barns for the lowest probability in these
groups, whereas energy group 3 has a cross section ¢f about
3.15 barns for the highest probability.

lazw has many resonances for absorption (which produces

gammas) probability from about 5 X 10_3 MeV. Therefore a
thermal neutron, or neutron in group 16 defined in cross
section set use for this analysis, has a good probability of
secondary gammra producticen. These resonance peaks are
extremely sharp, which implies that they have a narrow
energy range. But they are numerous indicating a neutron
that escapes one rescnance is likely to encounter another as
coon as it interacts reducing its enercy. From 5 keV to
energy group one, the probability of absorption decreases to
below 0.8 barns. This indicites that as W 1is moved far

enough away from the core, and the neutions have lost some

of their energy through collision in the LiH, this



interaction becomes more important.

183

For W the neutron absorption cross section gets very

low at the higher energy ranges. .Like 182W, the inelastic
cross section ranges around 3 barns for the five highest
energy groups, with the lowest probability at about 2.1
barns for energy group 1, and about 3.3 barrs for group 3.
l84W and 186W demonstrate the same behavior. This
implies that for fast groups there is much more secondary
gamma production caused primarily by the inelastic
scattering, but in the lower energy groups, there is some
secondary gamma produbtion due to neutron absorption.

The Li modeled in this shield is comprnsed of two
isotopes, 6Li and 7Li. Since Li has a low atomic number
indicating few orbiting electrons, its gamma attenuating
characteristics are not significant. For neutrons. 6Li
doesn't have a large cross section for absorption at the
high energy groups, however, for the 1lower groups, the
probability goes up significantly. The concern for this
reaction is that absorption could cause an exothermic
reaction, described i1 Section 2.2, heating up the shield
and possibility effecting its stability. 6Li's elastic
scatteriryg probability is not very high except 1in energy
group 7 where it peaks to ¢bout 5.5 barns.

7Li has similar elas:ic scattering characteristics,
ex¢ept tunat, although ener3y group 7 is the maximum, the
peak 1is only about 4.8 barns. The absorption probability

for 7Li 18 very low for every energy group in the sixteen
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group struclure.

In combination with the Li in the LiH shield 1is the
ultimate neutron attenuator, hydrogen. Hydrogen is desired
because of the neutroa energy lost per collision, a result
of the hydrogen atom and the neutron being roughly the came
size. Therefore, the higher the hydrogen content in a
neutron shielding material, the more effective the neutron
shield is.

Be was used in combination with LiR for one shield
model. Be has a peak elast.c scattering probability of
about six barns for the lowest energy group, and about 2-5
barns in the high to the intermediate energy groups. It has
a very low absorption probability aithough it does have a
troublesome (n, 2n) reaction starting at about 2.8 MaV.
The use of a Be/LiH shield implies thai there is no gamma
shield. This is actually the case since Be' s atomic number
is only 4 which indicates that it :sn't much better for
gamma attenuation than Li. The trade off in ~uescion in
using this layered shield is to determine if the Be/LiH
shield would be a better overall shield than the W/LiH
shield since, although W is a much better gamma chield, W
produces secondary gamma which also have tc be attenuated.

Be was alco used layered with B4C. Boron has a large
absorption cross section for thermal neutrons. However, for
high energy neutrons. this is not the case. In fact, for
108 the absorption probability is less than one barn until

the neutron ‘energy level reaches the intermediate energy
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ranges. In the lower energy ranges, the probability climbs

llB has a very small absorption

well over 100 barns.
probability for all energy groups. From intermediate to the
lower enecrgies, it has a scattering probability of from 4 to
5 barns. This will help reduce the neutron energy so that
the absorptiocas probability from 108 can dominate.

Finally, carbon is a streugth giving material that also
aids in the B4C shield. It hac almost no absorption cross
section, but it does have a scattering cross section from
about 3.5 to 4.7 barns from energy groups 6 o 16. These
collisions also help reduce the neutron erergy so that the

1c

neutron is more likely to be absorbed in the B isotope.

8.2 Dnse Specifications. The shielding analysis for this

tiesis was set up tc determine what shielding configuration
for both mass and/or volume yielded the satisfactory dose

limits. The dose requirements for gamma rays was set at 5 X

5 rads. For neuvtrons, 1t was set at 1 X 1013 Nvt, the
‘

time 1integrated flux. Beth requirements are for seven

10

years. The dose plane is 25 m from the reactor core, and
the half cone angle to be protected is 17 degrees. Since 25
m >> 27.5 cm, the reactor radius, then the radiation can be
considered to originate from a point source, i.e., the
reactor "looks® like a point source at 25 m.

Assuming the radiation digstribution is isotropic, or
equally likely in all directions, the streaming attenuation

factor (SF) can be calculated as follows:

81



L

2 2
SF = Awmidd _ TTop  Top

T 4xR? ~ 4xR? T 4RY
. =the radius of the shield, & 55.3 cm.
R =the distance from the cere to the dose plane, 25 m.

55.32

= ————————4((25)(102)12 = 1.2232z10°

SF

The SF describes the divergent nature of the radiation once
it leaves the shield's surface. The inverse of the SF

yields the dose in the shield 25 meters from the dose plane.

1 _ g.1750210%
SF

Adjusting the gamma dose with the SF yields:

9

(5 X 10°) (8.1750 X 103) = 4.0875 X 10° rads.

Adjusting for the neutron fluence yields:
(1 x 1913)(8.1756 x 10%) = 8.1750 x 10%® nvt.

Since the radiation unit rad is defined as 100 ergs of
energy deposited in a gram of material, the gamma dose needs
to be correlated to the material for which it applies. In
this case, silicon is the material to be protected since its
integrity must be maintained for the electronic circuits 1in
the payload to function. Also the units of the energy
deposition can be changed to match the dose rate convyersion
factors input into the code. To get rads into units of rads

silicon, the following conversion factor is used:

1 rad = (190 ergs/gm) (2.42 gm/cc)=242 ergs/cc,
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where 2.42 gm/cc is the éensity of silicon.

14

(242 ergs/cc) (6.2412 X 1011 ev/erg) = 1.5105 x 10%% ev/cc

14

therefore, 1 rad = 1.5105 X 10 ev/cc.

The dose rate in rads silicen is:

(4.0875 x 109) (1.5105 x 1014

DR (rad si) )

6.1742 X 1043 ev/ce,
where eV/cc are the energy deposition units to match
the dose iate conversion factors.

The two dose limits are now established for this analysis.

They are:
for neutrons: 8.1750 X 1016 nvt
for gammas: 6.1742 X 1023 evV/cc.
8.3 Determination of Shield Boundaries. The shield

models subjected to the above constraints was composed of 67
cm of the neutron attenuating material and 1 cm of the gamma
attenuation material. FEMP1D can be required to print the
flux and/or dose for neutrons and gammas at points
throughtout the core or shield. This analysis only required
the dose print out in the shield. The points chosen began
at 14.75 cm in the shield and ended at 67.75 cm at intervals
of 0.535 cm. These values are displayed 1in the FEMPID
output file. The column headed "XOUT" is the distanc=2 the
pcint in question is in the shield added to the core length.
For example, the point 14.75 cm in the shield corresponds to
62.25 + 14.75 = 77.00 in the XOUT column.

The output file then prints out the dose at specified
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points. Fof this analysis, 100 points were chosen for the
printout. The code was instructed to do this by setting the
parameter "NPQUT" in the 1$$ array tc 100. The 34** array
thon had to contain the positicn of the 100 points. There
are two ways to do this. All 100 points can be input by
hand, i.e., 77.000, 77.535, 78.071, ...,130.000. If the
points in question are equally spaced (they can be spaced
unequally if desired), then the code allows the use of a
handy interpolation scheme making inputs much faster. ToO
get 100 points between 77.000 and 130.000 an input in the
34** array may have an entry "98177.0 130.0" telling the
code to enter 98 equally spaced points between 77.0 and
130.0. Thus, the spacing is 0.535 between each point. This
scheme may also be used in ithe other arrays defining mesh
spacing for FEMP2D and FEMP1D.

If the neutron and gamma dose was of interest is at a
point 15.285 c¢cm in the shield, then it could be found in the
output file by looking at the XOUT column for this value:

62.25 + 15.285 = 77.535.
On the same page in the output file that has the XOUT
column, the l2ft hand column displays a sequence of numbers
1, 2, 3, ..., etc. These can be considered as the position
numbers for each wvalue in the XOUT colunn. The last
parameters (before the accounting information) will have the

following format:
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Afhany i

POSN RESP 1 RESP2
1 1.8071E+17 2.1774E+24
2 1.6180E+17 1.6705E+24
3 1.3904E+17 1.6762E+24
100 3.5523E+12 4.5663E+23

The dose rates for a point 15.285 cm in the shield is 1.6180

X 1017 nvt for neutrons and 1.6705 x 1024

eV/cc for gammas.

It is easy to see how to utilize this scheme to
determine the point in the shield in which the dose
constraints are satisfied. Just read down the column under
RESP 1 until the 1its value is less than or equal to
8.1750E+16. That is the position where the neutron dose is
attenuated tc¢ the allowable level. Then read down the
column headed RESP 2 until the value is less than or equal
to 6.1742E+23 for the gammas. This is the point where the
gamma rays are attenuated to the specified level. (RESP 1
and RESP 2 do not always have to be for neutrons and gammas
respectively; they can be the cther way around as determined
by input f{ile manipulation.) The point with the largest
position number, is the minimum shield thickness to
attenuate both the neutron and gamma radiation to an
acceptable level. Its thickness can be determined by
looking at the section of the output file that has the XOUT
values in it, and matching the corresponding position number

with the XOUT value and subtracting 62.25, e core length,

from it.
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Since the shield thickness is now known, the next
question is the shield radius. The cone nalf angle
determines this. The cone half angle of 17 degrees implies
that any neutrons or gammas leaking out the angle do not
contribute to the radiation dose at the dose plane since
space is essentially a vacuum and there would little
scattering outside the cone angle back in. The shield
places the payload in a protective "shadow" in which the
radiation levels are acceptable. This also makes the shield
much lighter since the core does not need a sphere shaped or
4 pi shield protecting in all directicus.

Figures 8.la and 8.1b show that the shield thickness is
constant for the radius core. The shield is essentially a
"layered cake”™ of neutron and gamma shield materials behind
the rseactor core. Then the layered cake macerials make an
angle of about 76.6 degrees intersecting the cone angle.
The thicknesses in the tapered zones are constant with each
other. Since the gamma shield is 1 cm in the shield behind
the core, it is also 1 cm in the wings intersecting the cone
angle. Some shield designs tapper the gamma shield into a
point, (in effect, making it a three point volumetric zone
instead of a rectangular volumetric zone) however, doing
this requires some intuition [Engle, 1984]. To be sure that
the shield designs analyzed in this thesis meet the dose
criteria, the gamma shield maintained the same relative
thickness in tne shield wing as behind the core. The points

where each part of the layered shield intersect the cone
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Gamma Shield Next to Core.

Gamma Shield Away From the Core.

Figure 8.la and 8.1b. Core and Shield Configurations.

angle is determined so that the shield's mass and volume can
be calculated. |

The volumes and masses were calculated using a shield
volume code, SHVOL.FOR, written in FORTRAN 77 specifically
for this thesis. It calculates the intersection points for
each segment of the shield and then ralculates the shield's
mass and volume using a volume of revolution mapping
technique. Appendix F describes the code, its input and
output in detail.

As the gamma shielding material is moved up and down
the shield, the mass and volume changes in two ways. If
the two shields 1in Pigures 8.la and 8.lb are the =same
volume, then moving the gamma shield away from the core

increases its volume since the gamma shield must be extended
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in the wing portion ¢f the shield to intersect the cone half
angle. It will displace a volume that was once occupied by
the neutron shield. Gamma shields are more dense,
therefore, they weigh more. Hence, a heavier material is
replacing a lighter materizl increasing the shield's total
weight. However, if by moving the gamma shield decreases
the neutron shield material enough such that much less of
it is needed to attenuate the gamma and neutron radiation to
the specified levels, the ove 2ll shield pags can decraasse.
This happens hecause the neutron and gamma interactions arve
energy dependent. Hoving the gamme material away changes
the neutron energy incident to it from the covre, 1i.e., the
neutron material. The consequences of this could be, for
example, that there 1is less secondary gamma prceduction,
which has to be attenuated by the neutron shield. Since the
characteristics of the neutron shielding material dictate
that it isn't a very good gamma shield, it usually takes a
substantial amount of neutron shield material to attenuate
the gamma rays. Therefore, the lower the secondary
production, the better. Inelastic scattering can also
reduce the neutron energy substantially. If the gamma
shield 1is placed in an energy dependent flux such that the
probability of inelastic scattering is larger, then it can
help the neutron shield inasmuch as there need not e as
much of it to attenuate the Nvt to the acceptable dose.

These are the trade offs that are important in this

analysis.
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8.4 Shield Analysis. There were  four  shielding

configurations considered in this analysis: W/LiH, W/B4c,
Be/LiH, ahd Be/B4C. W and Be are considered the gamma
shielding materials, whereas LiH and B4C are considered the
neutron shielding materials. This is a bit misleading since
Be does not a high atomic number, and therefere, it is not a
good gamma shield. It is Be's neutron attenuating
characteristics that do not produce secondary gammas that
make it a desirable material to look at. In the shieids
with no W, the neutron materials will be used to attenuate
gammas.

The gamma shielding material is moved up and down the
shield 1in ten cm increments to determine the best shield
configurations satisfying the dose requirements. If a shield
configuration could not meet the dose requirements, it was
discarded. Also, the possibility exist where the gamma
shielding material was positioned at a point beyond were the
dose constraints were met. For example, if the gamma
shielding material were placed 50 c¢m from the core, and
the gamma and neutron dose was satisfied at 46.4 cm, then
that shielding configuration was thrown out. The neutzon
material was basically shielding both 3ammas and neutrons by
itself.

Two considerations are used for shielding. Attenuating
the dose for silicon and attenuating the dose for humans.

FEMP1D was ran before the shield was put into place to

calculate the radiation dose not attenuated out of the
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reactor core. One run was made for silicon dose. The dose
was calculated to be:

1.0114 X 1019 nvt for neutrons, and

25

1.1777 ¥ 10 eV/cc for gammas.

The number of doses ‘can be calculated as:

No of Doses = dose/(allowed dose).

6

The allowed dose for gammas is 0.5 X 10 rads. Therefore

the calculated flux is:

25 10

(1.1777 X 10 eV/cc)/(1.5105 eV/cc/rad)=7.7968 X 10 rads.,

The number of doses is:

No of Doses = 7.7968 X 1019/0.5 x 10°

= 1.5594 X 105, for gammas.

For neutrons, the number of doses is:

1.0114 x 101%/1013

1.0114 x 10°.

No of Dcses

Taking the ratic of the number of doses for neutrons and
gammas yields:

1.0144 x 10%/1.5594 x 10° = 6.4858.
This implies that it is 6.486 times as hard to shield
neutrons as it is yammas for silicon. If this is done fo-

humans, it is 66.32 times as hard to shield for neuty~

for gammas.
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9.0 Rersults

In the four shield configurations analyzed in this
thesis, a one cm thick slice of W or Be was moved down the
shield starting at the core and moving at 10 cm increments
through the shield to point 60 cm from the core. The
shields were first checked with the FEMPLD output files to
see at what point in the shield where the dose levels were
satisfied. Once that point was identified, then SHVOL.FOR
was used to calculate the volume and mass of each of the
different material zones in the shield and to calculate the
total shield mass (see Appendix F). If the gamma shielding
material was moved to a point beyond which the neutron
shielding material could attenuate the gamma radiation by
itself, then that point, and the remaining peint/points, if
any, was/were not tabulated in the volume and mass

calculations.

9.1 volume and Mass Calculations. In the shielding

analysis, 1if the radiation levels were not attenuated
through the shield after a shield thickness of 67.75 cm,
then that shield configuration was thrown out, and it was
not considered in the volume and mass calculations. The
only exception was for the LiH shield with no gamma
shielding material. Using only LiH, it took a thickness of
97.16 c¢m to finally get the gamma dose under 6.1742 X 1023
eV/cc. Figures 9.1 through Figures 9.8 show the results of

this analysis. The shield thickness was calculated on a




line of symmetry bisecting the core and shield. Table 9.1
shows the calculated shield thickness, mass and volume of

the shields containing only LiH and Béc.

Table 9.1. LiH and B4C shields.

Material Thickness vVolume Mass
LiH 97.16 cm 1,097,378.94 cc 850.47 kg
B4C 35.63 cm 286,032.80 cc 720.80 kg

Since these materials are primarily neutron shielding
materials, adding W or any other gamma attenuating material
to these shielding configurations must reduce the mass or
volume for the overall shield configuration to justify using
it.

For the W/LiH shielding configuration, putting the W
next to the core never satisfied the gamma dose criteria.
It was therefore discarded for the mass and volume
calculations. Table 9.2 shows the results of the W/LiH
calculations with the W at positions of 10, 20, 30, 40, 50,
and 60 cm from the core. The lightest of these
configurations was when the W was at 40 cm from the <core.
This also yielded the least volume for this configuration.
It is interesting to note that with the W at 60 cm, there is
nc¢ LiH behind the W which implies that the W attenuvated the
gamma flux inside the 1 cm thick boundary. This was the

case. Therefore, for W at 60 cm, only a 0.79 cm W slab was
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needed.
Table 9.2. W/LiH Shield Configurations.

W Pogition (cm) Thickness (cm) Volume (cc¢) Mass (kg)
190 67.21 646,544.25 637.07
20 63.47 598,009.41 616.26
30 59.18 535,226.11 592.47
40 50.08 437,407.84 528.39
50 51.15 449,504.50 557.55
60 60.79 564,234.71 618.79

*The W positioned next to the core did not satisfy the
gamma dose within a shield thickness of 67.75 cm.

Table 9.3 gives the results of the W/B4C shielding
configurations. Table 9.1 shows that the B4c shield with ne
W satisfied the dose requirements at 35.63 cm. When the W
was moved to 40 cm, the dose for both neutrons and gammas
was attenuated by 3just the B4C. Therefore, the W/B4C
configurations with W act 40 cm or more did not vyield a
smaller volume or a lesser mass than the shield with B4C
only. All configurations of the layered W/B4C shield with
the W 40 cm or more from the core were not considered for
optimization, so their volumes and masses were not
calculated.

With the Be/B4C shield configuration, the doses were
satisfied at 35.629 cm into the shield for all the runs with
the Be 10 to 30 cm from the core. Table 9.4 shows the

results of the Be/B4C runs.
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Table 9.3. W/B,C shield Configurations.

W Position (cm) Thickness (cm) volume (cc) Mass (kg)
0 31.35 245,313.65 727.07
1¢ 27.60 211,176.00 655.35
20 27.60 211,176.06 670.57
30 30.28 235,485.58 636.52

*pPositions 40 through 60 put the W beyond the point
where B4C meets dose criteria by itself.

Table 9.4. Be/B4C Shield Configurations.

Be Position (cm) Thicknegss (cm) Volume (cc) Mass (kg)
0 36.164 291,248.32 729,59

10 35.629 286,032.00 715.87

20 35.629 286,032.03 715.26

30 35.629 286,032.10 714.61

*Positions 40 through 60 puts the Be beyond the point
where B4C meets dose criteria by itself.

For the shield configurations of Be/LiH, none met the
gamma dose <criteria within a maximum shield thickness of
67.750 cm. Therefore, they were not considered for the
optimization.

Table 9.2 shows both the mass and shield volume are

minimal at 40 cm for the W/LiH shielding contigurations,
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Table 9.3 shows a minimum volume with W at 10 cm from the
core for W/B4c shield configurations. However, since the
volume and mass are almost the same for the 10 and 20 cm
positions, there might be a minimum volume existing
somewhere between 10 and 20 cm. However, for the calculated
points, 10 cm is the optimum point for volume with the W/B4C
shielding configurations.

The Be/B4C shielding configurations yielded some
interesting results. The shield thickness is almost the
same for all the shield configurations. It is thickest when
the Be it next to the core. In this position, the neutron
dcse was met 27.598 cm in the shield, and the gamma dose was
satisfied with a shield thickness of 36.164 cm. With B4C
only, the neutron dose was met at 28.1340 cm, and the gamma
dose was met at 35.63 cm. Therefore, with.the Be next to
the core, there was a slightly better attenuation of
neutrons in the high energy range, but not for high energy
gammas. This trade off was not favorable for the Be/B4c
configurations, When the Be was moved away from the core,
the dose rates were satisfied with a shield thickness of
35.629 cm for all configurations. This is the same

7/

thickness that the B4C shield attenuated the radiation as
shown 1in Table 9.1. Since both of these materials have a
low atomic number, the driving factor for attenuation the
radiation to an acceptable dose was the gamma rays. Adding

Be did not effect the shield thickness. However, since Be
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has & lower density, moving the Be away from the core

allowed Be to replace B4C in larger segments causing the
shield mass to go down.

For all the shielding volumes, the W/B4C configuration
was the best with the W at 10 cm appearing to be an optimum.
The configurations for mass, however, did not compare
favorable with the W/LiH configuration at 40 cm.

The W/Li"H shield was the lightest c¢onfiguraticn. To
determine the optimum for 1lightest shield, a closer
examination of the W/LiH configuration with the W at 40 c¢m

was done. Table 9.5 shows the optimum calculations for

Table %9.5. Optimum Shield Mass Calculations.

Thickness W (cm) Volume (cc) Mass (kg)
0.5 564,234.60 531.74
1.0 437,408.22 528.39
1.5 345,098.29 £52.26
*
1.52 345,089.22 556.09

* The dose criteria was met at this W thickness.

shield mass. Clearly, the lightest shield is with W at a
thickness of 1 cm, 40 cm from the core. Figures 9.9a and
9.9b show the optimum shield configuravions and reactor

core.
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Figure 9.9a. W/LiH Optimum Weight Shield Configuration.

}--27.6U cm-|

Figure 9.9b. W/B4C Optimum Volume Shield Configuration.
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10.0 Conclusion

Two shields were identified in *this analysis that are
of primary concern for the launching of a space nuclear
reactor. A W/LiH configuration was found to be the lightest
weight shield. Its mass was calculated to be 528.39 kg.
The SP-100 shield was calculated to be about 681 kg. The

ifference in mass can be accounted for by noting that the
LiH in the SP-100 is in a stainless steel honeycomb, and
there is aluminum in the shield for thermal conduction.
There is also much more W in the SP-100 shield. Also, the
shield has an insulation material which adds more weight.

The shield with the smallest volume was found to be a
W/B4C shield with the W at a position of 10 cm from the
core, This shield's mass was calculated to be 655.35 kg.
The volume for the W/B4C shield was found to be 211,176 cc.
The volume of the W/Li# optimum weight shield was calculated
to vbe 437,407.84 cc. Since the W/LiH shield has twice the

velume than that of the B,C shield, the 126.96 kg difference

4
in mass may be more acceptable when considering a volume
constraint for the launch vehicle or the material
characteristics of the different shielding materials.

Figure 9.3 shows the shield volume vs W position for
the W/B4C configurations. The figure is a linear graphical
representation of the calculated volumes. If a more
detailed examination was done between the W at 10 cm ana 20

cm, there might be a optimum volume somewhere in that

region. Future research could verify this,. Appendix D




shows the 25 neutron and 12 gamma groups and the 16 neutron

and 5 gamma groups used in this analysis. Future wcrk could
be done using this group structure with a more refined cross
section set which may yield a clearer picture of the
dominate interactions in the shielding materials. Different
thickness of different gamma shielding materials may
identify a more optimum shield volume. Cne such material is
borated beryllium oxide. Also, the shield could be modeled
with a stainless steel matrix for the LiH and with aluminum
thermal strips embedded to verify the necessary W thickness
to attenuate the gammas.

It has been shown that a B4C shield would not be a
catastrophic 1liability in shield mass for the reactor
analyzed. However, since it can withstand higher
temperatures, it could be a material to consider for higher
power space reactors. A temperature analysis incorporated
in a radiation shielding analysis could determine the
maximum thermal power that a space nuclear reactor could
produce using B4C. This could yield significant results for

the next generation of high powered space nuclear reactors.
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'APPENDIX A

CALCULATIONS OF EFFECTIVE RADII



Calculation of the effective radii used for FEMP2D.

First the effective radius of the hexagonal center control rod is calcu-

lated.
The area of a hexagon can be calculated by using the following for-

mula:

T
Area = n r? tan—.
n

Where n=6, the number of sides in a hexagon.
r is the radius from the center of the hexagon to the intersection point
of the sidea.

Area = (6)(2.325)2tan(g~)
Area = 18.7256 cm?.

The effective radius is calculated:

Area

r= 4 —

T

__ [187256
=\

g = 2.4414 cm.

A-2




Therefore:
ry = 2.4414 em.

We must work backward to calculate ro by calculating rs.
r3 i3 a concentric cylinder from r; to the outside edge of the six hexag-

onal control rods.

We have | safety plug and 6 control rods within the area of concern.

This tota! area is:
(7)(18.7256) = 131.0794 cm?.
There are 300, 72/96% enriched pins.
Fuel pin radius (including cladding): -1% = 0.5250 cm.
This total area:
(300)+-(0.5250)% = 259.7704 cm?.
The pitch to diameter ratio is: % = 1.07.

Therefore:
Pitch = (1.07)(1.05) = 1.1235 cm.

A-3




Since the fuel is in a trangular pitch, consider the triangular cell:
The area of a triangle may be calculated by:

Area = %azsin(G)

Where a=pitch

9=60 degrees =% radians.

First, calculate the area of the trangular cell:

Area = %(1.1235)231}71(0)

= 0.5466 cm?.

Second, calculate the area of the fuel pins (in the trangular cell).

1 1 1, .,
Area = (6 <+ 6 + g)?l’rfp.

Where ry, is the radius of the fuel pins.

Area = -;—71'(0.5250)2

= 0.4330 cm?®

This leads to two very important ratios (which are the inverse of each
other) .

A-4




Ayp = the area of the fuel pins in the trangular cell.
Aiee = the total area of the trangular cell.

As, _ 0.4330

= = 0.7921.
Atot 0.5466 0.7

Aot 1.2624

Afp

The total area in question including the 7 hexagonal rods is:

327.9428 + 131.0794 = 459.0222 cm?.
The equivalent radius, r3:

ry = ,' 34-5—9£2£ = 12.0877 cm?>.

r2 is the "inner radius” of the concentric cylinder fromn r; to the inside




of the six hexagonal conirol rods.

It can be calculated by substracting the diameter of one of the hexag-
onal control reds from rs.

Recalling that r for one of the hexagonal elements (not the equivalent
radius) was 2.325 cm, then:

ry = ry — [(2)(2.325)] = 12.0877 — 4.650 = 7.4377 cm.

r4 will bound all fuel rods, safety plug, contro!l rods, wire spacer, and
coolant channels.

Total fuel pins = 396 + 300 = 696.
Total fuel pin area:

Agps = 6961(0.5250)% = 602.6674 cm?®.
Fuel pin and coolant area:
A, = (1.2624)(602.6674) = 760.8074 cm’.
The total area bounded by r:
Agoe = 760.80784 + (7)(18.7256) = 891.8866 cm?.
Therefore:
ry = mm;éw = 16.8492 cm?.

A-6




rs and rg are chosen to be:

rs = 18.4500 cm?

re = 27.5000 cm?.

A-7/A-8




APPENDIX B

ATOM DENSITY CALCULATIONS FOR

FEMP1D AND FEMP2D




Atom densities for this thesis was calculated using the following formula:

v () -2

barn - ecm M,
Where: N, = Avogadro’s Number, 6.022045210%° Fema or -———;’;:":"3“-:":,

M, = Molecular weight mgsom or m’:ol 5

p =Nuclide density £T.

This Appendix shows the calculated atom densities for FEMP1D and FEMP2D
runs. )

Sample Calculation For Lithium:

Lithium has two isotopes: Lithium 6 and Lithium 7.
Lithium 6 composes 7.5% of natural lithium,
Lithiuin 7 composis 82.7% of natural lithium.

9 =0.534 (glf)
(o]

M, = 6.941 (L) .
gm atom

.53 0220 3
Ny = (0.534)(6.022045210%3) — 4.6331210% (atoms)
6.941 ———CC
2
Ny = [4.63311:10” (“‘;".’_‘3)] [10‘“ (_.._.‘"' )]
ce barn
at
Ny = 4.6331210"? (_"_ﬂ_)
barn -em
( t
Nep; = (0.075)(4.63312167%) = 3.4748z1073 ( a omf__)
arn - cm
4
Niy; = (0.025)(4.63312107%) = 428562107 (___“ oms )
rn-cm

B-2



ATOM DENSITIES FOR FEMP2D RUNS
Not Smeared

ATOMS/BARN/CM NUCLIDE
5.5048E-02 NB-93
5.5802E-04 NAT-ZR
2.1970E--02 B-10
8.7881E-02 B-11
2.7463E-02 C-12 (For boron carbide)
3.4748E-04 LI-8
4 ,2858E-03 LI-7
7 .8179E-02 BE
3.8090E-02 C-1Z2 (For beryllium carbide)
For 96% enriched fuel.
3.3228E-02 N-14
3.1913E-02 U-235
1.3129E-03 U-238
For 72% enriched fuel.
3.3131E-02 N-14
2.3939E-02 U-235
9.1920E-03 U-238
1.8827E-02 W-182
9.0403E-03 W-183
1.9389E-02 W-184
1.8081E-02 w-186




Sample calculation of a smeared atom density.

From Table 5.3, consider the atom density of boron-10.

It will be smeared in zone 1. Consider only the ratio of the areas since the heights
cancel in the area ratio of the volumes.

Zone 1 total area is 18.7256 ¢m®.

The area in this zone occupied by the boron is 14.3469 ¢m3.

The smeared atom density for this zone:

14.3469
18.7256

Niup(Smeared) = ( ) (2.19702107%)

Niwp(Smeared) = 1.688321072 (M__s_)

barn -em




MIXING TABLE; SMEARED ATOM DENSITIES FOR FEMP2D RUNS

MATERIAL

NNNININNNNINGR QD001 h b b 009 00 0 00 ) 6 DD 69 B DI < = 1t e

ATOMS /BARN/CM

1.1288E-02
1.1402E-04
1.6833E-02
6.73315-02
2.1041E-02
1.1425E-02
1.1541E-04
©.8148E-04
8.4050E-03
1.1370E-02
1.1485E-04
6.6304E-03
2.6522E-02
8.2882E-03
4.1300%-04
5.0937E-03
2.7792E-02
2.8073E-04
1.8154E-03
1.9924E-02
5.5046E-02
5.5602E-04
1.1288E-02
1.1402E-04
5.8368E-02
2.9183E-02
1.7246E-02
1.8564E-02
6.8148E-04
7 .4883E-04
4.0652E-04
8.6972E-04
8.1106E-04
1.1425E-02
1.1541E-04
6.8148E-04
8.4050E-03

NUCLIDE
NB-93
NAT-ZR
B-10
B-11
C-12
NB-93
NAT-ZR
LI-8
LI-7
NB-93
NAT-ZR
B-10
B-11
C-12
LI-6
LI-7
NB-63
NAT-2
LI-8
LI-7
NB-93
NAT-ZR
NB-93
NAT-ZR
BE
C-12
N-14
U-2356
U-238
w-182
W--183
W-184
w-186
NB-93
NAT-ZR
LI-8
LI-7

B-5




MIXING TABLE; SMEARED ATOM DENSITIES FOR FEMP2D RUNS

MATERIAL ATOMS/BARN/CM
. 0040E-02
.1305E-04
.5137E-04
.4641E~-04
.2835E-04
.6084E-04
.1370E-02
.1485E-04
.1300E~04
.08937E-03
. 2990E-02
. 1498E-02
. 7792E-02
.8073E-04
.6154E-03
.9924E-02
.86386E-04
.6556E-03

© O OO OO O 0000000 000000 G0 0000 00 00

HMAHHhmnAquHHmmbQQHHwﬂmuaHHwNHmm»HHpmwhhH

2984E-04
179E-02

.>080E-02
.7197E-02
.2425E-02
.7711E-03
.4583E-04
.0852E-04
.8972E-04
.1106E-04
.1425E-02
.1541E-04
.4060E-03
.5313E-03
.8919E-03
.5137E-04
.4541E-04
.2635E-04
. 9084E-04
.1370E-02
.1485E-04
.1300E-04
.0937E-03
. 1495E-02

NUCL.IDE
U-235
U-238
w-182
w-183
W-184
w-186
NB-93
NAT-ZR
LI-8
LI-7
BE
C-12
NB-93
NAT-ZR
LI-8
LI-7
B-10
B-11
C-12
BE
C-12
N-14
U-238
U-238
w-182
w-183
W-184
w-186
NB-93
NAT-ZR
LI-7
U-235
U-238
w-182
w-183
W-184
w-186
NB-93
NAT-ZR
LI-6
LI-7
C-12

B-6



MATERIAL

R WWNNNNDNDDI NN -

.1425E-02
.1641E-04
.8148E-04
.4050E-03
.5015E-02
.3461E-02
.5539E-03
.4963E-04
.5321E-04
.9613E-04
.0644E-04
.1407E-02
-1523E~04
.93771-04
.3232E-03
.51C8E-03
.7554E-03
.S046E-02
.5802E-04
.4748E-03
.2856E~02

hwmmwﬂﬂmHqumeHHmmHH

MIXING TABLE; SMEARED ATOM DENSITIES FOR FEMP1D RUNS.
ATOMS /BARN/CM

NUCLIDE
NB-93
NAT-ZR
LI-6
LI-7
N-14
U-235
U-238
W-182
W-183
W-184
W-186
NB-93
NAT-ZR
LI-6
LI-7
BE
C-12
NB-93
NAT-ZR
LI-6
LI-7

SHIELDING MATERIALS: =*

MATERIAL
LiH
"
n

Boron
Carbide

Tungsten
"

n
L

Be

ATOMS /BARN/CM

.4317E-2
.8721E--2

.1970E-2
.7881E-2
.9483E-2

.8627E-2
.0403E-3
.9380E-2
.B081E-2

HHOMH NDON Ooi

.2349E-1

et

B-7/B-8

NUCLIDE

LI-8
LI-7
H

B-10
B-11
C

w-182
W-183
w-184
W-1886

Be

«The atom densities for the shielding materials
are not smeared.
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APPENDIX C

FEMP1D AND FEMP2D DATA




FEMP1D and FEMP2D Codes.

FEMP1D and FEMP2D have demonstrated accuracy several times in comparison J
with results from other state-of-the-art codes used in the Air Force Weapons Labo-
ratory and at Science Applications International Corporation. Dr Charles Sparrow,
an IPA from Mississippi State University, with the Weapons Laboratory has pro-
duced nearly identical results for K, calculations using XSDRNPM as computed
with FEMP1D. Dr. Sparrow caiculates a K,r; of 0.9985 (with a Vitamin E cross
section) for a specidc reactor model. This results was duplicated using FEMP1D
and with a different cross sectior set. This verifies the valitidy of both cross section
sets as well as demostrates the accuracy of both codes. The FEMP cross seciion
used in this comparison is the same set use for this thesis.

At the Weapons Lab, a model of the STAR-C reactor was analyzed using FEMP2D.
The results duplicated the K,y calculated by G. A. Technologies using MCNP. Also,
Jim Mims, at Science Applications International Corporation in Albuquerque, has
analyzed a gas-cooled pellet reactor with the same atora densities using both a Los
Alamos code, TWODANT, and FEMP2D. The K,;; calculated by the two codes
agreed up to the first decimal point. The cross section sets and the group struc-
tures were different. This gives credence to some of the state-of-the-art reactor
codes being used at this time.




FEMP2D Manual; 20 February 1957.

PROGRAM FEMP2D
INPUT DATA
TITLE CARD (18A4)

DATA BLOCK NO. O (PRCBLEM DEFINITION)
13 ARRAY(34)
NGEOM=1, (X,Y) GEOMETRY

=%, (R,Z) GEOMETRY

=3, (R,T GEOMJTRY

NOUTR=1, INHOMOGENEQUS SQURCE
2, INHOMOGENEOUS SOURCE WITH FISSION
3, FISSION EI :NVALUE
4, FISSION EIGENVALUE SEARCH

MADJ=0, FORWARD PROBLEM
=1, ADJOINT PROUBLEM

LPN=SPHERICAL HARMONIC ORDER

NMAT=NUMBER OF MATERIAL MIXTURES

NNG=NUMBER OF NEUTRON GROUPS

NPG=NUMBER OF FHOTON GROUPS

MPN==PN ORDER OF CRUOSS SECTIONS RETAINED

IHT=TOTAL CROSS SECTION POSITION (ANISN TAPE)

IHS=WITHIN GRJUP SCATTER CR0SS SECTION PCSITION (ANISN TAPE)
LTBL=CROSS SECTION TABLE LENGTH (ANISN TAPE)

MTL=MIXING TABLE LENGTH

MCRD=NUMBI'R OF MATERTAL CROSS SECTIONS TO BE READ FROM CARDS

MANSN=NUMBER OF MATERIAL CROSS SECTIONS TU BE READ IN ANISN
FORMAT FROM TAPE1S

MAMPX=NUMBER OF MATERIAL CROSS SECTIONS TO BE READ IN AMPX
WORKTNG LIBRARY FORMAT FROM TAPE16

c-3




1 NBYTE=1, FOR VAX FORTRAN COMPATIBILITY
=8, FOR CRAY FORTRAN COMPATIBILITY

NX=NUMBEE OF X MESH POINTS
NY=NUMBER OF Y MESH POINTS
} NZONE=NUMBER OF MATERJAL ZONES IN PROBLEM

IB(1)=0, LEFT BOUNDARY IS VACUUM
H =1, LEFT BOUNDARY IS REFLECTING

-

=2, LEFT BOUNDARY HAS SOURCE INCIDENT

IB(2)=0, RIGHT BGUNDARY IS VACUUM
=1, RIGHT BOUNDARY IS REFLECTING
r =2, RIGHT BOUNDARY HAS SOURCE INCIDENT

IE(3)=0, BOTTOM BOUNDARY IS VACUUM
=1, BOTTUM BOUNDARY IS REFLECTING
=2, BOTTOM BCUNDARY HAS SOURCE INCIDENT

IB(4)=0, TOP BOUNDARY IS VACUUM
{ =1, TOP BOUNDARY IS REFLECTING
=2, TOP BOUNDARY HAS SQURCE INCIDENT

ISTRT=1, SET FLUX EQUAL TO ZERO EVERYWHERE
=2, SET FLUX EQUAL TO 1.0 EVERYWHERE
=3, SET FLUX EQUAL TO FUNDAMENTAL MODE BASED ON BC’S
=4, SET FLUX EQUAL TO INPUT FROM TAPE1l0
ITIMX=MAXTMUM NUMBER OF INNER ITERATIONS
IT3MX=MAXTMUM NUMBER OF OUTER ITERATIONS FOR FISSION PROBLEMS
TACC=0, NO I"ISSION SOURCE ACCELERATION
1, SINGLE STEP CHEBYCHEV ACCELERATION
2, MULTIPLE STEP CHEBYCHEV ACCELERATION
NPOW=NUMBER OF POWER ITERATIONS PERFORMED BEFORE ACCELERATION
IUPS=0, NO UPSCATTER SCALING
=1, OVER-RELAXATION SCALING
=2, MATRIX INVERSION SCALING

1 NS=NUMBER OF SOURCE SPECTRA

C-4




NBYTE=1, FOR VAX FORTRAN COMPATIBILITY
=8, FOR CRAY FORTRAN COMPATIBILITY

NX=NUMBER OF X MESH POINTS
NY=NUMBER OF Y MESH POINTS
NZONE=NUMBER OF MATERTIAL ZONES IN PROBLEM
IB(1)=0, LEFT BOUNDARY IS VACUUM

=1, LEFT BOUNDARY IS REFLECTING

=2, LEFT BOUNDARY HAS SOURCE INCIDENT
IB(2)=0, RIGHT BOUNDARY IS VACUUM

=1, RIGHT BOUNDARY IS REFLECTING

=2, RICHT BOUNDARY HAS SOURCE INCIDENT
IB(3)=0, BOTTOM BOUNDARY IS VACUUM

=1, BOTTOM BOUNDARY IS REFLECTING
=2, BOTTOM BOUNDARY HAS SOURCE INCIDENT

IB(4)=0, TOP BOUNDARY IS VACUUM
=1, TOP BOUUNDARY IS REFLECTING
=2, TOP BOUNDARY HAS SOURCE INCIDENT

ISTRT=1, SET FLUX EQUAL TO ZERO EVERYWHERE
=2, SET FLUX EQUAL TO 1.0 EVERYWHERE
=3, SET FLUX EQUAL TO FUNDAMENTAL MODE BASED ON BC’S
=4, SET FLUX EQUAL TU INPUT FROM TAPE10
ITIMX=MAXTMUM NUMBER OF INNER ITERATIYONS
IT3MX=MAXTMUM NUMBEE OF OUTER ITERATIONS FOR FISSION PROBLEMS
JACC=0C, NO FISSION SQURCE ACCELERATION
1, SINGLE STEP CHEBYCHEV ACCELERATION
2, MULTIPLE STEP CHEBYCHEV ACCELERATION
NPOW=NUMBER OF POWER ITERATIONS PERFORMED BEFORE ACCELERATION

ﬁ TUPS=0, NO UPSCATTER SCALING
=1, OVER-RELAXATION SCALING
1 =2, MATRIX INVERSION SCALING

NS=NUMBER CF SOURCE SPECTRA
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TFX=-2, DO NOT PRINT CROSS SECTIONS
=-1, PRINT 1D CROSS SECTIONS
= N, PRINT 2D CROSS SECTIONS THRU PN
NPOUT=NUMBER OF POINTS F' FLUX PRINT
IPFLX=-2, PRINT FLUX AT UALCULATION MESH POINTS
(NG RESTART TAFF)
-1, PRINT FLUX AT REQUESTED OUTPUT POUINTS
(NO RESTART TAPE)
0, DO NOT PRINT FLUX OUTPUT (NO RESTART TAPE)
1, PRINT FLUX AT REQUESTED OUTPUT POINTS
2, PRINT FLUX BY CROUP AT CALCULATION MESH POINTS
3, RESTART TAPE ONLY

NRF=NUMBER OF CARD INPUT RESPONSE FUNCTIONS
2+ ARRAY

EPS=CONVERGENCE TOLERANCE ON FLUX
EPSK=CONVERGENCE TOLERANCE ON EIGENVALUE
XK=EIGENVALUE ESTIMATE

SNORM=SQURCE NORMALIZATION

T

DATA BLOCK NO. 1 (MIXING TABLE)

108 ARRAY (MTL)

MATERIAL NUMBERS

118 ARRAY(MTL)

NUCLIDE NUMBERS

12+ ARRAY (MTL)

NUMBER DENSITIES (ATOMS/BARN/CM)

133 ARRAY (MCRD)
NUCLIDE IDS FOR CROSS SECTIONS INPUT ON CARDS
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i 14% ARRAY (NOG)

CHI SPECTRUM

P 15+ ARRAY (NNG+1)
NEUTRON GROUP BOUNDS

-,

F 168+ ARRAY (NPG+1)
GAMMA GROUP BOUNDS

17+ ARRAY (NOG)

? GROUP VELOCITIES

T

DATA BLOCK NO. 2 (CROSS SECTIONS-ONE BLOCK FOR EACH
NUCLIDE/MATERTIAL)

20= ARRAY (NOG=4)

NOTE THE 1D CROSS SECTIONS ARE STORED IN THE FOLLOWING ORDER

. TOTAL

. TOTAL FISSION YIELD (NU=3IGF)
. ABSORPTION

. GROUP FRACTIONAL YIELD (CHI)

1D CROSS SECTIONS FOR THFIS MATERIAL

[N IVE S

21% ARRAY (NOG~NOG)

PO SCATTERING ARRAY FOR THIS NUCLIDE
22+ ARRAY (NOG*NOG)

P1 SCATTERING ARRAY FOR THIS NUCLIDE
T
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DATA BLOCK NO. 3 (MESH POINTS AND MATERIAIL ZONES)
30+ ARRAY{NX)

X MESH POINTS

31« ARRAY(NY)

Y MESH POINTS

323 ARRAY (NZONE)

MACROSCOPIC MATERIALS BY ZONE
333 ARRAY (NX-1)*(NY-1)
ZONE NUMBERS BY MESH INTERVAL

34+ ARRAY(NMAT)
TRANSVERSE DIMENSIONS FOR BUCKLING CORRECTION BY MATERTIAL

35+ ARRAY(NPOUT)
OUTPUT X MESH POINTS FOR FLUX PRINT OUT

38« ARRAY(NPOUT)
OUTPUT Y MESH POINTS FOR FLUX PRINT CUT

37+ ARRAY(NOG=NRF)

RESPONSE FUNCTIONS

T

DATA BLOCK NO. 4 (INHOMOGENEOUS SOURCES)

40+ ARRAY (NOG*LPN1)
LEFT BOUNDARY SOURCE SPECTRUM
41= ARRAY (NOG=LPN1)
RIGHT BOUNDARY SOURCE SPECTRUM




42+ ARRAY(NOG+LPN1)
BOTTOM BOUNDARY SPECTRUM

| | 43+« ARRAY (NOG=LPN1)

l TOF BOUNDARY SPECTRUM

44+ ARRAY (NOGNS)

FIXED SOURCE SPECTRA

b 458 ARRAY (NX-1)«(NY-1)

INHOMOGENEOUS SOURCES BY MESH INTERVAL
T
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Sample Input File for FEMP2D.
188 2 3 0 1
13 18 8 1

3 4 0 85
o (o] 85 1

27 42 42 1

0 0 o] 3

200 28 O c

o] o -2 (o}

3 o]

2«» 1.0B-4 1.0E-4 1.0 1.0 T

1088 5R1 4R2 7R3 4R4 2R5
4R8 11R7 13R8 7R® 2R10
11R11 13R12 2R13

1188 41093 40000 5010 E£011 6012
41003 40000 3008 3007
41003 40000 5010 5011 6012 3008 2007
41003 40000 30068 3007
41003 40000
41093 40000 4000 8012
7014 02235 92238 74182 74183 74184 74186 41093 40000
30068 3007
7014 92235 92238 74182 74183 T4184 74186 41093 40000
] 3008 3007 4000 8012
41093 40000 3008 3007 5010 5011 6012
H 40089 8012

7014 92235 92238 T4182 74183 74184 74186 41093 4000C
3008 3007
7014 92235 92238 74182 T4183 74184 74188 41093 40000
3008 3007 4009 6012
30068 3007
12« 1,1288B-2 1.14028-4 1.6833E-2 6.7331E-2 2.1041E-2
1.1425B-2 1.1541E-4 8.8148E-4 8.4060BE-3
1.1370B-2 1.1486E-4 6.8304E-3 2.8522E-2 8.2882E-3 4.1300E-4
5.09378-3

2.7792E-2 2.8073E~4 1.8154E-3 1.9924E-2

5.5048E-2 5.5802E~4

1.1288E-2 1.1402BE-4 5.8385E-2 2.9183E-2

1.7246E-2 1.8564E~2 6.8146E-4 7.4583E-4 4.0552E-4 8.8872E-4
8.1105E~4 1.14256E-2 1.1541E-4 6.8148E-4 8.4050E-3

1.0453E-2 1.0040E-2 4.1305BE~4 4.5137E-4 2.4541E-4 5.2635E--4
4.9084E-4 1.1370P-2 1.1485E-4 4.1300E-4 5.0937E-3
2.2¢90B-2 1.1496E-2

2.7792E-2 2.8073E-4 1.6154F-3 1.9924E-2 6&.838€E-4 2.8555E-3
8.2084E-4

7.8179F-2 3.8090E-2

1.7107B~2 1.2425E-2 4.771.8-3 7.4583E-4 4.0562E-4 B.AG72E-4
8.110RE~4 1.1425E~-2 1.1541E-4 6.8148%-4 8.4050E-3

1.04238-2 7.53133-3 2.8010B-3 4.5137B-4 2 4541E-4 5.26356E-4
4.0084P-4 1.1370E-2 1.1485E-4 4.1300BE-4 5.0037E-3
2.20003-2 1.1496E-2

3.4748E-3 4.2858E-2 T
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30%= 0.0000 1.0000 2.0000
2.4414 3.0000 4.0000 5.0000 8.00C0 7.000C
7.2048 8.0000 G.1000 10.2000 11.3000
12.08768 13.2000 14.3000 15.4000
16.87962 18.0000
1 18.4500 19.9500 21.4500 22.9500 24.48500 25.950C

31+» 0.0000 1.0000 2.0000 3.0000 4.0000 5.0000 §.0000
7.0000 8.0000 9.0000

16.0000 11.2000 12.4000 13.6000 14.8000

18.0000 17.8000 19.2000 20.3000 22.4000 24.0000 25.8000
27.2000 28.8000 30.4000 32.0000 33.6000 35.2000

36.0000 37.2000 38.4000 39.6000 40.8000

H 9.7500

42.0000
42.2500 45.5833 48.9187 52.2500 55.5833 58.9167
: 682.2500
32881 2 3 2 4 5
1 2 3 2 4 10
6 7 8 7 9 10
6 11127 9 10
6 7 8 7 9 10
5§ 5§ 5§ 5 5 10
4 13 13 13 13 13 13

3333 3R1 6R2 SR3 4R4 2R5 8RS8 9qze
3R7 6Rs3 SRO 4R10 2R11 6R12
3R13 6R14 6R1S5 4R16 2R17 6R18 4Q286
3R19 6R20 B5R21 4R22 2R23 6R24 12Q26
3R26 6R26 G6R27 4R23 2RZ0 OAR30 4Q28
3R31 6R32 5R33 4R34 2R35 BR38
3R37 6R3A8 B5R39 4R40 2R41 6R42 5Q28

36+ 82,25 T

C-11




FEMP1D Manual; 20 February 1687.

PROGRAM FEMP1D
INPUT DATA
TITLE CARD (18A4)
DATA BLOCK NO. O (PROBLEM DEFINITION)
18 ARRAY
NGEOM=1, SLAB GEOMETRY
=2, CYLINDRICAL GEOMETRY
=3, SPHERICAL GEOMETRY
NOUTR=1, INHOMOGENEOUS SOURCE
R 2, INHOMOGENEQUS SOURCE WITH FISSION
3, FISSION EIGENVALUE

MADJ=0, FORWARD FROBLEM
=1, ADJOINT PROBLEM

LPN=SPHERICAL HARMONIC ORDER
NMAT=NUMBER OF MATERTAL MIXTURES
NNG=NUMBER OF NEUTRON GROUPS
NPG=NUMBER OF GAMMA GROUPS

MPN=PN ORDER OF CROSS SECTIONS RETAINED

THT=TOTAL CROSS SECTION POSITICN
(ANISN TAPE)

THS=WITHIN GROUP SCATTER CROSS SECTION POSITION
(ANISN TAPE)

LTBL=CROSS SECTION TABLE LENGTH (ANISN TAPE)
MTL=MIXING TABLE LENGTH

MCRD=NUMBER OF MATERIAL CROSS SECTIONS TO BE
4 READ FROM CARDS

MANSN=NUMBER OF MATERIAL CROSS SECTIONS TC BE
READ IN ANISN FORMAT FROM TAPE15




-

MAMPX=NUMBER OF MATERIAL CROSS SECTIONS TO BE
READ IN AMPX WORKING LIBRARY FORMAT FROM
TAPE168

NBYTE=1, FOR VAX FORTRAN COMPATIBILITY
=8, FOR CRAY FUORTRAN COMPATIBILITY

NX=NUMBER OF MESH POINTS
NZONE=NUMBER OF MATERIAL Z0ONES IN PROBLEM

IBL=0, LEFT BOUNDARY IS VACUUM
=1, LEFT BOUNDARY IS REFLECTING
=2, LEFT BOUNDARY HAS SQURCE INCIDENT

IBR=C, RIGHT BOUNDARY IS VACUUM
=1, RIGHT BOUNDARY IS REFLECTING
=2, RIGHT BOUNDARY HAS SOURCE INCIDENT

ISTRT=1, SET FLUX EQUAL TO ZERC EVERYWHERE
=2, SET FLUX EQUAL TO 1.0 EVERYWHERE
=3, SET FLUX EQUAL TO INPUT FROM TAPE1O

ITMX2=MAXTMUM NUMBER 0F MIDDLE ITERATIONS

ITMX3=MAXTMUM NUMBER OF OUTER ITERATIONS FOR
FISSION PROBLEMS

TACC=0, NO FISSION SOURCE ACCELERATION
1, SINGLE STEP CHERYCHEV ACCELERATION
2, MULTIPLE STEP CHEBYCHEV ACCELERATION

NPOW=NUMBER OF POWER ITERATIONS PERFORMED BEFORE
STARTING THE CHEBYCHEV ACCELERATION

TUPS=0, NO UPSCATTER SCALING
=1, OVER-RELAXATION SCALING
=2, MATRIX INVERSION SCALING

NS=NUMBER OF SOURCE SPECTRA
IPX=-2, DO NOT PRINT CROSS SECTIONS

=-1, PRINT 1D CROSS SECTIONS
= N, PRINT 2D CROSS SECTIONS THRU PN

NPOUT=NUMBER OF POINTS FOR FLUX PRINT



IPFLX=0, DO NCT PRINT FLUX QJUTPUT
1, PRINT FLUX AT REQUESTED OUTPUT POINTS
2, PRINT FLUX BY GROUP AT CALCULATION MESH
POINTS

NRF=NUMBER OF CARD INPUT RESPUONSE FUNCTIONS
2+ ARRAY
EPSK=CONVERGENCE TOLERANCE ON EIGENVALUE
XK=EIGENVALUE ESTIMATE
SNORM=SOURCE NORMALIZATION
T
DATA BLOCK NO. 1 (MIXING TABLE)
108 ARRAY(MTL)
MATERTAL NUMBERS
118 ARRAY(MTL)
NUCLIDE NUMBERS
12» ARRAY(MTL)
NUMBER DENSITIES (ATOMS/BARN/CV)
133 ARRAY (MCRD)
NUCLIDE IDS FOR CROSS SECTIONS INPUT ON CARDS
14+ ARRAY(NOG)
CHI SPECTRUM
15* ARRAY(NNG+1)
NEUTRON GROUP BOUNDARIES
18+ ARRAY(NPG+1)
GAMMA GROUP BOUNDARIES




17+ ARRAY(NOG)
GROUP AVERAGE VELOCITIES
i T

| DATA BLOCK NG. 2 (CROSS SECTIONS-ONE BLOCK FOR EACH
F NUCLIDE/MATERTAL)

20 ARRAY (NOG=4)

NGTE THE iD CROSS SECTIONS ARE STORED IN THE
t FOLLOWING ORDER
b

. TOTAL

. TOTAL FISSION YIELD (NUxSIGF)
. ABSORPTION

. GROUP FRACTIONAL YIELD (CHI)

L AN NN

{ 1D CROSS SECTIONS FOR THIS MATERIAL
21= ARRAY (NOG=NOG)
PO SCATTERING ARRAY FOR THIS NUCLIDE
22+ ARRAY (NOG=NOG)
P1 SCATTERING ARRAY FOR THIS NUCLIDE
T
DATA BLOCK NO. 3 (MESH POINTS AND MATERIAL ZONES)
30* ARRAY (NX)
X MESH POINTS
313 ARRAY (NZONE)
MACRGSCOPIC MATERIALS BY ZONE
328 ARRAY(NX-1)
ZONE NUMBERS BY MESH INTERVAL
33% ARRAY (NMAT)

TRANSVERSE DIMENSIONS FOR BUCKLING CORRECTION BY
MATERTAL
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34+« ARRAY (NPOUT)
OUTPUT X MESH PO'INTS FOR FLUX PRINT QUT

35% ARRAY (NOG=NRF) ]
RESPONSE FUNCTIONS

T

DATA BL.OCK NO. 4 (INHOMOGENEQUS SQURCES)

40+ ARRAY ( (LPN+1) *11GG)
LEFT BOUNDARY SOURCE SPECTRUM
41+ ARRAY ( (LPN+1)=NOG)
RIGHT BOUNDARY SOURCE SPECIRUM
42+ ARRAY (NOG=#NS)
FIXED SOURCE SPECTRA
433 ARRAY(NX-1)
INHOMOGENEQUS SOURCES BY MESH INTERVAL
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Sumple Input file for FEMPLD.
158 2 3 0O &
4 18 8 3

3 2

sy

2

Q
1
i3 (o]
0

~“~ONA O
o
r«'OSi\Oh

28O e
§
OO

e 1.0F-5 1,008 3.3737E+22 T |
JOS% A1 LIRZ M3 214
1188 41003 400CC 3008 3007

Y014 Q2235 92238 743182 T4183 74184 74184 41093
40000 3008 3007 4000 6012

41093  4000C
3uos 3607
124+ 1.14268~2 1.1541E-4 6.8148E-4 8.4050E-3
1.50188-2 1.3481E~2 1.683UE-3 8.4983E-4 3.5321E-4 8.9813%-4
7.0844E-4 1.14C7E~2 1.3523E~4 5.8377F~-4 7.3232E-3
7.5108E--3 3.7554E-3
5.5048E-2 £.5802E-4
| 3.4748E8-3 4.2858%-2 T
4 e ! 30w 0.0005 1.0000 2.0000 3.0000 4.0000 5.0000 3.0000

7.0000 B.0000 ©.0C00
10.0000 11.0000 12.0000 13.0000 14.0000 15.0000 16.0000

17.0000 18.0000 19.0000 27.0000 21.0000 22.0000

23.0000 324.0000 25.0000 26.0G00 27.0000 28.0000

29.0000 30.0000 31.0000 22.0000 33.0000 34.0000

35.0000 38.U000 37.00C0 33.000C 39.0000 40.000C

41.000)
472.0000 ‘ .
42.2500 43.2500 44.1500 45.2500 46.2500 47.2500 48,2500

40.2500 B0.T500 51.2600 62.2500 53.2500 64.2500

§5.2500 58.2500 §7.260G 58.2500 650.2500 80.2500

61.2
52.2600

314§ 1 2 3 4
328% 1O0R1 32R2 1R3 2CR4
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33«« 31.0 31.0 FO.O

34ee  B2.25
354« 1.779579-4 1.480738-4 1.273286-4 1.280578-4
$ 1.175837-4 8.307393-5 4.780253-5 3.073550-5
1.741842-5 8.708003-8 4.805043-8 3.608882--6
3.875812-6 3.846325-6 4.405064-8 3.675043-8

. 24RC.0
' 8.783468-8 4.1872097-6 2.620406-8 1.510885-6

3 2

7.532779-7 3.880888-7 2.692778-7 4.511449-7 T

' ¢-18




APPENDIX D

ENERGY GROUP DEFINITION




»

1 FEMP2D Energy group structure:
i
THIS LIBRARY HAS A 25 GROUP NEUTRON STRUCTURE
i GROUP RANGE
1 1.733000E+07~~-6.065000E+06
2 6.065000E+06-—-3,011000E+06
3 3.011000E+06~—-1.92000OE+06
ﬁ 4 1.920000E+06~——1.002000E+06
5 1.002000E+06~-«6.081000E+05
8 6"081000E+05--—2.972000E+05
7 2.972000E+05———1.831000E+05
: 8 1.831000E+05~—-1.110000E+05
f g 1.110000E+05-——4.086000E+04
10 4.086000E+04———2.187000E+O4
i1 2.187000E+04-—-1.503000E+O4
12 1.503000E+04——-7.101000E+03
| 13 7.101000E+03-~~3.354000E+03
14 3.354000E+03—~~1.584000E+03
} 15 1.584000E+03——~4.540000E+02
18 4.54OGOOE+O2—"—2,144000E+O2
7 2.144000E+02-——1.013000E+02
J 18 1.013000E+02~-w3.726000E+01
19 ' 3.7260003+01--_1.067000E+01
20 1.067000E+01—~—5.043000E+OO
21 5.04SOOOE+OOT-*1.855OOOE+OO
22 1.855000E+00--—8.764000E—01
1 23 8.754000E—01——~4.1390003w01
24 4.139000E-01~-~9.999000E~02
25 9.999000E~02—-—1.000000E-OS
THIS LIBRARY HAS A 12 GROUP GAMA STRUCTURE
GROUP iGE
2 1.4000OOE+O7———8.000000E+06
2 8¢OOOOOOE+06—-—6.000000E+06
3 8.0000GOE+OB~~-4.000000E+06
4 4.000000E+06—"~2.0000GOE+06
5 2.000000E+06s~-1.500000E+05
6 1.500000E+06«——1,000000E+06
7 l.OOOCOOE+O6~—-?.OOOOOOE+05
8 7.000000E+05~~~4.000000E+05
2} 4.000000E+05~——2.000000E+05
10 2.000000E+05~——1.000000E+05
11 1.000000E+05—*-6.000000E+O4
12 5.000000E+04-—~1.000000E+O4
]
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FEMP1D Energy group structure:

THIS LIBRARY HAS A

GROUP

GRQUP

IR W -

DWHWN R MDD =GO

DB b = B A

18 GROUP NEUTRON STRUCTURE

RANGE

.733000E+07~~-8.
.066000E+06~--3,
-011000E+08~-~1
- B20000E+068---1
.0CZ000E+068---~8 ,
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APPENDIX E
TRANSPORT EQUATION » LEGENDRE POLYNOMIAL

DERIVATION




Boltzmann transport equation:

V- -Q¥(r,E, Q)+ Z(r, E)¥(r, E, Q) = S(r, E, )+
[ Bu(x,E' = E, Q¥ — Q)¥(r, E', )dE'dS¥+

Q' E
x(E)

& i 4r

This equation is three dimensional, energy dependent, and represents
steady-state, i.e., dn/dt = 0 or % = 0.

vEs(E)¥(r, E', ¥)dE'dSY.

¥U(r, E, (1) = neutron angular flux density.
3:(r, E) =total interaction cross section.

Zy(r, E' — E, Y — 1) = scattering cross section for transfer from
energy E' and direction {¥’ to energy I£ and direction f2.

vE¢(E') =number of neutrons produced per fission times the fission
cross section for a neutron of energy E’. (In the laboratory system,
fission is isotropic, or having a tendency in all directions.)

S(r,EQ) =the time independent source density of peutrons at
position r, with energy E, and moving in the direction, (2.

This equation is a function of six independent variables: Three

position coordinates, r = r{zi+ yj + zk) znd two angular directions,
Q= 09, 9).

Before developing a transport equation for this geometry, let’s
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review the following:

A spatial derivative is a gradient.

The gradent is a vector normal to the surface at the point at which
the gradient is to be evaluated.

The gradient of a scalar function is the result of the application of the
del operator;

V = i-;; +jc7% +k %, in Cartesian coordinates.

In one dimensional geometry in the z direction only:

u = cos(8)

@ = cos™ ! u

d(l = —-2ndu




In 1-D geometry, the solid angle changes its characteristics:

' 0= 11(8,0).
, For 1-D geometry, the physical process does noi depend on ¢.

0= Qi+ 0+ 0k

.=0-i
f Q,=0-]
Q. =0 k=4
: Which defines
N-k=gu
By problem selection:
0 _,
, ér
ow
3y 0

Therefore: 3% . 57
QD.-V¢=0-—1=0-14 =

] —— = y——

dz oz oz
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Another helpiul tooi is Legendre polynomials.
The following in a derivation of Legendre polynomials using a power
series solution.

Legendre Functions of Order p are solutions of the differential equa-
tions:

d?y dy
— 2 e —— v— ——
(== dz? 2z dz

p is real and nunnegative.

+plp+1)y=0

o0
Assume a solution: y{z) = ) Bz?*+*
k=0

yl —_ z B};(2k +8)22k+3—1
k=0

y" = 3 Bi(2k + 3)(2k + s — 1)z2F+2
=0 |

Plugging into the orginal equation:

> Bi(2k+ 5)(2k + 5 — 1)2**2 = 3" By (2k + 5)(2k + 5 — 1)z

=) k=0
co , 0
~2 3. Bi(2k + 8)z* * +p(p+1) 3 Bra®t = 0.
k=0 k=0

Grouping terms:

(¢ ]
> Bi(2k + 5)(2k + 5 — 1)g%*+o2
k =0

+ 2- Br[p(p+ 1) — 2(2k + s) — (2k + s)(2k + 5 — 1)]2%** = 0.
=0
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Let k=k-1 in the second summation:
k=0

+ 3 Beylp(p+1) — 2(2k + 5 — 2)(2k + 5 - 3)|z?+ % = 0.
k=1

Expanding the first summation until the indices are the same, and
then combining under one summation yields:

Bo(s)(s — 1)z" 2 + 3 {By(2k + 8)(2k + 5 — 1)+
k=1

Bi-a[p(p+1) —2(2k + s — 2) — (2k + s — 2)(2k + 5 — 3)]}z**""2 = 0.

Considering the terms grouped with By;
Bo #0
z*2 ;é 8]

Then: (8)(s~1) =0
The solutions are s=0, and s=1.

From this a recurrence formula can be developed:
(2k+3)(2k-+5—-1)By = —Bi_1[p(p+1)—2(2k+35~2)—(2k+5—2)(2k +s—3)]

(p-s—2k+2)(p+s+2k—1)

Be = =k a2k 15 < 1)

Bi_1

For s=0: (p— 2k +2)(p + 2k — 1)
_ _(p~2%+2)(p+2k-
Bo(0) = 2k(2k — 1) B
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Running out a few terms:
__(-2+2)(pt2-1), _ _pletlig

B(0) o0 0=~ @D O

 p-2p+3), _(p-2(+3)

BO) = Gmu-n " @
_[=plp+1) (p—2){p+3)
= { (2)‘(1‘)‘B°] [ @) ]

_plp+1)(p-2)(p+3)
N DR
| By(0) = CLE o) (p- 264 2)[(p+ 1) (p+3) - (p+ 26~ 1)
(2k)!

Now, congider s=:":

(p-1-25+2)(p+1+2k—1)
(2k + 1)(2%)

_(p—-2k+1)(p +2k)
2k+1)(2k) 7

Bk(\l) — - Bk—l

Bi(1) =

Therefosa:

for 8 5= 0

and for s; =1




—vw O ey

So now we have:

uy(z) = 1 — p(p;; 1) 2 + p(p — 2)(?44; 2)(p +3) 4 t.
and
vo(z) = 2 — (p—l)(p+2)23+ (p-1)(p-3)p+2)(p+4) s b

3! 5!

So the general solution of (1 — :cz)%‘,‘ - 223 + p(p+ 1)y = 0 can
be written as:

o

y = c1up(z) + cavp(2).

The following Legendre polynomials are readily found to be:

Po(x) =1
Pi(z) =z

This will be shown with the following functiors:

— Un(z) : «
FP.(z) = ) When n is even or equal zero.



Examples:

_ tolz)
Fy(z) = wol1)’

(0}{0 + 1]

Therefore Py(z) = % = .

0)(0 - 2)(0+ 2)(0+3)
UO(.'E) =1 - __._2i______z2+\ )( )(4"*" )\O-I- 'z4+“.
0)(0+-1 0)(0—2)(0+2)(0+3),.
UQ(x)zl
(1) =1
Therefo;e, Py(z) = % =1.
Pi(z) = vz,
e
. 1— {1+ 2] 1 — _2 ,
.u.l(i'?)-—:z.m( é(' *+2) 30 + & 1)(1 gf,lH)(IH)x“
\ 1-1)(1+4+2 1 - 1M1 = 3){1 -




vwﬂ-

It has been shown that for a 1 dimensioual slab, the transport
equation,

V- Q¥(r,E, ) + Zi(r, E)V(r, E, Q) =

S(x,E,0) + [ [ S.(r, B, ¥ — E,Q)¥(r, E', V')dE'ds¥’
n'E'

+ [ / XE) s (BV¥(r, B, ) dE gy
oy E
Simplifies to:

d .
/,L;-aj;\li(z,E, B+ Ze(z, E)¥(2, E, u) =

S(z,E, p) + /’ [ S4(2, 0, E' - Q,E)¥(z, E', o) dE'd¥' +
D‘ E’

// vEs(E) (2, E', W')dE' Y.
E

We assume that both differential scattering and the flux can be ex-
panded in spherical harmonics.

> 2l +

‘I’(Z)E’a ) ;:T‘lsl(zaE’)I)I( )
=0
Where ,
bi(2,E) = [ W(z, E', u) Pp) 1p
-1
And

/ 1 X 21 + 1 / !
Lz, E' > E Q- Q)= —=Z,(z. ER(Q - O).

1=0 4m

E-10




-0 = py =the cosine of the angle of scaster in the laboratory

system.
Byfe, B = B, = 8) = 5 2 X200, B) Pyue).
=0
Source: o a1
S(2,E,0) = 3. Si{z, E)~ -~ Pi(u)

i=0
Plugging in:

3 o 2041 o 2!
EO—*“‘-( “6(2 E')Pi{s) + (2, E) 3 ==
= =0

1 \
¢(z, E) P ()

© 2l +1 o
= [ [ o & SRt BOE (o) 3= L2241z, E) P dE'dey

{=C I=n

o 2
+3 +1

l=G 4 T

Si(z, E)Pi(u).

Note:
Pipa) = R(A-0) = P(0)R()+? & 20

And

dam
Pm“ = (1 - m/2_____P
M) = (1= )™ P

The F™{u) are called the associated Legendre polynomials.
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The transport equation now becomes:

9 @ A+1,, =AU+
P =%z, E')Pi{s) + Ee(2, E) Z:T) i

. Ll -n)!
el N Y VB (4 5
[ [ & v BRI 3
w 2041
2 -~z E)P(p)dE'deY

=0

¢z, E}F(n) =

o 2l + 1 P () Pl (') cos(n(g—¢")]}

x(E' LR n+1
+ [ —(-—luz,(E'; 'E:O L= n(2, E) Pl p)d E'dSY

e 4T

o 2l +1
+ 3 +

I=0 4

Si(z, E) Pi(g)

Separating the above equation into the following terms for easier sim-
f plification:
Term 1:

d x2+1

“79'2,{‘; 4

oi(z, B')Plw)

Term 2: o 9+ 1
£z, B) ¥, == i(2, E)Piw)

(=0

Term 3:

[ [ & B nute B PG R 42 1
e =0 r=1

o

[ - n)!
|+ n)!

P (u) B (1)cos(n(6-¢")}

—~

x 2+1
> —-Z+-—¢1(z, E)P(p)dE'd0Y’
lmg 2T

Term 4:

E o0 )
[/ xE) vz (E) 3 22E L 6. (z, B) Pa(n)dE'dOY
ap A7 o 4w
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!
Term 5: o 241
————8i(z. E) P{)
| E__% e Si(z. B) Pl p)
{
1 2x
Note: [d€V = [ du' [ dd'.
o S0
Taking this to simpiify term 3:
on 2x
{ / cos{¢ — ¢'1d¢’ = / [cospcosd’ + sindsing'|dd’
1 U 2
¥
= [cospsing’ — singcosd’ &7
= cosp{sin(2x) — 3¢tn(0)} — sing{cos(27) — cos(0)} = 0.

} Term 2 now becomes:
| © 2+ 1 ® 2+ 1
} [fan 12‘7) ="z E)Pi(u') Pi(n)- ZO ";m bn(2, E) Po(p)dp/dE'.

2 “l i gpa=




vw G iy o ‘mj

The transport equation now looks like this:
0 & 20+1 2l +1

Was & i & ENBilw) + (2, )z:———¢, 2, E)P(u) =

//2 Z"Elizz.z(z, ENB () Pu(pe) - Z

§ ol pr Q)

+f/X F -2—7’—35—1%..( E)P,(1)dE'dSY’
s 195

2n+1

bn(2, E)Po(p')dp'dE'

% ype - Si(z, E) Pi().

1 r
Term 4 can be rewritten by using: ({, dQY = fl dy! bf d¢’.

1 2x oo
[ ] [2E s ) 3 240 (2, B) Pal)do'du'd B =
B-~-10 n=
(£) 1y &2n+1 , ,
X47r2uz (E)E_jo n47r n(2, E') Py (u)[27][2]dE" =
E n=

/ "X’gl"zf(E') 5 (2n + 1)¢n(z, E') Pa(1)dE".
E n=0

Expanding this to only its first summation term, i.e., n=0, and recall-
ing P,(u) =1 yields:

Ef Xif) vE1(E')[(2)(0) + 1]o(2, E')(1)dE’ =

E-14



/ X(E) 5 (") do(z, E")dE".

For term 1 use:

(20 + 1)uP(p) = (I 4 1) Prya(p) + IPi_1(p)
wB(p) = (L + 1) Py () + IPi_y ()

20+ 1
_ {+1)Pyi(p) | IPy(p)
uE(u) = 2 +1 2+ 1
i
Plugging in:
9 = 2+1
— N =
oy E) ypa é1(z, E)uPi(p)
8 = 2+1 (L+1)Pia(p) | 1Py(p)
E, ¢1(z, E) 2l + 1 2l + 1
Ez;é—gqsl(z,E)(l-l- 1) Py (s )+l};07—-¢z( E)Pi_1(p)
............. Let m=l+1....ccevvvvvvinvinninninn... LetK=I-1.
..................... T J= KL
= 2 B E)m)Pa) + = B Lbpn(n B K + 1) Pel)
411‘ ~ 5z m—1 4n K 92 K+1\7, & 1)K\
]




) wﬂ"

Consider just the second summation:

o0

3 ;—gbx.,.l(z,E’)(K + 1) Px(p).
K=-102

Expanding the summation one term:

&};{%é(-_l.ﬂ)(z,E)(-l'{-1)P...1( )+ E ¢K+1(z E)(K+1)PK( )}

K00

= 20+ 3 Zgnnlz B)E +1)Pe(p)}

K.-O
1 00
=i 2 3z ¢K+1(z E)(K + 1)Pg(p).
Therefore we have:
L (5 E)(m)Pa() + = 3 S gra(e E)(K ¢ 1) Pl
i = 5,0 m) D x+1(2, E)(K + 1)Py(p).
Changing the indices to [ yields:
1 0 1 d
i & 35t ENOPW) + 3= £ 2l E) + )P,
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Consider the third term (already simplified somewhat):

© 2+ 1 x 2n+1
R FER AL ETRS s

E {=C n=0 4

bn(z, E') P (')A dE'.
By orthognnality:

1
| 2
P 2 "\1")” /‘i:d ! - o e —— p—sd
_/1”“ Whdp's g fort=n

1

/ Pz("‘ A "p"'(ﬁ"l)dl", =0 wren ! ?!‘% 7.
-1

Using this, term 3 becom »s:

Q2+1 2 © 2n 4+ 1
2 . A.E. ,El P . . 1 '
j.;/: qua it 27+ (2, E") Py(p) n{:o ypm én(z,E')dE
1 |
=-— Y 20+ Pa(t) [ Sin(2, E")gu(z, E')dE'
471' n=0 i
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The transport equation now has this form:

252 4 EYOB() + 4= 3 popia(s E)I+1)Pw)

4 l-:l =0
o 2!
+54(2, E) g-—ﬂm(z, E)2(p)

=— z(zn + 1) Po () / Ton(2, E')bn(2, E')dE'

(E)uz: (B )bolz BVE' + 5 ZE25(2, BYP(w).
E 4T =0

Multipling through by 4r yields:

lg 2 pis(z, E)D)P ()+Z ¢z+1(zE)( 1) Pi(p)

i=0 0

o0

+Z¢(2, E) 3 (21 + 1) (2, EjPi (1)

=0

= 52+ 1)Pu(n) [ Sonl2, B (2, E')dE

n=0 E

/ X(EVWE(E)do(z, E)E + 3 (2 + 1)Si(z, E)Pi().

I=0
This is stlll an exact equation.
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To show the development of P, equations, the following example
is presented.
I'irst, we use orthogonality as before:

2
2l +1

1
[ B(u)Pa(w')dy' = forl=n
-1

1
/ Pp)P,(p)dy' = 0 when | # n.
~1

Next, multiply the transport equation by FPy(u) and integrate.
This will cause the first summation term to go to zero:

x 3 S
> I=di1(z, £) [ Pi(w)Po{u)dp = 0.
=1 02 -1

This happened because the summation began at 1, therefore, there
was never a P, term, and by orthogonality, the other integrated terms
yielded zero.

Consider the second summation term:

3 1
(¢ + 1) 57 ¢1 (2 E) / Pi(p)Po(p)du

-1

()8

W
il
=

p— a | R—
= 2az¢1(z, E) for ! =0,

=0 for all other terms.




Now the ¥, term:

’ zt(z E)§(2l+ 1)¢i(2, E) Pu(1s) Po(1) du

= 2%z, E)do(z,E) for Il =0,

=0 for all other terms.

The X,, term:

1 Q ‘
[ @0+ 1)Pu(p)Po(p) [ Zunlz, E)n(z, E')dE"dp
-1 E

n=0

=2 / Su0(z, E)éo(2, E')dE' for n =0,
Er

= 0 for all other terms.

Now the x(FE) term:

[ X(E) [ vE1(E)¢o(2, E')dE" - Po(p)dp
B

-1

Recall Py(p) = 1, then
1
/X(E)/fo(El)‘ﬁO(Z, E"YdE'dy =

~1

X(E)/uz, Voo(z, E"YE'[1  (=1)] =
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2X(E) [ vE4(E)go(z, E')dE'
EI
Finally, the source term:

2 (2 +1)8i(2, E, Bip) Py () dp

’L\w
[\’Js

i
o

= 250(2, E) for I =19,
=0 for all other terms.

Dividing through by 2 yields:

2]
5—~¢1(2,E) + Et(za E)¢0(2s E) =
| z
/ Z(z, E' — E)éo(z, E)dE'
/y,. E'\o(z, E')dE' + So(z, E)
This process -an be continued by multiplying by P;(u) and integrat-
ing, and by Fp(u) and integrating, etc., until a P,(u) cet of equations
is obtained.
!
{
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Sampie input files for the Be/B4C shield and the N/B,C shield.

2
E
@ 'Ud):
p— Pl
o [+ 1« L R~y ]
= ~ =] @
>y >y [t~ ] vi £ = - il B it
L4 L = - [-§} @ (7] Pl o
yam - G - o pre L2 ] vl o v
%] 7] o o = Py <o =BT WY e
[ s -] s @ " Q n G £ Q0 N
Q L3 £ 1 Ll g E S o
e ) - o XK 2 - B
G Q )] E"" E.U U O
(&) < 15 S [7,) — S O QO
< U (=] Q (o] B O PLa O£ =
s ped] W (&) Q [L> RN D QO T
2.520 1.848 17.0 27.56 82.25 0.0 1.0 ©8.414
2.520 1.848 17.0 27.5 682.25 10.0 1.0 97.879
2.520 1.848 17.0 27.5 82.25 20.0 1.0 97.879
2.520 1.848 17.0 27.5 82.%5 30.0 1.0 97.879
2.5620 1.848 17.0 27.5 62.25 40.0 1.0 97.879
2.£620 1.848 17.0 27.5 62.25 50.0 1.0 97.879
2.820 1.848 17.0 27.5 82.25 860.0 1.0 ©7.878%
=
o
»
o
[\
©
=
2.520 19.3 17.0 27.5 62.25 0.0 1.0 93.598
2.520 19.2 17.0 27.5 82.25 10.0 1.0 80.848
2.520 19.3 17.0 27.5 62.25 20.0 1 0 89.848
2.520 19.3 17.0 27.5 62.25 30.0 1.0 92.525
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Shields with no gamma attenuator:

Boron Carbide Shield with no gamma shield
The volume of the neutron shield is: 288032.00 cc.
The total mass of the shield is: 720.80 kg.

LiH Shield with Tungsten at 80.00 cm.
The volvme of the neutron shield is: 1097378.94 cc.
The total mass of the shield is: 850.47 kg.
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Lill shield with Tungsten at 10.00 cm.

The
The
The
The
The

volume of the neutron shield is:

volume of the gamma shield i=:
mass of the neutron shield is:
mass of the gamma shield is-
total mass of the shield is:

LiH Shield with Tungsten &. 20.00 cm.

The
The
The
The
The

volume of the neutron shield is:

volume of the gamma shield is:
mass of the neutron shield ias:
mass of the gamma shield is:
total mass of the shield is:

LiH Shield with Tungsten at 30.00 cm.

The
The
The
The
The

volume of the neutron shield is:

velume of the gamma shield ie:
nass of the neutron shield is:
mass of the gamma shield is:
total mass of the shield is:

LiH Shield with Tungsten at 40.00 cm.

The

volume of the neutron shield is:

volume of the gamma shield is:
mass of the neutron shield is:
mzss of the gamma shield is:
total mass of the shield is:

LiH Shield with Tungsten at 50.00 cm.

The
The
The
The
The

volume of the neutron shield is:

volume of the gamma shield is:
mass of the neutron shield is:
mass of the gamma shield is:
total mass of the shield is:

LiH Shield with Tungsten at 60.00 cm.

The
The
The
The
The

volume of the neutron shield is:

volume of the gamma shield is:
mass of the nevtron shield is:
mese of the gamma shield is:
total mass of the shield is:

839202.
7341.
495.
.69

141

837.

589760.
8248.
457 .
150.
618.

535133.
9209.
414.
177.
5982.

427184.

10223.
.07
197.
528.

331

438212.
11292.
330.
217.
557.

554436.
9797 .
429.
189.
818.

69
38
o7

38

32

39 k

34
16
81
94
55

81
90
69
10
79
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LiH Shield with Tungsten at 40.00 cm with 0.5 cm of Tungsten.

The
The
The
The
The

volume of the nevtron shield is: 559135.75 cc.
volume of the gamma shicld is: 5098.85 cc.
mass of the neutron shield is: 433.23 kg.
mas8s of thm gamma shield is: 98.41 kg.
total mass of the shield ie: 531.74 kg.

LiH Shield with Tungsten at 40.00 cm with 1.0 cm of Tungsten.

The
The
The
The
The

vclume of the neutron shield is: 427184.38 cc.
vclume of the gamms shield is: 10223.84 cec.
mass of the neutron shield is: 331.07 kg.
mass of the gamma shield is: 197.32 kg.
total mass of the shield is: 528.39 kg.

LiH Shield with Tungsten at 40 00 -m with 1.5 cm of Tungsten.

The
The
The
The
The

volume of the neutron shield is: 329714.47 cc.
volume of the gamma shield is: 15374.82 cc.
mass of the neutron shield is: 255.53 kg.
mass of the gamma shield is: 298.73 k.
total mass of the shield is: 562.28 kg.

LiH Shield with Tungsten at 40.00 cm witn 1.52 cm of

The
-The
The
The
The

volume of the neutron shiald is: 329507.72 cc.
volume of the gamma shield is: 15581.50 cc.
mass of the neutron shield is: 255.37 kg.
mass of the gamma shield is: 300.72 kg.
total mass of the shield is: 558.09 kg.
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Boren
Tts
The
The
The
The

Boron
Tha
The
Thae
The
The

Boron
The
The
The
The
The

Boron
The
The
The
The
The

Carbide Shield with Tungseten at

velume of the neutiron shiald is:

rolume of the gamme shield is:
mass of the neutronm mhield is:
masg <f the gawma shield is:
total mass of the shield is:

Carbide Shield with Tungsten at
volume oi the neutron shield i
volume of the gamma shield is:
mass of the neutron shield is:
mass of the gamma shield is:
total mass of the shield is:

Carbide Shield with Tungsten at

volume of the neutron shield is:

volume of the gamma shield is:
mase of the neutron shield is:
mass of the gamma shield is:
total mass of the shield is:

Carbtide Shield with Tungsten at

volume of the neutron shield is:

volume of the gamma chield is:
mas® of the neubtron shield is:
mass of the gamma shield is:
total mass of the shield is:
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Q.00 cm.
238824.

8488.
.84
135.
727.

601

16.00 cm.
203834.
7341.
B5i3.

.89 k
655.

141

20.00 cm.

202927 .
.47
.38
159.
670.

8248
511

30.00 cm.
.03
2588.
588.
.87
838.

232917

49

92
73

o7

56

35

59

20
57

54
95



Boron
The
The
The
The
The

Boron

The
The
1 The

Boron
) The
The
The
The
The

Boron
The
The
The
The
The

Carbide Shield with Be at 0.00

volume of the neutron shield is:

volume of the gamma shield is:
mass of the neutron shield is:
mass of the gamma shield is:
total mass of the shield is:

Carbide Shield with Be at 10.00

volume of the neutron shield is:

volume of the gamma shield is:
mass of the neutron shield i=:
mass of the gamma shield is:
total mass of the shield is:

Carbide Shield with Be at 20.00

volume of the neutron shield is:

volume of the gamma shield is:
mass of the neutron shield is:
mass of the gamma shield is:
total mass of the shield is:

Carbide Shield with Be at 30.00

volume of the neutron shield is:

volume of the gamma shield is:
mass of the neutron shield is:
mass of the gamma shield is:
total mass of the shield is:
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cm

11

cm

7341

cm

cm

284759.
6488.
717.
.99
729.

278690.
.56
702.

13.
715.

277783.
8248.
700.
15.
715.

278822 .
8209.
697.
17.
714.

59
73
59

59

44

30
57
87

91
19
59
02
81
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e ¢ g g

Derivation of the volume of revolution technique.

Z = az+ bt 4 o u+ diiu
= ay + byt + cyu + dytu
u2=u1=0; 23 = Uy =

t1=t2=0; t2$t4=],

T, =4y
Yi

i
|3
«

2% Ay + by => by =1y — 13
=Yz U

3

o
L= [&)
H
&
i«
+
<=
<
o
w
|

Ty =g ke D 0y =Ty 4
Yz = @y -+ Cy = Cy = Y3 — Y.

Ty = Gyt byt ezt dy D> dr=2z44 21— 22 - 33
y4 == Ny '+' by '+“ l:y "*" \’iv ::b’ dy = y4 + yl - yz - y3'

F-9



Substituting:
T =21+ (22 — z1)t - (23 — z1)u + (24 + 21 — z5 — 23)tu

v=y1+ (%2~ y1)t + (y3 — v1)u + (y4 + y1 — ¥z - ys)tu

0z
57 = (@ - 3] + (ze+ 21 + 25 - 25)u
oz
P (23 = 21) + (24 + 21 ~ 2, - z3)t
dy
5 (y2 —v1) + (ya+ 111 = 9o - Y3)u
dy
F (vs —y1) + (ya+y1—w ~ ys )t
Let: am =2y ~ 3y, gy =125 — zy, Br=z4+ 2z — 25 — 23.
Qye = Y2 —~ Y1, Qyy = T3 — I, By=y4+yl"“y2—'y3~

Substituting bach into the partials yields:
%;: = Qg + BPu
%!ti =2 aye + Byu
S—E = g, -k Bt

¢
:)% = ayq + Byt.
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11 'z,
v = 21r//[z1+(x2_m1)t+(:cg»-xl)u+(a:4+x1-—z2—zs)ut]J (;—3) dtdu.
00 ’

(2= 5 =|

= (@at + Bou)(cyy + Byt) ~ (2 + B;t)(ay: + Byu).

V = 2#/1/{(:51 t+ Qut + az,u + Bgtu)
| 0
[(azt + Buj(cy, +OByt} = (zu + Bat)(ay + Byu)|dtdu
V=2n j/l[(xl + czyu + Blu)
{{anay, — azoy) + (a.,,t;?:—— apB:)t + (@ B; — azBy)u}|dtdul

Let:

a = QrtQyy — Ay
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c = ayuBz - aquy

V = 27

11
/ f (aa:1 + bzt + cxiu + acy + baﬂiz + colu-t+
00

a0z, u + bagty + cazyul + abgtu + bBt*u + chtuz)dtdu'

Cx1  aQy ban  cagn

bﬂ:l
V-27r(a:z:1+2+2+ 5 + 3 4
A0ty l]_ﬁ:_:g COlgy + aB; + bB, + cB; )
2 4 3 4 6 6
V= % |(12a + 6[b + c])zy + (6a + 4b + 3c) otz +

(6a + 3b - dc)azy + (3a + 2[b + c]B,|

Or finally, -
V= 3 |3(4z; + 2[aze + azu] + Bx)a

+(6z) + 4axn + 3a, + 2B;)b
+(6z; + 3agt + 4z - 2B;)cl

F-12
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Much the same is done for a triangle.

ZT=2az;+ bt + c;u
Y =ay, + byt + cyre
u1=u2=0; Uz =

t1=t3—0; tp =1

T =a,
Y1 = ay
T: =z + b, = b, = 15 — 1,
Y2=ay+b, = b, =y, -y
z3=a=+c,=>c,=2:3—-:z:1

y3=ay+cy=>cy=y3-y1

=2+ (23— 2)t + (25— z)u

y=u+ (2~ vt + (y3 ~ y1)u
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Oz o
30 = (23 — 21) = Qgy; 55‘—: = (y3 — ¥1) = ayu

1 ) () |

f du / dt(z) + ot + 0z t) (@ @yy — Apyay)
0 0

V =2n

1
V =21 |(amoy — agyay) / du([1 — ulz; + [1 - ulazu + az—’t[l — u)?)
0

1
Qg
V =2n (axtaw - a,uayt) /(z1 — 1%+ QU — cr,mu2 + —2- - aniu +
0
. Iy « (o’ QA Qg azt
& « L i

T
V= § I(aﬂayu - azuayt) (311 + azy + azt)l

V = 3 (22 = 21lls = ] =[5 — millvz = a]) (321 + 22 + 72 — 221),

Finally, the volume for a triangle is:

V=2l + 22+ 23) (22 - 1) (35 — 91) ~ (2 — 1) (2 — w0)]

Qe

5 uz)dui
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PROGRAM SHIELD VOLUME

REAL MNEUT,MGAM
PI=3.141502654

OPEN (UNIT=10, FILE=’SHDAT.DAT’, STATUS=’QLD’)
OPEN(UNIT=11, FILE=’SHDAT.OUT’, STATUS=’NEW®)

C Input file i= SHDAT.DAT

C TInput the half angle in degrees.
C The program ill convert it to radians.

COUNT =0.0
WRITE (11,75)

WRITE (11,100)
WRITE(11,100)

10 IF (COUNT.EQ.8.0) THEN
COUNT=0.0
WRITE(11,75)
WRITE(11,100)
WRITE(11,100)

ELSE
END IF

READ (10, =, END=099) DEN1,DEN2, ANG, CRAD,
ZCLEN, XGAM , TGAM , XMAX
WRITE (11,1000)XGAM

ANG= (ANG*PT) /180.0
P=CRAD/TAN (ANG)
PNOT=P+CLEN

PX1=PNOT
PY1=CRAD

PX2=PXi+XGAM
PY2=CRAD

PX5=PX2+TGAM
PY5=CRAD

PX7=XMAX+P
PY7=CRAD

R1=SQRT (PX1#*2+PY1%%2)
R2=8SQRT (PX24%2+PY2#%2)
R3=SQRT (PXB##2+PY5**2)
R4=SQRT (PX7%%*2+PY7 % 2)
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PX3=R1+C0S (ANG)
PY3=R1+SIN(ANG)

PX4=R2+C0S (ANG)
PY4=R2+SIN (ANG)

PXB=R3+C0S (ANG)
PY8-R3+SIN(ANG)

PXB8=R4+COS (ANG)
PY8=R4+SIN(ANG)

V1=PI*CRAD**2x (PX2-PX1)
V2=PI*CRAD%+2% (PX5-PX2)
V3=PI«CRAD**2x% (PX7-PX5)

CALL VOL1(PX1,PY1,PX2,PY2,PX3,PY3,PX4,PY4,V4)
CALL VOL1(PX2,PY2,PX5,PY5,PX4,PY4,PX6,PY8,V5)
CALL VOL1(PX5,PYs,PX7,PY7,PX5,PY8,PX8,PY8,Vs)

VNEUT=V1+V3+V4+V86
VGAM =V2+V5H

MNEUT=VNEUT*DEN1=1.0E-3
MGAM =VGAM =DEN2%1.CE--3
TMASS=MNEUT+MGAM

WRITE (11,106) VNEUT
WRITE (11,110) VGAM
WRITE(11,115)MNEUT
WRITE (11,120) MGAM
WRITE (11,125) TNASS
WRITE(11,130)

COUNT=COUNT+1.0
GO TO 10

1000 FUORMAT(’0’,10X, 'LiH Shield
&with Tungsten at ’,F5.2,’ cmn.’)

25 FORMAT( G12.4)

75 FORMAT (’1’)

100 FORMAT(’0)

105 FORMAT(’ *,12X,’The volume of the neutron

&shield is: ’,F10.2,’ cc.?)
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110 FORMAT (' ’,12X, ’The volume of the gamma
&shield is: ’,F10.2.7 cc.?)
115 FORMAT(’ ’,12X,’The mass of the neutron
i &shield is: ', F10.2,’ kg.?)
120 FORMAT(’ ’,12X,°’The mass of the gamma
! &shield is: ', F10.2,’ kg.’)
- 125 FORMAT(’ ’,12X,’The total mass of the shield is:
& ’,F10.2,’ kg.’)
130 FORMAT(’> ?,° !
999 PRINT=*,’ The cutput file is called "SHDAT.OQUT".’
. STQP
[ END

SUBROUTINE VOL1(Y1,X1,¥2,X2,Y3,X3,Y4,¥X4,V)

C This subroutine calculataes the volume of a
C rotated rectangle.

PI=3.141592854

AYT=Y2-Y1
AYU=Y3-Y1
BY=Y4+Y1-Y2-Y3
A=AXT»=AYU- A U= AYT
‘ B=AXT*BY-AYT*BX

l C=AYU=BX-AXUxBY

| V=(P1/6.0)*ABS (3.0 (4.0%«X1+2.0* (AXT+AXU) +BX)
&xA+ (8 .0%X1+4.0%«AXT+3.0«AXU+2 .0xBX) B+ (6 .0%X1+3.0
L AXT+4 . OxAXU+2 . 0xBEX) *C)

RETURN
END

SUBROUTINE VOL2(Y1,X1,Y2,X2,Y3,X3,V)
C This subroutine calculates a volume of a rotated triangle.
PI=3.141502854

V=(P1/3.0)+«ABS ((X1+X2+X3) # ( (32-X1) * (Y3-Y1) -
&(X3-X1) « (Y3-Y1)))

RETURN
END
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APPENDIX G
RFCC DATA
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The following is two input files for RFCC to calculate
neutron flux to dose conversion factors, and gamma dose
rate conversion factors for human tissue. The outputs
of these runs are put in the sample FEMP1D input file
provided in this Appendix in the 35%% array as stipulat-
ed in the 1$3 array for input variable, NRF.

RFCC neutron input:

1

19 16

1.733E+7 6.085E+8 2.011E+68 1.920E+8 1.002E+8 6.081E+5
2.972E+5 1.831E+5 1.110E+5 4.088E+4 2.187E+4 7.101E+3
3.354E+3 1.584E+3 3.728E+1 1.000E-1 1.000E-&

000

RFCC gamma input:

1

110 8

1.4+7 4.0+6 2.0+8 1.0+8 4.0+5
2.0+45 1.0+5 8.0+4 1.0+4
000



Neutron RFCC output:

MULTIGROUP REP. OF THE NEUTRON FLUX
TO DUSE EQUIVALENCE RATE CONVERSION FACTOR

GROUP UFPER E BOUND LOWER E BOUND

(EV) (EV)
1 1.73300E~-07 8.08500E+086
2 68 .06500E+08 3.01100E+08
3 3.01100E+08 1.92000E+08
4 1.92000E+08 1.00200E+08
5 1.00200E+08 6.08100E+05
6 6.08100E+05 2.97200E+05
7 2.97200E+06 1.83100E+05
8 1.83100E+05 1.11000E+05
9 1.11000E+05 4 .08600E+04
10 4.086008+04 2.18700E+04
11 2.18700E+04 7.10100E+03
12 7.10100E+03 3.35400E+03
13 3.35400E+03 1.58400E+03
14 1.58400E+03 3.72800E+01
15 3.72800E+01 1.00000E-01
16 1.00000E-01 1.00000E-05

REM/HR/(N/SECnCM**2)
(GROUP AVERAGE)

.779579E-04
.480736E-04
.273286E-04
. 289578E-04
.175837E-04
.307393E-05
.780253E-05
.073550E-05
.741842E-05
.708003E-08
.805043E-086
. 808882E-08
.875812E-08
.845325E-08
-405964E-08
.875043E-08

WA(DW&AQH&&OOHHHHH
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Gamma RFCC output:
UP REP. OF THE GAMMA FLUX

MULTIGRO

TO DUSE RATE
GROUP

0 ~10 0 A e e
Sl I SET Y, W

UPPEF. E BOUND

CONVERSION FACTOR

LO
(BV)

- 40N00E+07
.900I08+08
.00DOCE~08
- QC0OCL+08
. 00000E+08
-000N0E+05
- OGCOOE+05
. O00OQO0E+04

HOMMDEMMMNA

REM/BR / (FHOTON/SE
(GROUP AVERAG

-783468E-06
.167287E-08
.820405E-08
.510885E-06
.532709E-07
-860888E--07
.892778E-07
-511449E-07

WA 0

G-4

WER E BQUND

(BV)

.O0000E+08
.O0000K+08
.CQOCOE+Q8
.ONCOOE+ 8B
.O0000E+05
.000Q0E+05
. O0000E 04
.C0000E+04

C-
E)
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RFCC MANUAL; 20 FEBRUARY 1987.

PROGRAM RFC

TAPE MANAGEMENT INFORMATION

NT5=TAPES , INPUT
NT8=TAPES , QUTPUT

NT7=TAPE7 , PUNCH

NT10=TAPE10,INPUT MACKLIB IN BCD FORMAT

NT15=TAPE15, INPUT/OUTPUT MACKLIB IN
BINARY FORMAT

INPUT DATA
" FORMAT-FREE INPUT

IRFC=0, CROSS SECTICN MIXING MODE ONLY
=1, MULTIGROUP RESPCNSE FUNCTION

GENERATION MODE ONLY

=2, BOTH MODES TO BE USED

PROVIDE
ONLY IF

TICASE, IMG,NG,AND ER (AND POSSIBLY EBB)
IRFC EQUALS

ICASE= RESPONSE FUNCTION CASE NUMBER

IMG= ID UF RESPONSE FUNCTION THAT IS TO BE PUT
IN MULTIGROUP FORM

=1’
=2’

=3,
=4,
=5,

WATT ¥ISSION SPECTRUM (INTEGRAL RESPONSE)
1/E NEUTRON SPECTRUM (INTEGRAL RESPONSE)

[GROUP ENERGIES: .00001 EV - 20 MEV]

THERMAI, MAXWELLIAN SPECTRUM (INTEGRAL RESPONSE)
MAXWELLIAN FISSION SPECTRUM (INTEGRAL RESPONSE)
LOS ALAMOS FISSION SPECTRUM, 1982

(INTEGRAL RESPONSE)
VITAMIN C NEUTRON SPECTRUM (INTEGRAL RESPONSE)
[GROUP ENERGIES: .00001 EV - 20 MEV]
CSRL NEUTRON SPECTRUM (INTEGRAL RESPONSE)
fGROUP ENERGIES: .00001 EV - 20 MEV]
NEUTRON QUALITY FACTOR (AVERAGE RESPONSE)
[GROUP ENERGIES SHOULD BE LESS THAN OR

EQUAL TO 20 MEV]
NEUTROM FLUX-TO-DOSE EQUIVALENCE RATE
CONVERSION FACTOR (AVERAGE RESPONSE)

[GROUP ENERGIES SHOULD BE LESS THAN

0R EQUAL TJ 20 MEV]



=10, GAMMA RAY FLUX-TO-DOSE RATE CONVERSIGN FACTOR
(AVERAGE RESPONSE)
[GROUP ENERGIES: .03 MEV - 15 MEV]
=11, ELECTRON FLUX-TO-DOSE RATE CONVERSION FACTOR
(AVERAGE RESFONSE)
[GROUP ENERGIES: .1 MEV - 10000 MEV]
=12, BLACK BODY SPECTRUM (INTEGRAL RESPONSE)
=13, ENERGY RELEASED BLACK BODY SPECTRUM
(INTEGRAL RESPONSE)
=14, SILICON DISPLACEMENT DAMAGE (AVERAGE RESPONSE)
[NEUTRON GROUP ENERGIES: 1.7 KEV ~ 17 MEV]
=15, SILICON ICNIZATION ENERGY DEPOSITION
(AVERAGE RESPONSE) [NEUTRCN GRGUP ENERGIES:
1.7 KEV - 17 MEV]
=16, CALCTUM FLUORIDE DISPLACEMENT DAMAGE
(AVERAGE RESPONSE)
[NEUTRON GROUP ENERGIES: 1.7 KEV - 17 ME']
=17, CALCTIUM FLUORIDE IONIZATION ENERGY DEPOSITION
(AVERAGE RESPONSE)
[NEUTRON GROUP ENERGIES: 1.7 XEV - 17 MEV]
=18, ANSI STANDARD SILICON DISPLACEMENT DAMAGE
(AVERAGE RESPONSE)
[NEUTRON GROUP ENERGIES: G - 18.25 MEV]
=19, PHOTON ENERGY DEPOSITION IN SILICON
(AVERAGE RESPONSE)
(GROUP ENERGIES: 1 KEV - 100 MEV]
=20, PHOTON ENFRGY DEPOSITION IN GOLD
(AVERAGE RESPONSE)
[GROUP ENERGIES: 1 KEV - 100 MEV]
=21, DELAY NEUTRON SPECTRUN (EBAR=0.40)

NG= NUMBER OF ENERGY GROUPS IN THE MULTIGROUP
FORMULATION

ER (NG+1)= ENERGY RCUNDS FOR THE NG ENERGY GROUPS,
STARTING WITH THE MAXIMUM ENERGY

EBB= BLACK BODY ENERGY (INPUT ONLY IF IMG= 12 OR 13)

CONTINUE WITH AS MANY SETS OF ICASE,IMG,NG, AND ER
(AND EBB) AS DES AT THE END OF THIS PART OF THE DATA
SET, INSERT O O O (ICASE=IMG=NG THIS WILL BRING THF
RESPONSE FUNCTION GENERATION MODE TO AN END.

PROVIDE THE FOLLOWING CR7SS SECTION MIXING MODE DATA

ONLY IF IRFC EQUALS O OR 2. AFTER THE TITLE CARD,
THE PROGRAM USES FIDAS-TYPE INP
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TITLE CARD (10AS)

BLOCK UNE

} 18 ARRAY(11)

L LTBL=TABLE LENGTH OF INPUT MACK LIBRARY
NOG=NUMBER OF GROUPS ON INPUT MACK LIBRARY

NCVT=0, NO LIBRARY FORMAT CONVERSION REQUIRED
=1, CONVERT LIBRARY FORMAT TO BINARY

t LBF=0, INPUT LIBRARY FORMAT IS ANISN BINARY TAPE
=1, INPUT LIBRARY FORMAT IS CARD IMAGE

NEDIT=0, NO EDIT OF INPUT LIBRARY DATA
=N, EDIT N INPUT MATERIALS

1 NMTN=NUMBER OF RESPONSE FUNCTIONS TO EDIT FOR
EACH MATERIAL

NMIX=0, NO MIXING REQUIRED
=N, MIX N MATERIALS

MTBL=LENGTH OF MIXING TABLE
NRESP=NUMBER OF RESPONSE FUNCTIONS TO MIX

NCOL=0, NO COLLAPSING OF MIXED RESPONSES REQUIRED
=N, COLLAPSE MIXED RESPONSES TO N GROUPS

NBCD=MAXTMUM NUMBER OF NUCLIDES TO BE READ FROM BCD TAPE
T
BLOCK TWO
28 ARRAY (NEDIT)
MATERIAL IDENTIFIERS FOR MATERIALS TO BE EDITED
38 ARRAY (NMTN)
LIBRARY TABLE POSITIONS FOR EDITED RESPONSES
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BLOCK THREE
43 ARRAY (NRESP)
TABLE POSITIONS OF RESPCNSES TO MIX
58 ARRAY (MTBL)
MATERIAL NUMBERS FOR MIXING TABLE
88 ARRAY (MTBL)
NUCLIDE IDENTIFIERS FOR MIXING TABLE
7+ ARRAY (MTBL)
NUMBER DENSITIES FOR MIXING TABLE
T
BLGCK FOUR
88 ARRAY (NOG)
FINE GROUP TO FEW GROUP INSTRUCTIONS
9w» ARRAY (NOG)
FINE GROUP SPECTRUM
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Sample FEMP1D input file with RFCC input.

188 2 3 O &
4 16 8 3
3 4 0 21
c 0 21 1
84 4 o o
2 500 10 O
¢ 0 0 -2
1 1 2

2+% 1.0E-5 1.009
1088 4R1 13RZ2 2R3

1188 41093 40000
7014 92235

41093
41093 40000
3008 3007
12%% 1.1425E-2 1
1.5015E--2 1

6

5.

7

5.5046E-2 5
3.4748E-3 4
30»x Q.0C00 1.0
5.0
9.0

10.0000 11.
18.

17

22.

23.

28.

29.

34.

35

40.

41

42 .0000

42 .2500 43.
48

40

&4

58

80

81

82.2500

3.3787E+22 T

2R4

3006
92238

3

40000

.1541E-4
.3461E-2

9377E-4

000
000
000
0000
0000

. 0000

0000
0000
0000
0000
0000

.0000

0000

. 0000

2500

.2500
. 2500
. 2500
. 2500
. 2500
. 2500

6
1
.9613E-4 7
q
3

.5108E-3
.5602E-4
.2856E-2 T

2.0
6.0

12.
18.
24.
30.

38.

44 .
50.

56

007

3006 3007

.8148E~-4 8.4050E-3

6012

74182 74183 74184 74186
4009

.5539E~3 6.4963E-4 3.5321E-4
.0844E-4 1.1407E-2 1.1523E-4
.3232E-3
.7554E-3

0G0
000

0000
0000
0000
0000

0000

1500

25600

.2500

3.0000
7 .0000

i3.
19.
25.

31

37.

45.
51.
57.

G-9

0000
0000

0000

. 0000

0000

4.0000
8.0000

14.
20.
28.
32.
38.

48.
52.
58.

0000
0000
0000
0000

G000

15.

21

33.
39.

47 .

59.

0000

. 0000

. 0000

00Co

0000

2500

2500



3188 1 2 3 4
3258 10R1 32RZ 1R3 20R4
33%*x 31.0 31.0 FO.0O

34xx 62.25

35%*x 1.779579-4 1.430736-4 1.2732868-4 1.289578-4
1.175837-4 8.307363-5 4.780253-5 3.073550-5
1.741842-5 8.708003~-8 4.805043-8 2.808882-6
3.875812-8 3.845325-6 4.4050684--8 3.875043-6
24R0.9
8.7834688--8 4.1687297-8 2.620405-68 1.510885-6
7.532708-7 3.880888-7 2.692778-7 4.511449-7 T




AFWL-TR-87-94

DISTRIBUTION LIST

AFWL /AWYS
ATTR:  MAJ DAVID BOYLE
KIRTLAND AFB, NM 87117-6008

OAK RIDGE NATIONAL LABORATORY
ATTN: DR DAVID BARINE

P.0. BOX X

OAK RIDGE, TN 37830

AFWL/AWYS
ATTN: LT MICHAEL JACOX
KIRTLAND AFB, NM 87117-6008

AFWL/AWYS
ATTN: DR MICHAEL SCHULLER
KIRTLAND AFB, NM 87117-6008

AFWL/AWYS
ATTN: LT DAVID EK
KIRTLAND AFB, NM 87117-6008

UNTVERSITY OF NEW MEXICO

ATTN: DR NORMAN RODRICK

CHEMICAL AND NUCLEAR ENGINEERING DEPT
ALBUQUERQUE, NM 87131

UNIVERSITY OF NEW MEXICO

ATTN: DR MOHAMED EL-GENK

CHEMICAL AND NUCLEAR ENGINEERING DEPT
ALBUGQUERQUE, NM 87131

MISSISSIPPI STATE UNIVERSITY
ATTN: DR CHARLES SPARROW
P.0. BOX 1983

MISSISSIPPI STATE, MS 39762

SAMDIA NATIONAL LABORATORY
ATTN: DR PATRICK J. McDANIEL
DIVISIUN 6512

P.0. BOX 5800

ALBUQUERQUE, NM 87115

AUL/LSE
MAXWELL AFB, AL 36112

DTIC /FDAC
CAMERON STATION
ALEXANDRIA, VA 22304-6145

AFWL /SUL
KIRTLAND AFB, NM 87117-0008

AFWL/HO
KIRTLAND AFB, NM 87117-6008

AFSC/DLW
ANDREWS AFB, DC 20334

AFCSA/SAMI
WASHINGTON, DC 20330-5425

KAMAN TEMPO

ATTN: MR F. WIMENITZ, DASIAC/DETIR
2560 HUNTINGTON AVE, SUITE 500
ALEXANDRIA, VA 22303

KAMAN TEMPO

ATTN: D. REITZ, DASIAC/DETIR
816 STATE STREET P.O. DRAWER QQ
SANTA BARBARA, CA 93102

OFFICIAL RECORD CGPY
(AFWL/AWYS/LT LEE)
KIRTLAND AFB, NM 87117-6008

G-11/G-12



