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ABSTRACT

As photons, electrons, and neutrons traverse aumedhey impart their energy
in ways that are analytically difficult to descriddonte Carlo methods provide valuable
insight into understanding this behavior, espegaten the radiation source or
environment is too complex to simplify. This resgmaimvestigates simulating various
radiation sources using the Monte Carlo N-Par(ili€NP) transport code,
characterizing their impact on various materiahg] eomparing the simulation results to
general theory and measurements.

A total of five sources were of interest: two phosources of different incident
particle energies (3.83 eV and 1.25 MeV), two etetsources also of different energies
(30 keV and 100 keV), and a californium-252 (Cf-RS@ontaneous fission neutron
source. Lateral and vertical programmable metaibracells (PMCs) were developed by
other researchers for exposure to these photoelantton sources, so simplified PMC
models were implemented in MCNP to estimate theslasid fluences. Dose rates
measured around the neutron source and the prédiegimum activity of activation
foils exposed to the neutrons were determined UgiG{lP and compared to
experimental results obtained from gamma-ray spsctipy.

The analytical fluence calculations for the phoamil electron cases agreed with
MCNP results, and differences are due to MCNP danmsig particle movements that
hand calculations do not. Doses for the photonscagesed between the analytical and
simulated results, while the electron cases différga factor of up to 4.8. Physical dose

rate measurements taken from the neutron soureedgvith MCNP within the 10%



tolerance of the measurement device. The actiedgylts had a percent error of up to

50%, which suggests a need to further evaluatepbetroscopy setup.
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1 INTRODUCTION

The Monte Carlo method was first formally desadity applied mathematician
and physicist John von Neumann in a 1947 letténedheoretical division of Los
Alamos National Laboratory (LANL) [1]. The exampleeumann cited was that of a
fissionable material and using statistics to detigeactions of neutrons as they travel
through the material. When enough particle hisgoaiee considered, “a statistically valid
picture is generated” [1]. This simple descriptiorms the basis of one of most powerful
nuclear analysis tools available to researche@ytod/hat started as a suggestion from a
passionate mathematician to LANL nearly seven dexado has been extensively
researched and developed into the Monte Carlo NeRa(MCNP) transport code
currently being used internationally.

MCNP has seen widespread use in developing sironlatodels of research
reactors like the TRIGA Mark Il and comparing siiated results with experimental
reactivity to great accuracy [2]. As the need foravation and safety arises, researchers
are using MCNP to analyze the performance of neme@ion IV reactor designs such
as the supercritical water reactor before theireetgx viability in 2030 [3-4]. Radiation
safety is also a concern for those who are intedeist naturally occurring radioactive
material (NORM) sources found in soil [5] and fbose in the medical field researching
californium-252 brachytherapy as a method of combatancer [6].

Researchers at Arizona State University are ctlyrerploring the capabilities of
devices constructed out of a chalcogenide (ChGsgl@halcogenides are materials
composed of elements from group 16 of the peritabte, and in particular, the
chalcogens sulfur, selenium, and tellurium. Thdadgens are combined with certain
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elements like germanium or arsenic in varying propos to produce semiconductors
with different physical properties.

An area of particular interest is the diffusionsafface metal atoms such as silver
into the ChG glass by way of radiation exposurdgctvialters the electronic aspects of
the glass. When Ag atoms diffuse into the ChG ubgid, the ChG is said to have been
photodoped. This property is the driving mechani&hind programmable metallization
cell (PMC) memory. The photodoped ChG serves asltdwrolyte in these types of
devices, where changes in the applied voltage dhesi&g to oxidize and form mobile
Ag" ions. Under forward bias, these ‘Aigns drift toward the cathode, which results in a
decrease of resistance—the writing state. Whenexse bias is applied, the ions drift
away from the cathode, which erases the devicedigh-resistance state. Research [7]
indicates that PMC devices have the potential tadsl in radiation-intensive
environments due to being relatively insensitiveatdiation compared to charge-based
memory devices. This “rad-hard” property of ChGdth®MCs has prospects of being
implemented in space-based machinery.

Outer space as a radiation source is difficulittiize for experimentation
purposes, so radiation sources closer to homenapéoged in its place. lonizing effects
due to gamma rays are studied using irradiatiots wamposed of radioactive cobalt-60
or cesium-137. For lower-energy photons, an ultlatilight source or a copper K-alpha
X-ray diffraction setup could be used. Electronedeators are used to generate
monoenergetic e-beams when beta radiation is [sirtied. Many fissionable isotopes,

such as uranium-235 and plutonium-239 used in auckactors, along with spontaneous



fission sources like californium-252 are used stitegy environments that supply neutron
irradiation.

As long as the user correctly and accurately @sfthe simulated world
geometries, material compositions, and source Bp&tions, materials in any radiation
environment can be analyzed just as accurately rEsiearch aims to demonstrate the
agreements between radiation analysis resultsriatan MCNP and compare them to
simpler analytical models, and when possible, measents.

This thesis is organized as follows: Chapter Zroeg the MCNP methodology,
the radiation sources considered and their singplibns as modeled in MCNP, and the
particle interaction processes which are relevathe analyses performed along with the
theory which involves them; Chapter 3 describegmmetry of the devices subjected to
photon and electron testing and explains how aladtiole pair generation constants can
be determined in the photon cases; Chapter 4 bedbeory developed in Chapter 2 and
compares the analytical results to those obtainddGNP, along with explanations as to
why the two might differ; Chapter 5 shifts the dission toward ASU’s Cf-252 neutron
source, describing what the major functional geadse during its construction and how
well its performance meets those goals, how itsmgaray and neutron spectra were
determined, how closely the simulated model matamasufacturer specifications and
the reasons for any mismatch, and how MCNP carsbd to determine the radioactivity
of activation foils which are then compared to expental values; and Chapter 6

summarizes the results of the research and hosultide expanded upon.



2 RADIATION TRANSPORT MODELING

This chapter provides an overview of the variadiation sources that were
simulated in MCNP along with a description of tkéewant physical theory and
equations which provide a comparison between analyand simulated results.

A. Monte Carlo Method

There are two major computation methods used talat@man experiment and
obtain a solution or value: deterministic and s&stit. Deterministic methods reach a
solution by solving a transport equation basecheratverage particle behavior. For a
particular set of inputs, a unique output is preaatlbecause it is assumed that particle
behavior can be described exactly by an equatiooomtrast, stochastic methods do not
rely on transport equations and instead solve problby simulating individual particles
whose behaviors are described by probabilitiestaliyng certain aspects of their
histories. MCNP, which stands for Monte Carlo NtR&e transport code, is an example
of a stochastic method [8].

Los Alamos National Laboratory developed the MCMBecto model nuclear
interactions between user-defined materials witlumber of different particles in a
three-dimensional universe. Until the introductadMMCNP6.1 in August 2013, the
MCNP5 and MCNPX (for MCNP eXtended) packages wiengéd to simulating
neutron, photon, and electron transport. In additiophysical capabilities not present in
the previous codes, such as low-energy photon l@ctt@n transport, the production
release of MCNP6.1 can now simulate protons, heawy, and even spontaneous fission

sources.



MCNP tracks individual source particles as theydrae space, recording their
interactions and determining a tally result basedtatistical probabilities in the form of
tabulated data. Table 2.1 shows the types of sadliailable in MCNP. Each tally output
is normalized per source particle. Multiplying #ytaesult by the number of source
particles provides a direct quantity, but multiplyiby the particle emission rate produces

a flux instead of a fluence and a dose rate ineptd@ dose.

Table 2.1. Tally Categories Available in the MCNBdé

Tally Type Description Units
F1 Surface current particles
F2 Surface fluence particles/€m
F4 Fluence averaged over a cell particle$/cm
F5 Fluence at a point or ring deteciqrarticles/crm
F6 Energy deposition MeV/g
F7 Fission energy deposition MeV/g
F8 Pulse height tally pulses

A tally result is deemed acceptable if it passeteal of the MCNP statistical
checks which are related to the mean, the relatire R, the variance of the variance
VOV, the figure of merifFOM, and the slope of the history scores [8]. Furthes,
considered favorable to have a relative error asade possibleR < 0.05), which is
usually, though not always, related to simulatirgyeater number of source particles. In
some cases, the value®tannot be minimized within a reasonable timefraiméhis
work, simulations lasting a week would occasionalty produce a result with a relative
error below 0.08.

For this thesis, MCNP5 along with the beta and petidn versions of MCNP6

were used to obtain simulated data. Input decks wer on both software packages to
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ensure that the version number did not signifigaimfluence the end result. Low-energy
photon transport was only modeled in MCNP6 duést@xtended photon data libraries
while the high-energy photons, electrons, and oestivere simulated with both
versions.

B. Radiation Sources

There were five radiation sources of interest ia thsearch. The first is Arizona
State University’'s Gammacell 220 radiation chamiaich uses rods of cobalt-60 to
supply photons which bombard a sample. Each defcayobalt-60 atom emits two
gamma rays with energies of 1.17 MeV and 1.33 MeMyse average gamma-ray
energy is 1.25 MeV. An ultraviolet (UV) photolith@phy tool which produces UV light
with a wavelength of 324 nm and a correspondingghenergy of 3.83 eV is the second
source. Two electron sources were considered:eatreh beam source from Boise State
University with an electron energy of 30 keV andetectron source of 100 keV. The last
source considered was a neutron (and gamma) sotiiizang californium-252.

In all cases but the neutron source, the simulsdedces were simplified to have
monodirectional and monoenergetic particles bemgted from a disk-shaped surface
for the lateral devices and a square-shaped areadwertical devices. The source
shapes used in these simulations were chosen leettaysensured that all of the MCNP
statistical checks were passed. This should ndlyithat a unique source geometry is
required to pass the statistics; factors like nunatbsource particles and cell importance
can also play a role. When the projected areaeo$tiurce is greater than the cross-
sectional area of a cell, as in the case of theshsped sources, the particle fluence
through the cell surface appears to be higheritrectually is. The effect of the radiation
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source shape from the MCNP simulations can be efitad by multiplying the result by
a normalization factor of the two areas or by idtroing a source weight in the
simulation that is equal to the same factor. Theodaectional aspect was chosen for
the Co-60 case because the highly penetrating gaiaysawill traverse most materials
without significant attenuation. Although not stiycaccurate, the fact that the light
source of the UV photolithography machine is posigd relatively far from the sample
compared to the sample dimensions justifies ancopately monodirectional
assumption. The electrons strike a sample as enadd beam which is clearly
monodirectional. The dimensions of the actual C2-86urce were taken into
consideration in the MCNP model, where neutronsgardma rays were emitted from a
volumetric, isotropic cylindrical cell.
C. Radiation Interaction Processes

As radiation particles travel through a mediumytimeeract with nuclei or
electrons through interactive processes which ataldd in this section.

1) Photons

A photon is a quantum of light characterized Bynieutral charge and zero rest
mass. Photon interactions with matter are charnaettby an energy-dependent factor
called the cross section. A microscopic cross gectienoted by the symbalfor the
i-th reaction type, has a unit of area/atom and repteske effective cross-sectional area
of a nucleus. The typical unit for cross sectiarala is a barn, which is equivalent to
10%* cnf. The larger the microscopic cross section, thatgrehe chance that an
interaction will take place. The attenuation (oekr) coefficienfy; can be obtained from
the microscopic cross section by the following tiela
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# =No, (1)
whereN is the atom density of the material. The attermmatioefficienty; represents the
probability of ani-type interaction occurring per unit length thatheton travels through
a medium. Related to the attenuation coefficietitésmass attenuation (or interaction)

coefficientu/p, which is equal to

# _Noy
p P (2)

whereoy is the total cross section for an atom at a paigicenergy ang is the density
of the material. Note that,: could be essentially equal to one cross sectignsf
dominant at that energy. This value describes thbability of any photon interaction
occurring per unit mass. For a particular photdaraction, Equation (1) can also be
divided by the material density to determine thessnateraction coefficient/p of an
i-type reaction. Finally, a value termed the massggnabsorption coefficient./p is
determined from the transfer of the kinetic enevbs source photoB, to charged
particles in a medium using the various photonradtons [9]. The determination of this
value is rather involved, but data tables existolwhiabulatgue/p for elements up to
uranium [9]. Using the mass-energy absorption euefit, the external photon dose can

be determined according to:

- Hen
o-os %) ®

where® is the photon fluence, or the number of sourcégles S flowing through an

areaA:



S
PN (4)

Because MCNP normalizes each result per sourcelpaih Equation (4)S= 1.

The photon interaction data tables in MCNP accéamthree major interaction
mechanisms: the photoelectric effect, Compton edag, and electron/position pair
production. These data sets are used in conjunatithnform factor, scattering function,
and other data to enable a more complete photdgsi§8]. The photoelectric effect
dominates at low photon energies while the Comptahpair production effects dictate
the intermediate and high energy ranges, respécf{ie].

a) Photoelectric Effect

The photoelectric effect takes place when an impog@hoton above a certain
threshold frequency interacts with and is absotiyedn atom, which releases a
photoelectron. These electrons are usually emitted theK shell of the atom, which is
closest to the nucleus. Because the recoiling &aignificantly more massive than the
electron, nearly all of the photon eneigyis transferred to releasing the electron from

the atom with binding enerds, and ejecting it with a kinetic energy according to

=55 5)
As the number of protorgin a nucleus increases, the binding energy oKtsaell

electron increases from a few eV to around 100 kehvich is where the photoelectric

effect dominates.



b) Compton Scattering

Compton scattering takes place when the incideotgphis deflected by a free
electron and is not absorbed by the atom. Aftettesgag at an angle @i the photon has
a kinetic energy equal to

E

p

5 = 1+[E, / (M. @)](L—cosd, ) (6)

wherem is the rest mass of an electron and the speed of light. Coherent scattering,
also known as Rayleigh scattering, takes place wiemcoming photon maintains most
of its energy and original trajectory. IncoheremtRaman scattering occurs whesis
comparable td&,. The Compton scattering cross section decreagksmnereasing photon
energy.

c) Pair Production

At higher photon energies, the incident photorbsoabed by the atom and
creates an electron-positron pair. This interacti@m occur when the photon has at least
the rest-mass energy of the pair, and its croggoseaacreases with higher energy.

2) Electrons

MCNP considers a wide number of electron transpartesses, including
Coulomb scattering, knock-on (also known as deldig-electrons, and the production of
X-rays and bremsstrahlung. Coulomb scattering afiional energy loss takes place as
electrons travel through a medium, which ionizesrfaterial and can cause excitation.
Source electrons can collide with other electronthé material and transfer a significant

portion of their energy to them, which in turn abdlirther ionize and excite atoms.

10



When these secondary electrons have enough ereogyise additional ionizations, they
are known as knock-on electrons.

Relationships exist that relate the energy of a patticle, which is an electron
emitted from a decay action, to its maximum raRgg. The electrons considered in this
research were not technically beta particles, ladtens behave identically whether or
not their source was radioactive. Therefore, theemad-independent Katz-Penfold

relation [11] is assumed to hold for primary eleos and is defined as

0.412E2%> 0% ) 0,0k E, < 2.5 Me'

e [g/cmz]:{o.sscaj— 0.106 E,> 25MeV (7)

whereky is the incident electron energy in MeV. The maximnamge can then be used
to determine the thickness of material needed tapdetely stop an electron, which is

called the penetration depth

o (8)
The linear energy transfeET is the amount of energy that a beta particle lases
transfers to a material per unit length as it trage the material. It is assumed to have a

linear relationship and can be determined using

LET=5.
L )

Therefore, the total change in beta particle enagyrom when it enters a material of

thicknesd to when it exits with a final enerdsf is simply

AE=E,~ E =(LET(}. 10)
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Using Equation (8) and Equation (10), the absdbddectron dos® can be
defined:

o__AE
Pt A, (11)

whereAgey is the cross-sectional area of the device uporciwtiie source is projected.
After some rearranging, it can also be shown thatbsorbed electron dose has a
simplified result which does not depend on densitynaterial thickness:

E
D=——2
Rnax Ajev (12)

Electron doses determined using Equation (12) asshat the electrons transfer all of
their energy into a material which is only tru¢ ¥tq. PMC layers are generally too thin
to meet this requirement, so Equation (11) was usstdad to determine the electron
dose since it accounts for how much electron enisrggtually transferred to each layer.

3) Neutrons

Neutrons have no net charge, and as a result,ititeractions with an atom are
mostly limited to the nucleus. In much the same asphotons, their interaction
probabilities are also characterized by microscopass sections in units of barns/atom.
Contrary to the photon macroscopic cross segtioifie neutron macroscopic cross
section for the-th reaction is denoted by the sym@al

Nuclear reactions can be generalized by the folgvaquation:

a+b—-> c+d (13)

wherea andb represent the initial nuclei or particles anandd represent the products.

If the incident particle strikes a nucleuls, a resultant nuclewsand an emitted partictk
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are produced. The emitted particle may or may Bdhb same as the incident patrticle.
Equation (13) can then be restated using a difteretation:

b(a, d)c. (14)
It is the parenthetical term of Equation (14) whicticates the type of neutron reaction
that occurs.

Most of the neutron interaction processes can tegjodazed as either a scattering
or an absorption reaction. In a scattering evengudron strikes a nucleus and reappears
after the collision. If the nucleus remains ingtsund state, an elastic collision of the
form (n,n) has taken place. When the nucleus eateexcited state upon being struck by
a neutron, an inelastic collision (n,n’) takes plawhere the prime notation indicates that
the neutron is scattered with a noticeably lowergy. The excited nucleus then decays
by releasing gamma rays. The elastic and inelastigs sections are denoted by the
subscriptse andi, respectively [12].

As its name implies, absorption reactions takeglalcen the neutron is absorbed
by the nucleus instead of scattered. Radiativeucapékes place when the nucleus
absorbs a neutron and subsequently releases a gaynaznoted by (). Neutrons can
also be released from the nucleus of atoms, ragulia particle production reaction
whose notation is (n,2n) in the case when a singleneutron is released from the
nucleus, (n,3n) for when two neutrons are released so on. Charged particles such as
protons can also be ejected, which is denoted Jpy {or proton production or (@) for
an alpha particle, which is a helium nucleus, ar psotons bound to two neutrons. The

cross sections are denoted according to the ejpeteidie.
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3 PMC DEVICE AND MATERIAL SPECIFICATIONS

Programmable metallization cells have two basimirlateral or vertical. The
direction that the mobile ions flow determines wWiegtthe device is considered lateral or
vertical. In a lateral device, the electrodes a@anar, which causes mobile ions to drift
along the thin layer. Due to the low cross-secii@nea through which electrons flow,
these types of devices are better suited for agidics which require low capacitance.
Vertical devices position the solid electrolytevbeen the two electrodes, which causes
the current to flow vertically. Because electronsydnave to travel a short distance
between electrodes, these devices excel in progdast-switching resistive memory.

Both types of devices were of interest in thigegsh, although only the
parameters directly related to radiation and netvidwious electrical properties were
studied here. In this chapter, the types of devises! in the photon and electron MCNP
simulations will be described.
A. Lateral Device

Figure 3.1 shows an overhead view of the laterailcgedeveloped by the research
team. This structure is layered with Ag, the nowtpdoped chalcogenide, SiGnd bulk
Si. Nickel contacts were deposited on top of thdaygr. The lateral device is to be used
as a radiation sensor where the Ag provides a &sistance electrical pathway between
the two Ni contacts whose resistance increasdsea&d photo-diffuses into the ChG
upon being exposed to gamma-ray radiation [13]. ddmposition of the ChG analyzed
in the radiation effects experiments wasSe,. The dimensions of the lateral device
were inferred from Figure 3.1 and were found t@08um by 184.8um. The Ag layer is
situated closest to the radiation source. Fig2esBows a diagram of the device cross
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section along with the layer thicknesses. The Mitacts were not modeled as the

materials of interest were the Ag and ChG.
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=
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Figure 3.1. Lateral Device Developed by the Resedisam
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Figure 3.2. Cross Section of the Lateral Device

In order to analyze the effect of depth on theedmsd fluence, each layer was

divided into multiple cells in the MCNP simulatiohhe ChG layer was split into ten
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equal cells, each with a thickness of 6 nm. The@b layers were split into five cells
per material; that is, each Ag cell had a thickr&d$s.8 nm, each Silcell had a
thickness of 16 nm, and the Si cells each hadckrkss of 10@qum. The monodirectional
source was chosen to have a radius of d2which is larger than the projection of the
device. The device and the source were enclosadytindrical world just larger than
the source. These geometries were chosen in argiess the ten statistical checks.
Tallies measuring surface fluence at each interfagarticles/crhand the dose in
MeV/g were obtained. The MCNP results are normélzer source particle.
B. Vertical Device

Figure 3.3 shows the geometry of the thin-film i&itdevice. This structure is
layered with Ag, GgSe photodoped with an atom percentage of Ag rangiog 0%
to 30%, Ni, SiQ, and bulk Si. The depth of the Ag layer was takebe 35 nm, the
depth of the Ag-ChG layer was 60 nm, and the wadtti height were taken to be 2u®.
The Al anode and cathode extend across the faitee gtructure and are up to 300 nm in

length and width. As with the lateral device, thg lAyer is situated closest to the source.

16



- X

O

Ni
(100nm)

Sio,
(100nm)

Si

Figure 3.3. Diagram of the Vertical Structure

Both the SiQ layer and the Si layer were neglected in moddlegstructure in
MCNP. Neglecting the Si£and Si layers was acceptable as the materiatgerieist were
the Ag and ChG layers. The Al cathode and anode @aiso not modeled. The Ni layer
was included in the model because particles malsgatter from the Ni layer back into
the ChG layer. The simplified model, which is tloéivae area of the device within the

boundaries of X’ labeled in Figure 3.3, is shown in Figure 3.4.
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Figure 3.4. Simplified Vertical Structure ModeledMCNP

As with the lateral device, the non-ChG layers wsgié into five cells per
material, so each Ag cell had a thickness of 7 ntheach Ni layer had a thickness of 20
nm. The ChG layer was split into ten cells, eactmtthick. Unlike the source used in the
lateral device simulations, the source modeledHervertical devices had the same area
as the device face which also allowed the resolfass the statistical checks.

It is readily observed in Figure 3.2 and Figur tBat the simulated models are
quite similar. However, the differences in the pbglsgeometry between the devices
influence various electrical properties and notgheameters of interest here, which are

the energy deposition per material and the particence. The simplified models were

therefore deemed sufficiently instructive.
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C. Device Materials

Table 3.1 lists various properties of the elemestd within the devices. Atomic
numbers and atomic weights were taken from [14}teMal densities and mass-energy
attenuation coefficients were taken from [9]. Feg@t5, Figure 3.6, Figure 3.7, Figure
3.8, Figure 3.9, and Figure 3.10 show cross sedaba for each element in order of
increasing atomic number, which were obtained ftoenEvaluated Photon Data Library
(EPDL) [15]. The cross sections shown are cohdRRayleigh) scattering (CS),
incoherent (Raman) scattering (1S), photoelecfifiecé (PE), pair production (PP), and
triplet production (TP). At very low photon energjidelow 5 eV, the CS reaction is
shown to be dominant for each element.

Tabulated values qfe/p do not exist at the UV photon energy, so a vaheth
be determined. Unlike the mass attenuation coefiigi/p, whose value could be
approximated by considering only the dominant ceesgion at a particular energy/p
cannot be determined as easily. Regardless, wige@3hcross section is used in the
determination oft/p, whose value was then used in Equation (3) ineptdgte/p, the
analytical results agreed well with the MCNP resuitthe UV source case. This makes
little physical sense as the energy absorbed avsilieyal per collision is determined by the
photoelectric effect, pair production, and incolmicattering interactions and not on
coherent scattering, where the photon is scatteitdminimal energy loss [16]. The
negligible kinetic energy transfer associated witherent scattering explains why its
contribution is omitted when determinipgy/p [9]. It should be noted, however, that data
regarding the energy transfer of coherently saatigghotons at low UV energies are not
widely available, and as a result, it is unclearodsow much energy deposition actually

19



occurs. That the CS interaction could be used teraene the dose shows either that

MCNP does not analyze low-energy situations coyextthatpe/p is approximately

equal tou/p at low-energy situations. Proving the latter dadeeyond the scope of this

work. Performing low-energy dose calculations ugheyCS cross section provides

insight into the limitations of MCNP.

Table 3.1. Atomic Properties of the Elements

Material Atomic Atomic Density | Hedp at 1.25 | p/p at 3.827 eV,
Number | Weight (amu)| (g/cn) | MeV (cnf/g) (cnflg)
0 8 16.00 1.33x10 0.0267 8.72x10
Si 14 28.09 2.33 0.0265 1.53%10
Ni 28 58.69 8.91 0.0254 0.270
Ge 32 72.63 5.32 0.0235 1.19%10
Se 34 78.96 4.82 0.0231 1.73510
Ag 47 107.87 10.49 0.0243 0.265
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Figure 3.5. Oxygen Photon Cross Sections
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Figure 3.6. Silicon Photon Cross Sections
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Figure 3.7. Nickel Photon Cross Sections
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Figure 3.8. Germanium Photon Cross Sections
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Figure 3.9. Selenium Photon Cross Sections
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Figure 3.10. Silver Photon Cross Sections
The electron—hole pair (ehp) generation constambeadetermined using
P . P
go \Nehp 2'8Eopt (15)

wherewenp is the electron-hole pair creation energy of #@isonductor ané, is the
optical gap energy. The approximatigh,~ 2.8E,,: comes from an analysis by Alig and
Bloom [17]. The density for the ChG layer was deii@ed to be 4.8 g/ciby a separate
research team [18]. Starting with 0% Ag contemAgy(Gey 255&).75)100x, 1-€.,X = 0, using
the Eqp Values found in [19] leads to the generation camtstalues shown in Table 3.2.
The values shown in Table 3.2 assume the ChG gedwsis not change as it is

photodoped.
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Table 3.2. Generation Constant Calculations Assgri@nsity Does Not Change

Ag contentx (%) | Eop (€V) | go [ehp/(raden)]
0 2.06 5.20x1H
7 1.88 5.70x19
10 1.79 5.99x19
20 1.64 6.53x16
25 1.55 6.91x19

As the ChG is photodoped, its density will increase¢he Ag migrates [20].
Assuming that the volume of the material does hange as the photodoping amount
increases, an estimate for the density increade,fGe 30S&.70100x as the ChG is

photodoped can be determined as shown below.

0.30M,
0.30M.+ 0.70M ¢,
(0.30)(72.61 g/mole) 0.283
(O 30)(72.61 g/mole} (0.70)(78.96 g/mole)

Ge =

(16)
0.70M

0.30M,+ 0.70M
(0.70)(78.96 g/mole) 0717
(O 70)(78.96 g/mole} (0.30)(72.61 g/mole)

Se —

wherew is the weight fraction of the element avids the molar mass of the element. For

a 1 cm sample of pure GgSey, the total number of atoms is

W, W,
=n,+n,=(4.8¢g) —=2+—=|N
r-‘otal rbe Se ( g{MGe Msej| A (17)

=3.75< 1¢° atoms of Ge and Se
whereN, is Avogadro’s number. The increase in the maskepure ChG sample is

equivalent to the mass of Ag that diffuses into@in&, which is calculated as
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m. = ntotal M Ag X
" N, 100-x

(18)

wherex is the atom percentage of Ag in the ChG. Usingdiiqu (18) to determine the
new densities of the ChG, the new generation cotstaere calculated and are shown in

Table 3.3.

Table 3.3. Generation Constants Determined Usitigheted Density Values

Ag content x (%) p (g/cn?) | go [ehp/(radem?’)]
0 4.80 5.20x19
7 5.31 6.30x19
10 5.55 6.92x16
20 6.48 8.82x19
25 7.04 1.01x1Y

The assumption that the volume of the ChG layes ¢ increase as it is
photodoped is not necessarily valid. When a tHm-ChG material is saturated with
photo-diffused Ag, the resulting ternary could I84lto 15% thicker than the binary
from which it was formed assuming there is no hamtal ballooning of the material [21].
This means that the estimated density values iteT&B could overestimate the actual
densities by up to 15%. In the interest of prodgageneration constant plots with more
than just the lower and upper bounds of the Ag entration in the ChG, any thickness
increase was neglected. For ChG glasses of the®&®e .5, wherea ranges from 4%
to 40%, the densities of all the glasses were fdargze within 1% of each other [22].
Therefore, the estimated densities fok(&R) 305670 100x are assumed to apply to any

Ag-Ge-Se ternary of the form A@>e.Se -a)100x- It should be noted that the density

25



reported in [18] is higher than those stated irj,[BAt because the former value was

obtained more recently it was assumed to be valttis research.

In the same manner as with G e.255&).75)100x, the values oE,p for

Ag(Ge 20S& .80 100x given in [23], the estimated densities, and theegation constants

with increasing Ag are shown in Table 3.4. FigurElhows a plot of the generation

constant as a function of Ag concentration fortthe ChG compositions considered.

Table 3.4. Generation Constants for PhotodopedSag

1.20E+14

1.10E+14

1.00E+14

cm?))

9.00E+13

8.00E+13

p/(rad

§ 7.00E+13
® 6.00E+13
5.00E+13

4.00E+13

Ag content x (%) Eqy (eV) | p (g/cn?) | go [ehp/(radem?’)]
0 1.90 4.80 5.64x16
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20 1.53 6.48 9.45x16
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Figure 3.11. Estimated Generation Constants foirodarGe Concentrations
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As shown in Figure 3.11, the generation constasreases with Ag concentration.
This is due to the lower binding energy betweenSegbonds compared to the Ge-Se
binding energy [23]. A lower binding energy meamattiess photon energy is required to
excite a valence band electron into the condudiaomd which results in a decrease in the
optical bandgajfi,,. Thus, the generation constant increases duetmverse
relationship withE:. It is also shown in Figure 3.11 that a higherobgen (Se)
concentration leads to an increase in the generatiastant because more Ag-Se bonds

can be formed [24].
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4 ANALYTICAL AND MCNP SIMULATION ANALYSES

This chapter will utilize the theory developed ih&pter 2, Section C to obtain
analytical results. These values will then be comgao the results from MCNP
simulations which model the geometry of the devigeen in Chapter 3.
A. Lateral Device

1) Cobalt-60 Source

Using Equation (4) and a source radius of 0.0182tbenphoton fluence for the
lateral device is

o= = photcz)n =961 photons/crh.
A 7(1.82x10% cmj (19)

The same geometry was implemented in MCNP forfah® photon and electron
sources, so the value of the analytical fluencesam¢ change. The mass-energy
absorption coefficient for a mixture can be detewxi using

Hen _ | Hen
, izw'(p) (20

wherew; is the weight fraction of a material. For 4g®e/(, the weight fractions can be
evaluated to givevge = 0.2827 anavse= 0.7173. Using these weight fractions and the

values ofue/p for Ge and Se, Equation (20) can be evaluateghbton energy of 1.25

MeV as
2
(ﬂ_] :(0.2827{ 2.353 160 ]+ (0.717%) 2.306 iecﬁ]
P Gey Sey g J
2 (21)
= 2319« 102"
g

The dose can then be evaluated for the ChG:
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The doses for the other layers can be determinadimilar manner and the results can

be seen in Table 4.1.

Table 4.1. Analytical Dose &, = 1.25 MeV for the Lateral Device per Source Photo

Material Herlp (cf/g) | D (MeV/g)
Ag 2.43x10° 29.2
GeySerc 2.32x10° 27.9
SiO, 2.68x10° 32.2
Si 2.65x10 31.9

Figure 4.1 shows a plot of the fluence throughlaiberal structure as a function of

depth, where SP stands for "source particle.” Téphdvalues were taken with respect to

their distance away from the Ag surface closestiéossource. Note that the first data

point corresponding to the Air/Ag interface is O,nmemich cannot be plotted on a

logarithmic scale. As such, the Air/Ag interfacesnaabitrarily placed “to the left” of the

data point corresponding to the start of the secatidnto the Ag layer. Error bars were

not included due to them being smaller than aplatker. The analytical fluence is

shown to be slightly greater than the fluence deiteed by MCNP. The MCNP

simulations also show that the fluence decreast®i®i layer due to being much thicker

than the other layers, but the high energy of tima rays makes this decrease very

slight.
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Figure 4.1. Fluence per Source Particle for Gamiangsk the Lateral Device

Although Figure 4.1 depicts a sharper fluence demaeep into the device in the
Si layer, the amount changes by only 0.3%. Thenfteetherefore, does not change
significantly as a function of depth. This resulisrexpected, as the attenuation factor for
a material is equal t& “*, wherey is the total interaction coefficient of the maaéand
x is the thickness. Because the thickness of eatérialas on the nanometer scale, the

value of e **is very close to 1, meaning little attenuation sagkace. The fluence

decrease observed in the Si layer occurs duebng thousands of times thicker than

the other layers.

Figure 4.2 shows the gamma dose in each maternsliselepth. The depth values

were taken to be the half the distance througHlaldee gamma dose depends primarily

Ll ) | o LR | LR LT | ¥
1.00E0 1.00E1 1.00E2 1.00E3

LA B | - B LA
1.00E4 1.00E5

on the material and does not change significaniilgiva given material.
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Figure 4.2. Gamma Dose per Source Photon in Laberaice as a Function of Depth

Table 4.2 shows the results from the MCNP reguitsthe percent error between
the corresponding analytical calculations. Thersrmeere low, which shows that the
theory agrees well with MCNP simulations. It shob&lnoted here that in these
particular simulations, a relatively low amountpairticles (80,000) were simulated in
order for MCNP to pass all ten of its statistidaécks. The stated tally errors for the
fluences and the doses were approximately 0.1% n\Vititeamount of particles is
increased to 800,000, the simulation fails somtssitzal checks, but the fluence output
becomes 961 photons/énThis value better matches the analytical cal@atAlthough
it is recommended that users run simulations whass all ten of the MCNP statistical
checks, this result could indicate that passingetahecks comes with a cost of reduced

tally output accuracy when the number of simulgtedicles is low. This should be kept
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in mind with the remainder of the lateral devicsults, which were simulated with a

similarly low amount of source particles.

Table 4.2. Comparison of Analytical and Simulatexh@®na Fluence and Dose Values

Material Fluence from MCNP| Percent Erron Dose from MCNP,  Percent
(photons/crf) (%) (MeV/g) Error (%)
Ag 951 1.0 29.9 2.2
ChG 951 1.0 28.2 1.1
SiO, 951 1.0 31.8 1.4
Si 950 1.1 31.6 0.7
2) UV Source

In the same manner as with the gamma ray casé&\tifeuence and dose values
were compared to an analytical calculation. Sihegpthoton energy and the power
densityH of the UV source were knowic{ = 3.83 eVH = 10 mW/cm), the source flux
could be determined:

6= 163100 RDOONS
E cm’-s

o (23)
Multiplying Equation (23) by the area of the samgies the photon emission rate.
Using this value then allows the MCNP results todgorted as fluxes and dose rates
instead of as fluences and doses normalized pecesparticle. The dose was converted
from the default MeV/g to the more familiar radaatiunit rad. The results were then
multiplied by the ratio of the source area to teegide area in order to account for the

disk-like shape of the modeled source. The flugulgh the lateral device is shown in

Figure 4.3.
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Figure 4.3. UV Flux in Lateral Device

As discussed in Chapter 3, Section C, the doseilegilen which verifies the
MCNP result may not represent reality too closbly, it demonstrates the basis of how
MCNP results are determined in low-energy phottuasions. The following uses Ag as
an example. Using linear interpolation of EPDL d#ta coherent scattering section for
Ag at a photon energy of 3.827 eV was found tedye= 47.44 b. The number density for
Ag was found to be 0.05847x%@toms/cm and the density is 10.49 g/&ntsing
Equation (2), the mass attenuation coefficient determined to be 0.265 éfy. Finally,
using Equation (3), the UV photon dose normalizedgource photon in Ag was found
to be 9.75x18 MeV/g, which is close to the value obtained in MEbf 9.64x1¢
MeV/g. When the incoherent scattering cross seaifohg ois = 1.65x1@ b is used in

the calculation of the mass interaction coefficignfp = 9.20x1¢ cn/g and the dose
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was found to be 3.39x1§ MeV/g. This value does not agree with MCNP reswhsich
demonstrates that the CS interaction is more inapbrh determining the simulated UV
doses.

In a similar manner, the rest of the dose rategéch material were calculated
using the coherent scattering cross sectionugmeh place ofue/p in Equation (3).
Figure 4.4 shows the results of the MCNP calcutetiand how they compare to the
analytical values. The percent errors for the ffuaed dose rates are shown in Table 4.3.
Although only three significant figures are shown the flux, more decimal places were
taken into consideration in the percent error datan. It is interesting to note that the
same dose rate results are produced whether theasioms are performed in MCNP5 or
in MCNPG6.1 even when the relevant .12p photon praridables and lowering the
photon energy cutoff to 1 eV were selected. Thiseisause important photon interaction

physics at low energies are not yet included in NFBN for most elements [25].
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Figure 4.4. UV Dose Rate in Lateral Device

Table 4.3. Comparison of Analytical and Simulated Rluxes and Dose Rates

Material| Flux from MCNP | Percent Error (%) Dose Rate from| Percent Error
[photons/(crfys)] MCNP (rad/s) (%)
Ag 1.64x10" 0.3 265 1.0
ChG 1.64x10° 0.3 0.158 1.6
SiO, 1.64x10™ 0.6 0.720 1.8
Si 1.64x10° 0.6 1.50 2.0

3) Electron Sources
The electron fluences and doses were determiriad Esjuation (4) and Equation
(11), respectively. The 100 keV electron resulessdrown in Figure 4.5 and Figure 4.6

while the 30 keV electron results are shown in Fegi7 and Figure 4.8.
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Figure 4.6. 100 keV Electron Dose per Source RariticLateral Device
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In both of the electron source cases, the initiedrice at the surface of the Ag,
which is plotted as the lowest depth value, wakdrighan the analytical calculation.
This is because electrons have a preferential fahweattering, meaning electrons collide
with other electrons as they move forward. MCNP® alscounts for backscattering,
which would increase the fluence across a surfaer more. In the relatively thick Si
material, which is plotted toward the higher deydlues, the fluence drops to negligible
values because neither the 100 keV nor the 30 ksdtrens can reach that far into the
material. For the thinner Ag, ChG, and $i@yers, the penetration degths several
orders of magnitude higher than the actual thickh@dich means that electrons travel
through them without losing a significant amouneogrgy. This is not the case for the Si
layer, wherdy was determined to be less thaarg. Electrons deposit all of their energy
well within the first 10Qum cell layer which is why the analytical dose drépzero
from the second Si cell onward.

The Katz-Penfold relation predicts a dose thatfisctor of 1.8 to 4.6 times above
the MCNP result for the 100 keV source and a faot@.6 to 4.8 times above that of the
30 keV source. Comparing the magnitudes of therelecose cases reveals that the
lower-energy 30 keV electrons result in a highesedd his agrees with the Katz-Penfold
relation, which shows that electrons with a loweergy have a lower maximum range,
which means that the dose will increase due tanerse relationship. This makes sense
physically as well, as slower electrons will impalftof their energy in a thin layer
instead of distributing that energy across a highiekness. However, because the Katz-

Penfold relation is material-independent, ther@ s$rong disagreement between the
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analytical and simulated values, especially asatfan of depth. This suggests that on
its own, the Katz-Penfold relation only weakly déses electron behavior.

Another method of determining the electron ranggsuhe continuous-slowing-
down approximation (CSDA), which describes the tetetenergy loss per unit length
traveled due to Coulomb, atomic, and electron sioltis [26]. The ESTAR program [27]
calculates the CSDA range of electrons as a fumatfeenergy for user-defined materials.
Using Ag as an example, the CSDA range at 100 ke)/G2509 g/ct The analytical
electron dose becomes 7.00%MeV/g which is a factor of 2.5 above the MCNP tesu
For 30 keV electrons, the dose using the CSDA ramde is 1.56x10 MeV/g or 2.2
times higher than the MCNP result. These resuésamparable to those obtained using
Equation (7) for the maximum electron range. TiiEres not appear to be any significant
advantages to using the continuous-slowing-dowmagamation over the Katz-Penfold
relation.

B. Vertical Device

1) Cobalt-60 Source

As with the lateral devices, the analytical fluefmeeach kind of source is the
same since the same source geometry was usedhic&se. Contrary to the lateral
devices, however, the vertical devices were phgiedavith Ag. Therefore, the fluence
and dose plots for each source include additiomales which highlight the effect of
photodoping. The vertical devices have a diffemnss sectional area than the lateral
devices, so a smaller source was simulated in MANMI. smaller area leads to a photon

fluence of
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2
o=>2 1photgn ( 1m;' =1.60x 16 photons/ch.
A (2.50x10° mj\ 100c

(24)
Once again, all values are normalized per sourdeiea

The photon fluence as determined by MCNP is shiovigure 4.9 with the
analytical fluence plotted for different conceniwas of Ag photodoping. All five curves

overlap, showing a strong agreement between thgteah fluence and the MCNP

results. Photodoping does not have a significaetebn the photon fluence.
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Figure 4.9. Co-60 Gamma Ray Fluence per Sourcélairt Vertical Device

Using the same method as with the lateral devitasle 4.4 summarizes the
values of the mass-energy absorption coefficiemteéch material along with the
analytical determination of the gamma doses. Teetlsignificant figuregle/p for the

ChG increases slightly with photodoping, and tHeatfcan be seen in the result of the
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gamma dose calculation. Figure 4.10 shows the gadasathrough the vertical device

normalized per source particle obtained from MC#&ble 4.5 shows the results from

MCNP along with the percent difference betweensihaulated and analytical values.

The MCNP results are shown to be slightly highantthe analytical calculations, but the

percent difference is small.

Table 4.4. Analytical Co-60 Dose per Source Phédothe Vertical Device
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Table 4.5. MCNP Dose per Source Gamma Ray and mdfcer for Comparison

Material D Percent Errol
(MeVig) (%)

Ag 5.02x10 3.3
ChG, Ag=0% | 4.74x10 2.2
ChG, Ag=10%)| 4.78x10 2.4
ChG, Ag=20%)| 4.82x10 2.8
ChG, Ag=30%)| 4.85x10 2.8

Ni 5.17x10 2.0

2) UV Source

As with the lateral devices, fluence and dosaltesvere multiplied by the
product of the source flux and the device areabdtain fluxes and dose rates. Figure 4.11
shows the UV flux plot against depth for variousfadoping concentrations, and the
analytical calculation agrees well with the simethvalues. There was a slight variation
in the flux observed in the deeper layers of thiéiea structure, which is attributed to
statistical error. Photodoping does not have aifsignt effect on photon flux.

A comparison between Figure 4.3 for the lateraiaeflux and Figure 4.11 for
the vertical device flux shows that the fluxes essentially equal when the number of
source particles is taken into account. This mayrseontrary to the other source cases,
where the smaller vertical device appears to haweeh higher fluence than the lateral
device. The number of source particles takes tba af the device into account, which
removes the effect of the per-source-particle ntima@on. Multiplying the fluxes shown
in Figure 4.3 and Figure 4.11 by the area of theesponding device shows that the total
number of photons incident per second on the ladiendce is higher, which is the

intuitive result.
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Figure 4.11. UV Flux in Vertical Device

In the same manner as with the lateral device B8&cthe analytical UV dose
rates for the vertical device were calculated aedshown in Table 4.6 along with the

MCNP results. Figure 4.12 shows the UV dose rat¢aimed in MCNP. Note once again

that the value utilized in this calculationLig, notedp.
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Table 4.6. UV Dose Rates in Each Material for \aitDevice

Material tln/g Analytical Dose| MCNP Dose Rate Percent Errof
(cn/g) Rate (rad/s) (rad/s) (%)
Ag 2.65x10" 266 261 1.9
ChG, Ag=0% 1.67x10 0.167 0.155 7.2
ChG, Ag=0.001% 1.71x10" 0.171 0.159 7.0
ChG, Ag=0.1% | 5.38x10 0.539 0.520 2.6
ChG, Ag=1% | 3.88x10 3.89 3.79 1.9
ChG, Ag=10% | 3.59x10 36.0 35.3 1.8
ChG, Ag=20% | 6.90x10 69.2 67.8 2.0
ChG, Ag=30% | 9.97x10 99.9 98.0 1.9
Ni 2.70x10" 271 268 1.1
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Figure 4.12. UV Dose Rate in Vertical Device

The dose rate in the ChG layer is shown to havexaonential dependence on
photodoping. This is due to the much higher massnaation coefficient that Ag has
compared to either Ge or Se. In each materialJ¥elose rate is not observed to change

as a function of depth. The percent errors foldNedose rate cases are generally low,
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which shows that the analytical calculation caubed to reliably predict an MCNP
output despite the fact that the equation doeseilg@ict how energy is deposited to a
material in the physical situation.

3) Electron Sources

Figure 4.13 shows the 100 keV electron fluencesparce particle. These results
resemble the lateral case, where a preferentiadafiat scattering of electrons causes the
fluence to be greater than the analytical equationld predict. The fluence increases
through the structure until the back end is reactwere electrons are less likely to
backscatter off of the air layer. Photodoping doetshave a significant impact on the
fluence.

Figure 4.14 shows the 100 keV electron dose nazethber source particle. As
with the 100 keV electrons with the lateral devittes Katz-Penfold relation
overestimates the electron dose by a factor ofteb8uo 3.7. The ChG dose is not
affected by the amount of Ag photodoping in theerat. Although the Katz-Penfold
relation is valid up to any beta particle energpgse results suggest that the model may
need to be modified into smaller energy bracketsrder to produce more accurate dose

values.
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Figure 4.15 and Figure 4.16 show the 30 keV adecfiuence and dose,
respectively, normalized per source particle. Tingdical determination of the fluence
is still low compared to the MCNP result, but theefice is shown to experience a
sudden drop after traversing the second Ag celighvis contrary to the behavior shown
by the lateral and vertical devices under the ogtheetron source conditions. The vertical
structure has a cross-sectional area that is nmelies than the lateral structure, and
these low-energy electrons can collide more wighrttaterial, which could result in
greater angular deflections that direct electransobthe cell. The fluence is observed to
increase in the thicker Ni layer. The Katz-Penf@thtion over-predicts the 30 keV

electron case by a factor of 2.6 to 3.6.
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Figure 4.15. 30 keV Electron Fluence per Sourcédbain Vertical Device
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5 NEUTRON HOWITZER

This chapter covers the design and source spdaitsaof the neutron source. An
analysis of gamma ray and neutron dose ratesagatsided, along with a comparison
between MCNP and experiment radioactivity measungsne
A. Design Overview

Designed by chemical engineering student Blake Asude Arizona State
University’s neutron source utilizes the spontarsefiasion of Cf-252 to produce both
neutrons and gamma rays which irradiate a sample californium in the source exists
as C$Os. The source is made by suspending californiumepalticles in a palladium
matrix which forms a cermet wire. The wire is the@rtased in a palladium tube, which is
then encapsulated in a double layer of stainlesd.sthe composition of the californium
is as follows: 2 w/o of Cf-249, 15 w/o of Cf-250yo of Cf-251, and 79 w/o of Cf-252
[28].

The neutron howitzer had four major goals: 1) te igbust materials which
provide support and longevity to the howitzer; @)ricrease the neutron flux through a
sample via neutron moderation; 3) to effectiveliekhworkers from neutron
bombardment when the source is in the irradiatamfiguration; and 4) to grant ease of
access to the irradiation chamber. PolyethylenéCghl,),, is used widely as a neutron
moderator and was employed in this design in tg®ns directly surrounding the
sample. Borated polyethylene was chosen as theamesitielding material due to the
high thermal neutron absorption cross-section odbioNeutron fluence and dose
characterization was not performed for the situmtitnen the howitzer is in its storage
configuration as it was assumed that the shippamgatner blocks most of the neutrons.
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Figure 5.1 shows the assembled neutron howitzethé\tenter of the howitzer is
a half-cylinder shaped air chamber within whichrbitte Cf-252 source and the sample
will be situated. This chamber is attached to atnog turntable which is made of
polyethylene. Around the turntable is a wall ofdted polyethylene to absorb neutrons
before they scatter to the outside environmenulfe tof borated polyethylene extends
above the air chamber through which a steel caileected to the source is threaded to
the outside world. Below the air chamber is anobweated polyethylene tube which

provides more shielding while the howitzer is mstorage configuration.

Figure 5.1. Assembled Neutron Howitzer with Leadefling

MCNP simulations targeted two aspects of the hawitZzhe first was to evaluate

how well the polyethylene moderates neutrons bykiting the Cf-252 source in the
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howitzer and comparing those measurements to dif@msalculation assuming it was
done in a vacuum. Second, the effectiveness didh&ted polyethylene layers to shield
workers from neutron and gamma radiation was chemaed by obtaining
measurements at positions outside of the howitherevhuman contact might be made.
B. Californium-252 Source Specifications

A source report from QSA Global provides a neutartission rate of 2.3x20/s
per mg of Cf-252 [29]. The 259 of Cf-252 in ASU’s source emits 5.75X10's. Again
accounting for the mass of the Cf-252, the gamns& date of the source capsule in air at
1 mis 4.0 mR/hr or 0.974rad/s. The neutron dose rate in air is given t6'hé
mrem/hr. Each spontaneous fission of Cf-252 rekeaseaverage of 3.7675 neutrons [30]
and 10.3 photons [31]. Note that a Valentine repibes a value of 7.98 photons released
per spontaneous fission [32]. The value state@2h provides the minimum bound for
the number of photons released per spontaneoustfigshile [31] gives the upper bound.
In this thesis, the value stated in [31] was chdsse to better match manufacturer data
for the dose rates determined from MCNP simulatittssng these values, the gamma
emission was found to be equal to 1.5736.

The neutron spectrum was modeled in MCNP usindptile-in Watt fission

spectrum for Cf-252, which has the form [8]

f (E) = Cexp(-E/a)sinh{/ bE (25)
whereC is a normalization constargt,= 1.025 MeVb = 2.926 MeV*, andE is the
energy of the neutron. Whéhnis plotted from 0 MeV to 10 MeV, the spectrum sihaw

Figure 5.2 is obtained.
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Figure 5.2. Watt Fission Spectrum for Cf-252

Significant research has been dedicated to chaizntgthe gamma ray spectrum
of a Cf-252 source. It was not usually clear if #pectra accounted for more than the
prompt gamma contributions, such as the amountlalygd gamma rays emitted from
decay products and whether or not the detectariefity was accounted for in the
prompt spectrum. The detector efficiency is a rafithe number of counts of radiation
sensed at a particular energy to the total numbexdiations emitted. Because this
efficiency spectrum was normally not provided, apgctra that provided “counts” as a
function of gamma ray energy [33-34] could not éasonably compared to spectra that
provided the actual number of gamma rays whichadlyeaccount for the efficiency. As
such, two gamma ray spectra [35] which did prov¥igenumber of photons were
simulated in MCNP and the results were compardbddaenanufacturer-given dose rates.

The first gamma spectrum simulated was providethbymanufacturer of ASU's

Cf-252 source, QSA Global, which were calculatecdsbyddard [36]. This spectrum is
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used to calculate the dose rates stated on theigtregecification sheet. The second set
of spectra account for both the gamma rays prodtroed the spontaneous fission of Cf-
252 and the delayed gamma rays emitted from itaydpoducts. The prompt gamma
spectrum can be approximated by taking the promgioh spectrum of U-235 and
decreasing the limits by 0.1 MeV, shown in Equa(®®), and the delayed gamma

spectrum was approximated by Equation (27) [35].

6.6 O<E< 0.5 MeV
_ -1.78E
Nprompt(E)_ 2029 o 05: E< 14 Me\ (26)
7.20710% 1.4< E< 10.4 Me\
Ndelayed( E) = él.lE (27)

These were normalized and are shown in Figurelts3noticeable that the
spectra do not have the same ranges, as showe lapthpt stop in the “Manufacturer”
curve at 6.5 MeV. Although the “Prompt” and “Deldyeurves include energies up to
10.4 MeV, their fraction of the overall spectrunfas smaller than those at lower
energies. A separate simulation was performed taimkhe dose rate due to secondary
gamma rays produced from{preactions with the water phantom and the source

capsule.
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Figure 5.3. Normalized Gamma Spectra Modeled in CN

The Cf-252 source capsule was simulated in a spifatey air with a water
phantom placed 1 m away. The four different gamayasources were simulated in
MCNP and the dose to the water phantom was obtairtesidose due to secondary
gammas was added to the results of both the "Q®hAadbkpectrum” and the
"Prompt+delayed"” results. Table 5.1 shows the tesidilthe MCNP simulations. SP
stands for “source particle”; for the secondary ges, the source particle is a neutron,
while the source particles for prompt and delayaahigas are photons. The dose rate
column was determined by multiplying the Dose/SRheyappropriate source particle

emission rate.
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Table 5.1. Gamma Doses in Water Phantom from Cf&5f&ce at 1 m

Description Dose/SP (MeV/g)Dose/SP (rad) Dose Ratey(rad/s)
QSA Global value 0.974
QSA Global spectrum 1.57x710 2.52x10" 0.395
Prompt gamma spectrum 1.67%10 2.68x10" 0.421
Delayed gamma spectrum  1.75x10’ 2.80x10" 0.439
Prompt+delayed 3.42x10 5.48x10™ 0.860
Secondary gammas 1.45%10 2.32x10"° 0.0134

The sum of the results from the QSA Global spectsimulation and from the
secondary gammas gives a total dose rate of Qué@Bs, which is 41.9% of the stated
value. Combining the prompt, delayed and seconganyma results together gives a
dose rate of 0.87@rad/s, or 89.7% of the expected value. Clearly,mthe delayed
gammas are accounted for, the dose rate comes thase value quoted by the
manufacturer. For this reason, the spectrum giyeiéd manufacturer was not used in
the modeling of the howitzer. Although the errotlué combined effects of prompt and
delayed gammas was somewhat large (10.3%), theeeapproximations made in
producing those spectra. Hayes [35] noted thaDthév/leV decrease in the limits was
made to account for the difference in average ganayanergy between U-235 and Cf-
252. The delayed gamma spectrum was describeceag &pproximate,” and the average
number of photons emitted per neutron emitted hrasge from 2.1 to 2.7, which could
account for 22% of the error. More accurate spdotra more recent literature [33-34]
might reduce the error.

C. Howitzer Performance
MCNP simulations were performed to quantify thetn@au howitzer performance.

First, the Cf-252 source capsule was simulatedriwigh a water phantom positioned
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relative to where a sample would be located imihitzer, about 6.35 cm away from
the source. Once that baseline value for the nodenabed source particle fluence was
obtained, the howitzer model was built around th@&ee capsule and phantom, and the
simulations were repeated. These results are shoWable 5.2. The analytical
calculation uses Equation (4) to determine thenibgeof an isotropic point source at a
distance of 6.35 cm. For this calculati@¥ 1 andA is the area of a sphere with a radius
of 6.35 cm since the Cf-252 source is isotropiogsosed to the photon and electron
sources which were modeled as monodirectional fllieace values were then

multiplied by the Cf-252 neutron emission rate toduce a flux.

Table 5.2. Results of Simulations Comparing Souresir Results to Source in Howitzer

Fluence Flux
[n/(cn?SP)]| [n/(cm?-s)]

Analytical calculation 1.97x10 | 1.13x10

Source capsule in air 2.08x10| 1.19x10
Source capsule in howitzer 5.64x10° | 3.24x10

Description

The analytical calculation assumes a point soureacuum. When the Cf-252
source capsule is included in the simulation, bive increases by 5% with respect to the
point source case due to the neutron interactiotistte stainless steel and palladium.
When the source capsule is placed inside of thatheryvthe polyethylene moderates the
neutrons, which increases the neutron flux everertme.86 times the value of the base
case. This simulation, therefore, validates thelrefehe neutron howitzer moderator for
radiation experiments: effectively, irradiation @mwould be almost three times longer

without it when the neutron dose is considered.
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Verifying the need of the howitzer in terms of hasll it shields workers from
neutron radiation required a simulation analysigants where close contact would be
made. This required two more water phantoms platéde top and front of the howitzer.
The water spheres outside of the borated polyatleylieyer were larger than the sphere
inside the radiation chamber in order to encouragee interactions with source
particles, as the borated polyethylene was expéotalisorb a significant amount of
neutrons. Figure 5.4 shows a cross section of tB&IRtimplemented geometry from
different perspectives, which were obtained fromMCNPX Visual Editor (Vised). The
simulations were repeated to obtain the fluencedase for both neutrons and gamma

rays.

[ Polvethylene

[0 Borated polyethylene
O Air

B Water

Bl Alminum

Source

Source

Figure 5.4. Neutron howitzer as Implemented in MCNIBdels from Vised

Table 5.3, Table 5.4, and Table 5.5 show the tesiiithe MCNP simulations for
gamma rays for the water phantom inside of the ¢learand for those at the front and

top of the howitzer. A total of three simulationen& performed to analyze the effects of
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the prompt and delayed gammas along with the seegrghmmas and neutrons. As with
the SP designations used in Table 5.1, the fluxdmse rate columns were determined by
multiplying the fluence/SP and dose/SP, respectiy®t the appropriate source particle

emission rate.
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Table 5.3. Gamma Flux and Dose Rate Results dbpinere inside the Chamber

Fluence/SP Flux Dose/SP Dose/SP | Dose Rate
(particles/crf) | [particles/(cnis)] | (MeV/g) (rad) (urad/s)
Secondary ; 1g.9 5 6.77x10 2.97x10° | 4.75x10" 27.3
Gammas
Prompt | 5 oo (P 1.47x16 451x10° | 7.22x10% 113
Gammas
Delayed | 5 4 4x108 1.40x16 4.65x10° | 7.44x10° 117
Gammas
Total 6.17x10° 3.55x16 1.21x10" | 1.94x10' 258
Gammas

Table 5.4. Gamma Flux and Dose Rate Results dbfinere at the Front of the Source

Fluence/SP Flux Dose/SP Dose/SP | Dose Rate
(particles/cr) | [particles/(cni-s)] | (MeV/g) (rad) (urad/s)
SGecondaW 6.80x10° 3.91x16 1.44x10F | 2.30x104 1.32
ammas
grompt 5.11x10° 2.93x16 5.02x10 | 9.48x10' 1.49
ammas
ge'aVEd 4.93x10° 2.84x16 6.38x10 | 1.02x10% 1.60
ammas
Total 1.68x10° 9.68x18 2.67x1¢° | 4.27x10% 4.41
Gammas

Table 5.5. Gamma Flux and Dose Rate Results dbpinere at the Top of the Source

Fluence/SP Flux Dose/SP | Dose/SP | Dose Rate
(particles/crf) | [particles/(cns)] | (MeV/q) (rad) (urad/s)
Sgconda“ 5.02x10° 2.88x16 8.55x107 | 1.37x10% |  0.79
ammas
Prompt |5 955108 1.67x16 281x10 | 4.50x10% |  0.71
Gammas
Delayed | g5 108 1.64x16 2.97x10° | 4.75x10'° 0.75
Gammas
Total 1.08x10" 6.19x10 1.43x1¢F | 2.20x104 |  2.24
Gammas
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Figure 5.5 demonstrates how the neutron howitZects the flight path of both
neutrons and photons. Neutrons are generally kethirvthe polyethylene portions of the
howitzer, but those that escape into the boratégepio/lene layers are quickly absorbed,
which is shown by the increasingly decaying amaidmeutrons as they travel away
from the center. Gamma rays are not attenuatediseyntly by the borated polyethylene,
which explains why the gamma dose is several timggser at the side and top of the

howitzer compared to the neutron dose.

&
'l':¢#:“.-|-;“ ":“r ' ‘;-
: ’.., J L '-:‘b- ‘.i:'.'! - .: =" ..f
- A1 - g =
-,‘-‘ i. b s o ' : A e ':' -
. ¥ 4 "ty - o ™ 5l .
T :?H!? ' “!:"r'
i i, B ® . .Iﬂ' L
42273 ¢ e 2
."z: AN
R s
k ;:Vh'
e A -
) y ays
. 4 P
b ".ﬁ-l
“f. o " "':r'-i. i
0% W e
(b)

Figure 5.5. a) Neutron and b) Gamma Ray Interastwith the Howitzer

Physical measurements of the gamma and neutrorrdi@sewere taken at
locations outside of the howitzer correspondinthlocations of the water phantoms.

The locations of the water phantoms simulated ilN\Q@orrespond to the geometry of
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the radiation counters used to obtain the measurenmeFigure 5.4 and Figure 5.5, the
water phantoms were placed 4.5 inches away frorfréimé and top of the howitzer to
account for the diameter of the Ludlum 9-inch REM in the neutron dose
measurements. The gamma dose measurements warertakk closer to the surface of
the howitzer and the water phantoms in MCNP weaeqd accordingly.

The results for the gamma ray simulations are shiovwable 5.6. The simulated
gamma dose rates taken from Table 5.4 for the fredasurement and Table 5.5 for the
top measurement are also shown in Table 5.6. Baghements for the gamma dose
rates are low. This demonstrates the effectiveakeee simulated neutron howitzer

model in duplicating the gamma ray results of ttiei@ howitzer.

Table 5.6. Comparison of Measured Howitzer Dose&#t Simulated Values

o Dose Rate, Measurgdose Rate, SimulatedPercent Errot
Description (urad/s) (urad/s) (%)
Gamma, front 4.39 441 0.5
Gamma, top 2.19 2.24 2.3

The percent errors are relatively small, whichvehthat the environment of the
simulated neutron howitzer matches well with ré@&l-By extension, the Cf-252 source
capsule model reasonably reflects the performahteeghysical source when the
gamma dose rate is considered. The error betweegatinma dose rate provided by the
manufacturer and the simulated values is compaigthigh (10.3%). The gamma dose
rate provided by the manufacturer uses data freouece that is quite dated (1965) and
uses a low-resolution gamma spectrum with energyvals of 0.5 MeV. More recent

research [33-34] has characterized the gamma etrsipn to much finer intervals,
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although their spectra were not considered inttiesis due to their detector efficiency
curves being unknown. All of these factors suggfestthe manufacturer-quoted gamma
dose rate may actually be too high.

Multiple neutron energy bins were tallied in MCPobtain the neutron dose per
source neutron at the water phantom locations.& beergy bins were chosen to be the
halfway points between stated energy values frartdhulated list of neutron quality
factors in [37]. The MCNP doses were then convetdaghits of rem by multiplying the
dose in rad by the quality factor of the neutroesdeen certain energies, which were
then multiplied by the neutron emission rate. Tin@ ®f the neutron doses in mrem/hr
showed the final dose rate. These results are siowable 5.7, Table 5.8, and Table
5.9. A comparison of the neutron dose rate measemenand simulation results for the

front and top of the howitzer is shown in Table®.1
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Table 5.7. Neutron Dose Results of the Sphereertsid Chamber

ey Quaity Facto] £oseieF ose Rat
0 —0.005 2 2.65x10| 1.75
0.005 — 0.05 2.5 2.44xfq  20.2
0.05-0.25 7.5 1.31xT0 3.27x1G
0.25-1.25 11 1.05x10| 3.82x10
1.25-3.75 9 2.26x10| 6.72x10
3.75-6 8 7.05x10| 1.87x10
6-8.5 7 2.06x10| 4.79x16
8.5—12 6.5 4.74x10| 1.02x16G
12 — 17 7.5 457x10| 114
17 - 30 8 1.10xIB| 2.91x10"
Total 4.43x10* | 1.34x1d

Table 5.8. Neutron Dose Results of the SphereeafFtbnt of the Source

ey quay Faco] peselSP Ooee B
0 - 0.005 2 6.30x18 | 4.17x10°
0.005 — 0.05 2.5 6.57x10| 5.44x10°
0.05-0.25 7.5 3.62x10| 8.98x10°
0.25-1.25 11 2.03xT0| 7.41x10"
1.25-3.75 9 5.34x10| 1.59
3.75-6 8 3.78x1®H| 1.00
6—8.5 7 1.90x1® | 4.40x10
85—12 6.5 6.85x1D | 1.48x10"
12 - 17 7.5 0.00 0.00
17 - 30 8 0.00 0.00
Total 1.42x10’ 4.02
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ey quay Faco] peselSP O B
0 — 0.005 2 2.38x18 | 1.58x10°
0.005 — 0.05 2.5 2.70x1H| 2.23x10°
0.05-0.25 7.5 1.34xT0| 3.32x10°
0.25-1.25 11 7.54x10| 2.75%x10"
1.25 - 3.75 9 2.09x10| 6.22x10"
3.75-6 8 1.67x1d | 4.42x10"
6—8.5 7 9.31x10 | 2.16x10"
85—12 6.5 3.12x10 | 6.71x10°
12 - 17 7.5 0.00 0.00
17 - 30 8 0.00 0.00

Total 5.91x10 1.66

Table 5.9. Neutron Dose Results of the Sphereeat tip of the Source

Table 5.10. Comparison of Measured Neutron DosesRatSimulated Values

Description Dose Rate, MeasuradDose Rate, SimulatedPercent Errol
(mrem/hr) (mrem/hr) (%)
Neutron, front 4.2 4.02 4.3
Neutron, top 2.2 1.66 24.5

It is not feasible to compare measured neutroe gakies to simulated values for
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samples inside of the chamber since the REM balta@ifit inside the chamber. Despite
this fact, it is reasonable to assume that if tH@\W results and the measured values are
“close enough,” the dose rate obtained for sampkide the chamber would also be
reasonably accurate. As shown in Table 5.10, ®ffritnt of the source, there is a 4.3%
difference between the MCNP results and the medstaieie, while the top of the source
has a much larger 24.5% difference. At first, thiter difference appears to be
unacceptably large, but it could be explained byan error. An additional simulation

was performed to analyze the impact of moving th&%2 source just 0.5 inches (1.27



cm) upward, which is well within the range defir®gdthe piece of tape on the howitzer
cable showing that the howitzer is in its irradatmode. The dose rate at the front of the
howitzer decreased to 3.87 mrem/hr for a percdfardince of 7.9% while the dose rate
at the top increased to 1.91 mrem/hr and a diffexeri 13.2%. The latter percent
difference is still high, but moving the sourcesgmingly insignificant amount further
upward would decrease the difference even mora, A& readout on the Ludlum REM
ball was not stable, so the stated dose rate ¢@mud been as low as 2.1 mrem/hr, which
would bring the percent error for the top measurgrdewn to 9.0%. The Ludlum REM
ball user manual [38] states that the “readingighin 10% of true value with detector
connected.” Because the simulated and measuredsvate within or close to this 10%
margin, the MCNP model developed is determinecketefiective in modeling the

neutron howitzer. It can therefore be concluded ttie dose rate determined for samples
within the chamber is also reasonably accurate.

Materials that undergo neutron irradiation becoatkoactive, and the neutron-
induced gamma ray activity is characteristic ofdipular element. This neutron
activation effect was analyzed using radiationsfoi various elements and a Canberra
gamma ray spectroscopy system. The activity ofdd@active progeny of an isotope

irradiated can be determined by [39]

_(n2)t
A(t) = Vi II:I/IA n]elem(\/zz 0th¢th + R|¢epij(l_ e typ ]
elem

(28)

wherey; is the isotopic abundance of the particular ne&cId is Avogadro's number,
MelemiS the mass of the sampMeemis the atomic weight of the elemesy, is the

thermal neutron absorption cross sectigrs the thermal flux of neutrons up to 0.5 eV,
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Rlis the resonance integral for epithermal neutrgss the epithermal flux of neutrons

having energies between 0.5 eV and 1 Ke¥ the irradiation time, and); is the half-life
of the radioactive progeny of the target isotope.

In order to bring the radiation foils relativellpse to their respective saturation
points, the exponential term at the right-hand sidequation (28), denotedi was set to
0.9961 and solved fdr The value of 0.9961 corresponds to the fractiomdioactive
atoms that would have decayed after eight halsleapse, ot't;» = 8. The half-lives
considered here were of the shorter-lived isotapes element, e.g., Ni-65 instead of
Ni-59 or Ni-63 because it is not practical to iietd those longer-lived isotopes to
saturation. The actual irradiation time was chdsdoe some value that is near to or
greater than the time determined by the previolgizion. The one exception was
scandium which could not be brought to saturatioa @ its relatively long half-life
(83.8 days). Regardless, an irradiation time ofapmately one month was chosen for
the scandium foil to see how much information carobtained.

In total, five foils were irradiated and analyzedandium, nickel, copper,
zirconium, and gold. Other foils composed of alumir) vanadium, and indium were
also irradiated, but their results were not congiddiere because their spectroscopy
results were deemed unreliable. Because Al andve telatively short half-lives these
foils decayed significantly during the transfermfréhe howitzer to the spectroscopy
system located in a different building, resultingailarge error. The In results were
rejected because isotopes could not be identifiecbctly by the spectroscopy system.
The foils had a high purity of at least 99.74%n%@mandMeemin Equation (28) were

approximated to be the masses and atomic weightedbils themselves. The values for
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the thermal neutron absorption cross section amda$onance integral were found on a
chart of the nuclides [40]. MCNP was used to obtaenfluences per source neutron
within the thermal and epithermal ranges in theawphantom located inside of the
radiation chamber. Multiplying the results from MMy the neutron emission rate
gives:

#, =1.30x 10 neutrons/(cf
#op =3.21x 10 neutrons/(chn (29)

These flux values are assumed to remain constaetfth foil since they are thin, which
encourages neutrons to pass straight through thst@aid of backscattering.

The data and the results of the analytical calmraising Equation (28) for each
radioactive product are shown in Table 5.11 andrekinto Table 5.12. The foil volume
is also included in Table 5.11 for convenience.y@nhbse nuclides with radioactive
progeny due to radiative captureyjnyere analyzed in this work. The spectroscopy
system also accounts for gamma rays emitted dath&s types of reactions, but those

contributions were comparatively small and noisg aere thus ignored in the analysis.
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Table 5.11. Data of Activation Foils Used in Eqaat{28)

. Radio- Foil Foil Thermgl Resonance
Target Isotopic : Absorption
: active | Mass | Volume Integral
Nuclide | Abundance Progeny|  (g) ) Cross- ()
Section (b)
Sc-45 1 Sc-46| 0.0516 1.61%10 17 7
Ni-58 0.681 Ni-59 | 0.2826 3.22xT0 4.6 2.2
Ni-62 0.011 Ni-63 | 0.2826 3.22xT0 14.5 6.6
Ni-64 0.0093 Ni-65 | 0.2826 3.22x%0 1.6 1.2
Cu-63 0.6917 Cu-64 0.143 1.61*4( 4.5 5
Cu-65 0.3083 Cu-65| 0.143 1.61¥4Q0 2.17 2.2
Zr-92 0.1715 Zr-93 0.112 1.61x%0 0.2 0.6
Zr-94 0.1738 Zr95| 0.1120 1.61xf0] 0.05 0.28
Zr-96 0.028 Zr-97 0.1120 1.61xf0| 0.022 5.1
Au-197 1 Au-198| 0.124| 6.44xT0 98.7 1550

Table 5.12. Radioactivity of Activation Foils Accling to Equation (28)

Radioactive| Half-Life Time Needed Irradiation Radioactivity
Progeny (s) for Time (s) of progeny
Z =0.9961 (s) (nCi)
Sc-46 7.24x10 5.79x10 3008700, 1.02x16
Ni-59 2.40x16¢ 1.92x106° 76 380 7.10x16¢"
Ni-63 3.19x16 2.55x10" 76 380 2.80x19
Ni-65 9.06x16 7.25x10 76 380 1.62x16
Cu-64 4.57x10 3.66x10 501 720 1.72x16
Cu-66 3.06x10 2.45x10 501 720 3.63x10
Zr-93 4.73x16° 3.78x10° 434 340 9.24x18°
Zr-95 5.53x10 4.43%x10 434 340 2.72x10
Zr-97 6.03x10 4.82x10 434 340 9.23x10
Au-198 2.33x10 1.86x10 1 731 900 0.623

The foils were modeled in MCNP to obtain a simuagstimate of the activity.

One of the many iterations of code used to prodioe&lata in this section is given in the
Appendix. Each foil replaced the water phantomdesif the irradiation chamber of the

model. The holding apparatus for each foil was aisaleled, which consisted of a vinyl

tube that contained the foil and a vinyl mount.iAgidam of the foil and the holder is
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shown in Figure 5.6. The number ofy)nreactions that occur per source particle is
obtained in MCNP by multiplying the output from B#a-type tally by the number density
of a particular isotope, the radiative capture section, and the volume of the foil. As
an equation, the number of reactions ofktih type is
R =®No, V (30)

whereN is the number density for a particular isotapgs the cross section of tlketh

type, andV is the volume. Using substitutions, Equation (&) also be rewritten as

R< = O-k I’lCD (31)
wheren, is the number of target atoms. The simulationltesa units of

[number of (ny) reactions/SP] for each isotope are summarizdébie 5.13.

Vinyl foil holder
Foil

Vinyl mount

Figure 5.6. Model of the Activation Foil and theltiog Apparatus
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Table 5.13. MCNP Results for the Activation Foighhe Neutron Howitzer

Radioactive MCNP Reactions

Progeny | (number of reactions/SP
Sc-46 2.90x10
Ni-59 1.37x10°
Ni-63 7.31x10
Ni-65 1.86x10
Cu-64 6.23x10
Cu-66 2.78x10
Zr-93 4.95x10
Zr-95 5.01x10
Zr-97 8.07x10

Au-198 7.14x10

In order to interpret these MCNP results in a nregfnl way, the theory of
nuclear transmutation [41] must be briefly discds$®r an initial amount of target
atomsmn(0), the number of activated atomgt) at timet during an irradiation session is

equal to

n,(t) = 0,.M(0)¢ (1_ e—ﬂ/zt)

2

(32)
whereo, 1 IS the microscopic capture cross section of thgetanuclideg is the neutron

flux, and/, is the decay constant of the activation produsiniythis value, the activity

of the radioactive product is defined to be

A1) = 2,n,(1) = o, ,n0)p(1- €*). (33)

As t—oo, Equation (33) can be simplified to

At =) =0, (0)g. )
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Although Equation (31) cannot be directly compae&quation (34), because
the fluence from MCNP is given per source partioiejtiplying Equation (31) by the

neutron source emission raig gives the reaction rate in terms of flux:

RR =0, n® szakn]ﬁ. (35)
The relevant reaction in this case is radiativewap so the cross section in Equation
(35) is equal to that of Equation (34). Therefdf ;NP can be used to find the maximum
theoretical activity of a radioactive product signply multiplying the MCNP results by

the neutron emission rate. These findings are showiable 5.14 after converting from

the default activity unit in Bq to puCi.

Table 5.14. Activity Derived from MCNP Results

. . MCNP Activity
Radioactive Progeny (LCi)

Sc-46 4.51x10
Ni-59 2.13x10
Ni-63 1.14x10°
Ni-65 2.89x10"
Cu-64 9.68x10
Cu-66 4.32x10
Zr-93 7.69x10
Zr-95 7.79x10
Zr-97 1.26x10

Au-198 0.111

An experimental value for the activity was obtaitgdplacing each foil in the
radiation chamber at the same distance as in the®@odel. Each foil was irradiated
for the amount of time stated in Table 5.12. Tiveas a cooling timé&; during which the

foil was transported from the neutron howitzerhte spectroscopy system in another
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building. The measured activiBmeaswas converted to an induced activityy by the
following relationship, which determines the adinvat the moment the foil was retrieved

from the howitzer, i.e., as if the cooling time waso:

Ars = Area™ 36)
The induced activity for the Sc-46 product hatdéamodified since that particular
foil was not brought to saturation. When a radiafiail is brought to saturation, the value
of Aing in Equation (36) represents the maximum actigifyx. The activity as a function

of irradiation time is

_ _aht
At) = A, (1-€7). (37)
At saturation, Equation (36) can be reinterpreted a
— — A(t) — Aneas tC
And - Anax - 1_ e_zqt - 1_ e_gzt ' (38)

Equation (38) generalizes Equation (36) for any ambhof irradiation time.
The values of the activities obtained in all thweseys are summarized in Table 5.15.
Some of the entries for the induced activity werfe hlank as they were not identified by

the spectroscopy system.
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Table 5.15. Activities Obtained via Calculationmsiation, and Experimentation

Radio- | Simulated Analytical Simulated-to- | Induced Simulated-to-
active Activity Activity Analytical Activity Induced ratio
Progeny. (LCi) (LCi) Ratio (nCi)

Sc-46 4.51x10 1.02x10° 4.4 3.01x10 1.5
Ni-59 2.13x10 7.10x10" 3.0x10

Ni-63 1.14x10° 2.80x10° 4.0x1d

Ni-65 2.89x10" 1.62x10° 1.8 1.95x1d 1.5
Cu-64 9.68x10 1.72x10° 0.56 0.0128 0.76
Cu-66 4.32x10 3.63x10° 1.2

Zr-93 7.69x10 9.24x10% 8.3x10

Zr-95 7.79x10 2.72x10° 29

Zr-97 1.26x10 9.23x10° 0.14 8.73x10 1.4
Au-198 0.111 0.623 0.18 0.0895 1.2

From Table 5.15, it is clear that for the givenadiation time, the nuclides with

relatively long half-lives could not saturate, whied to the large errors in some of the

nuclides for the analytical calculations. The MCiéBults used in the manner given in

Equation (35) can only be used to determine theatd activity. For the isotopes that

did saturate during the given irradiation time, #dggeement between the analytical and

simulated results is still weak. Figure 5.7 sholmesgimulated-to-analytical activity ratio

if each of the nuclides were taken to saturatidrer€ is no identifiable trend in the error

and the average of the ratios is 0.83.
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Figure 5.7. Activity Ratios between MCNP and Anaigt Calculations

The simulated-to-induced ratios, plotted in Fighi@, are somewhat closer to the
ideal value of 1 for most of the isotopes from whamn activity measurement was
obtained. The ratio from the Cu-64 values is thiéienof the group where the other
ratios center around 1.4. The average of thesesratas found to be 1.28. The difference
in values may be discovered in the way the spextmssystem determines the activity,
given by [42]:

Net Area

AlC)= (Live time)(Efficiency)(Yield)(3.% 10 (39)

where the Net Area is obtained as the integrah@fcounts during a measurement
session, the Live Time is the analog-to-digitalanter live time that the spectroscopy

system accounts for automatically, Efficiency is #bility of the detector to detect the
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actual amount of gamma rays at a particular enéfggyd is the amount of gamma rays
released per disintegration, and 3.7Xi0a conversion factor from Bq fCi. The
efficiency spectrum is calibrated by the user, \whaccounts for geometry, energy
detection, and other factors. The errors betweeM@NP and measured results could be
explained by a non-ideal calibration curve thatdoet apply well to every gamma ray
energy. Testing this hypothesis would require aditahal foil irradiation time and a

recalibrated spectroscopy system.
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Figure 5.8. Activity Ratios between MCNP and Measlivalues
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6 SUMMARY AND FUTURE WORK
The results from the comparative analysis for exddhe different radiation
sources are summarized in this chapter. Explamafmmnthe disagreements between the
analytical and simulated results are also proviuee.

e The photon fluence was described correctly bylieery in all cases.
Deviations in value for the lateral device wereibtited to the number of
source particles simulated, which suggests thaterssmay not be
accurate even if they pass all statistical chedkis avlow relative error.

e The theory which describes the photon energy daponsn a material
tends to agree with MCNP with an error of less tB#@nin the case of Co-
60. The percent error was slightly higher in theecaf the vertical
devices, but this may be due to the significanifiecent number of points
simulated.

e In the modified photon dose theory for ultraviaiadiation, whergu/p was
used instead qi./p, the results were within 2% of each other in thsec
of the lateral devices. The dose percent erroriigtser for the vertical
device case when the ChG layer was photodoped.

e In both of the devices, the simulated 100 keV etecfluence was higher
than the analytical fluence due to electron forwsrdttering. The same
can be said for the 30 keV electron fluence. Inléeral devices, the
electrons could not penetrate deep into the Srlaye

e The Katz-Penfold relation did not reliably predicé electron dose due to

100 keV or 30 keV electrons. There is clearly agnat and a depth
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dependence on the dose that the Katz-Penfoldaeldbes not account
for.

e For the neutron howitzer, both gamma ray and nautose rates were
shown to be reliably modeled by MCNP. In the cadsth® neutrons, it is
imperative to consider the geometry of the radratiounter along with
the energy-dependent neutron quality factors.

e MCNP can be used to predict the maximum theoregicabity of a
radiation foil, but the spectroscopy system mustdd#orated correctly to
allow a fair comparison. The percent differenc&@¥ shows that either
the simulation or experimental values are incornebich indicates that
more experimentation after recalibrating the spsciopy system is

needed.

In the case of the photon and electron simulatidmsay be worthwhile to model
the actual source geometry in the analysis of thé @evices. Use of a monodirectional
approximation was justified for each source, baeegchers would be better informed in
seeing how their devices operate under their pdaticadiation setup. It would also be
fruitful for the Katz-Penfold relation to be reselaed in-depth and modified to fit MCNP
dose results. This would make hand calculationsemepresentative of the electron
energy deposition that takes place as opposedng ba acceptable approximation
within an order of magnitude. The generation camgtéots can be updated if the optical
gaps of more Ge-Se compositions are researchet magde concrete data on the ChG

density dependence on Ag photodoping are obtained.
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With the introduction of MCNP6.1 occurring relatiyéate into this research,
many of its new capabilities could not be testaedtdad of defining the Cf-252 neutron
energy spectrum using the Watt fission spectrumN®RE.1 can now automatically
determine the neutron spectrum based on the isotbgtected within a cell. Using this
function in the neutron howitzer simulation has pla¢ential to produce even more
accurate results. The UV simulations would nedoetoedone when low-energy photon
physics is implemented more effectively in MCNP.

Finally, a recalibration to the spectroscopy systeust be done and the
activation foils irradiated again to better complaeéwveen the MCNP activity results and

those obtained experimentally.
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APPENDIX A

MCNP INPUT DECK: NICKEL ACTIVATION FOIL IN HOWITZER
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Cf-252 Source, Neutrons

c cell cards

11-15.165 -100 101 -102 IMP:n,p=1 $ fuel capsule

22-8.03-103 104 -105 (1050:-1051:1052) IMP:n,f=steel casing

207 -12.02 -1050 1051 -1052 (100:-101:102) IMP=1,f palladium casing
3 3-0.001205 -108 106 -107 (103:-104:105) #6 1/B83 &

#60 #61 IMP:n,p=1 $ air half

304 -0.92 -108 106 -107 -1080 1030 IMP:n,p=1 ¥ pailf
44-0.92106-111112-113 114 -115 (108:107) &

11171 #1211 #112 #113 #114 #115 #116 #117 #118 &

#129 #130 #131 #132 #45 IMP:n,p=1 $ inner around ai
404-0.921111111-1110112-113114-115&

#129 #130 #131 #132 IMP:n,p=1 $ inner box above

41 3-0.001205 1111 1110-11100 112 -113114-115&

#129 #130 #131 #132 IMP:n,p=1 $ air gap above

425-0.95-1111 107 -111 125 126 IMP:n,p=1 $ byadlove air
434-0.92 116 -106 112 -113 114 -115 125 &

#111 #1212 #113 #114 #115 #116 #117 #118 &

#129 #130 #131 #132 #45 IMP:n,p=1 $ poly below air

44 4 -0.92 110-116 112 -113 114 -115 &

(1111:-110:116) #111 #112 #113 #129 #130 #131 #UB2n,p=1 $ under of tray
4405-0.95-1111 110 -116 125 IMP:n,p=1 $ b-paider tray

45 3 -0.001205 1141 -1142 1143 -107 114 -1140 IMRDh $ air in cover
c5005-0.95-1211 116 (-112:113:-114:115)
55-0.95(11100:-112:113:-114:115) 125 126 &

116 -1170 118 -119 120 -121 &

#100 #101 #102 #103 #104 #105 #106 #107 #108 #100 &

#119 #120 #121 #122 #123 #124 #125 #126 #127 #128n,p=1 $ outer box
505-0.951170-117 1180 -1190 1200 -1210 125826

#107 #108 #109 #110 IMP:n,p=1 $ outer box, lid
515-0.95-1111-11100 111 125 126 IMP:n,p=1 $ly-pube in mid
525-0.95-1111 117 -1171 #98 #96 #135 IMP:n,pbipbly tube on top
53 3-0.001205 116 -1211 112 -113 1201 -120 IME:Dh $ door
c525-0.95-1111 117 -1171 (125:128) #97 IMP:f,f=b-poly tube on top
6 9-8.908 -1220 -1221 1223 IMP:n,p=1 $ foil

60 10 -0.207 1220 -12200 -12201 12202 IMP:n,p=inghholder

61 10 -0.207 -12203 12204 12205 -12206 #60 &

12207 12208 IMP:n,p=1 $ vinyl holder for vinyl

7 6-1-123 IMP:n,p=1 $ outer bubble

70 6 -1 -1230 IMP:n,p=1 $ upper bubble

80 3 -0.001205 -124 -116 (-112:113:-114:115:-1M¥pin,p=1 $ air below poly
81 3-0.001205 -124 1230 117 (1111:1171) &

IMP:n,p=1 $ air around/above cyl on top

82 3-0.001205 -124 -117 1170 (-1180:1190:-1200) 21

IMP:n,p=1 $ air around lid
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83 3-0.001205 -124 -1170 116 120 (-118:119:121) &

IMP:n,p=1 $ air around mid

830 3-0.001205 -124 123 -1201 -1170 116 IMP:n,$=lr in front of door
831 3-0.001205 -124 -1170 116 -120 1201 #53 IMh $ air around door
90 3-0.001205 -125 110 -116 IMP:n,p=1 $ tracktdoatb-poly

91 3-0.001205 -125 116 -106 IMP:n,p=1 $ tracky tra

92 3-0.001205 -125 107 -111 #133 IMP:n,p=1 $ tréekoly above air
920 3-0.001205 -126 107 -111 IMP:n,p=1 $ Itrackodby above air

93 3-0.001205-125 111 -11100 #133 #134 IMP:n$#rAck, b-poly to outer
930 3-0.001205-126 111 -11100 IMP:n,p=1 $ trétchck, b-poly to outer
94 3-0.001205 -125 11100 -1170 #134 #135 IMP:n$trhck, outer to lid
940 3-0.001205 -126 11100 -1170 IMP:n,p=1 $ Itraxker to lid

95 3-0.001205 -125 1170 -117 #135 IMP:n,p=1 $kird to upper cyl
950 3-0.001205 -126 1170 -117 IMP:n,p=1 $ Itrdickto upper cyl

€ 96 3-0.001205 -125 117 -128 IMP:n,p=1 $ trackide upper cyl

€ 97 3-0.001205 -127 -1111 130 IMP:n,p=1 $ tragdper cyl exit

96 3-0.001205 117 (-126:-127) 1300 -128 -1111 11&7

IMP:n,p=1 $ leads track in cyl

98 3-0.001205 117 (-125:-127) -130 -128 -1111 11#¥35 &

IMP:n,p=1 $ source track in cyl

100 8 -2.70 -131 1310 -1170 IMP:n,p=1 $ boltsdh li

101 8-2.70 -132 1310 -1170 IMP:n,p=1

102 8 -2.70 -133 1310 -1170 IMP:n,p=1

103 8 -2.70 -134 1310 -1170 IMP:n,p=1

104 8 -2.70 -139 1310 -1170 IMP:n,p=1

105 8 -2.70 -140 1310 -1170 IMP:n,p=1

106 8 -2.70 -141 1310 -1170 IMP:n,p=1

107 8 -2.70 -135 1310 -117 IMP:n,p=1

108 8 -2.70 -136 1310 -117 IMP:n,p=1

109 8 -2.70 -137 1310 -117 IMP:n,p=1

1108 -2.70-138 1310 -117 IMP:n,p=1

111 8-2.70 -142 110 -111 IMP:n,p=1 $ bolts on tale

112 8-2.70 -143 110 -111 IMP:n,p=1

113 8-2.70 -144 110 -111 IMP:n,p=1

114 8 -2.70 -145 106 -107 IMP:n,p=1 $ bolts on tray

115 8 -2.70 -146 106 -107 IMP:n,p=1

116 8 -2.70 -147 106 -107 IMP:n,p=1

117 8 -2.70 -161 106 -107 IMP:n,p=1 $ bolts on tayer

118 8 -2.70 -162 106 -107 IMP:n,p=1

1198 -2.70 -148 118 -112 IMP:n,p=1 $ bolts on pbtex

120 8 -2.70 -149 118 -112 IMP:n,p=1

121 8-2.70 -148 113 -119 IMP:n,p=1

122 8 -2.70 -149 113 -119 IMP:n,p=1

123 8 -2.70 -150 115 -121 IMP:n,p=1

124 8 -2.70 -151 115 -121 IMP:n,p=1
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1258 -2.70 -152 120 -114 IMP:n,p=1

126 8 -2.70 -153 120 -114 IMP:n,p=1

127 8 -2.70 -154 120 -114 IMP:n,p=1

128 8 -2.70 -155 120 -114 IMP:n,p=1

129 8 -2.70 -156 110 -160 IMP:n,p=1 $ fasteners

130 8 -2.70 -157 110 -160 IMP:n,p=1

131 8-2.70 -158 110 -160 IMP:n,p=1

132 8 -2.70 -159 110 -160 IMP:n,p=1

133 8 -2.70 -103 105 -163 IMP:n,p=1 $ Al holdingmsource
134 2 -8.03 -164 163 -165 IMP:n,p=1 $ 1st sectl stee

135 2 -8.03 -164 165 -166 IMP:n,p=1 $ 2nd sect stee

200 3 -0.001205 106 -107 -1030 -1080 #1 #2 #20 #UB3n,p=1 $ source channel
999 0 124 IMP:n,p=0 $ Void outside sphere

c surface cards

c Cf-252 source

100 C/Y -1.27 0 0.0780391759 $ Cf-252

101 py 0.92

102 py 1.62

103 C/Y -1.27 0 0.47625 $ Steel casing

104 py -0.3175

105 py 2.8575

1050 C/Y -1.27 0 0.0785391759 $ arbitrary palladasing
1051 py 0.9195

1052 py 1.6205

1030 C/Y -1.27 0 0.47625001

¢ Air chamber

106 py -3.175 $ bottom of air chamber

107 py 5.715 $ top of chamber

108 cy 12.065 $ radius of air chamber

1080 pz 0 $ division between air/poly halves

c inner box

110 py -19.685 $ very bottom of poly

111 py 10.795 $ poly above chamber

1110 py 26.035 $ start of air gap

11100 py 29.845 $ end of air gap

1111 C/Y 0 0 5.08 $ tube of b-poly

112 px -20.32 $ left side of poly

113 px 20.32 $ right side of poly

114 pz -20.32 $ depth of poly, neg

1140 pz -19.685 $ poly cover missing

1141 px -18.415 $ left side of poly cover missing
1142 px 18.415 $ right side of poly cover missing
1143 py -4.445 $ bottom of poly cover missing
115 pz 20.32 $ depth of poly, pos
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c outer box

116 py -5.715 $ bottom of outer shield

117 py 40.005 $ top of outer shield

1170 py 34.925 $ start of upper lid

1171 py 54.505 $ end of upper cylinder

118 px -30.75 $ outer left bound

1180 px -25.98 $ inner left bound

119 px 30.75 $ outer right bound

1190 px 25.98 $ inner right bound

120 pz -30.75 $ depth bound, neg outside
1200 pz -25.98 $ depth bound, neg inside
1201 pz -31.385 $ door being too thick

121 pz 30.75 $ depth bound, pos outside
1210 pz 25.98 $ depth bound, pos inside
1211 py 24.385 $ top of bottom shield

c test bubbles

c122s-1.27 1.27 6.35 1 $ sample

1220 c/z -1.27 1.27 0.635 $ foll

1221 pz 6.3627

1223 pz 6.3373

12200 c¢/z -1.27 1.27 0.79375 $ (outer) cyl of vinyl
12201 pz 6.588125

12202 pz 6.111875

12203 cly -1.27 6.35 1.11125 $ (outer) holder ¢wlinyl
12204 cly -1.27 6.35 0.79375 $ (inner)
12207 c/x 1.27 7.62 1.031875

12208 c¢/x 1.27 5.08 1.031875

12205 py -2.2225

12206 py 2.8575

123 s-1.27 1.27 -42.18 1.5 $ on side

1230 s 16.51 51.4350 1.5 $ on top

124 so 400 $ world sphere

c air tracks

125 C/Y -1.27 0 0.5969 $ source guiding track
126 C/Y 1.27 0 0.5969 $ leads guiding track
c 127 C/X 45.085 0.5969 0.5969 $ horizontal, exit
127 C/X 45.085 0 0.5969 $ horizontal, exit
128 py 45.6819000001 $ top of track

c 128 py 45.085 $ top of track

130 px -0.673099 $ right edge of source exit
1300 px 0.673099 $ left edge of leads exit

c /i

c /i

¢ aluminum cylinders; bolts and fasteners

c on lid

87



1310 py 24.765 $ bottom of lid's bolts
131 C/Y -27.48 27.48 0.3175$ 0

132 C/Y -27.48 -27.48 0.3175$ 1
133 C/Y 27.48 -27.48 0.3175$ 2

134 C/Y 27.48 27.48 0.3175$ 3

135 C/Y -23.2800.3175%$ 4

136 C/Y 0-23.48 0.3175$5

137 C/Y 23.4800.3175% 6

138 C/Y 023.480.3175% 7

139 C/Y -17.68 27.48 0.3175$ 8

140 C/Y -17.68 -27.48 0.3175$ 9
141 C/Y 27.48 17.68 0.3175 $ 10

C on rotation table

142 C/Y 0-15.240.3175 %0

143 C/Y 15.24-2.540.3175 % 1

144 C/Y -15.24 -2.54 0.3175$ 2

c on tray

145 C/Y 015.24 0.3175$ 0'

146 C/Y 15.242.54 0.3175$ 1'

147 C/Y -15.24 2.54 0.3175 $ 2

C on outer box

148 C/X 9.485 15.24 0.3175$ 0,2
149 C/X 9.485 -15.24 0.3175$ 1,3
150 C/Z2-12.7 9.525 0.3175 $ 4

151 C/Z 12.7 9.5250.3175 $ 5

152 C/Z2 -16.08 -0.635 0.3175 $ 6
153 C/Z 16.08 -0.635 0.3175$ 7

154 C/Z 16.08 16.585 0.3175$ 8
155 C/Z -16.08 16.585 0.3175$ 9

c fastener

156 C/Y 19.82 19.82 0.15875

157 C/Y 19.82 -19.82 0.15875

158 C/Y -19.82 -19.82 0.15875

159 C/Y -19.82 19.82 0.15875

160 py 29.21 $ top of rods

c on tray cover

161 C/Y 17.32 17.32 0.3175

162 C/Y -17.32 17.32 0.3175

c cable parts

163 py 14.2875 $ top of aluminum part
c steel cable

164 C/Y -1.27 0 0.15875 $ Steel casing
165 py 33.3375 $ top of chain, 8in from Al
166 py 44.4119 $ furthest chain goes
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c data cards
SDEF POS=-1.27 1.27 0 CEL=1 ERG=d1 RAD=d2 EXT=D3S%0 1 0 PAR=1
¢ SDEF POS=-1.27 2.54 0 CEL=1 ERG=d1 PAR=1
SP1-31.025 2.926
SI2 0 0.476250001
SP2-210
SI3-0.30 2.9
SP3-210
mode N P
ml 98252 -6.220868941e-4 $ Cf-252
98251 -3.149807059e-5
98250 -1.181177647e-4
98249 -1.574903529e-5
46102 -0.0101919201 $ palladium
46104 -0.1113117549
46105 -0.2231231137
46106 -0.2730835064
46108 -0.2643903981
46110 -0.1171071604
8016 -4.694664845e-6
m2 6012 -0.079144 $ stainless steel, C
6013 -8.56e-4
c 25000 -2 $ Mn
c 15000 -0.045%P
16032 -0.028479
16033 -0.000228
16034 -.001287
16036 -6e-6
14028 -0.6916725
14029 -0.0351375
14030 -0.02319
24050 -0.7821 $ Cr
24052 -15.08202 $ Cr
24053 -1.71018 $ Cr
24054 -0.4257 $ Cr
28058 -5.446152 $ Ni
28060 -2.987848 $ Ni
28061 -0.091192 $ Ni
28062 -.29076 $ Ni
28064 -0.074048 $ Ni
c 7000-0.10% N
26054 -4.15900975 $ Fe
26056 -64.2875587 $ Fe
26057 -1.50777445 $ Fe
26058 -0.2006571 $ Fe
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m3 7014 -76.8 $ air
8016 -23.2
m4 1001 -14.36834745 $ pure polyethylene
1002 -0.00165255
6012 -84.713759
6013 -0.916241
m5 1001 -11.598666 $ boron-doped poly
1002 -0.001334
6012 -60.54516
6013 -0.65484
8016 -22.20
5010 -0.995
5011 -4.005
m6 1001 1.999977 $ water
1002 2.3e-4
8016 1
m7 46102 1.02 $ palladium
46104 11.14
46105 22.33
46106 27.33
46108 26.46
46110 11.72
m8 13027 100 $ aluminum
m9 28058 68.077 $ Nickel
28060 26.223
28061 1.140
28062 3.6345
28064 0.9255
m10 6012 1.9786 $ C2H3, vinyl
6013 0.0214
1001 2.999655
1002 3.45e-4
fO4:n 6
f0o4m:n 6.222e-2 9 102
f14:n 6
fl4m:n 3.322e-3 9 102
f24:n 6
f24m:n 8.460e-4 9 102
f34:n 6
f06:n 6
cf34:p6
cCE34 1e-30.010.1110
cf36:p 6
cE361e-30.010.1110
cf4d:p7

90



c E44 1e-30.010.11 10
cfa6:p 7

c E46 1e-30.01 0.1 1 10
c f54:p 70

c E54 1e-30.010.11 10
c f56:p 70

c E56 1e-30.010.11 10
nps 15e6
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