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Abstract

Synchrotron facilities require substantial amounts of shielding to protect facility staff and
researchers. To meet mandatory exposure limits, the traditional combination of time, distance, and
shielding of the radiation source are utilized. Because of continuous 24-7 operation of most
synchrotrons, time is the least useful tool. The experimental stations for synchrotron x-ray
beamlines, called hutches, enforce a minimum distance from the source, but shielding provided by
hutch walls is still the principal tool for a synchrotron facility. Currently there is no single resource
for synchrotron beamline hutch shielding design in the literature; most hutch shielding is designed
through either over-simplified calculations or complex simulation models. The goal of this project
is to produce data of scatter fraction, albedos, and tenth value layers (TVLs) for typical scattering
and shielding materials that allows for an NCRP-style calculation of shielding requirements for
synchrotron beamline hutches; NCRP-style calculation refers to the style of shielding calculations
used in NCRP Report No. 151. In GEANT4, a typical beam geometry, scattering object, and
shielding materials were modeled. A solid block of material (concrete, lead, or steel) was used to
determine TVLs for primary and secondary radiation as well as albedos, while a disc of water was
used to determine scatter fractions, all for primary beam energies from 10 keV to 100 keV. Because
of the strong polarization of synchrotron light, x-ray scattering and albedo were substantially
directed towards the ceiling and floor, rather than through the hutch’s walls, except for x-ray
energies above the K-edge of lead, where fluorescence x-rays contributed substantially to albedo.
Lastly, the TVLs of shielding materials for primary and secondary radiation tracked as expected

with x-ray energy, with a noticeable change in magnitude when crossing a material’s K-edge.

Vi



Chapter 1. Introduction
1.1. Motivation

For over a century, the use of radiation has helped to increase our knowledge of the world
around us. Shortly after the first use of radiation in the scientific community, the harmful effects
of radiation to humans were noted. Because of this, the first radiation limits were put in place to
limit exposure of radiation to the general public and to people working with radiation, known as
radiation workers. These radiation limits have continued to evolve over the years as our
understanding of radiation and its effects on the human body grew. The current radiation limits in
the United States are 50 mSv/yr for radiation workers and 1 mSv/yr for the general public (NCRP
1993).

Radiation exposure can be moderated by controlling the amount of time one is exposed to
the radiation source, the distance between the one exposed and the radiation source, and the amount
of shielding between the one exposed and the radiation source. It follows that less time one spends
in the vicinity of a radiation source lessens the dose that the person receives. The intensity of
radiation falls off as the inverse square law. Increasing the distance between the radiation source
and the exposed person reduces the radiation intensity. Shielding material placed between the
radiation source and the exposed person reduces the radiation intensity by attenuating some
radiation. The effectiveness of the shielding material between a person and a radiation source
depends on the radiation type, radiation energy, and shielding composition and thickness.

In simple situations, straightforward calculations can be used to determine what amount of
shielding is needed to reduce the radiation intensity to a safe limit. However, few situations are
simple. Complex situations may have multiple sources of various radiation types, with limitations

for utilizing time and distance that complicates the placement of shielding materials, like the



shielding of a nuclear reactor or a particle accelerator. For instances like this, the National Council
on Radiation Protection & Measurements (NCRP) has produced guidelines for shielding
calculations. Some examples of these reports are NCRP Report 144: Radiation Protection for
Particle Accelerator Facilities, NCRP Report 147: Structural Shielding Design for Medical X-Ray
Imaging Facilities, and NCRP Report 151: Structural Shielding Design and Evaluation for
Megavoltage X- and Gamma-Ray Radiotherapy Facilities. These reports contain calculation
guidelines and relevant radiation physics data for their specific situations. Typical data includes
scatter fractions for typical object materials, albedos for typical shielding materials, and
attenuation coefficients, usually characterized by tenth value layers (TVLs), for typical shielding
materials.

One area lacking these specific data resources for shielding design is synchrotron beamline
hutches. In these instances, either overly-simplified calculations or simulations are done to
determine how much shielding material is needed; simplified calculations typically overestimate
how much shielding material is required to ensure staying within the radiation limit. The goal of
this project is to fill this gap in knowledge by generating data of scatter fractions, albedos, and
TVLs that will allow for an NCRP-style method for shielding calculations for synchrotron
beamline hutches. Specific aims to address this goal are described in the following section.
Subsequent sections then review pertinent details about synchrotron accelerators and radiation

interactions.

1.2. Specific Aims

The first specific aim was to determine scatter fractions from a typical beamline target for

primary beam energies between 10 keV and 100 keV. A scatter fraction is the fraction of the



primary beam’s absorbed dose that scatters from the target at a particular direction from the
incident beam (NCRP 2005).

The second specific aim was to determine albedos for concrete, lead, and steel for primary
beam energies between 10 keV and 100 keV. Albedo is defined as the proportion of the incident
radiation that is reflected in a particular direction from the surface of a barrier (NCRP 2005).

The third specific aim was to determine primary TVLs for concrete, lead, and steel as well
as secondary TVLs for lead and steel for primary beam energies between 10 keV and 100 keV. A
primary TVL is the thickness of material needed to reduce the primary beam’s original intensity
to one-tenth of its initial value, while a secondary TVL is the thickness of material needed to reduce
scattered radiation intensity to one-tenth of its initial value.

Figure 1.1. illustrates the typical layout of a synchrotron beamline hutch as well as what
these shielding parameters visually represent. The blue arrows are primary beam particles that
scattered within the target, contributing to scatter fractions while the green arrows are primary
beam particles that reflected from the primary barrier, which are used to determine albedos for a
primary barrier material. The primary barrier attenuates the remaining primary beam to an
acceptable level, while the secondary barriers attenuate the scattered and reflected (secondary)

radiation.

Secondary Barrier

Primary

Barrier \J

Attenuated Primary Beam | Target Primary Beam

Jlaureg Arepuodas

Secondary Barrier
Figure 1.1. Overhead view of a typical synchrotron beamline hutch.
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1.3. Synchrotron Accelerator

Synchrotron light sources consist of three main components, an injector, a storage ring,
and beamlines. The injector is typically composed of one or more electron accelerators, which
initially accelerates bunches of electrons for insertion into the storage ring. Once the electrons
reach the end of the injector, they are injected into the ring and then accelerated further to the
synchrotron’s operating energy. In the storage ring, the electrons travel in a pseudo-circular path.
The storage ring contains multiple straight sections connected by curved sections. These curved
sections are made up of bending magnets, while insertion devices such as wigglers or undulators
occupy some straight sections. These devices accelerate the electrons in the storage ring, causing
synchrotron radiation, also known as synchrotron light, to be emitted tangentially to the electron
beam’s path. The synchrotron light then travels to experiment end-stations along beamlines to be
used in scientific research. (NCRP 2003)

Synchrotron radiation is emitted by particles that undergo acceleration, such as when
caused to travel in a circular path by a magnetic field in an accelerator (Cember 2009). Each time
the beam passes through a bending magnet or an insertion device, a small fraction of its energy is
radiated away (Knoll 2010). This radiation appears as an intense and highly directional beam of
photons with energies ranging from a few eV (visible light) to hundreds of keV (Knoll 2010). For
experimental uses, this radiation is directed toward experimental areas, or beamline hutches, by
beamlines that are tangential to the storage ring (NCRP 2003). While some beamlines use a wide
range of the radiation’s energy spectrum for experiments, many beamlines use a nearly
monoenergetic beam. These pseudo-monoenergetic beams, which have a very high intensity, are

created using monochromators (Knoll 2010).



1.4. Radiation Interactions

Multiple types of radiation interactions can occur among particles. However, for
synchrotron beamlines, which consist of photons that have energies from a few eV to a few
hundred keV, only three types of radiation interactions are of concern. These three interactions are
the photoelectric effect, Compton scattering, and Rayleigh scattering. (Attix 1986)

In the photoelectric effect, a photon interacts with an atom and ejects one of its orbital
electrons as demonstrated in Figure 1.2. During the interaction, all of the photon’s energy is
absorbed by the atom and then transferred to an orbital electron. The energy of the photon is
typically transferred to an inner shell orbital electron and the kinetic energy of the ejected electron
IS equal to the photon’s initial energy, hv, minus the binding energy of the electron, Eg, in the
atom; to be ejected, an orbital electron’s binding energy must be less than or equal to the energy
of the photon. The ejected electron leaves behind a vacancy in the atom’s orbital shells,
consequently putting the atom into an excited state. For the atom to de-excite, an electron from
one of the outer orbital shells drops into the vacancy while emitting a fluorescence (or
characteristic) x-ray. The energy of the fluorescence x-ray is equal to the difference of the binding
energies between the orbital shell with the vacancy and the orbital shell from which the donor
electron came. Additional fluorescence x-rays can occur as the vacancy sequentially travels to the
outer-most electron shell. (Attix 1986, Khan 2014, and Cember 2009)

An alternative to fluorescence emission is Auger electron emission. The excitation energy
of the atom (with an orbital vacancy) is used to eject another orbital electron with some kinetic
energy. Overall, the process is to create two lower-excitation outer shell vacancies from a single

higher-excitation inner-shell vacancy.
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Figure 1.2. (a) A photon with energy, hv, is absorbed by an atom and its energy is transferred to a
K-shell electron which is then ejected. (b) Fluorescence emission can then occur when an outer
shell electron relocates to the inner shell to fill the vacancy causing a fluorescence x-ray to be
produced. (c) Alternatively, Auger emission (a competitive process to fluorescence emission)
can occur when an atom uses its excitation energy to fill its inner shell vacancy with an outer
shell electron and eject an additional electron, an outer shell electron with respect to the
vacancy’s new position, to remove the remaining excitation energy. (d) Fluorescence and
Auger emission can occur in tandem to de-excite an atom. In this figure, the photoelectric
effect has created a vacancy in the K-shell. The electron labeled “1” moves from the L-shell to
the K-shell and causes a fluorescence x-ray is emitted. With the vacancy now in the L-shell,
the electron labeled “2”” moves from the M-shell to the L-shell. Instead of emitting an additional
fluorescence x-ray, this time the excitation energy is used to overcome the N-shell binding
energy and eject the electron labeled “3”; upon ejection, the electron is known as an Auger
electron. These processes will continue to occur while the orbital vacancies migrate to the outer
most shells of the atom.



The binding energy of each electron orbital shell corresponds to an absorption edge. These
absorption edges appear as discontinuities in a graph of interaction probability for the photoelectric
effect plotted against the photon’s energy. When a photon has an energy that just equals or just
exceeds an orbital shell’s binding energy, the probability of photoelectric absorption increases
drastically. Hence, a material becomes a better absorber at a photon energy just above the
material’s orbital binding energy. (Khan 2014)

In Compton scattering, illustrated in Figure 1.3., a photon interacts with an outer shell
electron. When the photon interacts, the photon transfers a portion of its energy to the electron and
is scattered at an angle ¢, relative to the path of the incident photon and the electron is emitted
from the atom at an angle 9. (Khan 2014). The incident and scattered energies, ¢p, and & (plus the
residual electron binding energy) are all closely interrelated (Khan 2014). Unpolarized photons
undergoing Compton scattering show an azimuthal symmetry and can be tabulated by a single
Compton scatter angle, i.e. ¢p (Attix 1986). However, polarized photons undergoing Compton
scattering require both an azimuthal angle, ¢, and a polar angle, 8, to specify the scatter direction.
The scatter directions of polarized photons are biased perpendicular to the polarization vector
(Section 3.2). To find the Compton scattering angle, n, of a polarized photon relative to the
direction of travel of the incident photon (i.e., ¢ = 0° and 8 = 0° for the incident photon), first

convert spherical coordinates to Cartesian coordinates:

x =cos¢sinb [Eq. 1]
y =sin¢sinf [Eq. 2]
Z =cosf [Eqg. 3]

Then find the Compton scattering angle, n, using the following formula:

— -1 z
n = cos ( f”zﬂz) [Eq. 4]



Rayleigh scattering, also shown in Figure 1.3., is when the photon is redirected through a
small angle with its original energy. This is because the photon is scattered by the combined action
of the atom as a whole. The atom moves just enough to conserve momentum. (Attix 1986)

Outer shell

electron Scattered

electron

_________ Incident Redirected
photon (hv)

- : photon (hv)

Scattered
photon (hv')

(b)
Figure 1.3. lllistration of Compton scattering (a) and Rayleigh scattering (b).



Chapter 2. GEANT4 Shielding Simulations

GEANT4 is a Monte Carlo simulation toolkit (Agostinelli et al. 2003), which was used to
assist in the evaluation of shielding parameters needed for shielding of synchrotron beamline
hutches. The shielding parameters calculated using GEANT4 simulations were scatter fractions,
albedos, and both primary and secondary TVLs.

To assess the values of these shielding parameters, a beam of polarized photons was
simulated entering a synchrotron beamline hutch and interacting with a target. Two types of
simulation models were used in GEANT4 to determine the shielding parameters. These two
models are known as the scatter setup (Section 2.1) and attenuation setup (Section 2.2).

Simulation runs were performed for beam energies between 10 keV and 100 keV in 5 keV
increments. Each simulation transported one billion polarized photons with a polarization angle
perpendicular to the beamline as seen in Figure 2.1. Each simulation was divided into ten smaller
runs of one hundred million photons each. Initial random seeds were generated using the C++
standard library random_device utility for each run, to ensure there was no duplication. A list of
the simulation runs performed to determine the shielding parameters is found in Appendix A.

Version 10.4 of GEANT4 was used for the simulations. This version enabled parallel
processing, also known as multithreading, which allowed the simulation to use multiple computer
cores, therefore resulting in reduced computing time (Dong et al. 2010). The
G4EmLivermorePolarizedPhysics list was used to model the physical interactions during
transport. This physics model supports the transport of polarized photons. Table 2.1. lists the

physics parameters whose default values were modified for the simulations.
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Figure 2.1. (a) Simplified top down view of a synchrotron storage ring and beamline showing the
orientation of the polarization vector in the GEANT4 simulations. (b) Simplified edge on view
of a synchrotron storage ring again showing the polarization vector. Note the Xyz axes are
labeled and color coded to agree with the xyz axes found in Figure 2.2.

Table 2.1. GEANTA4 parameters used in simulation runs.

Parameter Name Value Description

BinsPerDecade 31 Number of electron stopping power table entries spaced
logarithmically

MinEnergy 100 eV Minimum energy of interaction cross section and stopping
power tables

MaxEnergy 500 MeV | Maximum energy of interaction cross section and
stopping power tables

Photon Cut length | 0.001 mm | Blocks creation of photons with radiation length less than
value

Electron Cut Length | 0.001 mm | Blocks creation of electrons with range less than value

Position Cut Length | 0.001 mm | Blocks creation of positrons with range less than value

2.1. GEANT4 Scatter Setup

The scatter setup model allowed for the scatter fractions from a typical beamline target of

various primary beam energies to be determined. Figure 2.2. shows the scatter setup in GEANT4.

The world volume is a 3 m x 3 m x 3 m cube in which the target, a disc of water with a radius of

10




6 cm and height of 2 cm, is centered at x =0 cm, y =0 cm, and z = 0 cm. The dimensions of this
disc were chosen so that the target would be large enough to induce scattering of the primary
photons, but also small enough that the target did not substantially self-attenuate the scattered
photons. The material of the disc was chosen as water, as a surrogate for typical samples used in

microtomography or radiobiology research.

Figure 2.2. he scatter setup used for simulations. The green lines entering the di from the left
side represent individual photons in the primary beam. The mesh sphere was used to score the
direction of each photon it passed through or scattered within the disc.

Within the scatter setup, a rectangular incident beam of polarized, monoenergetic photons
was created inside the world volume at x =0 cm, y =0 cm, and z = -50 cm with a width of 10 cm
and height of 2 mm. The primary beam struck the side of the disc of water, which was aligned

parallel to the incident beam as shown in Figure 2.2. The disc of water either transmitted, absorbed,

11



or scattered the primary photons. Centered on the disc was a mesh sphere with a radius of one
meter. This sphere was used to score the positions of the photons that crossed the mesh sphere,

allowing the direction of travel of scattered photons to be determined.

Custom scoring was used in these simulation runs. Each simulated photon was transported
from the source to the target, i.e., the disc of water. If the photon was not absorbed in the target,
transport continued until the photon crossed the mesh sphere. Upon crossing the mesh sphere, the
xyz coordinate on the sphere and the current kinetic energy of the photon were recorded in the
simulation’s common separated values (CSV) output file for later analysis; this file is referred to

as the scatter file. After the photon crossed the mesh sphere, transport was terminated.

2.2. GEANT4 Attenuation Setup

The attenuation setup model allowed for the calculation of albedos as well as primary and
secondary TVLs for typical shielding materials. Figure 2.3. shows the attenuation setup in
GEANT4 in which the world volume is a 3 m x 3 m x 3 m cube. Inside the world volume, a beam
of polarized photons is simulated to interact with a 3 m x 3 m x 1 m block of material, which is
representative of a shielding barrier.

The middle of the surface of the block of material residesatx =0cm,y=0cm,andz =0
cm within the attenuation setup. A rectangular incident beam of polarized photons was created
inside the world volume at x =0 cm, y =0 cm, and z = -50 cm with a width of 10 cm and height
of 2 mm. This beam was incident on the normal to the face of the block of material, modeling zero
degrees incidence on the barrier; only zero degrees incidence on a barrier was simulated since the
primary beam is always perpendicular to the primary barrier for synchrotron beamline hutches.
The photons were tracked as they transmitted through, absorbed in, or reflected back from the

block of material. Centered on the surface of the block of material was a mesh hemisphere with 1

12



m radius, which acted as a detector plane to determine the directions of the reflected photons for

assessing albedo.

Figure 2.3. The attenuation setup used for simulations. The thick green line entering the block of
material from the right side was the primary beam. The mesh hemisphere was used to score
photons that backscattered from the block of material. The planes in the slab of material were
used to tally transmitted photons reaching each plane.

The values of the albedos and primary TVLs were determined by simulating a primary
beam of polarized, monoenergetic photons striking the block of material. The same method was
used to determine the secondary TVLs, except the x-ray beam was comprised of polyenergetic
photons; the energy spectrum used for the polyenergetic photons was modeled from the energy
spectrum of the scattered photons produced by the scatter setup simulations. To get this energy
spectrum from each scatter setup simulation, the scattered photons’ energies were histogrammed

and used as input to the secondary TVLs simulations.
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The materials used for the determination of albedos and primary TVLs were the National
Institute of Standards and Technology (NIST) definitions for concrete, lead, and steel, but only
lead and steel were used when determining secondary TVLs since concrete is not a typical
secondary barrier shielding material for synchrotron beamline hutches due to possible relocation
of the beamline hutch. These materials were chosen since they are typical materials used for
shielding as primary and secondary barriers. The compositions for NIST defined concrete and steel
are provided in Table 2.2. (Geant4 Collaboration 2015).

Custom scoring was used in these simulation runs. Each photon was tracked from the
source to the block of material through all interactions until either the photon’s energy was
absorbed, the photon was transmitted from the back of the block of material, or the photon was
backscattered out through the hemispherical detector surface. Scoring of the backscattered photons
occurred at the hemispherical detector plane, while attenuation was scored at logarithmically-
spaced planes (depths) in the block of material. The location of each plane was calculated with the
following equation:

x; = wo 1018 — w, [Eq. 5]
where i ranged from 1 to 50, w, was an offset of 10°m, and B had a value of 10.

The attenuation setup produced two outputs. The first was a CSV file containing the scoring
data from the hemispherical detector surface. This file contained the xyz coordinate and Kinetic
energy of each photon that crossed the detector and is known as the albedo file, as it stored the
data needed to calculate albedos. The second was a CSV file that contained the data from the target
material planes. Each row of this file contained the number of photons and the total energy fluence
that crossed the target material planes on a plane-by-plane basis; the number of rows in the file

corresponds one-to-one with the number of target material planes. This file is known as the TVL

14



file as it stored the data needed to calculate the primary or secondary TVLs. The albedo file was
ignored when calculating secondary TVLs.

Table 2.2. Compositions of NIST defined concrete and steel used in GEANT4 simulations.
Material | Composition of Mixture in Percentage of Weight

Concrete | 1.0H,0.1 C,52.9 O, 1.6 Na, 0.2 Mg, 3.4 Al, 33.7 Si, 1.3K, 4.4 Ca, 1.4 Fe
Steel 8.0 Cr, 74.0 Fe, 18.0 Ni

2.3. Validation of GEANT4 Physics Model

To ensure the GEANTA4 simulations were coded correctly, validation of the physics model
was validated by comparing to a publication (Knights 2018) that presented experimental data of
the number of polarized photons that were scattered parallel and perpendicular to the plane of the
experiment’s scattering object. Knight used a single cesium-137 source for the experimental setup,
which emits a 661.7 keVV gamma. The source was spaced 13 cm away from a first scattering object
referred to as Scatterer-1. The 661.7 keV gammas interacted with Scatterer-1 to produce a partially
polarized beam of scattered photons, estimated by Knights to be 56+5% polarized; the experiment
used the 320 keV photons that came from scattering at 80°. Scatterer-2 was 7.8 cm away from
Scatterer-1. When the 320 keV photons interacted with Scatterer-2, photons that emerged 90° from
Scatterer-2 had a kinetic energy of 197 keV. These 197 keV photons were detected by Detector-1,
which was 7 cm from Scatterer-2 in the plane perpendicular to Scatterer-1, and Detector-2, which
was 7 cm from Scatterer-2 in the plane of Scatterer-1. Both scatterers and detectors were Nal(Tl)
scintillators. Scatterer-1 had a diameter of 1.91 cm and a length of 2.54 c¢cm, Scatterer-2 had a
diameter of 2.54 cm and a length of 2.54 cm, and Detectors 1 and 2 had a diameter of 5.08 cm and

length of 5.08 cm. Figure 2.5. shows the layout of this experimental setup. (Knights et al. 2018)
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The disc of water in the GEANT4 scatter setup was modified to match the orientation and
size of Scatterer-2. Then, a beam of one billion polarized, monoenergetic 320 keV photons was
simulated striking the target. The plane of polarization for the photons was not modified from the

orientation shown in Figure 2.1., thus corresponding to the y’ axis in Figure 2.5.
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Figure 2.5. Experimental setup used by Knights. Adapted from (Knights 2018). The polarization
vector lies on the y’ axis.

The simulated scatter data was analyzed to determine the ratio of the number of scattered
photons crossing Detector-1’s surface to the number of photons crossing Detector-2’s surface. The
ratio was determined by a Python script that counted the number of photons that crossed through
two circles. Each circle had a radius of 36.3 cm and was centered one meter away from the target
on either the z -axis or —y -axis that is shown in Figure 2.5.; the radius of these circles was scaled

to correspond to the sizes of Detector-1 and Detector-2 in the experimental setup, which were only



7 cm away from the target. Only the scattered photons with energies between 135 keV and 295
keV, the same energy window used by Knights, were counted in the ratio.

The verification simulation resulted in a ratio of 3.1 for photons scattered in the parallel
verses perpendicular directions. Knights did not report a ratio, but gave graphical data from which
the ratio could be obtained. WebPlotDigitizer (Rohatgi 2012) was used to extract the number of
photons in Knights experiment that scattered towards each detector. Two screenshots showing the
analysis of Knights graphical data are shown in Figure 2.6. After processing, Knights data yielded
a ratio of approximately 2.5. These two ratios are generally in agreement, with the discrepancy

likely due to Knights’ experimental method not resulting in a 100% polarized beam.
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Figure 2.6. Screenshots of WebPlotDigitizer extracting data for the parallel (top) and perpendicular
(bottom) scattered photons from Knights experiment.
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The Klein-Nishina formula, which describes the probability of photon scattering in terms
of energy and direction, indicates that Knights’ experimental beam likely did not consist of a single
polarization angle, but rather a distribution of polarization angles. To simulate a distribution of
polarization angles in GEANT4, eight hundred million of the 320 keV simulated photons with the
original polarization angle were combined with one hundred million simulated 320 keV photons
with a polarization of +45° to the original polarization angle and one hundred million simulated
320 keV photons with a polarization of -45° to the original polarization angle. Analysis of this

dataset produced a ratio of 2.4, which was comparable to the ratio obtained from Knights data.
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Chapter 3. Specific Aim 1: Determination of Scatter Fractions
3.1. Methods and Materials: Python Analysis

Using Python version 3.6, a script was written to determine the scatter fractions from the
disc of water for synchrotron x-ray energies between 10 keV and 100 keV in 5 keV increments.
Recall from Section 2.1, the scatter setup in GEANT4 was used to determine scatter fractions for
different monoenergetic beamlines. The Python script was executed from Windows’ Command
Prompt on Windows 10.

As stated in Section 2.1, the scatter files recorded the xyz coordinates where the scattered
photons crossed the mesh sphere and their energies when crossing the sphere. Within the Python
script, the scatter file for each simulated energy was opened; the data were read into appropriate
variables and processed. As the first processing step, the azimuthal and polar angles were
calculated for each scattered photon by converting Cartesian coordinates to spherical coordinates.

The formulas used to determine the scattered photon’s azimuthal (¢) and polar (8) angles were:

-1(Y .
tan (x) ifx>0
_1(3/) .
tan™" (Z)+ 7 ifx<0Oandy =0
— y .
¢ = arctan2 G): Jtan 1(;)— m ifx<Oandy <O\ [Eq. 6]
+g ifx=0andy >0
—% ifx=0andy <0
undefined ifx=0andy =0
-1
9 = cos™ " (2) Eq. 7
Tryii 2 [Eq. 7]

where x,y,and z were the Cartesian coordinates where the scattered photon crossed the sphere.
After the azimuthal and polar angles were calculated, they were sorted into a two dimensional
histogram, with bin widths of one degree for both angles. The bins ranged from -180.0 degrees to

180.0 degrees for the azimuthal angles and 0.0 degrees to 180.0 degrees for the polar angles.
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Next, the energies of the scattered photons located in each bin of the 2D histogram were
summed and stored in a 2D matrix, which had the same dimensions as the 2D histogram creating
a one-to-one correspondence between the two variables. This process was repeated for all data
files for the one billion events at each primary energy, creating a summed 2D energy matrix for all
one billion events. This process produced the total energy of all scattered photons at each specific
combination of azimuthal and polar scattering angles. The scatter fractions were then determined
per angular bin by dividing the 2D summed energy matrix by the total energy of the incident beam.

This is represented by the equation:

Bin of 2D Energy Matrix

Scatter Fraction per Bin = —————
Initial Kinetic Energy of the Beam

Lastly, the scatter fractions were written to a text file and stored for later analysis.

3.2. Scatter Fraction Results

To compare scatter fractions between various scattering angles and primary beam energies,
the scatter fractions for each primary beam energy were displayed as color contoured, polar plots.
Figure 3.1. shows a representative example of the scatter fractions of a 75 keV primary beam
scattering from the disc of water simulated in the GEANT4 scatter setup (Section 2.1).

At each energy, a pair of two polar plots shows all possible scatter directions. One polar
plot shows the scatter fractions on the front half of the mesh sphere, corresponding to scatter in the
forward direction. Similarly, the other polar plot shows the scatter fractions for scatter in the
backwards direction. Radial lines denote the azimuthal angles of the scattering geometry, while
concentric circles represent the polar angles. A scattering angle of 0° (the center of the forward
scatter plot) corresponds to the direction of the incident beam and the outer edges of the two polar
plots match one another with a scattering angle of 90°. Lastly, the rainbow color scale presents the

scatter fraction magnitude.
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Scatter Fractions: 75keV Photons in Water Scatter Fractions: 75keV Photons in Water
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Figure 3.1. Example display of scatter fractions for a 100x2-mm? beam of 75 keV polarized
photons scattering from a 2-cm high x 6-cm radius cylinder of water. All possible scatter
directions are shown as polar plots representing the front half (left), i.e., with 0° (center of the
plot) defined as the direction of the incident beam, or back half (right) of the sphere. White
radial lines mark azimuthal angles of the scattering geometry, while concentric circles
correspond to polar angles. The plots match at their outer edges, corresponding to a 90° scatter
angle. The color scale represents scatter intensity.

Scatter fractions are plotted for a representative set of primary beam energies, using the
same color scale for all plots, in Figure 3.2. One sees that the scatter in a particular direction
typically increases with the primary beam energy; this is due to the increasing ratio of Compton
scattering probability to photoelectric absorption as the primary beam energy increases. The
polarization of the primary x-rays, along the 0° azimuthal direction, results in a large asymmetry
for scattering in the horizontal (in-ring) plane verses the vertical direction. For comparison, an
unpolarized x-ray beam would result in an azimuthally symmetric distribution (Attix 1986).

Figure 3.3. shows the same representative set of primary beam energies with color scaling
to the individual maximum scatter fraction value; this was done to emphasize the asymmetric
patterns in the plots. A consistent asymmetrical pattern was seen in the pattern of scatter fractions
across the primary beam energies. Figure 3.3. also shows the scatter becoming more forward

peaked at higher energies. This is the expected behavior for Compton scattering probability verses
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scattering angle with increasing energy (Attix 1986). The scatter fraction plots for each primary

beam energy are provided in Appendix B.
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Figure 3.2. Scatter fractions for a 100x2-mm? beam of 25 keV (a) and 50 keV (b) polarized photons
scattering from a 2-cm x 6-cm radius cylinder of water. The polarization vector lies in the 0°
azimuthal direction. See Figure 3.1. for summary of plot annotations.
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(fig. cont’d.)
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Figure 3.2. Scatter fractions for a 100x2-mm? beam of 75 keV (c) and 100 keV (d) polarized
photons scattering from a 2-cm x 6-cm radius cylinder of water. The polarization vector lies in
the 0° azimuthal direction. See Figure 3.1. for summary of plot annotations. The scatter fraction
magnitude in a specific direction is typically lower at lower energies than at higer energies, as
expected. The asymmetry of scatter fraction verses direction due to the primary beam
polarization is clearly evident.
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Figure 3.3. Scatter fractions for a 100x2-mm? beam of 25 keV (a) and 50 keV (b) polarized photons
scattering from a 2-cm x 6-cm radius cylinder of water. The polarization vector lies in the 0°
azimuthal direction. See Figure 3.1. for summary of plot annotations.

(fig. cont’d.)
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Figure 3.3. Scatter fractions for a 100x2-mm? beam of 75 keV (c) and 100 keV (d) polarized
photons scattering from a 2-cm x 6-cm radius cylinder of water. The polarization vector lies in
the 0° azimuthal direction. See Figure 3.1. for summary of plot annotations. The asymmetric
pattern in scatter fraction verses direction (horizontial verses vertical) due to polarization is
consistent across primary beam energies. The scatter fractions also become more forward
directed at higher energies, as expected.

Although visual presentation of the scatter fraction data allows for patterns and differences

to be easily compared, it is not always a practical format to utilize the data for shielding design.
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Scatter fractions for 17 key locations on the walls of a beamline hutch are reported in table format.
The 17 locations are listed in Table 3.1.; the scatter fractions for these locations are given in Table
3.2. The key locations are defined by the azimuthal and polar angles relative to the primary beam’s
direction. Due to asymmetry in the data, listed scatter fraction values in Table 3.2. can be used for
the hutch’s mirrored key locations. Note in Table 3.1. and Table 3.2., midpoints for the
downstream and upstream wall are not reported. Reporting scatter fractions for these midpoints is
nonsensical since the primary beam is incident on the downstream midpoint and the upstream
midpoint corresponds to the least probable scatter direction (180° backscattered events), resulting

in little to no scatter fraction; instead key locations adjacent to these midpoints have been reported.

Table 3.1. Description of key locations relative to the primary beam’s incident direction.

Polar Ao\ngle, A2|muthaol Angle, Key Location Description
6 (°) ¢ (°)
5 0 Slightly left of beam, downstream wall
45 90 Middle roof, downstream wall
45 45 Junction of roof, lateral, and downstream wall, top corner
45 0 Junction of roof, lateral, and downstream wall, midpoint
45 45 Junction of roof, lateral, and downstream wall, bottom
corner
45 -90 Middle floor, downstream wall
90 90 Roof midpoint
90 45 Junction of roof and lateral wall midpoint
90 0 Lateral wall midpoint
90 -45 Junction of floor and lateral wall midpoint
90 -90 Floor midpoint
135 90 Middle roof, upstream wall
135 45 Junction of roof, lateral, and upstream wall, top corner
135 0 Junction of roof, lateral, and upstream wall, midpoint
135 45 Junction of roof, lateral, and upstream wall, bottom
corner
135 -90 Middle floor, upstream wall
175 0 Slightly left of beam, upstream wall
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Table 3.2. Scatter fractions at one meter from the target, a disc of water with radius of 6 cm and height of 2 cm, for a beam size of
100x2-mm?. Multiply each entry by the multiplication factor found in the “Multiply” row.

Scatter Fractions represented by
Polar (8) and Azimuthal (¢) Angles
0 (°) 5 45 45 45 45 45 90 90 90 90 90 135 135 135 135 135 175
¢ () 0 90 45 0 -45 -90 90 45 0 -45 -90 90 45 0 -45 -90 0
Multiply | 10e-6 | 10e-5 | 10e-5 | 10e-6 | 10e-5 | 10e-5 | 10e-5 | 10e-5 | 10e-6 | 10e-5 | 10e-5 | 10e-5 | 10e-5 | 10e-6 | 10e-5 | 10e-5 | 10e-6
Energy
(keV)
10 0 0.02 | 002 | 014 | 002 | 002 | 002 | 002 | 002 | 002 | 002 | 005 | 003 | 013 | 003 | 004 | 0.06
15 0 0.07 | 003 | 022 | 032 | 0064 | 011 | 006 | 004 | 006 | 011 | 015 | 011 | 065 | 010 | 014 | 0.21
20 003 | 030 | 016 | 037 | 016 | 029 | 050 | 023 | 015 | 022 | 049 | 037 | 025 | 140 | 024 | 037 | 0.39
25 031 | 071 | 042 | 089 | 043 | 071 | 1.10 | 052 | 031 0.5 110 | 070 | 046 | 251 | 044 | 068 | 062
30 103 | 114 | 073 | 191 | 072 | 115 | 167 | 081 | 057 | 078 | 169 | 1.02 | 068 | 345 | 068 | 1.00 | 081
35 191 | 151 | 1.00 | 2.84 | 099 | 151 | 209 | 105 | 073 | 1.01 | 210 | 1.25 | 0.86 | 427 | 087 | 126 | 0.97
40 248 | 174 | 120 | 371 | 118 | 177 | 241 | 121 | 096 | 1.16 | 236 | 139 | 099 | 486 | 098 | 1.41 | 1.09
45 307 | 193 | 1.31 | 439 | 1.33 | 194 | 257 | 131 | 1.13 | 126 | 256 | 152 | 1.06 | 526 | 1.05 | 150 | 1.15
50 332 | 206 | 142 | 480 | 141 | 206 | 270 | 137 | 119 | 132 | 267 | 155 | 1.12 | 564 | 111 | 154 | 1.18
55 339 | 215 | 147 | 529 | 144 | 216 | 271 | 142 | 125 | 136 | 270 | 156 | 1.12 | 563 | 112 | 157 | 1.18
60 351 | 216 | 152 | 554 | 150 | 217 | 273 | 1.41 | 126 | 137 | 274 | 158 | 113 | 581 | 1.11 | 157 | 118
65 366 | 221 | 157 | 590 | 152 | 222 | 276 | 1.44 | 132 | 138 | 274 | 157 | 111 | 575 | 1.10 | 1.58 | 1.20
70 352 | 225 | 156 | 599 | 156 | 226 | 275 | 1.44 | 137 | 141 | 274 | 154 | 111 | 566 | 1.09 | 1.55 | 1.20
75 346 | 224 | 159 | 608 | 155 | 224 | 273 | 143 | 1.33 | 139 | 270 | 151 | 1.09 | 566 | 1.08 | 153 | 1.13
80 337 | 225 | 1.63 | 647 | 158 | 223 | 271 | 142 | 1.33 | 137 | 271 | 151 | 1.09 | 561 | 1.07 | 149 | 1.04
85 345 | 227 | 161 | 628 | 157 | 226 | 269 | 140 | 144 | 136 | 2.68 | 147 | 1.06 | 546 | 1.04 | 146 | 1.09
90 327 | 227 | 162 | 626 | 158 | 229 | 267 | 1.39 | 138 | 133 | 262 | 143 | 105 | 541 | 1.03 | 1.40 | 1.01
95 316 | 227 | 161 | 642 | 159 | 230 | 260 | 1.38 | 144 | 133 | 262 | 139 | 1.03 | 525 | 1.01 | 1.41 | 1.02
100 306 | 230 | 162 | 632 | 160 | 229 | 256 | 135 | 148 | 131 | 258 | 138 | 1.00 | 510 | 099 | 137 | 1.00
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3.3. Scattered Photons Energy Spectrum
Figure 3.4. shows the scattered energy spectrum of 100 keV primary photons that was used
for determination of 100 keV secondary TVLs. This spectrum is illustrative of the other energy

spectra with their features being most prominent in the 100 keV scattered energy spectrum.
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Figure 3.4. Histogram of the energy spectrum of secondary radiation used for the 100kV
polyenergetic beam in the attenuation setup simulation (Section 2.2). The attenuation setup
with this polyenergetic spectrum was used to determine 100 keV secondary TVLs.

In Figure 3.4., the narrow peak at the highest energy of the spectrum corresponds to the
incident photons that did not scatter from the disc of water or underwent Rayleigh scattering. The
adjacent flat portion of the spectrum, ranging from approximately 84 keV to just shy of 100 keV,
represents the incident photons that experienced one forward Compton scattering event, while the
hump in the spectrum (from ~ 72 keV to ~84 keV) corresponds to incident photons that

experienced one backwards Compton scattering event. The slight drop covering energies from 63
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keV to 72 keV are incident photons that have undergone two Compton scattering events, either
two forward scattering events or a forwards and backwards scattering event. Interestingly, the
medium sized bump from 56 keV to 63 keV agrees with an incident photon undergoing two
backwards Compton scattering events. The next feature from roughly 46 keV to 56 keV relates to
incident photons that have experienced three Compton scattering events, with the small bump in
this region from 46 keV to 50.5 keV corresponding to those that have undergone three backwards
scattering events. The extreme slope from approximately 30 keV to 46 keV match with the incident
photons that have experienced more than three Compton scattering events. The remaining portion
of the spectrum (30 keV and below) is quite noisy due to a low number of events falling within

this region.
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Chapter 4. Specific Aim 2: Determination of Albedos
4.1. Methods and Materials: Python Analysis

The methodology used to calculate the albedos for different shielding materials was the
same method used to calculate scatter fractions discussed in Section 3.1. Using the previously
developed Python script, albedos of typical shielding materials used for primary barriers in
synchrotron beamline hutches were determined from the albedo files discussed in Section 2.2.
Recall from Section 2.2 that the attenuation setup in GEANT4 was used to simulate interactions
in NIST-defined concrete, lead, and steel using monoenergetic x-ray beams with energies between
10 keV and 100 keV. The attenuation setup used a hemisphere to score the backscattered photons
instead of a sphere. Because of this, the 2D histogram used to bin the azimuthal and polar angles
had a range of 90.0 degrees to 180.0 degrees for the polar angles. Also recall from Section 2.2 that
only zero degrees incidence on a primary barrier was modeled since the beam is always

perpendicular to the primary barrier for synchrotron beamline hutches.

4.2. Albedo Results

The same display method used to visualize the scatter fractions was also used to visualize
the albedos. Since albedos are usually specified relative to the primary barrier’s surface normal,
one must mention that a polar angle of 180 degrees on the albedo plots corresponds to 0 degrees
relative to the surface normal and a polar angle of 90 degrees on the albedo plots corresponds to
90 degrees relative to the surface normal. Figure 4.1. plots representative albedos for a 75 keV
primary beam incident on each material, using the same color scale and range. One can see that
the albedo magnitude varies substantially between the different shielding materials with the albedo
magnitude for concrete substantially trumping those for lead and steel; this is due to Compton

scattering dominating lower atomic number (Z) materials, like concrete, for synchrotron beamline
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energies, whereas for higher Z materials like lead and steel, photoelectric absorption dominates
(Attix 1986). However, when these same albedos are plotted with individual color scales ranging
from the lowest to highest albedo values (Figure 4.2.), one see a similar asymmetrical pattern in
the albedos for each of the shielding materials. The albedos for every combination of simulated

primary beam energy and material are provided in Appendix C.
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Figure 4.1. Albedos for a beam of 75 keV polarized x-rays incident on slabs of concrete (a), lead
(b), and steel (c) on the same color scale range. Note the different albedo magnitudes for the
three different shielding materials which is caused by Compton scattering dominating over
photoelectric absorption for lower atomic number materials and vise versa for higher atomic
number materials. See Figure 3.1. for summary of plot annotations.

The hourglass shaped asymmetric pattern as seen in Figure 4.2. is typical for every material

and primary beam energy except for lead with primary beam energies greater than lead’s K-edge
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binding energy (88 keV). When the primary beam energy was greater than the material’s K-edge,
a generally symmetric pattern was seen in the albedos, as shown in Figure 4.3. for 90 keV, 95 keV,
and 100 keV x-rays. A more rotationally-symmetric ring pattern was seen for these albedos above
the K-edge of lead. It was surmised that the pattern’s change above the K-edge was due to emission
of fluorescence x-rays following photoelectric absorption of primary x-rays; the likelihood of
photoelectric absorption, and hence fluorescence emission, increases substantially just above the

K-edge of a material.
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Figure 4.2. Albedos for a beam of 75 keV polarized x-rays incident on slabs of concrete (a), lead
(b), and steel (c) on independent color scale ranges. Note the similar asymmetric pattern
appearing across the materials due to polarization of the incident beam. See Figure 3.1. for
summary of plot annotations.
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Albedos: 85keV Photons on Lead Albedos: 90keV Photons on Lead
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Figure 4.3. Albedos for beams of 85 keV (a), 90 keV (b), 95 keV (c), and 100 keV (d) polarized
x-rays incident on slabs of lead on different color scale ranges. The 85 keV plot is on an
individual color scale while the 90 keV, 95 keV, and 100 keV plots are on the same color scale.
Note polarization causes substantial asymmetry at energies below the K-edge of the lead (a),
but above the K-edge, fluorescence emission (b, ¢, and d) contributes substantially but
homogenously to albedo. See Figure 3.1. for summary of plot annotations.

To test that this symmetric pattern was caused by crossing a material’s K-edge, rather than

a feature of lead itself, another high-Z shielding material, tungsten, was simulated for interactions

at two primary beam energies that bracketed tungsten’s K-edge of 69.5 keV, namely 65 keV and

70 keV. Figure 4.4. shows the albedos for these primary beams incident on tungsten. Comparable

albedo patterns were seen for tungsten above and below the K-edge as was for lead.
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Secondly, the attenuation setup simulations for primary beam energies of 90 keV, 95 keV,
and 100 keV incident on lead were repeated, but with fluorescence photon production disabled in
the GEANT4 physics list. The albedos for these runs are visually displayed in Figure 4.5. As
anticipated, the same asymmetric pattern was seen for the primary beam energies greater than

lead’s K-shell binding energy when the fluorescence photons are no longer simulated.

Albedos: 65keV Photons on Tungsten Albedos: 70keV Photons on Tungsten
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Figure 4.4. Albedos for beams of 65 keV (a) and 70 keV (b) polarized x-rays incident on slabs of

tungsten on different color scale ranges. Note polarization causes substantial asymmetry at

energies below the K-edge of tungsten (a), but above the K-edge, fluorescence emission (b)

contributes substantially but homogenously to albedo. See Figure 3.1. for summary of plot
annotations.

Together, these two additional tests indicated that the symmetric pattern was due to x-ray
energies exceeding the K-edge of any material, which subsequently increases photoelectric
absorption and fluorescence emission. However, note that a symmetric pattern is not particularly
evident at 10 keV in steel (Figure 4.6.), despite an iron K-edge at 7.1 keV; we expect this is due to
strong self-attenuation of the low energy iron fluorescence x-rays in the steel block.

To utilize the data for shielding design, albedo values for all but one of the previously
reported key locations on the walls of a beamline hutch (Section 3.2) are reported in table format;

the key location that was not used resides on the primary barrier, which by definition cannot have
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albedo incident on it. The key locations are listed in Table 4.1. and the albedo for these locations
are given in Table 4.2. for a concrete primary barrier, Table 4.3. for a lead primary barrier, and
Table 4.4. for a steel primary barrier. The key locations are defined by azimuthal and polar angles
relative to the primary barrier’s surface normal. Due to asymmetry in the data, listed albedo values

in Table 4.2., Table 4.3., and Table 4.4. can be used for the hutch’s mirrored key locations.
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Figure 4.5. Albedos for a beam of 85 keV (a) polarized x-rays incident on slabs of lead with
fluorsence emission enabled in the attenuation setup simulation. Albedos for beams of 90 keV
(b), 95 keV (c), and 100 keV (d) polarized x-rays incident on slabs of lead with fluorsence
emission disabled in the attenuation setup simulation. All plots are on the same color scale.
Note the disapperance of the symmetric pattern with fluorescence disabled, but that the
polarization-based asymmetry is still present. See Figure 3.1. for summary of plot annotations.
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Albedos: 10keV Photons on Steel
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Figure 4.6. Albedos for a beam of 10 keV polarized x-rays incident on slabs of steel. Note that a
symmetric pattern is not evident despite an iron K-edge at 7.1 keV; this is likely due to strong
self-attenuation of the fluorescence x-rays in the steel. See Figure 3.1. for summary of plot
annotations.

Table 4.1. Description of key locations relative to the primary barrier’s surface normal.

Polaar ,(60\;1gle, Ammu(tphz(;lol)Angle, Key Location Description

0 0 Upstream wall midpoint

30 90 Middle roof, upstream wall

30 45 Junction of roof, lateral, and upstream wall, top corner

30 0 Junction of roof, lateral, and upstream wall, midpoint

30 45 Junction of roof, lateral, and upstream wall, bottom
corner

30 -90 Middle floor, upstream wall

60 90 Roof midpoint

60 45 Junction of roof and lateral wall midpoint

60 0 Lateral wall midpoint

60 -45 Junction of floor and lateral wall midpoint

60 -90 Floor midpoint

90 90 Middle roof, downstream wall

90 45 Junction of roof, lateral, and downstream wall, top corner

90 0 Junction of roof, lateral, and downstream wall, midpoint

90 45 Junction of roof, lateral, and downstream wall, bottom
corner

90 -90 Middle floor, upstream wall
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Table 4.2. Maximum albedos at one meter from the center of a concrete primary barrier for a beam size of 100x2-mm?. Multiply each
entry by the multiplication factor found in the “Multiply” row.

0 Degree Angle of Reflection (measured from the normal) from Concrete Primary Barrier
Incidence represented by Polar (8) and Azimuthal (¢) Angles
0(°) 0 30 30 30 30 30 60 60 60 60 60 90 90 90 90 90
[0 X@) 0 90 45 0 -45 -90 90 45 0 -45 -90 90 45 0 -45 -90
Multiply | 10e-7 10e-6 10e-6 10e-6 10e-6 10e-6 10e-6 10e-6 10e-6 10e-6 10e-6 10e-7 10e-7 10e-8 10e-7 10e-7
Energy
(keV)
10 0.09 0.26 0.19 0.15 0.18 0.25 0.32 0.17 0.03 0.18 0.28 1.94 1.04 1.95 1.21 2.01
15 0.05 0.46 0.38 0.30 0.38 0.44 0.62 0.38 0.10 0.35 0.63 3.03 1.58 1.61 1.71 3.17
20 0.17 0.69 0.61 0.49 0.57 0.70 0.94 0.56 1.76 0.55 0.93 3.52 1.85 1.37 1.95 3.71
25 0.25 1.06 0.84 0.72 0.87 1.07 1.32 0.82 3.19 0.84 1.40 3.63 2.16 2.34 1.73 3.57
30 0.42 1.42 1.18 1.05 1.26 1.40 1.90 1.19 4,79 1.17 1.90 3.67 1.89 2.69 1.98 3.61
35 0.30 1.93 1.63 1.44 1.64 1.86 2.45 1.67 6.93 1.60 2.60 3.82 221 2.49 1.87 3.77
40 0.51 2.47 2.13 1.82 2.12 2.50 3.26 2.16 9.51 2.08 3.40 3.86 2.04 2.64 2.08 4.00
45 0.63 3.10 2.72 2.38 2.70 3.06 4.12 2.68 1.27 2.63 4.12 4.34 2.50 3.24 2.19 4.22
50 0.58 3.71 3.28 2.85 331 3.77 4.94 3.17 1.51 3.14 5.01 452 2.38 453 2.32 4.92
55 0.66 4.29 3.80 3.40 3.66 4.32 5.64 3.81 1.82 3.70 5.58 4,73 2.47 3.33 2.50 4.79
60 0.97 4.79 4.34 3.81 4.37 4.84 6.39 4.26 2.15 4.22 6.36 5.10 2.54 4.58 2.41 4.85
65 0.89 5.45 4.76 4.26 4.87 5.46 6.96 4.80 2.47 4.69 7.17 5.00 2.76 5.07 2.86 5.27
70 1.04 5.89 5.25 4.70 5.19 5.83 7.63 5.23 2.62 5.19 7.72 5.04 2.87 5.11 2.99 4.85
75 111 6.25 5.59 4.96 5.65 6.22 8.27 5.61 3.05 5.61 8.06 5.44 3.00 5.45 2.97 5.27
80 1.21 6.54 5.99 5.30 5.93 6.53 8.83 5.88 3.15 6.02 8.74 5.34 3.18 5.75 3.10 5.44
85 1.29 7.01 6.25 5.51 6.26 6.89 9.04 6.17 3.45 6.27 9.11 5.39 3.22 6.18 3.12 5.08
90 1.32 7.13 6.51 5.86 6.46 7.21 9.38 6.58 3.62 6.40 9.20 5.61 3.27 5.56 3.28 5.80
95 1.43 7.44 6.75 5.95 6.69 7.44 9.59 6.85 3.77 6.55 9.79 5.59 3.35 7.54 3.07 5.66
100 1.44 7.52 6.96 6.24 6.77 7.52 9.80 6.79 3.96 6.86 9.81 5.69 3.41 7.50 3.12 5.67
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Table 4.3. Maximum albedos at one meter from the center of a lead primary barrier for a beam size of 100x2-mm?. Multiply each entry
by the multiplication factor found in the “Multiply” row.

0 Degree Angle of Reflection (measured from the normal) from Lead Primary Barrier
Incidence represented by Polar (8) and Azimuthal (¢) Angles
0(°) 0 30 30 30 30 30 60 60 60 60 60 90 90 90 90 90
¢ (°) 0 90 45 0 -45 -90 90 45 0 -45 -90 90 45 0 -45 -90
Multiply | 10e-8 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-8 | 10e-7 | 10e-7
Energy
(keV)
10 0.39 2.73 1.95 1.59 217 2.82 3.46 2.05 0.37 2.23 31 1.97 1.00 1.89 1.01 212
15 2.00 8.72 7.59 7.04 8.43 8.58 11.25 9.64 6.92 9.23 11.28 3.46 1.83 4.08 2.04 2.97
20 1.54 9.09 8.30 7.35 8.29 8.56 11.40 9.38 7.17 9.26 12.07 3.40 1.90 4.63 1.97 3.56
25 1.12 6.67 6.09 5.75 6.10 6.30 8.67 6.65 4.46 6.56 8.46 3.34 2.00 4.03 1.65 3.84
30 0.90 5.16 5.01 4.29 491 5.92 6.84 5.21 2.90 4.76 6.70 3.16 1.70 3.96 1.54 2.88
35 1.32 4.89 4.40 3.43 4.14 4.67 6.50 4.24 1.96 4.47 6.60 3.07 1.49 2.92 1.67 2.83
40 0.48 4,78 3.64 3.26 4.22 4.61 6.78 4.07 1.57 4.09 5.91 332 1.79 1.69 1.61 2.84
45 0.50 4.41 3.75 2.86 3.54 3.89 5.72 3.82 1.37 3.87 6.18 3.20 151 1.96 1.64 2.57
50 1.08 4.27 3.26 2.85 3.29 3.96 5.84 3.68 1.39 3.72 6.00 2.84 1.56 1.63 171 2.84
55 0.74 4.13 3.56 3.10 3.70 4.34 5.84 3.82 1.34 3.47 6.19 2.89 1.56 2.09 1.49 2.87
60 0.83 4.18 3.34 2.93 3.52 3.90 6.33 3.98 1.42 3.84 6.39 2.73 1.49 2.22 1.47 2.74
65 0.38 4.18 3.66 2.86 3.25 4.34 6.18 3.84 1.33 3.75 6.37 294 1.44 1.61 1.49 2.78
70 0.75 4.79 3.97 3.23 3.71 4.18 6.13 4.05 1.55 3.59 6.63 2.49 1.48 2.49 1.27 2.70
75 1.50 4.64 3.85 3.02 3.62 4.34 6.50 4.07 1.43 3.97 6.69 2.86 1.37 1.37 1.42 2.54
80 1.10 4.83 3.75 3.30 3.94 4.44 6.36 3.93 1.43 4.38 6.57 2.49 1.47 2.13 1.35 2.80
85 0.61 4.12 3.77 3.07 4.12 4.72 6.94 4.48 1.54 4.23 7.39 2.53 1.27 2.66 1.34 2.53
90 10.85 | 58.17 | 5852 | 55.85 | 57.69 | 58.63 | 86.27 | 83.90 | 82.06 | 82.99 | 85.06 6.39 5.34 43.93 5.57 6.75
95 7.74 54,15 | 53.66 | 52.16 | 54.18 | 5420 | 78.11 | 75.72 | 73.60 | 75.83 | 76.27 5.91 4.43 36.33 4.79 5.67
100 9.90 49.96 | 4857 | 50.34 | 49.02 | 49.67 | 7056 | 67.94 | 66.69 | 67.63 | 69.65 5.50 4.27 31.23 4.49 5.45
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Table 4.4. Maximum albedos at one meter from the center of a steel primary barrier for a beam size of 100x2-mm?. Multiply each entry
by the multiplication factor found in the “Multiply” row.

0 Degree Angle of Reflection (measured from the normal) from Steel Primary Barrier
Incidence represented by Polar (8) and Azimuthal (¢) Angles
0(°) 0 30 30 30 30 30 60 60 60 60 60 90 90 90 90 90
¢ (°) 0 90 45 0 -45 -90 90 45 0 -45 -90 90 45 0 -45 -90
Multiply | 10e-8 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-7 | 10e-6 | 10e-7 | 10e-7 | 10e-7 | 10e-6 | 10e-7 | 10e-7 | 10e-8 | 10e-7 | 10e-7
Energy
(keV)
10 0.36 3.01 2.54 2.24 272 2.92 0.39 2.61 1.37 2.78 0.41 2.24 1.23 2.34 1.10 2.14
15 0.91 3.75 2.79 2.34 3.18 3.22 0.53 3.01 0.94 2.73 0.44 2.53 1.65 1.93 1.48 3.09
20 0.70 351 297 2.34 3.14 371 0.53 2.86 0.88 3.13 0.50 2.96 1.67 2.10 1.64 3.01
25 0.55 4.03 3.30 2.35 3.48 3.97 0.51 3.17 0.98 3.01 0.53 3.02 1.92 2.82 1.66 3.19
30 0.55 4.15 3.65 2.48 3.38 3.93 0.60 3.44 0.87 3.40 0.57 3.23 2.05 1.73 1.88 3.06
35 0.71 4.44 3.77 3.07 3.86 4.75 0.66 3.43 1.26 3.90 0.59 3.18 1.75 1.38 1.49 3.04
40 141 4.96 4.09 3.46 3.94 5.27 0.79 4.49 1.50 4.38 0.72 3.02 1.74 2.66 1.69 3.27
45 0.84 5.68 473 3.85 4.69 5.57 0.78 5.05 1.52 4.80 0.80 3.13 1.52 1.66 151 3.08
50 151 6.15 5.66 4.50 5.60 6.39 0.89 5.53 2.39 5.84 0.90 2.84 1.60 2.39 1.66 2.74
55 1.57 7.54 6.19 5.14 6.47 7.41 1.08 6.67 234 6.28 1.05 3.23 1.61 2.05 1.52 3.15
60 1.44 8.43 7.74 6.27 7.58 8.31 1.16 7.74 2.81 7.12 1.18 2.96 1.43 2.14 1.47 2.79
65 1.10 9.00 8.35 7.35 8.32 10.03 1.35 8.59 331 8.36 1.36 2.81 1.61 2.02 1.49 291
70 2.06 10.77 9.66 7.93 9.37 10.83 1.56 9.40 3.80 9.48 1.59 3.04 171 1.87 1.56 3.15
75 2.86 11.69 | 10.78 8.63 10.33 | 11.91 1.67 10.69 4.44 10.71 1.62 3.12 1.66 1.22 1.43 2.89
80 1.89 12.62 | 10.72 9.70 11.37 | 12.62 1.87 11.96 4.76 11.83 1.83 274 1.54 2.44 1.56 2.92
85 2.77 1355 | 1241 | 1058 | 11.94 | 1352 2.00 12.90 5.54 12.56 1.99 3.03 1.68 2.00 1.52 3.08
90 3.46 1498 | 1346 | 11.16 | 13.27 | 15.19 2.15 13.91 5.75 14.16 2.14 3.24 1.65 2.15 1.53 3.60
95 3.39 16.20 | 14.18 | 1232 | 1445 | 16.00 2.39 14.92 7.05 14.92 2.31 3.24 1.58 2.75 151 3.23
100 2.93 17.02 | 15.83 | 1280 | 15.18 | 17.33 251 16.29 7.34 16.75 2.52 3.42 1.64 2.32 1.60 3.33
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Chapter 5. Specific Aim 3: Determination of Tenth Value Layers
5.1. Methods and Materials: Python Analysis

A Python script was written to determine the primary TVLs of NIST-defined concrete,
lead, and NIST-defined steel as well as the secondary TVLs for lead and steel for incident primary
x-ray synchrotron beamline energies between 10 keV and 100 keV in 5 keV increments. The
attenuation setup in GEANT4 (Section 2.2) was used to determine the primary TVLs for
monoenergetic primary beams while the secondary TVLs came from the polyenergetic spectrum
of scattered radiation (Section 2.1). The resulting TVLs represent a broad-beam transmission
geometry, as appropriate for shielding calculations.

As stated in Section 2.2, the TVL files recorded the number of photons and the total energy
fluence that crossed each of the target material planes. Within the Python script, the TVL file for
each simulated energy was opened and the data were read into appropriate variables. This process
was repeated for all data files for the one billion events at each primary energy, creating two
summed arrays. The two summed arrays, one for number of particles and one for energy fluence,
each had a length of 50, i.e. the number of material planes in the block of material.

Once all the data files from a simulation were read in, the total energy fluence of the

incident beam was calculated as:

Total Energy Fluence of the Incident Beam = 2?2“0" Ng < E [Eq. 9]
where N is the total number of photons that were simulated at energy E, E is the energy of the
simulated photon, and E,,,, iS the maximum energy a simulated photon could have in the

simulation run. For monoenergetic beams, all simulated photons possessed the same incident

energy, Enmax-
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Once the total energy fluence for an incident beam was calculated, the energy fluence was
multiplied by 0.1 to obtain one tenth of said energy fluence; i.e. the resulting energy fluence after
passing through the first TVL (TVL:) of shielding material. Attenuation of a beam through a block

of material follows the exponential function:

[ = Iyje™ = [,1077E [Eq. 10]
where I, is the intensity of the radiation before entering the material, p is the linear attenuation
coefficient, TVL is the corresponding thickness of one tenth value layer of material, and x is the
thickness of the material the radiation has traveled though. Thus, the depth of each scoring plane
in the block of material was specified at a logarithmic spacing of:

X; = Wy 103E — Wy [Eq. 11]
where i ranged from 1 to 50, w, was an offset of 10°m, and B had a value of 10. The thickness

of the first TVL was interpolated from the transmission data generated by the attenuation setup

simulations using the relationship:

In(r /1)
Xty = X1 + %(xz - X1) [Eq. 12]

where x; was the depth of the material plane whose energy fluence was above one tenth of the
beam’s incident energy fluence, x, was the depth of the next material plane whose energy fluence
was below one tenth of the beam’s incident energy fluence, Iy, was the target value of one tenth
of the beam’s incident energy fluence, I; was the beam’s energy fluence at the upper bounding
material plane x;, and I, was the beam’s energy fluence at the lower bounding material plane x,.
This methodology was repeated to determine the second (TVL.>), third (TVLs3), and fourth (TVLs)
TVLs where the target energy fluence at each corresponding depth was an additional factor of ten

smaller. The values of TVLy, TVL,, TVLs, and TVL4 were then stored for subsequent analysis.
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5.2. TVL Results

Figure 5.1. compares TVL: of monoenergetic primary beams for concrete, lead, and steel
verses primary beam energy; Figure 5.2. shows an enlarged view of Figure 5.1. for lead and steel.
As expected, the TVLis for the various materials generally increase with increasing energy.
However, upon crossing the K-edge of a shielding material, such as at 88 keV for lead, the TVL,
drops significantly. At 88 keV, lead’s mass attenuation coefficient for photoelectric absorption
jumps from 1.547 cm? gt to 7.321 cm? g (Berger 2010). This enhances the effectiveness of the

shielding material just above the K-edge.
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Figure 5.1. Plot of the magnitudes of the primary TVLis for concrete (circle), lead (triangle), and
steel (square) verses primary beam energy.

Under broad-beam geometry, buildup and spectral effects mean that a material’s rate of
attenuation is not consistent. The second TVL is generally slightly smaller than the first TVL due
to the geometry of the beam itself (Attix 1986). At depth, the attenuation behavior approaches a
steady-state value called the equilibrium TVL, TVLe. This effect is seen in Figure 5.3., which

displays the primary beam’s TVL: through TVL4 in concrete, lead, and steel.
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Figure 5.2. Enlarged views of the magnitudes of the primary TVLs for lead (a) and steel (b) verses
primary beam energy. TVLs increase with x-ray energy as expected until one exceeds the K-
edge of the shielding material. Above the K-edge, photoelectric absorption enhances the
effectiveness of the shielding material. All data points for steel are above the K-edge of iron at
7.1 keV.

In Figure 5.3. (c), one sees that the pattern of change in the TV Ls for primary beam energies
above the K-edge (e.g. 90 keV, 95 keV, and 100 keV) do not follow the same relationship as below
the K-edge. Specifically, the deeper TVLs are larger than the shallower TVLs due to two effects.
The first effect is production of fluorescence x-rays subsequent to absorption of a primary photon
by the photoelectric effect. Because the vacancy in the K-shell can be filled by any of the outer
shell electrons, these fluorescence photons also have a spectrum of energies. This causes the
second effect, which is that beam hardening occurs, i.e. the more rapid attenuation of lower energy
photons compared to higher energy photons. Therefore, photoelectric absorption enhances the
effectiveness of the shielding material above the K-edge, but it also introduces more fluorescence
x-rays which must be attenuated. (Attix 1986, Khan 2014)

The same patterns and relationships as previously mentioned for the primary TVLs
generally hold true for the secondary TVLs. Figure 5.4., Figure 5.5., and Figure 5.6. show the

secondary TVLs in lead and steel. Recall the polyenergetic spectra used to determine secondary
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TVLs was modeled from the energies of scattered photons from water (Section 3.3). Secondary

TVLs were not determined for concrete because it is not a typical shielding material for secondary

radiation in synchrotron beamline hutches. Lastly, Figure 5.7. compares the primary TVL: and

secondary TVL; for lead and steel verses primary beam energy. Except above the K-edge of lead,

the primary TVL; is typically larger that the secondary TVL; at each energy. Table 5.1.

summarizes the TVL results for primary and secondary TVL; and TVL. for all materials.
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Figure 5.3. Plots of the magnitudes of TVL: (circle), TVL: (triangle), TVLz (square), and TVL4
(star) of primary x-rays for concrete (a), steel (b), and lead (c) verses primary beam energy.
The TVLs at greater depths decrease in magnitude relative to shallower depths. Note the effect
in lead (c) of crossing the K-edge of the shielding material.
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Figure 5.4. Plot of the magnitudes of the secondary TVLss for lead (triangle) and steel (square)
verses primary beam energy.

TVL; Thickness (mm)

144

12

1.0

0.8+

0.6

0.4 4

0.2+

0.0 4

Secondary TVL, in Lead

Secondary TVL; in Steel

a TVL

A
P e

124 g VL4

10 4

w
L

TVL; Thickness (mim)

T e L S o o e S
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 &5 90 95 100
Energy (keV)

(@)

e e P e B e e e U A P
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 20 95 100
Energy (keV)

(b)

Figure 5.5. Individual views of the magnitudes of the secondary TVLis for lead (a) and steel (b)
verses primary beam energy. TVLs increase with x-ray energy as expected until one exceeds
the K-edge of the shielding material. Above the K-edge, photoelectric absorption enhances the
effectiveness of the shielding material. All data points for steel are above the K-edge of iron at
7.1keV.
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Figure 5.6. Plots of the magnitudes of TVL: (circle), TVL: (triangle), TVLs (square), and TVL4
(star) of secondary x-rays for lead (a) and steel (b) verses primary beam energy. The TVLs at
greater depths increase in magnitude relative to shallower depths. Note the effect in lead (a) of
crossing the K-edge of the shielding material.
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Figure 5.7. Plots of the magnitudes of the primary TVL: (circle) and secondary TVL (triangle)
for lead (a) and steel (b) verses primary beam energy.
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Table 5.1. Primary and secondary barrier TVL; and TVL.e (mm) for concrete, lead, and steel.

Concrete Lead Steel
Primary Primary Secondary Primary Secondary
TVLs TVLs TVLs TVLs TVLs
Energy (keV) | TVL: | TVLe | TVL1 | TVLe | TVL1 | TVLe | TVL1 | TVLe | TVL1 | TVLe
10 0.5 05 | 002 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02
15 1.7 1.8 | 003 | 0.02 | 0.02 | 0.02 | 0.07 | 0.07 | 0.06 | 0.06
20 4.0 41 | 003 | 0.03 | 0.03 | 0.03 | 0.14 | 0.14 | 0.13 | 0.13
25 7.6 76 | 0.06 | 0.05 | 0.05 | 0.05 | 0.27 | 0.27 | 0.24 | 0.25
30 12.6 | 125 | 0.09 | 0.09 | 0.08 | 0.08 | 0.46 | 0.45 | 0.39 | 0.41
35 189 | 185 | 0.13 | 0.13 | 0.11 | 0.12 | 0.72 | 0.71 | 0.60 | 0.65
40 262 | 254 | 019 | 0.18 | 0.16 | 0.17 | 1.06 | 1.06 | 0.87 | 0.96
45 342 | 328 | 0.26 | 025 | 0.21 | 023 | 150 | 149 | 1.21 | 1.35
50 424 | 402 | 0.34 | 0.33 | 0.27 | 0.30 | 2.02 | 200 | 1.61 | 1.82
55 505 | 474 | 044 | 043 | 0.35 | 0.39 | 262 | 260 | 2.07 | 2.36
60 58.3 | 542 | 055 | 054 | 043 | 050 | 3.30 | 3.26 | 259 | 2.97
65 66.0 | 60.7 | 0.68 | 0.67 | 0.53 | 0.61 | 4.12 | 4.06 | 3.19 | 3.69
70 732 | 66.6 | 0.83 | 0.81 | 0.64 | 0.75 | 502 | 493 | 3.86 | 4.50
75 798 | 721 | 099 | 098 | 0.76 | 0.90 | 598 | 5.86 | 459 | 5.37
80 858 | 77.0 | 1.18 | 1.17 | 0.89 | 1.07 | 7.01 | 6.84 | 537 | 6.27
85 915 | 815 | 138 | 1.37 | 1.04 | 1.26 | 8.09 | 7.88 | 6.20 | 7.22
90 96.7 | 856 | 053 | 096 | 0.94 | 1.27 | 9.22 | 8.94 | 7.08 | 8.21
95 1014 | 89.3 | 0.57 | 093 | 0.89 | 1.26 | 10.39 | 10.04 | 7.98 | 9.22
100 1058 | 929 | 062 | 091 | 0.85 | 1.25 | 11.59 | 11.15| 8.91 | 10.25
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Chapter 6. Discussion
6.1. Sample Calculations

The goal of this work was to provide shielding parameter data that allows NCRP-style
calculation of shielding requirements for synchrotron x-ray beamline hutches. To illustrate how
the results of this thesis could be utilized, this section provides sample calculations for primary
barrier thickness and lateral wall shielding thickness. Assumptions for input parameters are
illustrative and may not represent actual operating conditions of an x-ray beamline.

For the synchrotron beamline hutch, illustrated in Figure 6.1., a primary beam of
horizontally-polarized, monoenergetic photons enters the hutch through the upstream wall, passes
through the beamline target, and strikes the primary barrier on the hutch’s downstream wall. The
calculations assume a 40-hour work week with a primary beam energy of 70 keV and an average
dose rate of 10 Gy/hr. The workload, W, is defined as the time integral of the absorbed-dose rate
of the primary beam (NCRP 2005), which simplifies for this example to:

W =D (Gyhr 1) = t (hr wk™1) [Eqg. 13]
corresponding to a workload of 400 Gy/wk.

Secondary Barrier 1
2 meters

Primary /,]Attenuated Primary Beam

) Primary Beam
Barrier y

A /

Jauueg Arepuogas

Beamline
Target

2
40

2 meters

2 meters | 2 meters
i Secondary Barrier

A

Figure 6.1. Overhead view of the synchrotron beamline hutch used in the sample calculations. The
hutch is 2.1 m tall, with the beamline 1.1 m above the floor. The drawing is not to scale.

48



Assume the maximally-exposed individual is a radiation worker, for instance a researcher
who is monitoring an experiment from outside the hutch. Consequently, the area is treated as a
controlled area with a shielding design goal, P, of 5 mSv/yr or 0.1 mSv/iwk (NCRP 2005).
Furthermore, assume this individual is present for the full work week, so the occupancy factor, T,
is 1. Lastly, the point of protection is specified at 0.3 m beyond any barrier (NCRP 2005).
6.1.1. Primary Barrier Calculation

For a synchrotron beamline, the primary beam is at a fixed orientation. This means that the
use factor, U, which is the ratio of the time that the primary beam is directed towards the primary
barrier (or beam stop) to the total amount of time that the beam is on (NCRP 2005), is 1.

The transmission factor, B,,;, and number of TVLs, n, needed for the primary barrier to
attenuate the beam to the design goal are given by:

Pd?

Bpri = W:]J;i [Eq 14]
n = —log(By) [Eq. 15]

where d,,,; is normally specified as the distance from the source to the point of protection at 0.3 m
beyond the primary barrier (NCRP 2005). However, synchrotron x-ray beams exhibit very little
divergence, so a 1/r? correction is inappropriate. For simplicity in this example, the workload, W,

is assumed to be defined at a point in the hutch such that d,,,; has a value of 1 m. Calculating from

Equation 14 and Equation 15, B,,; and n, have values of:

) mSv 2
pri = = mG =~
wur (400000 52) + (1) » (1)

n= —log(By;) = —log(2.5%1077) = ~ 6.6
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The total thickness of the primary barrier, ty,grier, 1S Calculated from n and the TVLs of
the shielding material by:
tharrier = TVLy + (n—1) * TVL, [Eq. 16]
where TVL, and TVL, are respectively the first and equilibrium tenth value layers of the material
at the relevant primary beam energy (NCRP 2005). Table 5.1. gives TVL, and TVL, values of
concrete, lead, and steel at 70 keV, which are 73.2 mm and 66.6 mm in concrete, 0.83 mm and
0.82 mm in lead, and 5.02 mm and 4.93 mm in steel. From Equation 16, the required thickness of
a primary barrier made from concrete, lead, or steel are 446 mm, 5.4 mm, or 33 mm respectively.
tharrier (concretey = TVLi +(m—1) x TVL, = 73.2 mm + (6.6 — 1) * 66.6 mm = 446 mm
tparrier (tleaay = TVL + (n — 1) * TVL, = 0.83 mm + (6.6 — 1) x 0.82 mm = 5.4 mm
tparrier (steel) = TVLy +(n—1) * TVL, = 502 mm + (6.6 — 1) * 493 mm = 33 mm
6.1.2. Secondary Barrier Calculation for Lateral Wall
The lateral walls of the synchrotron hutch, which are secondary barriers, must attenuate
both scatter from the target object and reflected radiation (albedo) from the primary barrier. One
must determine the dose equivalents from these sources reaching the point of protection through
the lateral wall. The calculations correspond to NCRP 151°s vault door calculations, namely
equation 2.11 for patient scatter and equation 2.9 for primary scatter, with several simplifying
assumptions. First, as with d,,;, the workload W is assumed to be measured such that the distance
from source to point of scattering (either target or primary barrier) is 1 m; attenuation by the target
is also conservatively neglected. Second, the x-ray field size is assumed to be the same size (100x2-
mm?) as that used in this work to determine scatter fraction and albedo, so no field-size correction
is needed. Third, because no maze and door are involved, some albedo, area, and distance terms

can be disregarded from the NCRP 151 equations. Finally, the largest magnitudes for scatter
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fraction and albedo incident on the wall surface will be used in the calculation, while also assuming
the shortest distance d,,. to perpendicular incidence on the lateral wall. The barrier transmission

factor for the lateral wall for both sources combined is therefore:

P
Wearar dec [Eq. 17]

Bgec =
where a is the scatter fraction, a is the albedo, d,,. is the perpendicular distance to the point of
protection from the middle of the target or the primary barrier, i.e., 2.3 m, and W is the workload.

From the scatter fraction plots in Chapter 3 (and Figure B.13.), the most intense scatter
incident on the lateral wall likely occurs near the junction of lateral wall, downstream wall, and
roof, corresponding approximately to a polar angle of 45° and an azimuthal angle of 45° relative
to the primary beam’s incident direction; the scatter fraction at this location is 1.56 x 10~ using
Table 3.1. A similar assessment of the albedo plots in Chapter 4 (and Figure C.32.) for lead
indicates the worst value at comparable polar and azimuthal angles; the albedo at this location is
3.97 x 107" using Table 4.3. Thus, the required secondary barrier transmission in lead for the lateral
wall is:

P 2 _ (0'1n\?v_skv)

Bsec = —dsec =
W(a+a)T (400000 mw—cf{y) (1.56 * 10-5 + 3.97 % 10-7)(1)

(2.3 m)?2 = 0.083

Using Equation 15, the number of TVLs needed for the secondary barrier is:
n = —log(Bs) = —10g(0.083) = ~ 1.08
Using Table 5.1., the secondary TVL: and TVLe in lead for 70 keV primary x-rays is 0.64 mm and
0.75 mm, so a secondary barrier composed of lead must be 0.70 mm (from Equation 16).
tparrier;teaa = TVLy + (n—1) * TVL, = 0.64 mm + (1.08 — 1) * 0.75 mm = 0.70 mm
A similar calculation could be used to determine the required steel thickness, or the material

thicknesses for a lead+steel laminated barrier.

51



The directional asymmetries in scatter fractions and albedos could be used to choose an
optimal placement of the hutch door in the lateral wall. The section of wall receiving the least
amount of radiation from scatter and albedo could be determined from the corresponding polar
plots. Rather than shielding the door to the same worst-case level as the rest of the wall, a door
placed at this optimal location would require the least possible amount of shielding, saving weight
in the door and thus improving hutch utilization.

6.1.3. Additional Notes about Sample Calculations

The sample calculations assumed that a single x-ray energy is used on the beamline. While
some synchrotron facilities might choose to shield a hutch for a single worst-case energy, one
could easily calculate for more realistic usage patterns in terms of beam energy. For beamlines that
operate at two principle beam energies, required shielding thicknesses could be calculated for each
beam energy and its respective workload, then combined with the two-source rule of NCRP 151
to determine the final barrier thickness (NCRP 2005). Alternatively, one could develop a workload
distribution method similar to that used in NCRP 147 for polyenergetic diagnostic x-ray beams
(NCRP 2004). In this approach, one guesses the required material thickness and calculates the
shielded dose equivalents at the point of protection for the workload at each energy; if the total
shielded dose equivalent exceeds the design goal, one then repeats the process with a larger guess.

The sample calculations also assumed that one desired to shield the hutch for a design goal
based on annual exposure limits. An alternative strategy is to shield the hutch to meet an “in any
one hour” design goal (NCRP 2005); this may be required by the cognizant regulatory agency at
some synchrotron facilities. In this case, one would use the instantaneous dose rate of the x-ray
beam, rather than the average dose rate and weekly workload used in the sample calculations, in

conjunction with an appropriate design goal such as “2 mrem in any one hour.”
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6.2. Limitations

One limitation of this project was that it was purely simulation based, without experimental
measurements to compare with the simulation results. The original project plan included a set of
comparison measurements at Louisiana State University’s synchrotron; experimental data could
have been obtained using the same geometries that were simulated in GEANT4. An inconsistent
operational status has delayed experimental verification to a future date.

Another limitation of this project was that it assumes that synchrotron x-ray beams are truly
monoenergetic. In reality, beamline monochromators exhibit a finite bandpass; the
monochromator design determines the level of polychromaticity. Similarly, over a typical
operating period, a beamline could utilize a large variety of monoenergetic x-rays for a range of
experiments.

Lastly, secondary TVLs were calculated only for the energy spectrum of photons scattered
from the beamline target. Backscattered photons that influence albedo should generally have lower
energies that side-, back-, and forward-scatter from the beamline target, so it was assumed that
secondary TVLs based on scatter would be conservatively appropriate for albedos also. Figure 6.2.
compares the energy spectrum of 100 keV photons scattered from the target to that of the
backscattered photons from the primary barrier that determine albedo. One sees noticeably fewer
high energy photons in the albedo energy spectrum compared to the target-scattered spectrum.
Concrete was chosen over lead or steel for this comparison because its albedo values were higher.
While this confirms that scatter-based secondary TVLs are conservatively safe to use for albedo,
this choice results in an overestimate of shielding requirements. Albedo-based secondary TVLs
would be straightforward to determine in the same fashion as the scatter-based TVLs, if one wished

to account for the differences to potentially reduce the overall shielding thicknesses.
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Figure 6.2. Histograms o(fat)he energy spectra of photons scattered from the t()t;)amline target (a) and
reflected (i.e., albedo) from a primary concrete barrier (b) for a primary beam energy of 100
keV.

6.3. Future Work

To produce a robust set of data to use for shielding design calculations for synchrotron x-
ray hutches, several additions to the current work would be desirable. First, as noted in the previous
section, experimental validation of the GEANT4 simulation models is desirable. Additional
aspects are:

1. Determination of Workload: This work assumed that the qualified expert knows how to

determine an appropriate value for workload of the primary beam energy (or energies) in the hutch,

in Gy/week or similar. Such a value could be determined by direct measurement on a comparable

existing beamline. Alternatively, workload could be estimated from the stored ring current, the x-

ray production characteristics (e.g., field strength and number of poles) of a bending magnet or

insertion device, and the characteristics of a beamline’s monochromator. A future NCRP-style

report for synchrotron x-ray beamline hutches should include guidance on appropriate

determination of workload.
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2. White-beam or pink-beam data: In some types of experiments, the use of a broad-spectrum
X-ray beam is appropriate. In this case, TVLs, scatter fractions, and albedos for the broad-spectrum
radiation would be useful to have for shielding design. In addition, for safety considerations,
synchrotron facility managers may prefer that the primary beam stop be capable of attenuating the
full white beam to acceptable levels, rather than just the monochromatized beam. In the case of
failure of upstream beamline shutters or monochromator elements, the full white beam could
potentially reach the hutch’s primary beam stop.

3. Scaling of scatter fractions and albedos with beam area: This work modeled a relatively
large beam area of 100x2-mm? and a scattering object that was only somewhat larger than the
beam, to maximize the magnitudes of scatter and albedo. Because many x-ray beamlines routinely
use smaller beam sizes, it could be useful to generate scatter fractions and albedos across a range
of beam areas. This data would also show if scatter fractions and albedos scale with beam area,
which is true in NCRP 151 for the substantially larger x-ray fields used in radiation therapy.

4. Occupancy: The literature does not appear to provide survey data about appropriate
occupancies of areas around x-ray beamline hutches. The sample calculation in Section 6.1
assumed a 100% occupancy, which may well be excessively conservative based on experience
working at a synchrotron facility (Matthews 2019). A survey of utilization and occupancy patterns

at a variety of synchrotron facilities could be informative on this topic.

6.4. Conclusion

This work addresses the need for appropriate data to facilitate NCRP-style shielding design
calculations for synchrotron x-ray beamline hutches. Synchrotron x-ray beams have several unique
features that complicate the adaptation of existing shielding guidelines for diagnostic imaging and

radiotherapy facilities to this purpose, namely monochromatic highly-polarized x-ray beams. This
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work produced data on scatter fractions from water, as well as albedos for concrete, steel, and lead,
and primary and secondary TVLs in these materials. With the addition of methodology for
determining workloads and other synchrotron-specific operational details, along with experimental
validation of the results presented here, this project enables the development of an NCRP-style

shielding methodology to support radiation protection around x-ray beamline hutches.
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Appendix A. Simulation Runs Produced in GEANT4 to Determine Shielding

Parameters

Table A.1. GEANT4 simulations completed to determine shielding parameters.

Simulation Beam Primary Number Target Shielding Parameter(s)
Setup Spectrum Energy (keV) | of Events | Material Determined
Scatter Monoenergetic 10 10° Water Scatter Fractions
Scatter Monoenergetic 15 10° Water Scatter Fractions
Scatter Monoenergetic 20 10° Water Scatter Fractions
Scatter Monoenergetic 25 10° Water Scatter Fractions
Scatter Monoenergetic 30 10° Water Scatter Fractions
Scatter Monoenergetic 35 10° Water Scatter Fractions
Scatter Monoenergetic 40 10° Water Scatter Fractions
Scatter Monoenergetic 45 10° Water Scatter Fractions
Scatter Monoenergetic 50 10° Water Scatter Fractions
Scatter Monoenergetic 55 10° Water Scatter Fractions
Scatter Monoenergetic 60 10° Water Scatter Fractions
Scatter Monoenergetic 65 10° Water Scatter Fractions
Scatter Monoenergetic 70 10° Water Scatter Fractions
Scatter Monoenergetic 75 10° Water Scatter Fractions
Scatter Monoenergetic 80 10° Water Scatter Fractions
Scatter Monoenergetic 85 10° Water Scatter Fractions
Scatter Monoenergetic 90 10° Water Scatter Fractions
Scatter Monoenergetic 95 10° Water Scatter Fractions
Scatter Monoenergetic 100 10° Water Scatter Fractions
Attenuation | Monoenergetic 10 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 15 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 20 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 25 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 30 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 35 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 40 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 45 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 50 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 55 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 60 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 65 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 70 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 75 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 80 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 85 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 90 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 95 10° Concrete | Albedo / Primary TVLs
Attenuation | Monoenergetic 100 10° Concrete | Albedo / Primary TVLs

table cont’d.
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Simulation Beam Primary Number Target Shielding Parameter(s)
Setup Spectrum Energy (keV) | of Events | Material Determined

Attenuation | Monoenergetic 10 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 15 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 20 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 25 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 30 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 35 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 40 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 45 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 50 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 55 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 60 10° Lead | Albedo/Primary TVLs
Attenuation | Monoenergetic 65 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 70 10° Lead | Albedo/Primary TVLs
Attenuation | Monoenergetic 75 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 80 10° Lead | Albedo/Primary TVLs
Attenuation | Monoenergetic 85 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 90 10° Lead | Albedo/Primary TVLs
Attenuation | Monoenergetic 95 10° Lead | Albedo/Primary TVLs
Attenuation | Monoenergetic 100 10° Lead Albedo / Primary TVLs
Attenuation | Monoenergetic 10 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 15 10° Steel Albedo / Primary TVLs
Attenuation | Monoenergetic 20 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 25 10° Steel Albedo / Primary TVLs
Attenuation | Monoenergetic 30 10° Steel Albedo / Primary TVLs
Attenuation | Monoenergetic 35 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 40 10° Steel Albedo / Primary TVLs
Attenuation | Monoenergetic 45 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 50 10° Steel Albedo / Primary TVLs
Attenuation | Monoenergetic 55 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 60 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 65 10° Steel Albedo / Primary TVLs
Attenuation | Monoenergetic 70 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 75 10° Steel Albedo / Primary TVLs
Attenuation | Monoenergetic 80 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 85 10° Steel Albedo / Primary TVLs
Attenuation | Monoenergetic 90 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 95 10° Steel | Albedo /Primary TVLs
Attenuation | Monoenergetic 100 10° Steel Albedo / Primary TVLs
Attenuation | Polyenergetic 10 10° Lead Secondary TVLs

Attenuation | Polyenergetic 15 10° Lead Secondary TVLs

Attenuation | Polyenergetic 20 10° Lead Secondary TVLs

Attenuation | Polyenergetic 25 10° Lead Secondary TVLs

table cont’d.
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Simulation Beam Primary Number Target Shielding Parameter(s)
Setup Spectrum Energy (keV) | of Events | Material Determined
Attenuation | Polyenergetic 30 10° Lead Secondary TVLs
Attenuation | Polyenergetic 35 10° Lead Secondary TVLs
Attenuation | Polyenergetic 40 10° Lead Secondary TVLs
Attenuation | Polyenergetic 45 10° Lead Secondary TVLs
Attenuation | Polyenergetic 50 10° Lead Secondary TVLs
Attenuation | Polyenergetic 55 10° Lead Secondary TVLs
Attenuation | Polyenergetic 60 10° Lead Secondary TVLs
Attenuation | Polyenergetic 65 10° Lead Secondary TVLs
Attenuation | Polyenergetic 70 10° Lead Secondary TVLs
Attenuation | Polyenergetic 75 10° Lead Secondary TVLs
Attenuation | Polyenergetic 80 10° Lead Secondary TVLs
Attenuation | Polyenergetic 85 10° Lead Secondary TVLs
Attenuation | Polyenergetic 90 10° Lead Secondary TVLs
Attenuation | Polyenergetic 95 10° Lead Secondary TVLs
Attenuation | Polyenergetic 100 10° Lead Secondary TVLs
Attenuation | Polyenergetic 10 10° Steel Secondary TVLs
Attenuation | Polyenergetic 15 10° Steel Secondary TVLs
Attenuation | Polyenergetic 20 10° Steel Secondary TVLs
Attenuation | Polyenergetic 25 10° Steel Secondary TVLs
Attenuation | Polyenergetic 30 10° Steel Secondary TVLs
Attenuation | Polyenergetic 35 10° Steel Secondary TVLs
Attenuation | Polyenergetic 40 10° Steel Secondary TVLs
Attenuation | Polyenergetic 45 10° Steel Secondary TVLs
Attenuation | Polyenergetic 50 10° Steel Secondary TVLs
Attenuation | Polyenergetic 55 10° Steel Secondary TVLs
Attenuation | Polyenergetic 60 10° Steel Secondary TVLs
Attenuation | Polyenergetic 65 10° Steel Secondary TVLs
Attenuation | Polyenergetic 70 10° Steel Secondary TVLs
Attenuation | Polyenergetic 75 10° Steel Secondary TVLs
Attenuation | Polyenergetic 80 10° Steel Secondary TVLs
Attenuation | Polyenergetic 85 10° Steel Secondary TVLs
Attenuation | Polyenergetic 90 10° Steel Secondary TVLs
Attenuation | Polyenergetic 95 10° Steel Secondary TVLs
Attenuation | Polyenergetic 100 10° Steel Secondary TVLs
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Appendix B. Polar Plots of Scatter Fractions for Simulated Primary Beam Energies

This Appendix contains the polar plots of the scatter fractions created for each simulated primary beam energy. All possible
scatter directions are shown as polar plots representing the front half (left), i.e., with 0° (center of plot) defined as the direction of the
incident beam, or back half (right) of the sphere. White radial lines mark azimuthal angles of the scattering geometry, while concentric
circles correspond to polar angles. The plots match at their outer edges, corresponding to a 90° scatter angle. The color scale represents

scatter intensity. Note the polar plots found in this Appendix have different ranges for their corresponding color scales.
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Figure B.1. Scatter fractions for a 100x2-mm? beam of 10 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of water.
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Figure B.2. Scatter fractions for a 100x2-mm? beam of 15 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of water.
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Figure B.3. Scatter fractions for a 100x2-mm? beam of 20 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of water.
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Figure B.4. Scatter fractions for a 100x2-mm? beam of 25 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of water.
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Figure B.5. Scatter fractions for a 100x2-mm? beam of 30 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of water.
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Scatter Fractions: 35keV Photons in Water Scatter Fractions: 35keV Photons in Water
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Figure B.6. Scatter fractions for a 100x2-mm? beam of 35 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of water.
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Figure B.7. Scatter fractions for a 100x2-mm? beam of 40 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of water.
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Figure B.8. Scatter fractions for a 100x2-mm? beam of 45 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of water.
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Figure B.9. Scatter fractions for a 100x2-mm? beam of 50 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of water.
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Figure B.10. Scatter fractions for a 100x2-mm? beam of 55 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of
water.
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Scatter Fractions: 60keV Photons in Water Scatter Fractions: 60keV Photons in Water
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Figure B.11. Scatter fractions for a 100x2-mm? beam of 60 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of
water.
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Scatter Fractions: 65keV Photons in Water Scatter Fractions: 65keV Photons in Water
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Figure B.12. Scatter fractions for a 100x2-mm? beam of 65 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of
water.
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Figure B.13. Scatter fractions for a 100x2-mm? beam of 70 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of
water.
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Figure B.14. Scatter fractions for a 100x2-mm? beam of 75 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of
water.
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Figure B.15. Scatter fractions for a 100x2-mm? beam of 80 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of

water.
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Figure B.16. Scatter fractions for a 100x2-mm? beam of 85 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of
water.
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Figure B.17. Scatter fractions for a 100x2-mm? beam of 90 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of
water.
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Figure B.18. Scatter fractions for a 100x2-mm? beam of 95 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of

water.
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Figure B.19. Scatter fractions for a 100x2-mm? beam of 100 keV polarized photons scattering from a 2-cm x 6-cm radius cylinder of
water.
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Appendix C. Polar Plots of Albedos for NIST Concrete, Lead, and NIST Steel

This Appendix contains the polar plots of the albedos for monoenergetic primary beams
incident on a block of material. Each polar plot represents a hemisphere encompassing the possible
directions of reflection of x-rays from the barrier. White radial lines correspond to azimuthal angles
of the scattering geometry, while concentric circles correspond to polar angles. The center of each
plot is the normal to the barrier and the outer edge represents 90° reflection parallel to the barrier’s
surface. The color scale represents albedo intensity. Note the polar plots found in this Appendix

have different ranges for their corresponding color scales.

C.1. NIST Defined Concrete Albedo Polar Plots
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Figure C.1. Albedos for a beam of 10 keV polarized x-rays incident on a slab of concrete.
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Albedos: 15keV Photons on Concrete
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Figure C.2. Albedos for a beam of 15 keV polarized x-rays incident on a slab of concrete.
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Albedos: 20keV Photons on Concrete
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Figure C.3. Albedos for a beam of 20 keV polarized x-rays incident on a slab of concrete.
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Albedos: 25keV Photons on Concrete
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Figure C.4. Albedos for a beam of 25 keV polarized x-rays incident on a slab of concrete.
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Albedos: 30keV Photons on Concrete
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Figure C.5. Albedos for a beam of 30 keV polarized x-rays incident on a slab of concrete.
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Albedos: 35keV Photons on Concrete
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Figure C.6. Albedos for a beam of 35 keV polarized x-rays incident on a slab of concrete.
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Albedos: 40keV Photons on Concrete

Figure C.7. Albedos for a beam of 40 keV polarized x-rays incident on a slab of concrete.
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Albedos: 45keV Photons on Concrete
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Figure C.8. Albedos for a beam of 45 keV polarized x-rays incident on a slab of concrete.
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Albedos: 50keV Photons on Concrete

5.25e-06

4.50e-06

3.75e-06

3.00e-06

2.25e-0B6

1.50e-06

7.50e-07

0.00e+00

Albedo Value

Figure C.9. Albedos for a beam of 50 keV polarized x-rays incident on a slab of concrete.
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Albedos: 55keV Photons on Concrete
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Figure C.10. Albedos for a beam of 55 keV polarized x-rays incident on a slab of concrete.
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Albedos: 60keV Photons on Concrete
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Figure C.11. Albedos for a beam of 60 keV polarized x-rays incident on a slab of concrete.
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Albedos: 65keV Photons on Concrete
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Figure C.12. Albedos for a beam of 65 keV polarized x-rays incident on a slab of concrete.
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Albedos: 70keV Photons on Concrete
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Figure C.13. Albedos for a beam of 70 keV polarized x-rays incident on a slab of concrete.
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Albedos: 75keV Photons on Concrete
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Figure C.14. Albedos for a beam of 75 keV polarized x-rays incident on a slab of concrete.
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Albedos: 80keV Photons on Concrete
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Figure C.15. Albedos for a beam of 80 keV polarized x-rays incident on a slab of concrete.
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Albedos: 85keV Photons on Cancrete
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Figure C.16. Albedos for a beam of 85 keV polarized x-rays incident on a slab of concrete.
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Albedos: 90keV Photons on Concrete
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Figure C.17. Albedos for a beam of 90 keV polarized x-rays incident on a slab of concrete.
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Albedos: 95keV Photons on Concrete
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Figure C.18. Albedos for a beam of 95 keV polarized x-rays incident on a slab of concrete.
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Albedos: 100keV Photons on Concrete
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Figure C.19. Albedos for a beam of 100 keV polarized x-rays incident on a slab of concrete.
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C.2. Lead Albedo Polar Plots
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Figure C.20. Albedos for a beam of 10 keV polarized x-rays incident on a slab of lead.
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Albedos: 15keV Photons on Lead
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Figure C.21. Albedos for a beam of 15 keV polarized x-rays incident on a slab of lead.
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Albedos:; 20keV Photons on Lead
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Figure C.22. Albedos for a beam of 20 keV polarized x-rays incident on a slab of lead.
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Albedos: 25keV Photons on Lead
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Figure C.23. Albedos for a beam of 25 keV polarized x-rays incident on a slab of lead.
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Albedos:; 30keV Photons on Lead
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Figure C.24. Albedos for a beam of 30 keV polarized x-rays incident on a slab of lead.
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Albedos: 35keV Photons on Lead
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Figure C.25. Albedos for a beam of 35 keV polarized x-rays incident on a slab of lead.
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Albedos: 40keV Photons on Lead
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Figure C.26. Albedos for a beam of 40 keV polarized x-rays incident on a slab of lead.
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Albedos: 45keV Photons on Lead
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Figure C.27. Albedos for a beam of 45 keV polarized x-rays incident on a slab of lead.
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Albedos: 50keV Photons on Lead
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Figure C.28. Albedos for a beam of 50 keV polarized x-rays incident on a slab of lead.
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Albedos: 55keV Photons on Lead
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Figure C.29. Albedos for a beam of 55 keV polarized x-rays incident on a slab of lead.
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Albedos: 60keV Photons on Lead
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Figure C.30. Albedos for a beam of 60 keV polarized x-rays incident on a slab of lead.
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Albedos: 65keV Photons on Lead
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Figure C.31. Albedos for a beam of 65 keV polarized x-rays incident on a slab of lead.
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Albedos: 70keV Photons on Lead
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Figure C.32. Albedos for a beam of 70 keV polarized x-rays incident on a slab of lead.
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Albedos: 75keV Photons on Lead
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Figure C.33. Albedos for a beam of 75 keV polarized x-rays incident on a slab of lead.
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Albedos; 80keV Photons on Lead
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Figure C.34. Albedos for a beam of 80 keV polarized x-rays incident on a slab of lead.
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Albedos: 85keV Photons on Lead
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Figure C.35. Albedos for a beam of 85 keV polarized x-rays incident on a slab of lead.

113

Albedo Value



Albedos: 90keV Photons on Lead
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Figure C.36. Albedos for a beam of 90 keV polarized x-rays incident on a slab of lead.
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Albedos: 95keV Photons on Lead
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Figure C.37. Albedos for a beam of 95 keV polarized x-rays incident on a slab of lead.
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Albedos: 100keV Photons on Lead
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Figure C.38. Albedos for a beam of 100 keV polarized x-rays incident on a slab of lead.
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C.3. NIST Defined Steel Albedo Polar Plots
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Figure C.39. Albedos for a beam of 10 keV polarized x-rays incident on a slab of steel.
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Albedos: 15keV Photons on Steel
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Figure C.40. Albedos for a beam of 15 keV polarized x-rays incident on a slab of steel.
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Albedos: 20keV Photons an Steel
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Figure C.41. Albedos for a beam of 20 keV polarized x-rays incident on a slab of steel.
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Albedos: 25keV Photons on Steel
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Figure C.42. Albedos for a beam of 25 keV polarized x-rays incident on a slab of steel.
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Albedos: 30keV Photons on Steel
90"

6.30e-07

T 5.40e-07

3.60e-07
2.70e-07
1.80e-07
9.00e-08

0.00e+00
Figure C.43. Albedos for a beam of 30 keV polarized x-rays incident on a slab of steel.
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Albedos: 35keV Photons on Steel
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Figure C.44. Albedos for a beam of 35 keV polarized x-rays incident on a slab of steel.
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Albedos: 40keV Photons on Steel

7.20e-07

+180°
3.60e-07

2.40e-07

1.20e-07

0.00e+00
Figure C.45. Albedos for a beam of 40 keV polarized x-rays incident on a slab of steel.
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Albedos: 45keV Photons on Steel

85.40e-07

4.80e-07

3.60e-07

2.40e-07

L20e-07

0.00e+00
Figure C.46. Albedos for a beam of 45 keV polarized x-rays incident on a slab of steel.
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Albedos: 50keV Photons on Steel
90

9.00e-07

7.50e-07

4.50e-07

3.00e-07

1L.50e-07

0.00e+00
Figure C.47. Albedos for a beam of 50 keV polarized x-rays incident on a slab of steel.
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Albedos: 55keV Photons aon Steel

L08e-06

5.40e-07
3.60e-07
1.80e-07

0.00e+00
Figure C.48. Albedos for a beam of 55 keV polarized x-rays incident on a slab of steel.
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Albedos: 60keV Photons on Steel
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0.00e+00
Figure C.49. Albedos for a beam of 60 keV polarized x-rays incident on a slab of steel.
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Albedos: 65keV Photons on Steel
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Figure C.50. Albedos for a beam of 65 keV polarized x-rays incident on a slab of steel.
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Albedos: 70keV Photons an Steel
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+180°
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0.00e+00
Figure C.51. Albedos for a beam of 70 keV polarized x-rays incident on a slab of steel.
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Albedos: 75keV Photons on Steel
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- L44e-06

-~ 1.20e-06
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7.20e-07

4.80e-07

2.40e-07

0.00e+00
Figure C.52. Albedos for a beam of 75 keV polarized x-rays incident on a slab of steel.
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Albedos: 80keV Photons on Steel
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Figure C.53. Albedos for a beam of 80 keV polarized x-rays incident on a slab of steel.
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Albedos: 85keV Photons on Steel
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Figure C.54. Albedos for a beam of 85 keV polarized x-rays incident on a slab of steel.
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Albedos: 90keV Photons on Steel
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Figure C.55. Albedos for a beam of 90 keV polarized x-rays incident on a slab of steel.
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Albedos: 95keV Photons on Steel
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Figure C.56. Albedos for a beam of 95 keV polarized x-rays incident on a slab of steel.

134

Albedo Value



Albedaos: 100keV Photons on Steel
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Figure C.57. Albedos for a beam of 100 keV polarized x-rays incident on a slab of steel.
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