ABSTRACT

KIM, CHANG HYEUK. A Study of Monochromatic X-ray Area Beam for Application in
Diffraction Enhanced Imaging. (Under the direction of Dr. Mohamed A. Bourham.)

Synchrotron-based Diffraction Enhanced Imaging (DEI) system has shown improved
contrast images on low attenuation material. In a previous DEI study great potential to detect
earlier stage breast cancer was reported. However, to apply DEI technique at the clinical level,
a synchrotron source is not feasible for clinically-approved systems due to the size of the
accelerator, and hence a compact x-ray source that can replace synchrotron is desirable.
Development of an x-ray source compatible to synchrotron radiation is an essential part for a
clinical DEI system. Some important features for the design of an x-ray source, based on
synchrotron radiation, are the photon flux and beam collimation. The NCSU research group
suggested a wide-beam x-ray source, which consists of concentric circular filaments
producing electron flux onto a cylindrically-shaped oxygen-free copper stationary target with
a thin layer of Molybdenum for x-ray production. This source design emphasizes large field
of view, which can eliminate the line by line scanning process experienced in a DEI
experimental setup. In this study, the proof of principle model of a wide beam x-ray source
was used to study for control electron trajectory of the concentric filaments design,
calculations of the produced x-ray flux, simulation of the DEI imaging, and estimation of the
operation time with target’s active cooling system. The DEI images from the electron
distribution were computationally generated by adopting a monochromator and an analyzer
with a computationally generated dual cylindrical object. The image simulation showed that
the wide-beam x-ray source based DEI images are highly dependent on the electron
distribution at the target. Uniform electron distribution by electron trajectory optimization is

carried out through independent powering of the filaments inside the focusing cup. For



higher electron beam current the x-ray flux satisfies obtaining a successful DEI image scan,
but such high current increases the heat loading on the target. The target cooling with a
contact cold finger does not provide sufficient thermal management, and hence not enough
scanning time. The impinging jet nozzle cooling option was investigated to maximize
convective heat transfer, and has shown feasible thermal management and adequate operation

time for DEI imaging.
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Chapter 1 Introduction

Diffraction Enhanced Imaging was initially proposed by Dean Chapman in 1998 [1],
followed by an experimental setup performed with the synchrotron radiation source at
National Synchrotron Light Source in Brookhaven National Laboratory. The DEI experiment
has shown good contrast images at lower radiation dose for materials with small x-ray
attenuation coefficient [2]. The features of the DEI method were considered as a new
imaging modality for clinical and industrial fields. In clinical application, it is mostly desired
for mammography because of the lower exposure rate and the higher contrast images.

The DEI system adopts a very narrow x-ray energy range to make successful x-ray
diffraction on the analyzer crystal. A monochromator is utilized to select the energy range of
the x-ray from the provided raw synchrotron radiation, called white radiation [3]. The general
DEI experimental setup is shown in Figure 1.1 in which the incident beam passes to a
double-crystal Si [333] monochromator then towards the object, and the exiting beam from
the object passes to a Si [333] crystal analyzer, diffracted towards the detector. Most of the
x-rays, which do not meet the monochromator conditions, are absorbed by the
monochromator and hence the x-ray flux leaving the monochromator is lower than the white
radiation. And, the monochromatized beam is also strongly collimated. According to this
monochromatization process, the radiation dose to the object is relatively lower than that of
conventional x-ray radiography.

The main obstacle of the DEI application for medical use in a reasonable medical
facility, or at the clinical level, is the need for a synchrotron source, which is not a feasible
component for practical employment of DEI systems, considering the size and cost of the

synchrotron facility. An alternative method would be the use of conventional x-ray tubes, but



such tubes have lower flux and produce a fan-shaped beam and such features do not meet the

requirements for the quality of the x-ray needed for DEI systems.

Area Detector

Double Crystal
Monochromator
Si(333)

b

Incident X-ray beam

T

Analyzer Crystal
Si(333)

Figure 1. 1 The general DEI experiment setup

The NCSU research group suggested a wide beam area x-ray source, which can
provide x-ray with flux comparable to synchrotron source [4]. This proposed x-ray source
should meet specific conditions; appropriate x-ray energy range for mammography, higher x-
ray flux and large field of view. A cylindrical shape of stationary oxygen-free copper target
with a layer of molybdenum was proposed. The molybdenum layer will generate the 18 keV
characteristic x-ray, which is preferred for mammography due to its low energy. Most of the
electron beam energy will be transferred to heat on the target, which necessitates target
thermal management for high beam currents required to produce high photon flux. In most
conventional x-ray tubes, a rotating target is used to spread the heat over larger surface and
thus reduce heat loading. In case of stationary targets in some x-ray tubes, a passive cooling
system is employed either using air or oil cooling of the target. A rotating target is not

feasible for a high-beam-current large area x-ray source and thus a stationary target is



desirable and hence target active cooling will be necessary for the proposed wide beam x-ray

source.

1 Diffraction Enhanced Imaging

After Roentgen discovered x-ray in 1895, x-ray radiography was used in many fields,
for clinical and industrial purposes. The x-ray projection radiography is still treated as a basic
imaging method in medical field. It has many advantages, a simple scanning process, high
contrast images, and low cost of examination. The superposition of images, and lower
contrast images of some materials, is mentioned as a disadvantage of conventional x-ray
imaging systems. Cancerous tissues and joint cartilage are not shown very well in
conventional radiographs, as well as in the Computed Tomography (CT) due to their
respective attenuation coefficient at the used range of x-ray. In general, conventional
radiography and CT machines use tungsten targets, which generate K, characteristic x-ray at
about 59.32keV energy. The attenuation coefficients of these materials in this energy range
are very close to the surrounded material, which reduces the contrast and consequently the
readability of the radiographs. Other imaging modalities, other than using x-rays, are used
such as Magnetic resonance Imaging (MRI) or Ultrasound.

Diffraction Enhanced Imaging is a type of projection radiography and therefore it still
has a limitation on the pileup of objects in the imaging, however some research is ongoing to
develop tomographic imaging with DEI [5]. As mentioned earlier, the DEI produces images
of higher contrast for materials with small attenuation coefficient, as compared to
conventional and digital radiography. The attenuation coefficient of all materials is small at

the x-ray high energy region with higher attenuation at the a low energy range, and thus



lower energy x-ray is selected for DEI systems. The main interaction at the lower x-ray
energy range is the photoelectric effect, which has a probability proportional to Z/E~, where
Z is the atomic number of the material and E is the photon energy. Therefore, the difference
in the attenuation coefficient on the lower energy produces better contrast at the DEI
absorption image. The other feature of DEI is the use of an analyzer crystal to diffract x-rays,
and hence, the recorded x-ray contains selected information about the object. Consequently,
the DEI refraction image shows only one physical phenomenon between x-ray and objects, x-
ray refraction angle; which would appear as “image blurring” in general projection

radiography.

1.1 Synchrotron based DEI

In the DEI experiment setup by Dean Chapman et al using a synchrotron source, three
crystals were used in the setup [1]. The incident x-ray beam falls on double crystal Si [333]
monochromators, the exited beam traverses through the object then to a third Si [333] crystal
that acts as an analyzer. These crystals diffract the x-ray by the Bragg’s law [6] thus there are
x-ray losses on the x-ray path way and the x-ray flux drops down by a factor of 4 during the
monochromatization [3]. Due to expected drop in x-ray flux, the use of synchrotron source at
high photon flux was experimented with the white radiation has a spectrum that is almost
uniform through the entire energy range. The monochromator selects a specific x-ray energy
from the white radiation. It is also important to mention that a synchrotron source can
provide a well-collimated x-ray beam, which implies that a synchrotron source would be the
best to use for DEI to provide high quality images. The difficulty in using a synchrotron

source is in the cost and the size of the accelerator that is unfeasible for clinical applications



in major medical facilities or hospitals.

1.2 X-ray source based DEI

As previously mentioned, a DEI system should employ an x-ray source capable of
producing high flux compatible with synchrotron sources, as well as a strongly collimated
beam. Typical conventional x-ray tubes have relatively low x-ray flux. When used for
mammography, a longer scanning time would be necessary to obtain appropriate images.
Additionally, such tubes have very small focal spot and large imaging area, and thus the
produced x-ray is divergent and not collimated. To use such source for a DEI system, the
recorded x-ray shape on the imaging plate will be tiny as it follows the small effective focal
spot of the x-ray tube. Hence, using a conventional x-ray source is not a solution for the DEI

application unless the source is modified to provide an area beam at high x-ray flux.

2 Wide beam x-ray source

The characteristics of a typical x-ray tube are not feasible for use in DEI application
without serious consideration regarding x-ray flux, effective focal spot and size of the beam.
A wide beam x-ray source can correct the defects of a typical x-ray source. First, higher
electron beam current can provide higher x-ray flux. A typical x-ray tube has relatively short
filaments for thermionic emission. For a wide beam source, three concentric filaments were
considered to increase production of electrons and provide a higher electron beam current.
Second, a stationary target with large illumination area is chosen to provide a larger focal
spot. Third, a target active cooling system is employed to manage thermal loading and allow

for longer operation time sufficient to obtain images. In this study, the concept of a wide



beam x-ray source, a proof-of-principle system, is computationally studied. A set of computer
codes were used, such as SIMION 3D, MCNP5, Matlab, COMSOL Multiphysics, and

ANSYS CFX, with developed input codes for geometry and DEI imaging.

2.1 Steering electron trajectories

The wide beam x-ray source uses three concentric circular filaments to generate a large
focal area. Electrons are produced by thermionic emission and accelerated towards the
grounded target by the electric field between the focusing cup and the target. Concentric
filaments may be all connected together and powered by same current and voltage or
individually powered to provide independent control on electron flux and distribution of the
beam particles on the target. The focusing cup may be on same negative accelerating
potentials as the cathode. An optimization of the electron trajectories and their distribution is

investigated in this dissertation.

2.2 X-ray flux

The x-ray flux from the wide beam source should be compatible with the synchrotron
radiation flux “white beam” in order to apply the DEI technique. The x-ray flux is affected by
the electron beam current and the x-ray window material that acts as a final x-ray filter. The
x-ray window should stand high vacuum conditions while meeting other requirements such
as eliminating bremsstrahlung radiation, which only contributes to the radiation dose while

minimizing attenuation of the characteristic x-rays that are used to obtain images [7].



2.3 DEI Images

The DEI image quality of the wide beam x-ray source depends on the electron
distribution on the target, known as the actual focal area. Therefore, the final image can
change by optimization techniques for electron distribution and steering electron trajectories.
In this study, a phantom consisted of two materials, aluminum oxides and nylon, was
computationally studied for simulation of DEI images from the area x-ray source. These
materials were selected as representation of microcalcification on breast cancer and normal

tissue.

2.4 Heat removal

Accelerated electrons in the x-ray system impact and deposit their energy on the target,
thus the target temperature rises as a result of transferring electron energy to heat on the
target. Conventional x-ray sources do not have serious heat removal problems because they
either use a rotating target or a cooling system. Additionally, they use relatively low electron
beam current and thus thermal loading of the target is not an issue. This is not the case for an
area x-ray source, in which the required electron beam current is up to 3A and if operating at
60kVp then the target heat loading would be 180kW. In this study, target thermal
management is considered to ensure safe operation of such high beam current source for a
time sufficient to obtain DEI images without target deterioration, melting or even evaporation
at such high heat flux. Conduction and convective heat transfer were considered in this study,
as well as the use of a contact cold finger (at liquid nitrogen temperature) and circulation of a

coolant.
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Abstract

Research in diffraction-enhanced imaging (DEI), using a synchrotron source with an X-ray Nux of 1.4 x m‘:ph_fmm’.-'& has shown
strong potential in obtaining high-resolution images us compared to conventional radiographs. This research investigates the feasibility
of developing a large area circular X-ray source with fluxes comparable to a synchrotron source. The source should be capable of
integration inte a compact system with peak powers not to exceed 200kW to be feasible for use in a major medical facility, industrial
complex or screening facility (such as cargo or girport). A computational study of a ¢ircular concentric filament wide-beam area X-ray
source has been imvestigated in this research. The design features are based on generating electrons from three concentric circular
filaments to provide an area electron flux, with a 60kV accelerating potential and a beam current of up 10 2 A, The X-ray target is a
grounded stationary oxygen-free copper target with a layer of molybdenum. This target feature differs from standard rotating X-ray
targets in conventional X-ray systems. Studies of electron trajectories and their distribution on the target were conducted using the
SIMION 3D code. Heal loading and thermal management were studied using heat transfer modules from the coupled FEMLAB multi-
physics and MATLAB codes. The Monte Carlo code MONP 5 was used 1o obtain the X-ray flux and energy distribution for aluminum
and bervllium windows. This computational study shows that this target configuration generates X-rays with photon flux comparable to
synchrotron source and sufficient for DEL applications. The maximum {arget temperature rise is 1357 K after 70 s when cooling the back
of the target to liquid nitrogen temperature using cold finger contact, and 325K for an invaded target, in which liguid nitrogen circulates
inside the target.

@ 2006 Elsevier BV, All rights reserved.

PACS: 41,50, = h: 4185, Ew; 3230.Rj: 87.59,—e

Keywords: Diffraction enhanced imaging: Electron trajectory: Heat conduction; Churacteristic X-ray

1. Introduction have shown details and characteristics not detected by
conventional imaging [2-3]. In Chapman et al. DEI setup,

Although development of digital mammography has  the system emploved Si(3 3 3) crystals [or producing mono-
enabled better diagnosis with the integration of advanced  chromatic and diffracted X-ray beams, which is refracted
image digital processing [l]. images produced through through a very small angular deflection of the order of
diffraction-enhanced imaging techniques have proven to be  micro-radian. This arrangement made it possible to obtain
ol high quality as image scattering is eliminated [2-4]. In the  higher contrast images [rom the same object. However, the
preliminary work of Chapman et al., in which the highly use of a synchrotron source necessitates having a DEI
collimated synchrotron source from X15A beamling of the  system close to a major synchrotron [acility. A clinically
National Synchrotron Light Source (NSLS) in Brookhaven — approved DEI system, which may be installed in major
National Laboratory was used, the obtained DEI images hospitals, would need a new X-ray source that can provide a
substitute for a synchrotron source. Other applications of

*Carresponding author. Tel: = 19196458015, high-resolution enhanced radiography may be extended to
E-mail addresy; Chkimdda unity.nesu_edu (C.H, Kim), material science research and crystallography such as 3-D

016890028 -see front matter 1 2006 Elsevier BV, All rights reserved.
doi: 10, 1016/).nimia. 2006,07.041
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mapping ol composite materials, grains in polycrystalline
materials. distribution of ¢lements in cells and imaging of
sprays [6,7). Additionally, there would be other potential
industrial applications such as advanced radiography for
cargo and parcel sereening with enhanced resolution for
aclive inferrogation techniques,

The purpose of this study is to investigate the feasibility
of developing a new compact size area X-ray source
capable of producing photon fuxes of sufficient intensity
and quality needed for diffraction-enhanced imaging with-
out using a synchrotron source. This computational study
is a first step from laboralory testing version towards
developing a prolo-type system as a clinically approved
DEI system for medical radiology followed by scalability
to other applications. The desirable features of an area
X-ray gencrator compatible to a synchrotron source to
satisfy DEI requirements arve [10 12]:

® Pcak clectric power less than 200 kW, 3 A beam current
at 60 kVp.

e High target flux (~10" ph/mm?/s) o be compatible 1o
the synchrotron source target flux,

® Output X-ray beam collimated over a 100cm” area,

@ Reasonable operation tune (5 10s).

e Stationary target assembly and concentric or spiral
filament configuration.

The major aspects of this study are the electrostatic
analysis and electron trajectories and their distribution, the
thermal analysis and target heat loading for appropriate
operation time, and investigation of X-ray energies and X-
ray flux at the extraction window of the system.

2. General considerations

The white beam [rom the XI15A beamline at NSLS
delivers a target Qux of 1.4 x Iﬂ'zph;’s}mm"}kc\' at 18 keV.
After the beam went through Si[l11] double crystal
monochromator, the flux drops ~107 ph/s/mm*/keV at
18keV. Typical scanning time to acquire an image with
such synchrotron beam is in the range of 4 200s [11]. A
conventional X-ray tube, operating with thermionic emis-
sion filaments, may be used to substitute for the X-ray
source. However, conventional X-ray tubes have contin-
unous spectrs and low beam intensity as compared to
synchrotron sources [8]. The Bremsstrahlung radiation
from a conventional X-ray tube delivers unnecessary
radiation dose to the patient, and is not useful for DEI
applications. Moreover, the low beam intensity increases
the scan time. which is estimated to be between 1000 and
10,0005 for a conventional source. In addition, a colli-
mated area X-ray beam can provide area magnification for
DEI applications. A convenlional X-ray tube typically
operates with a 0.3 0.4mm focal spot [9]. For a clinically
approved DEl mammography unit, the dimension of the
beam in the sagittal direction will be 150 mm to get a full
field of view.
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C.H Kim et al ) Nuclear Instruments and Methods in Physics Research A 566 (2006) 712 721

Several concepts for a new X-ray source were proposed
by a North Carolina State University research group in
collaboration with a University af North Caralina Chapel
Hill Radiology group and others, such as the shaped-target
multi-filament concept. the high-current beam steering
concepl and the cold cathode Geld emission concept [10.11].
Of these, the shaped-target multi-filament coneept has the
most attractive features. In this concept, the source design
is based on a tilted stationary molybdenum target with the
target’s surface shaped in a log-spiral. Filaments are
arranged as an array of line filaments, with each filament
assembly composed of the individual line filaments and
corresponding focus cups. Total emission current of the
filament array can be as high as 3 A, which will deliver a
total power of 180 kW to the target at 60kVp operation,
The illumination area for this concept is 150 x 150 mm,
however, a 50 x 50 mm prototype was proposed [12]. An
evolution from this conceplt is the area X-ray source using
concentric circular filaments and a stationary tilted oxygen-
free copper target with a thin layer of molybdenum. This
proposed targel confipuration would allow for better
thermal munagement, as the target body is copper.

Increasing the accelerating potential produces higher
X-ray mtensity. which includes higher Bremsstrahlung in
the X-ray spectrum. The higher Bremsstrahlung in the
X-ray speetrum may also produce higher radiation dose to
patient. The generated Bremsstrahlung radiation counld be
reduced or eliminated through the use of aluminum or
beryllium filtering windows. Increasing the electron beam
current. which depends on electron emission area from the
filament, is another means by which the X-ray intensity
could be increased. The typical X-ray tube uses a very small
line filament, which acts as a point source not exceeding the
area of the target. Concentric circular [laments increase
the emission area over the standard spot-size flament
source. The large electron emission area produces higher
electron beam current, and higher electron fux, thus
increasing the number of electrons illuminating the target
surface. Both increasing aceelerating potential and a larger
electron emission area, result in increased heat loading of
the X-ray target. The heat loading wonld exceed the
cooling capacity of typical X-ray tubes, which usually use a
rolating targel 1o spread the heat loading over the rotating
area, or an air-cooling system, Therefore, a concentric
filament X-ray source operating at higher beam currents up
to 3 A will necessitate the use of an active cooling system
for heat removal.

For this study, the designed area X-ray gencrator is
composed of a stationary target made of oxygen-free
copper with a thin molybdenum layer, a filament assembly
composed of three concentric cirenlar filaments, an active
cooling systemi for the target and the overall honsing of the
source assembly. The core of this research 1s to invesligate
the source electrostatics and generation of the electrons
and their trajectories, target thermal loading and thermal
managemeént and X-ray generation. Electron trajectories
and their distribution in the system are determined by the
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peomelry of the anode and cathode, and the form of
electron acceleration. Analysis of electron trajectories and

their distribution is conducted using SIMION 3D [13]. As.

accelerated electrons impact on the target most of their
kinetic energy is converted to heat. raising the target
temperature (which may exceed its melt temperature) and
limits the operational time. For this purpose thermal
calculations are performed using the coupled FEMLAB
multi-physics and MATLAB codes. The quality and

Fig 1. Wustration of the filament assembly showing the three concentric
filaments inside the filament cup.

Table 1

Parameters of the circular filaments

Filaments material: (ungsten Radius (cm) Total length (om)
Tuner n.7m 4404

Middle 1.215 7.634

Ouler 1.658 10,417

715

intensity of the produced X-rays are related to the target
malerial and the electron accelerating potential, the Monte
Carlo code MCNP 5 has been used for this analysis

(14 16].

3. Filament-target design

Three concentric circular filaments provide the required
area magnification necessary for a DET system, The total
length of the filament array is about 22.5cm, which is

-about 50 times longer than a filament in a conventional

X-ray source. Fig. | shows an illustration of the filament
assembly. The design parameters are shown in Table 1. The
target is made of oxygen-free copper covered with a thin
(= 1.0mm thick) molybdennm layer via sintering, however,
other techniques such as plasma sputter deposition could
be used to manufacture snch targets. The molybdenum
surface area is 6.157 cm”. Fig. 2 shows the target geometry,
and the target parameters are shown in Table 2 [17].

4. Simulation considerations
4.1 Electrostatics and particle trajectories simulation

Electron trajectories and parlicle distributions are
simulated using the SIMION code assuming a 22.5° take
off angle. The simulation allows lor varying the electric
field configuration, and a Hoating or non-floating filament
cup hase (backing plate). The power supply for the
filaments is separate from the high-voltage supply, which
supplies the accelerating potential between the cathode and
the target. The filament base cup is set at negative potential

and the X-ray target is grounded. The filament supply is

floating, however., if desired one of the filament leads may
be connected to the focusing cup such that they together
work as a cathode, or the filament may have a high-voltage
connection different from the cup potential and its supply
current float on top of the high voltage. Fig. 3 illustrates

Fig. 2. Geometry of the stationary targel showing the copper body and molybidenum layer.
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Table 2
Stationary target parameters and thermal properties [17]

CH. Kim et al. | Nuclear Instruments and Methods in Physics Research A 366 (2006) 713-721

Radius (cm) Length (cm)

Thermal conductivity (Wiem K) Melting point (K)

1.7
1.40

509
<Ll

Cu Body
Mo luver

148
4.01

1357
2896

-Ve
(A)

fioating filaments

Fig. 3

the configuration ol the concentric filament and focusing
cup assembly for the floating and non-floating (biased)
options.

4.2, Thermal analvsis simulation

The main heat transfer mechanism in the thermal
simulation is conduction, although the actual target would
emit some heat via radiation as the entire source is
under vacuum. In this simulation the target [ront receives
the inward heat flux from the electron beam. the back of
the target is maintained at liquid nitrogen temperature,
and the target body is assumed thermally insulated with
vacuum houndaries. The properties of the target material
and its geometrical shape are important factors in the
thermal conduction analysis. The target is a thin (< mm
thick) layer of moelybdenum on top of an oxygen-free
cylindrical copper block. As molybdenum’s melting
point (2623°C) is much greater than that of copper
(1085°C), the copper block will reach its melting point
before the molybdenum if the heat loading is excessive. As
a result, in these simulations the thermal resistance of
the thin molybdenum laver was ignored. To perform the
thermal analysis, electron beam energy and distribution
at the surface ol the target are used as inputs o the 3-D
linite clement code FEMLAB. The option of the filament
connected to the backing plate acting as the cathode
at =60 kV was chosen as the test case because it shows the
least particle loss and the best focusing of the beam on
the target. Four beam current test cases were considered, 3.
30, 300mA, and 3A. In all four cases, the spatial
distribution ol the target’s temperature is obtained
as a function ol time, with the limiting factor set to the
time-to-melt of the copper surface facing the incoming
electron beam.

13

Ve

(B)  Non - floaling filaments

. Flouting and non-lonting flament configurations,

4.3. Characteristic X-ray simulation

The MCNP 5 Monte Carlo code has been used to
caleulate X-ray production and radiation dose at the
extraction window. The K-shell characteristic X-rays for a
molybdenum target are the K.y (17.48keV), K,» (17.37 keV)
and Ky, (19.61 keV). The X-ray intensity at the extraction
window depends on the window material and its thickness.
Two window materials, aluminum and bervilium, are used
in this simulation with three different window thicknesses of’
0.1, 0,05 and 0.01 mm for cach. The sclection of these two
window materials and their respective thickness are intended
to optimize the maximum flux of the K.; and K lines, and
possibly the Ky line too. It is also important in determining
the optimal window design that could support such a thin
large ares window subject to the high vacuum condition
without breaking or failure.

5. Simulation results
3.1 Electron distribution on the target

Simulation of the first option, in which the filament acts
as o cathode and is biased by negative 12Vp while the
backing plate (filament cup) is at negative 60 kVp, results in
an electron distribution on the target, which is almost
uniform as shown in Fig. 4, However, the diverging electric
ficld results in clectron trajectories, which miss the target
surface. Although target illuminution is uniform and
reasonable for the production of an arca bedm, the
expected X-ray intensity is low. Fig. 5 shows the electron
deposition distribution on the target surface. This option
could be used for generating an area X-ray beam by lining
the interjor of the housing with lead to overcome shielding
problems cmanating from diverging electrons, and by
increasing beam current to increase X-ray intensity.
Increasing the beam current could be accomplished by
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increased thermionic emission from the [lament, which
may lead to either shorter lilament hifetime or lilament
failure at high temperatures; or by increasing the accelera-
tion poltential al same beam current, which makes the
entire system impractical.

In the simulation of the second option, in which the
filament acts as the cathode at =60 kVp and is connected to
the focusing cup, the loss of electrons is minimal, as shown
in Fig, 6, and their distribution on the farget is nearly
uniform except for a peak at the center of the target, as
shown in Fig. 7. The hotspot could be filtered out via X-ray
optics or by further optimization in this configuration.

52 Target thermal loading

Because of the assumption that the back of the target is
maintained at liquid nitrogen temperature (liquid nitrogen
contacted target). and the target body is thermally

insulated, the initial target temperature was sel for all
cases to 77 K assuming the target is already cooled prior to
operation. The heat Qux on the surface of the larget is
obtamed from the SIMION simulation electron distribu-
tion and transient thermal analysis was performed using
FEMLAB. The maximum temperature of the target's
surface reaches 270 K in 300s for a 300 mA beam current,
which indicates that the operation with such beam current
is almost near steady state. For lower beam currents of 3
and 30mA, the maximum temperatures are 77 and 90K in
100 s, respectively (almost maintained at liquid nitrogen
temperature). Therefore, in the case of 300 mA, with 270K
reached in 300s the system conld serve enough operation
time withont heat loading concerns, however, to reach
sufficient target flux, a 3 A beam current would be required.
In the 3A beam current case. the target temperature
reaches 1357 K in 70s, which is the melting point of copper.
Thus, the liquid nitrogen contacted target configuration

Fig. 4. Bleetron trajestonies with —60kVp [oousing cup and flaments at
12Vp.
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Fig. 8. Target temperature distributions at 70's, target at —60kVp with 3A beam current.

does not provide sufficient operation time. Fig, 8 shows the
temperature distribution for the 3A, —60kVp in 70s
operation.

In order to provide better thermal management, invaded
target configuration was investigated, in which liguid
nitrogen is introduced into the target body and closer to

15

the target [ront. Fig. 9 shows the invaded target
temiperature distribution for 3A, —60kVp in 15s opera-
tion.

Simulation results of the invaded target configuration at
3 A beam current show that the maximum target surface
temperature reaches 325K in 105, and remains unchanged
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Time=15 Boundary Temperature Subdomain marker. Temperature Max: 325
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Fig. & Targer temperature distributions at 155, wrget invaded by liguid nitrogen, a

60 kVp with 3 A beam current.
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Fig. 10, Maximum target surface temperatures up to 105 for -60 KVp at 200 mA and 3 A beam curvents with contacting cold finger (Case [), and 3 A with
hgquid mtrogen mvaded target (Case [1).

therealter. Fig. 10 shows the maximum target surface 53 Outpur X-ray flux

temperature as a function of time for 10s (for the details of

initial temperature rise) for 300mA and 3 A (contacted The MCNP simulation results are shown in Fig. 12 for
target, Case T); and for 3A beam current (invaded target. aluminum and beryllium, for window thicknesses of 0.01
Case IT), while Fig. 11 shows the temperature for both  and 0.05 mm. The normalized characteristic Ky, K,» and
cases up to 100s. Ky X-ray intensities (particles/mm? per total number of

16
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with ligmd mitrogen wvaded target (Case 1),

helpful in the engineering design of the window with
stronger structure infegrity.

The normalized X-ray intensitics are obtained from the
probability caleulated by MCNP multiplied by the total
number of electrons per second to obtain the photon flux
(ph/mm?/s) for the line of interest that corresponds to the
beam current. For a beam current of 3 A, the K,y X-ray
flux for 0.01 mm aluminum window is 2.92 x 10" ph/mm?/
s. For a 0.1 mm beryllium window the computed flux is
2.96 x 10" ph/mm?/s. Although such window thickness

appears to be thin, however techmques of sputter deposi-
tion of such thickness are achievable on vacuum glass
viewing ports, These X-ray fluxes are less than the
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Fig 12, X-ray spectra with Be and Al window, —60 kVp aceeleration.

source particles) are shown in Table 3 for each window
thickness. For a given beam current, mulliplying the
normalized 1ntensity by the total number of the electrons
hitting the farget (source particles) yields the X-ray
mtensity for this specific beam current. Aluminum window
results show increased intensity with decreased window
thickness, while there is no significant change for beryllium
windows. Iowever, aluminum windows are more efficient
at removing lower energy Bremsstrahlung, which only
contributes to the radiation dose. This means that
achieving higher X-ray intensity using aluminum windows
would require a very thin window, which imposes
structural difficnlty for a large window under high vacunm.
For beryllium, it appears that the window thickness is not a
factor and a thicker window might be used. This may be

synchrotron radiation flux, ~10' phjmm?®/s, implying that
for a scaled up device area magnification would be
necessary to achieve higher flux. The model used in this
study is for the molybdenum target area of 6,157 em” and
beam current of 3A. Scaled up device with target surface
area of 100cm? provides a factor of 16.242 area magnifica-
tion. Thus, an overall inerease in photon flux would be a
factor of 16,242 greater and a flux of 4.808 x 10" ph/mm®/s
could be achieved, which is comparable to a synchrotron
flus of ~10'* ph/mm”/s.

6. Conclusions

Compuiational studies of a prototype concentric fila-
ment area X-ray source with a tilted stationary target made
of molybdenum layer sintered on copper have shown the
capability to produce target flux compatible to that of a
synchrotron source target flux.

Electron trajectorics and their distribution on the target
were computed for two different configurations. The
backing plate at —60kVp and the filament biased by

17
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Table 3
MOCNP results with Al and Bo window
Material Thickness (mm) Koy (particles/mm®) K. (particles/mm?) Ky (particles/mm?)
Al 0.01 1.568-09 S.2TE-10 109510

0.05 1.49E-09 TEIE- 10 3.8TE-10

o1 1L39E-09 7.32E-10 266E-10
Be 0.01 1.58E-09 8.35E-10 403E-10

0.05 1.58E-09 8.31E-10 4,03E-10

0.1 1.58E-09 S 3E-10 4.02E-10

—12Vyp produces a uniform distribution, however, there
was a loss of electron population and many electrons miss
the target as a result of the diverging electric field. With
both the filament and backing plate at —60kVp the
clectrons are better focused on the target, which results in
less background radiation. Thermal management was
investigated with four beam currents, 3, 30, 300mA, and
3A. The maximum target surface temperature using a
contact liquid nitrogen cold finger with a 3 A beam current
exceeded the melting point of copper (1357K) in 70s.
Using invaded target conliguration at 3A beam current,
with liguid nitrogen circulating inside the target, showed
that the maximum target surface temperature reaches
325K in 10s, and remains unchanged thereafter. The
characteristic Xerays K, Ko and Kp; of molybdenum
larget have been investigated for aluminum and beryllium
window matenals, Simulation results have shown that
reduction of the Bremsstrahlung is better with aluminum
window over beryllium. The Ky X-ray flux for a beam
current of 3A with 0.01mm aluminum window s
2.92 % 10" ph/mm’/s, which is two orders of magnitude
less than synchrotron source, however, area magnification
to 100cm” for a scaled up industrial system could provide
the target flux required for DET applications. An industrial
scale device operating at 3A beam cuwrrent and a
molybdenum target area of 100em” provides a target flux
of 4.808 x 10" ph/mm?/s, which is compatible 10 a
synchrotron source target fAnx. The nse of a beryvllium
window would allow for higher flux at lower beam
currents, with the advantage of having a thicker window
over a thin aluminum one to sustain high vacoum
requirements, however, plasma sputter deposition techni-
ques could be used to deposit thin layer of beryllium on
high vacuum viewing windows.
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Chapter 3 Diffraction Enhanced Imaging simulation based on the area x-
ray generator

Abstract

A synchrotron-based Diffraction Enhanced Imaging system is not a feasible for clinical
applications due to the size of the synchrotron source and the cost associated with operation
and maintenance. The proposed area x-ray generator to develop a compact size synchrotron-
compatible system, as proposed by North Carolina State University research group in
collaboration with University of North Carolina Chapel Hill Radiology group and other,
represents a system that can be accommodated in major clinical facilities. In the previous
chapter, Chapter 2, on the study of the area x-ray generator it has been shown that generating
the K, x-ray flux can be comparable to a synchrotron source. In this chapter, Chapter 3, the
study investigates imaging using the area x-ray source to produce DEI images through
simulation techniques. A MATLAB protocol was developed for 0.8cm><0.8cm field of view,
which includes characteristics of an actual focal area, a monochromator, a designed phantom,
an analyzer crystal, and an image plate. The major effect of the area x-ray generator in
obtaining DEI images originates from the distribution of the electrons on the target. In the
current simulation, DEI images are obtained from two different forms of electron
distributions, one is for fixed distribution to both lower and higher side images, and the other
is used for opposite distributions. The DEI absorption images have strong dependence on the
distribution of the electrons, and the refraction image “at the fixed electron distribution” has a

blurred edge but more uniform profile through the field of view.
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1 Introduction

As it has been previously shown, Diffraction Enhanced Imaging (DEI) has a strong
possibility to be employed in the medical field for soft tissue imaging, especially
mammography [1-2]. A synchrotron based DEI system has shown high contrast images,
however, it is not feasible at the clinical level, and hence the area x-ray generator at high
electron beam current is proposed [3]. The computational study, as shown in Chapter 2, has
showed that the area beam x-ray generator can provide good features suitable for a DEI
system. It has an advantage of reducing the scanning time with the full field of view.
However, it also has a disadvantage in the non-uniformity of x-rays due to hot spots from
electron distribution on the target. This chapter focuses on studying the effects of non-

uniformity on the final DEI images.

2 General considerations
2.1 DEI theory

In 1998, Dean Chapman et al have introduced a new radiography method, called
Diffraction Enhanced Imaging, DEI [1]. It is based on the rejection of the scattered x-ray by
diffracting x-ray using a Si[333] crystal to act as an analyzer,. Scattered x-rays are considered
noise and produce blurring in conventional radiography. The main function of the analyzer
crystal is to diffract a selected x-ray beam to the detector. The ratio of the crystal reflectivity,
known as the rocking curve, highly depends on the crystal structure. Si[333] crystal has a
narrow rocking curve of few microradians at 18 keV, as shown in Figure 3.1, and the
reflectivity has its maximum at the exact Bragg condition (zero microradians) and decreases

to zero at about + 4 microradians. For the DEI simulation setup, the analyzer crystal provides
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imaging from both the lower and higher sides of the rocking curve, representing the FWHM

of the rocking curve, and the obtained two images are used in the DEI algorithm.
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Figure 3. 1 The Rocking curve of Si[333] with 18 keV x-ray

The intensity of x-ray after the analyzer crystal for any side of the rocking curve can be

expressed by the Equation 3.1.
I, =1,R(6,+A6.) (3.1)

where Iy is the incoming attenuated intensity to the analyzer crystal, R(6y+46;) is the
reflectivity at the angle 0y+460,, with ) representing the tuned angle for the FWHM of
rocking curve and the 468, is the small refraction angle by the object. This reflectivity term is
expanded in a Taylor’s series, and hence the higher (/z) and lower (/) side intensities on the

detector can then be expressed by Equations 3.2 and 3.3.

_ dR(6y)
1H_1R(R(.9H)+ 10 AHZJ (3.2)
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_ dR(6,)
IL—IR[R(HL)+ 0 Aezj 3.3)

These equations can be rearranged for the /x and 40;. This DEI algorithm applies for
the raw image data through pixel-by-pixel. And, the final expression for the DEI image is
composed of the refraction angle image Aé., and the apparent absorption image Iz as shown

in Equations 3.4 and 3.5, respectively

IHR(GL) — ILR(QH)

AG, = (3.4)
(dR(QH)) 3 (dR(QL)j
[L IH
do do
le= dez dz 0 (3-5)
R(@)( ( H)j—RwH)(R(L)j
do do

2.2 Area x-ray beam generator

A DEI system must have a strongly collimated x-ray beam and high photon flux, thus
the current DEI experiments are successfully performed using the synchrotron source at the
National Synchrotron Light Source (NSLS) of Brookhaven National Laboratory (BNL) for
lower energy range (less than 30keV), and the Advanced Photon Source (APS) at Argonne
National Laboratory for higher energy range (up to 60keV). These two DEI facilities
successfully performed DEI imaging experiments, thus confirming the feasibility of DEI as a
new modality [4]. To move from a National Laboratory experimental setup to a clinically-
approved system, which can be installed in major medical facilities, a compact size area x-
ray generator compatible to synchrotron source is required to be developed. An area beam x-

ray generator is a feasible source that can achieve a photon flux comparable to a synchrotron
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source [3]. In this research, a conceptual area beam x-ray generator is considered that
generates electrons from three concentric filaments in a filament cup. The filament cup can
either be biased or float, which alters the formation and distribution of the electrons. High
beam current is required for such an x-ray source and thermal management of the x-ray target
is a necessity at high beam current of 300mA and 3A; cryogenic active cooling of target may

be employed.

2.2.1 Concept

The area x-ray beam from the generator could be quasi-collimated after exiting the x-
ray window. The double crystal monochromator works as a filter of the direction and energy.
Some of the generated x-ray meets the Bragg condition as they go through the
monochromator, and the other x-rays which do not meet the Bragg condition will be extinct
or absorbed by the crystal. Therefore, the output x-ray from the monochromator will be in the
same direction and at same energy. In case of a conventional x-ray tube, the distribution of
the output x-ray is depending on an actual focal area on the target surface. Most conventional
x-ray tubes have small focal area on the target, about 3 mm? for most commercial x-ray tubes
[5], and thus they generate collimated and mono-energetic beam only within the actual focal
area which is less then 3 mm®.

The x-rays from the synchrotron source NSLS of Brookhaven National Laboratory
(BNL) for current DEI experiments is covering 80 mm wide and Imm in height at the
location of the object [2]. This synchrotron beam is well collimated and has a flux of 10’

ph/mm?/sec at 18keV. Because of the narrow imaging beam, it is required to scan line by line

through the vertical direction. A conceptual Figure of narrow beam diffraction on the crystal
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is shown in Figure 3.2. For example, to scan 150 mm® image it needs 3000 scans for a 50
micro pixel detector plate. The maximum scan time for the synchrotron-based DEI
experiment is about 200 sec., which is much less than the scan time of up to 10,000 sec if

using a conventional x-ray tube [6] due to the small focal area and the low x-ray intensity.
§<§ Focal Area
7
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Figure 3.2 Narrow beam diffraction concept

The proposed concept of an area x-ray generator, for an up-scaled version for
commercial use, has an actual focal area of about 100 cm? on the target, while the North
Carolina State University prototype lab-version source is 6.157 cm®. For a large crystal, the
diffraction will occurred through the entire crystal surface and the beam is much wider. It is
possible for the prototype lab-version to have about 2.4 cm® of actual focal area on the
detector plate when the target angle is 22.5 degree. A conceptual drawing of the large focal
area diffraction is illustrated in Figure 3.3. Therefore, the wide beam x-ray generator will
eliminate line by line scanning process, and hence the total scanning time can greatly be
reduced for feasibility as an attractive DEI application in the medical field. A long scanning
time is not desirable and creates motion artifacts, which is more important for medical

applications, specifically for mammography. Additionally, most mammography systems
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require object compression during the entire scanning time. But, the DEI can provide more
comfortable examination through eliminating the compression procedure. Such advantages
are achievable with the area x-ray source. However, non-uniformity of the electron
distribution on the actual focal area may be problematic. The x-ray flux profile on the image
plate depends on the electron distribution on the target and the non-uniformity of the electron

distribution could generate spotted images.
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Figure 3 . 3 Wide beam diffraction concept

3 Method

In this study, computational simulations were performed to obtain DEI images and
analyze the artifacts from the wide beam x-ray generator. The final DEI images were
obtained by using 2-dimensional convolution with each imaging component. Equation 3.6
shows the simulation kernel.

L =1,  o®QI

image source rad

R(O

BY

o +A0.)) ® ®PSF + Noise (3.6)

where, L. 1S the monochromatized x-ray intensity and it has the electron distribution
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based on the actual focal area, R(6;,5.+46,) represents the reflectivity function of the analyzer
crystal, PSF' is the point spread function representing the response of the image plate.
Quantum noise is also added to the final images. The lower and higher side images are
obtained using the above kernel, and the refraction and absorption images are generated by

applying the DEI algorithm to each pixel, on a pixel by pixel regime.

3.1 Monochromatized beam

Typical x-ray tube has a continuous energy spectrum, which is shown with
Bremsstrahlung and some characteristic x-ray peaks. As previously indicated the target is
oxygen free copper with a layer of molybdenum; here the focus is on the K,; x-ray flux form
the molybdenum target. It is computationally assumed that the monochromator is tuned to the
Kq1 x-ray energy, which met the Bragg condition, and located at the maximum flux position
next to the x-ray window. The monochromatized x-ray beam is shown as a source function in
the simulation kernel, where the source function represents the x-ray intensity response of the
monochromator from a point electron source. Therefore, two features should be considered,
the maximum intensity from a single electron hitting on the target and the electron
distributions on the target. The energy spectrum at the maximum flux position from a point
electron source is shown in Figure 3.4. The target angle was set to the 22.5 degree, which
corresponds to the maximum angle for the prototype lab-version device. Only the x-rays of
the K, energy will be allowed and all others will be eliminated by the crystal. Therefore, the
source function, which represents the monochromatized beam through the imaging area, can
be obtained by convolution of the reflectivity of the crystals [7]. The electron distribution on

the target surface for a non-floating filament assembly is shown in Figure 3.5.
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Figure 3 . 4 X-ray distribution from the point electron source at the maximum flux position
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Figure 3. 5 Electron distributions on the target surface
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3.2 X-ray optics on the phantom
3.2.1 Phantom design

An appropriate mammogram phantom is computationally designed to simulate DEI
images based on the use of the prototype lab-version area x-ray source. Breast cancer is
classified by the location of cancerous tissue and tumor size. There are two type of pre-cancer,
the Ductal Carcinoma In Situ (DCIS) and the Lobular Carcinoma In Situ (LCIS). Such pre-
cancers are likely to develop to invasive cancer. The physiological characteristic of these pre-
cancers show some calcification on their respective regions. Breast cancer studies show that a
large calcification is not usually associated with cancer, but small calcifications,
microcalcification, are related to cancer [8]. Based on the interest in soft tissues and micro-
calcification, the phantom in this simulation was chosen to contain two materials, nylon and

aluminum oxide. Table 1 shows the properties of these materials, also air properties are added.

Table 3. 1 Material properties of phantom material

Object Air Tissue Calcification
Equivalent material Air Nylon fiber Type 6/10 AL Os
wat 18 keV [em™] 1.47x107 0.616 11.77
Density [g/cm’] 1.29x107 1.14 3.69
Refractive Index n=1-8 ~1 8 =18.56x10" 8 =2.46 x10”

The shape of the phantom is basically cylindrical, one large cylinder of nylon
containing a small rod of aluminum oxide, as shown in Figure 3.6. The image simulation
code, built within MATLAB, allows the user to change the diameter and location of the

aluminum oxide rod inside the nylon cylinder.
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Figure 3.6 Phantom design

3.2.2 X-ray path through the object

The image simulation code is designed to calculate the attenuation and refraction
with the simulation phantom. The x-ray path way has been divided into two regions by the
geometry features, a single cylinder region and a dual cylinder region. The single cylinder
region is shown in Figure 3.7, and is similar to the single cylinder phantom previously
considered by Kiss [9]. As seen from Figure 3.7, the single cylinder is a solid nylon
surrounded by air, the incident x-ray falls on the cylinder in the location y; by an angle 6, ,
traverses the cylinder and exiting with a refractive angle. The incident angle of the x-ray
beam on the cylinder can be calculated from Equation 3.7.

0'=sin"" [lj 3.7)

K

When the beam penetrates the object it undergoes two refractions and the refraction
angle can be calculated from the Snell’s law of refraction. The final refection angle is

approximately twice of the single refraction angle and is expressed by Equation 3.8.

tiss

A, zZtan(Hi){n”—”’—l} (3.8)
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Figure 3.7 X-ray pathway inside of single cylinder object

In the dual cylinder configuration the x-ray beam refracts first in the nylon cylinder
then incident on the calcification rod. In this case, the same equation for first region is
applicable and is used for the incident and refraction angles. The incident angle onto the
calcification rod is determined by the first refraction angle and the location of calcification
rod. Consequently, the pathway of the incident x-ray on the dual configuration is subject to
multiple refractions in the nylon cylinder and the calcification rod. Figure 3.8 shows the x-
ray pathway in the dual cylinder configuration, which complicates the calculation of x-ray

pathway and refraction angle.
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Figure 3. 8 X-ray pathway inside of dual cylinder object
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Two assumptions were applied to these calculations. The first assumption is that the x-
ray travels into the objects in a straight line, which means that the refraction angle doesn’t
affect x-ray attenuation through the objects. The maximum refraction angle by the first
cylinder, the nylon, is 1.0x107 radian, which is very small compared to the object’s diameter
0.635 cm. This assumption simplifies the calculation of x-ray travel length through the entire
objects. The second assumption is that the second incident angle 6,""** does not change by
the first refraction angle #,°. Therefore, modified second incident angle is defined as the
summation of the first refraction angle and the incident angle, which is calculated with x-ray
location, 4. The definition of angles is given in Equations 3.9 and 3.10. The final refraction
angle in this region is same as per the single cylinder case, which follows Equation 3.8 again
with the second incident angle Hgi""Od. These two assumptions minimized calculation

complexity, also reduced errors on the second assumption by the first assumption.

0 iz.modﬁed: 0 ;+ Hf (39)

)

0’ =sin™' (ﬁ] (3.10)

3.3 Image plate

The DEI algorithm is applied after obtaining the raw image, which contains
characteristics of an image plate, Point Spread Function (PSF) and Dynamic Range (DR).
Possible x-ray detectors for DEI were compared By Kiss et al [10]. The Fuji BAS2500 Image
Plate Reader shows the largest dynamic range and active area among CCD devices, Mar USA
and MicroPhotonics XQUIS 1000. In his study, the Fuji BAS2500 Line Spread

Function(LSF) for the vertical and horizontal direction was measured instead of Point Spread
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Function. The Fuji BAS 2500 Image plate data are shown in Table 3.2, in which it is obvious
that the vertical and horizontal FWHM have similar value and therefore the Point Spread
Function can be considered as one of them. A Fuji image plate reads at latitude (L) of 5 and
sensitivity(S) of 4000 with 16 bit gray level. The reader converted raw x-ray intensity /.4, to
output data /;, withas shown in Equation 3.11. The Dynamic Range is defined as a ratio
between maximum intensity on the detector and the background noise, which is 1.4 x 10° for

the Fuji BAS2500 image plate. The detailed data were shown in Table 3.2

I :_4?01041,%/60.5) (3.11)

m

Table 3. 2 Fuji BAS 2500 Image plate data [10]

Fuji BAS 2500

Pixel size 50 um

Pixel format
Image area
Gray level

Readout time

Horizontal FWHM
Vertical FWHM
Saturation level

Noise level

Dynamic range
Latitude

Sensitivity

4000 x 5000 pixels
200 x 250 mm”
16-bit
5 min
145+1um (2.9+0.1 pixels)
138+1um (2.8+0.1 pixels)
1.4x10* photon / pixel
0.101 photon / pixel
1.4 x10°
5
4000

4 Image simulation results

The image simulations were performed for the case of a non-floating filament
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assembly, 30 mA electron beam current, Si[333] double crystal monochromator and analyzer,
and a Fuji BAS2500 Image Plate. The full field of view of the simulation is 0.8 cm % 0.8 cm.
The diameter of the nylon cylinder is 0.635cm, and the aluminum oxide rod is 0.05 cm
diameter. After obtained the raw images on the image plate, the DEI algorithm was applied to
pixel by pixel for DEI refraction and absorption images. The simulations are also tested for
different electron distributions on the x-ray target. Figure 3.9 shows the electron distribution
used for simulation, in which distribution (a) is a projection view of the actual focal area as
obtained from SIMION simulation of electron trajectories, and distribution (b) which is a
flipped over from the original distribution. The DEI images, lower side, higher side,
absorption and refraction images are shown in Figure 3.10. The images are truly affected by
the electron distribution, but the effect is reduced for the refraction image because it only
represents the refraction angle difference between the raw lower side and higher side images.
Image blurring is observed at the edge of the nylon cylinder, where partial image blurring

occurs at places of low electron density on the target.
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Figure 3. 9 Electron distribution on the actual focal area. (a) original (b) flipped over
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Figure 3. 10 Images based on the fixed electron distribution, a. scaled higher side image, b. scaled
lower side image, c. absorption image, d. refraction image

The second simulation was performed with an idea of varying the electron distribution
at time of each side scan. In this case it was assumed that the distribution of the electrons is a
‘flipped over’ for the entire image surface. Image simulation was obtained for the higher side
of the rocking curve using the original electron distribution with same data of the first
simulation. The lower side image was generated by the electron distribution (b), the flipped
over distribution. Figure 3.11 shows the obtained images. In this simulation, the absorption
image contained the bright regions from the both side images. The refraction image had less
blurring on the edge of the Nylon. Also, the region of aluminum oxide rod showed typical

DEI refraction image characteristic, dark on the higher and bright on lower. But, the effects
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from the electron distribution increased and showed highly spotted refraction image.

= ]
|

Figure 3. 11 Images based on the different electron distribution, a. scaled higher side image, b. scaled
lower side image, c. absorption image, d. refraction image

5 Conclusion

The area beam x-ray generator is adequate for DEI application and can obtain images
in a reasonable time. However, electron distribution on the actual focal area produces non-
uniformity on the whole DEI images. In this research, MATLAB protocols ‘codes’ were
written to simulate effects of the actual focal area distribution on the final DEI images. The
developed protocols include the Si[333] crystal monochromator response, x-ray optics on the

designed phantom and the response of the Fuji BAS2500 image plate. Two DEI image sets
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were obtained using two different electron distributions on the target. The first image set was
obtained from applying same electron distribution to the lower and higher side images. The
DEI absorption images contained similar intensity distribution through the whole images,
which is a natural outcome based on the expression of the absorption image. In case of the
refraction image, some regions showed similar intensity shapes with blurring at the edge of
nylon cylinder. However, the image is more uniform compared to the absorption image. The
second simulation was performed with different electron distributions, one for the higher side
image and one for the lower side image. The DEI absorption image shows some overlap
image, with increased non-uniformity on the refraction image but decreased edge blurring.
Refraction images in both cases remained at good resolution for the aluminum oxide region,

which simulates the calcification inside the nylon cylinder.
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Chapter 4 Focal area optimization of the wide beam x-ray source

Abstract

Previous studies of wide beam x-ray sources have shown compact systems can be
engineered that are adequate for Diffraction Enhanced Imaging applications with sufficiently
high photon flux and production of strongly collimated x-rays. The x-ray distribution on the
imaging surface depends on the focal area distribution, which is based on the characteristics
of the monochromator’s response. Therefore, the focal area distribution impacts the image
quality and the local heat loading, with the latter determining the limits on system operating
time. This study seeks to optimize focal area uniformity by independently powering the three
concentric filaments in the proof of principle design. Electron distributions and their
trajectories are simulated. The focusing cup voltage is set to -60kVp. Each filament has a
separate voltage to independently generate electrons at different rates. Evaluation of
uniformity is determined by the standard deviation and peak-to-average ratio. The
independent voltage biasing of the filaments has shown that improved distributions can be
obtained when the outer filament is at -60kVp, the middle one is at -48kVp and the inner

filament is at -40kVp.

1 Introduction

The study of Diffraction Enhanced Imaging has shown higher contrast images for
materials with lower attenuation coefficient, which provides for a more favorable x-ray
modality for soft tissue imaging, specifically in clinical applications for mammography [1-4].

Experiments performed with a synchrotron radiation source at high photon flux and strongly
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collimated x-ray beam have shown high contrast images as compared to conventional
radiography. [5]. All conventional x-ray tubes generate low-flux beams that diverge at large
angles, and are thus less collimated, which makes conventional sources inadequate for DEI
applications. Development of an area x-ray beam has shown the potential to provide
synchrotron-comparable photon fluxes from sources of sufficiently small size to fit in a
compact integrated x-ray DEI system, suitable for installation in major medical facilities and
hospitals [6].

Previous studies of the wide beam x-ray source focused primarily on the production of
the required x-ray flux from concentric filament designs with all filaments at the same
potential leading to non uniformities in the electron distributions on the target [7]. In the
image simulation study, non uniformities in the electron distribution resulted in some loss of
phantom information due to saturation of the image plate [8]. Additionally, hot spots or
localized high heat flux, can result in target melting, damage and deterioration, especially for
the target’s thin molybdenum layer. In this study, the electron distribution on the target

surface is improved by independently biasing the filaments at different voltages.

2 General considerations

In general, the x-ray tube cathode consists of a filament or a dual filament inside a
focusing cup, which provides electron control and focus prior to acceleration towards the
target. The filaments and focusing cup are usually at negative potential and the target is at
positive potential or ground, thus providing the necessary electric field for electron
acceleration and steering towards the target [9]. In conventional x-ray tubes, the electron

trajectories are directed to a tiny spot on the target. This small focal spot reduces image
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blurring. In the DEI system the double crystal monochromator serves to select a specific x-
ray energy range and collimates the beam. X-rays from the source diverge to the x-ray
window, where most of the x-rays do not meet the Bragg condition of the crystal and are
eliminated. If the monochromator and analyzer crystals are stable and tuned to the exact
Bragg angle, then the electron distribution on the target will be the main artifact for DEI
imaging. It can be assumed that the actual focal area in the DEI setup represents the x-ray
flux on the imaging surface.

Electron trajectories are determined by the filament’s electric potential and the biasing
potential on the filament cup [9]. Biasing the filament cup is more effective in producing a
small actual focal area, but a larger focal area is required for the proposed wide beam x-ray
source. The filament assembly for this specific design is composed of three concentric
filaments housed inside the focusing cup. The spatial distribution of the electrons generated
by thermionic emission from the filaments depends on the location of the filaments and the
amount of electric power into each filament. If all filaments are powered at same level, then
the electron generation would be non-uniform with a peak in the center. The resulting
electron density at the target would be higher at the center resulting in the development of hot
spots. An un-biased filament cup in a floating configuration produces a more divergent shape
and therefore can be helpful in producing a more uniform electron distribution on the target

and minimize generation of hot spots.

3 Simulation of electron trajectories
3.1 Design parts

The wide beam x-ray source is composed of three concentric circular filaments in a
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filament cup, and an actively-cooled oxygen-free copper target with a molybdenum layer [7].
Figure 4.1 illustrates the three filament assembly, the focusing cup and the supporting
structure. The radius of the focusing cup is 2.15 ¢cm and the radius of each filament is shown

in Table 4.1.

Filament 3
Filament2
Figure 4 . 1 Filaments assembly design
Table 4 . 1 Filaments data
Filament location Radius
#1 inner 0.701 cm
#2 middle 1.215 cm
#3 outer 1.658 cm

3.2 Simulation options

Simulation of electron trajectories and their distribution was performed with the
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SIMION 3D code [10]. The filament assembly can either be at common voltage with
common current to all filaments or each filament be powered independently. In previous
simulations, all filaments were interconnected and thus the voltage to all filaments was equal
in both floating and non-floating configurations [7]. In this chapter, an investigation of
independent filament biasing is conducted in order to improve the uniformity of the electron
distribution on the target. Figure 4.2 illustrates the filaments when all are floating (Fig. 4.2a)
and when all are connected and non-floating (Fig. 4.2b). The focusing cup is at -60kVp for
all simulations. The first simulation considers the effects arising from the voltage changes on
each filament. All filaments are assumed to be floating. One filament voltage would be
reduced from -60kVp to -40kVp in 10kVp steps. This provides four simulation tests, for each
voltage change on a single filament there will be simultaneous change for the two other
filaments. Based on the first simulation results, the second simulation would be performed on

a narrower voltage change of 2kVp at the determined voltage range.

(a) Floating filaments {b) Non - floating filaments

Figure 4 . 2 Schematic drawing of the floating and non floating filaments’ connection

Electron distribution on the target surface is recorded and plotted by 15 x 15 arrays,
where the size of the single array is ~ 0.23 cm. The entire array represents the whole

9.186cm? surface area of the proof-of-principle target. Two parameters are used to compare
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the uniformity of the electron distribution on the surface, the standard deviation and the peak-
to-average ratio. Additionally, the electron utilization, which is the ratio between the number
of generated electrons from the filaments and the number of landed electrons on the target, is
also used in the comparison. The definitions of standard deviation and peak-to-average ratio

are given in Equations 4.1 and 4.2, respectively

1 . 1/2
STD :(—Z(xl. —f)zj (4.1)

n—143

Q = Zmax 4.2)

x

where, lele. ,n=225

n o

The simulation results for this case of independent power to each filament are
compared to the previous simulation results of the biased filaments at -60kVp [7]. The
obtained simulation results can also be compared with a reasonable assumption that the
electrons landed uniformly on the target surface, this means that under such assumption the
standard deviation and the peak-to-average ratio would be zero and unity, respectively.
Therefore, a lower value of the standard deviation and a close to unity peak-to-average ratio
would be preferred. The average number of electrons on each array, under such assumption,

would be about 5.17 at a uniform distribution.

4 Results and discussion
The results of the first simulations are shown in Table 4.2 for all four simulation

options. For option 1, the outer and middle filaments are kept at -60kVp and the inner
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filament was varied from -60kVp to -30kVp in 10kVp stepping down regime. One distinctive
feature on the results is that the outer filament is better to be at the same voltage of the
focusing cup. The outer filament not only generates electrons but also has an additional
feature in electron repulsion and thus reducing escape of electrons. Figure 4.3 shows electron
trajectories for two cases, option 1 with the inner filament at -40kVp (Figure 4.3 a: outer at -
60kVp, middle at -60kVp and inner at -40kVp), and option 3 with the outer filament at -
40kVp (Figure 4.3 b: outer at -40kVp, middle at -60kVp and inner at -60kVp). The electron
loss is higher when the outer filament is at a potential less than the focusing cup, as seen from
Figure 4.3b, and thus maintaining the outer filament at the focusing cup potential reduces
electron loss.

The first simulation results showed that the outer filaments should be at the filament
cup potential at -60kVp. The case of -60kVp for the middle filament and -40kVp on the inner

filament is showing the lowest standard deviation and high utilization of 98%.

{a) Outer - -60 kVp, Middle : -80 kVp, Inner : -40 kVp (b) Outer ; -40 kVp, Middle : -60 kVp, Inner : -60 kVp

Figure 4 . 3 Electron trajectories from SIMION simulation
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Table 4.2 First simulation results

Option | Outer Middle Inner | Utilization @ STD  Average Q

-60 0.97 4.23 4.36 7.03

! 60 -50 0.98 4.85 4.41 6.75
-40 0.98 3.53 4.37 4.95

-30 0.94 3.91 4.25 5.09

-60 0.97 4.23 4.36 7.03
5 60 -50 60 0.94 8.17 4.18 22.20
-40 0.73 5.07 3.30 14.75

-30 0.70 3.83 3.20 9.86

-60 0.97 4.23 4.36 7.03

3 -50 -60 0.76 5.25 3.41 13.23
-40 0.49 5.16 2.23 25.88

-60 -60 0.97 4.23 4.36 7.03

4 60 -50 -50 1.00 7.62 4.49 8.42
-40 -40 0.87 4.42 3.94 7.10

-30 -30 0.71 3.65 3.26 5.81

The second simulation applies more detailed voltage changes for this option by
maintaining the outer and middle filaments at -60kVp and varying the inner filament’s
voltage between -30 to -50kVp on 2kVp steps. Figure 4.4 shows the change in the standard
deviation and the peak-to-average ratio over the entire range of change of the inner filament’s
voltage. The standard deviation is the lowest at -40kVp and rises if the potential would be
increased or decreased, and the peak-to-average ratio is also at its lowest in this configuration.
The second simulation confirms the results of the primary one indicating that the best

combination is for the outer and middle filaments at -60kVp and the inner one at -40kVp.
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Figure 4 . 4 Standard deviation and Peak-to-average ratio VS Inner filament voltage change
(outer and middle : -60kVp)

The third simulation focused on option 2 in which the outer and inner filaments are
both at -60kVp, and varying the middle filament voltage between -60 to -30kVp on 10kVp
steps. In this option it is also shown that the least standard deviation is when the middle
filament is at the lowest voltage. A simulation was performed with varying middle filament
voltage on 2kVp increments while maintaining the outer and inner filaments at -60kVp and -
40kVp, respectively. Figure 4.5 shows that the key parameters, standard deviation and peak-
to-average ratio, increase and peaking at -54kVp, and decrease for potentials above or below
the -54kVp. Table 4.3 shows the change in the parameters for all changes in the middle
filament potential for this case, in which it is obvious that the lowest standard deviation
(3.93) and peak-to-average ratio (3.64) is when the middle filament is at -48kVp and the

corresponding utilization is 100% thus indicating no electron loss.
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Figure 4 . 5 Standard deviation and Peak-to-average ratio VS Middle filament voltage change
(outer : -60kVp, inner : -40kVp)

Table 4 . 3 Third simulation results

Outer  Middle Inner  Utilization STD Average Q
60 0.98 3.53 4.84 4.95
58 0.99 3.99 4.95 3.84
56 1.00 5.96 4.99 6.82
54 1.00 10.26 4.99 25.67
52 1.00 6.01 4.99 8.83
60 50 40 1.00 4.42 4.99 4.41
48 1.00 3.93 4.95 3.64
46 0.99 4.56 4.88 5.53
44 0.95 4.54 4.74 6.97
42 0.91 4.52 4.43 8.14
40 0.87 4.42 4.37 7.10

The standard deviation is a little higher than the minimum value obtained in the second
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simulation, but this result of the third simulation provides higher utilization and peak-to-
average ratio. The electron trajectory and their distribution on the surface of the target are
shown in Figures 4.6 and 4.7, respectively. As seen from Figure 4.6, all electrons emanating
from the filaments land on the target without any loss. Figure 4.7 (a) shows the best result
among the performed simulations. Figure 4.7 (b) shows the electron distribution from the
non-floating filaments option. These figures show that the uniformity of electron distribution

was improved by the independent powering of each filament.

Figure 4 . 6 Electron trajectories from SIMION - Floating filaments option (outer: -60kVp, middle: -
48kVp, inner: -40kVp)

Figure 4 . 7 Electron distribution on the target surface, (a) Floating filaments option (outer: -60kVp,
middle: -48kVp, inner: -40kVp), (b) Non-Floating filaments option (outer: -60kVp, middle: -60kVp,
inner: -60kVp)
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5 Conclusion

A large area, wide beam x-ray source has advantages over conventional x-ray tubes for
DEI applications. Electron trajectories in conventional x-ray tubes are focused on a tiny focal
spot on the target. For DEI applications that require beam currents of up to 3A, the small
focal spots would be at extreme heat loadings. The x-rays will be limited by the electron
focal area after passing through the monochromator, and thus the wide beam x-ray source is
advantageous in providing less operation time.

In this study, the three concentric filaments assembly was tested via computational
simulation and compared to the floating filament concept. The first simulation shows that the
outer filament provides repulsion force on the electrons and reduces losses if it would be kept
at the same potential of the filament cup at -60kVp, and that a lower voltage on the inner
filament helps to disperse electron trajectories to the target. For the quantitative comparison,
the standard deviation and the peak-to-average ratio were used as measures of the optimized
independent filament performance. The final simulation results showed that the option of
having the outer filament at -60kVp, the middle at -48kVp and the inner at -40kVp, results in
minimum standard deviation and peak-to-average ratio, and achieved 100% of electron
utilization. Therefore, wiring of the filaments in the filament cup should be independent to
achieve better utilization on the target and near uniform distribution. Filaments may use the
same power supply with potential dividers to provide the required voltage to each filament

from one common power supply.
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Chapter 5 Target thermal management simulation using inner jet cooling

concept

Abstract

A wide beam area x-ray source has been proposed as a practical replacement for
synchrotron sources in clinical DEI applications. The proposed x-ray source can be employed
in major medical facilities due to its compact size, reasonable dimensions and power
requirements. This source provides a wide x-ray illumination area and has characteristics
comparable to synchrotron radiation. Due to the large focal area, a decrease in x-ray flux is
expected and thus high electron beam currents of up to 3A are considered. At such high beam
currents, the heat loading on the target can be significant and limit the operational time of the
target. The anticipated scanning time for a DEI system is a few seconds, and thus target
thermal management is essential to ensure target performance without deterioration, melting,
cracking or even evaporation. An active cooling system is required for the target block in
order to remove the heat and allow for sufficient scanning time. In this study, jet cooling of
the target back is investigated for a prototype proof-of-principle target. The prototype target
was simulated with the transient k-¢ turbulence multiphysics model in ANSYS CFX. The jet
nozzle was designed to produce the maximum convective heat transfer coefficient for the
range of coolant velocities considered. The simulations were conducted at a heat flux of
1.810" W/m?, consistent with values anticipated for a full scale target. The target
temperature exceeds the copper melting point in 2 seconds at inlet velocities below 2 m/sec.
The results show that a 3.5 m/sec inlet velocity at atmospheric pressure is a lower limit for

prevention of target burnout using water as a coolant.
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1 Introduction

In the proposed compact wide-beam x-ray source for Diffraction Enhanced Imaging
applications, the major requirements are a highly collimated, high intensity photon flux [1-3].
Conventional x-ray tubes can not meet these requirements due to their relatively low x-ray
flux and the fan shape of the x-ray beam. To increase x-ray flux to compete with a
synchrotron radiation beam, a high electron beam current (up to 3A) is proposed in
conjunction with a large x-ray illumination area. Heat removal in a conventional x-ray source
is not a critical issue because lower electron beam currents are used and a rotating target
allows for spreading the heat flux over a larger area of the target [4]. Conventional x-ray
tubes which use stationary targets are passively cooled with air or oil. The wide-beam x-ray
source in this study has a stationary target (anode) and hence heat removal at high beam
currents is essential. For a device expected to operate at the commercial level, a 3A beam
current would be required in order to generate the necessary high x-ray flux. At 60kV
acceleration potential, this is a 180kW system that requires special thermal management for
target heat removal. The estimated scanning time of a DEI-based wide beam x-ray system is
~20 sec during which time the beam energy will be converted to heat energy on the target [5].
The cooling demands of such a target exceed the heat removal capacity of a passive cooling
system and necessitate an active cooling system.

Early research work on the wide beam x-ray system considered cryogenic cooling
using liquid nitrogen through a contact or invaded cold finger [1]. This study revealed that
heat removal via conduction utilizing liquid nitrogen could not obtain the required operating
time before the target reached its melting temperature. In addition, the large thermal gradients

and induced stresses in such a system would render it infeasible.
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In this study, an inner impinging jet cooling method was employed for active cooling
with water at atmospheric pressure and room temperature. The prototype proof-of-principle

design was simulated using the ANSYS CFX finite element code.

2 General considerations

Due to the high heat loads, target thermal management is an important issue for the
proposed wide beam x-ray system. Impinging jet cooling has been shown as an effective way
to remove heat from the heated surface in various devices, and is considered in this study for
target cooling [6]. Design of a jet cooling system requires maximizing the convective heat
transfer from the target back while satisfying thermal limits associated with maximum target
temperatures and critical heat flux. Convective heat transfer can be maximized by optimizing
the geometry of the jet nozzle. To maintain target integrity, maximum target temperatures
must remain well below the melt temperature. This is dictated by the target materials,
geometry and the efficiency of the target cooling system. If the heat flux at the coolant/target
interface exceeds the critical point, transition to film boiling can occur degrading heat

transfer and potentially leading to target failure [7].

2.1 Convective heat transfer coefficient

Impinging jet cooling is a widely used method for many engineering applications and
has been studied as a function of both the fluid characteristics and the shape of the jet [8-11].
Correlations for the convective heat transfer coefficient are a function of the ratio of the exit-
to-impingement distance to the jet exit diameter (S/d) and the ratio of the diameter of the

impingement surface to the jet exit diameter (D/d) [13]. For 2 <S/d <12, 5 <D/d < 15 and
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2000 < Req < 400,000, the convective heat transfer coefficient for a submerged, single jet

water nozzle can be expressed in terms of the Nusselt number through the empirical equation.

J {2 - 4.42}
Nu= F

)]

where F(Re,) is a power function of Reynolds number and Pr represents the Prandtl

(Red )Pr0'42 5.1

number [6]. The power function, F(Rey), is shown in Equation 5.2

0.55

0.5
R
F(Re,)=2Re}’ {1 + 2@—80} (5.2)

The Prandtl number satisfies the general definition of viscous diffusion rate over

thermal diffusion rate.

2.2 Critical heat flux
Generally an impinging jet causes a stagnation point on the surface and therefore, the
critical heat flux g.»- will occur at the stagnation point. A non-dimensional correlation for the

critical heat flux in a simple forced convection boiling system with an impinging jet is shown

by Equation 5.3 [14].

q /(ph ) 0.725 o 1/3
k)~ 7.45%107 [&J ( ] (1+¢,,) (5.3)

u P, pu’D

Where p, and p; represent vapor and water density, 4, is the latent heat of vaporization,
u is the jet velocity, o is the surface tension of water and ¢, is a correction factor for liquid

subcooling, shown in Equation 5.4.

55



pv hfg

1/2 2.0
Co(T. —T
Eap =27 % (&J x {—p( = ’)} (5.4)

3 Nozzle design in the x-ray target

As previously mentioned, the wide beam x-ray target is a cylindrical stationary target
made of oxygen-free copper with a thin layer of molybdenum which acts as the x-ray
generating material [1]. Figure 5.1 illustrates the target design and its dimensions for the
prototype proof-of-principle system fabricated by Brand X-Ray, LLC, Wood Dale, IL, USA.

Figure 5.2 shows the initial configuration of the jet nozzle.

— z 5.65
265 262

| =

|

Figure 5.1 Wide beam x-ray oxygen free target with layer of molybdenum [1]

The convective heat transfer coefficient can be found from the Martin correlation
(Equation 5.1) for a single submerged jet in water [6]. Based on the Reynolds number range
for the correlation, the fluid velocity is between 0.2 m/sec and 33 m/sec, which is adequate
for the proposed application. In case of 1 m/sec inlet velocity, the Reynolds number is
varying from 2366 to 5366 depend on d changes from 2.4 mm to 5.6 mm. The convective

heat transfer coefficient as a function of S/d and D/d is shown in Figure 5.3. The convective
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heat transfer coefficient increases with the decrease in the S/d ratio. At any given S/d, the
heat transfer coefficient also increases with the decrease in the D/d ratio. The diameter of
impingement surface D is fixed as the target diameter. As the Martin correlation has lower
limit on the D/d ratio of 5, this sets the optimum nozzle diameter, which in turn sets the
optimum nozzle to target spacing. The optimized design is shown in Figure 5.4 with

dimensions that correspond to a S/d ratio of 1.8 and D/d ratio of 5.15.

Figure 5. 2 Configuration of the impinging jet nozzle
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Figure 5. 3 Convective heat transfer coefficient as a function of S/d for various values of D/d
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Figure5.4 Optimized jet nozzle design (units: mm)

3.1 Equivalent beam current

The proof of principle target is designed to operate at the same heat flux as the
industrial scale target. To provide the necessary photon flux for practical clinical or industrial
screening applications has been shown to require power levels of 180 kW on the target for
beam currents at 3A and an accelerating potential of —60 kVp. For an industrial scale target
area of 100 cm?, this implies an inward heat flux on the target of 1.8 x 10’ W/m’. As the
proof of principle target is designed to have a surface area of 10 cm?, the target heat flux can

be obtained using an order of magnitude less beam current of 300 mA.

4. Simulation results and discussion

Simulation of target performance was performed using the finite element code ANSY'S
CFX. The initial designs for the target, the jet nozzle and the fluid volumes were created with
the CAD tool Solidworks. The input mesh file for ANSYS CFX was generated by the

meshing tool ICEM CFD. The transient k-¢ turbulent flow model was used to model the fluid
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behavior. Room temperature water was chosen as the coolant.

(c) Pressure of coolant (d) Temperature of coolant and body

Figure 5.5 ANSYS CFX results at 20 sec (inlet velocity : 5m/sec, beam current 300mA)

Room temperature water with a uniform velocity distribution was assumed at the inlet
to the back of the nozzle. The target face is subject to a uniform inward heat flux of 1.8<10’
W/m®. Otherwise, the target’s outer surface is considered thermally insulated, radiative losses
are neglected. Solid-to-fluid and fluid-to-solid interface boundary conditions were applied to
the target body-coolant and the coolant-jet nozzle in this simulation. It is also assumed that
the coolant channel is at atmospheric pressure. Inlet velocities were examined between 1

m/sec and 9 m/sec. Figure 5.5 shows the ANSYS CFX simulation results for an inlet velocity
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of Sm/sec at 20 sec, for a 300mA electron beam current.

Figure 5.5 (a) shows the fluid velocity stream lines. The inlet fluid velocity is 5 m/sec
and increases up to 27 m/sec at the nozzle exit. Figure 5.5 (b) shows the fluid temperature.
The fluid temperature remains constant at the inlet value until impinging upon the target
surface. After hitting the target surface, the fluid temperature increases and exits the rear of
the target. A single jet nozzle produces a stagnation point at the impinging surface. The
stagnation point is shown as bright green in Figure 5.5 (c). The temperature distribution
through the target body and the fluid is shown in Figure 5.5 (d). The maximum temperature
at the heated surface is 717 K.

The design of the impinging jet cooling system must satisfy two conditions; the
maximum target temperature must be below the melting point, and the inward heat flux must
be below the critical heat flux. In this target design the target body is made of oxygen free
copper with a thin layer of molybdenum serving as the x-ray source. The melting points of
molybdenum and copper are 1356°K and 2896°K, respectively and hence the copper melting
point is considered as the temperature limit. Figure 5.6 shows the maximum target
temperature as a function of time for inlet water velocities of 3, 5 and 7 m/s. It is clear that
increasing the coolant velocity decreases the target temperature. For example, increasing the
coolant velocity from 3 to 7m/s drops the maximum target temperature from 820°K to 650°K.
Figure 5.7 shows the coolant temperature at the stagnation point for the same three inlet
velocities. Increasing the coolant inlet velocity also decreases the coolant temperature. For
example, increasing the velocity from 3 to 7m/s reduces the maximum coolant temperature
from 318°K to 305°K. The critical heat flux depends on the coolant velocity at the nozzle and

the temperature at the stagnation point. Figure 5.8 shows the predicted critical heat flux as a
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function of the coolant inlet velocity, where it is obvious that the critical heat flux increases

with increased velocity.

Maximum Target Temperature
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Figure 5. 6 Maximum target temperature as a function of time for 3 different coolant inlet velocities
(300mA beam current)
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Figure 5. 7 Coolant temperature at the stagnation point as a function of time for 3 different coolant inlet
velocities (300mA beam current)
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Figure 5. 8 Critical heat flux as a function of the coolant inlet velocity

As seen from Figures 5.6, 5.7 and 5.8, the maximum target body temperature is
reached in 2 seconds for all tested inlet velocities. In case of the 3 m/sec inlet velocity, the
maximum temperature is 829.17°K, but, the critical heat flux at the same inlet velocity is
computed to be 1.59>10” W/m®. For an incident heat flux of 1.8X10” W/m® it can be inferred

that boiling transition is possible for coolant inlet velocities less than about 3.5 m/sec.

5. Conclusion

Target cooling in the wide beam x-ray source is a major design consideration due to
the use of high beam current as compared to conventional x-ray sources. Passive cooling or
rotating target geometry is not feasible for this wide beam source design and therefore an
active cooling system is required to satisfy the minimum operation time of about 20 sec for a

successful DEI scan. Previous studies of target cooling by liquid nitrogen cooled cold fingers
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determined that cooling by conduction cannot provide better than 4 sec operation with a 300
mA beam current [15], which is not sufficient to obtain the required DEI scan.

In this study, an active cooling system is proposed based upon an impinging water jet
at atmospheric pressure. The prototype target design has been simulated using the finite
element code ANSYS CFX. Simulation results have shown that impinging jet cooling, with
coolant inlet velocities in excess of 3.5 m/sec allows for steady state operation while

satisfying all thermal design constraints.

Notation

D : Surface diameter, m

d :Jetexit diameter, m

S : Exit-to-impingement distance, m
Re : Reynolds number

Nu : Nussle number

Pr : Prandtl number

g :Heat flux

p  : Specific density, kg/m’
: Latent heat of vaporization, J/kg

o : Surface tension, N/m
u  : Exit velocity of liquid jet, m/s

Cp : Specific heat at constant pressure, J/(kg K)
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T

: Temperature, K

Subscript

v : Vapor

/ : Liquid
sat : Saturation

CHF : Critical heat flux
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Chapter 6 Conclusions and Recommendations for Future Work
1 Conclusion

Computational studies of a prototype concentric filament area x-ray source with a tilted
stationary target made of a molybdenum layer sintered on oxygen-free copper have shown
the capability to produce target flux comparable to a synchrotron source. Electron trajectories
and their distribution on the target were computed for two different configurations. The
focusing cup at —60kVp and the filament biased by —12Vp produces a uniform distribution,
however, there was a loss of electron population. With both the filament and the focusing cup
at —60kVp, the electrons are well focused on the target, which results in less background
radiation. Thermal management was investigated over a range of beam current between 3mA
to 3A. The maximum target surface temperature using a contact liquid nitrogen cold finger
with a 3A beam current exceeded the melting point of copper (1357°K) in 70 seconds. Using
an invaded target configuration at 3A beam current, with liquid nitrogen circulating inside
the target, the maximum target surface temperature reaches 325°K in 10 seconds, and
remains unchanged thereafter. The characteristic x-rays K1, Ko and Kg, of the molybdenum
target have been investigated for aluminum and beryllium window materials. Simulation
results have shown that reduction of the Bremsstrahlung is better with aluminum window as
compared to beryllium. The Kg; x-ray flux for a beam current of 3A with 0.0lmm aluminum
window is 2.92x10'°ph/mm?/sec, which is two orders of magnitude less than a synchrotron
source, however, area magnification to 100cm® for a scaled-up industrial system could
provide the target flux required for DEI applications. An industrial scale device operating at
3A beam current and a Molybdenum target area of 100cm’ provides a target flux of

4.808x10"'ph/mm?/sec, which is comparable to a synchrotron source target flux. The use of a
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beryllium window would allow for higher flux at lower beam currents, with the advantage of
having a thicker window rather then a thin aluminum one to sustain high vacuum
requirements; however, plasma sputter deposition techniques could be used to deposit thin
layer of beryllium on high vacuum viewing windows.

Because electron distribution on the actual focal area produced non-uniformity on the
final DEI image, as well as the raw images, MATLAB protocols ‘codes’ were written to
simulate effects of the actual focal area distribution on the final DEI images. The developed
protocols include the Si [333] crystal monochromator response, x-ray optics on the designed
phantom and the response of the Fuji BAS2500 image plate. Two DEI image sets were
obtained using two different electron distributions on the target. The first image set was
obtained from applying same electron distribution to the lower and higher side images. The
DEI absorption images contained similar intensity distribution through the whole images,
which is a natural outcome based on the expression of the absorption image. In case of the
refraction image, some regions showed similar intensity shapes with blurring at the edge of
nylon cylinder. However, the image is more uniform compared to the absorption image. The
second simulation was performed with different electron distributions, one for the higher side
image and one for the lower side image. The DEI absorption image shows some image
overlap, with increased non-uniformity on the refection image but decreased edge blurring.
Refraction images in both cases remained at good resolution for the aluminum oxide region,
which simulates the calcification inside the nylon cylinder.

To investigate the effect of individually-powering the filaments on the trajectories and
electron distribution on the target, the three concentric filaments assembly was tested, via

computational simulation, and compared to the floating filament concept. The primary
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simulation shows that the outer filament provides repulsion force on the electrons and
reduces losses if it would be kept at the same potential of the filament cup at -60kVp, and
that a lower voltage on the inner filament helps to disperse electron trajectories to the target.
For the quantitative comparison, the standard deviation and the peak-to-average ratio were
used as measures of the optimized independent filament performance. The final simulation
results showed that the option of having the outer filament at -60kVp, the middle at -48kVp
and the inner at -40kVp, results in minimum standard deviation and peak-to-average ratio,
and achieved 100% of electron utilization. Therefore, wiring of the filaments in the filament
cup should be independent to achieve better utilization on the target and near uniform
distribution. Filaments may use the same power supply with potential dividers to provide the
required voltage to each filament from one common power supply.

A change was implemented in the target cooling to use a jet with water as the coolant
to eliminate the use of liquid nitrogen was investigated. This active cooling system using an
impinging coolant jet at atmospheric pressure maximizes the convective heat transfer of the
coolant. The designed target has been simulated using finite element method of the ANSYS
CFX code, Simulation results have shown that the impinging jet cooling, with coolant inlet
velocity of 3.5 m/sec, provides sufficient operation time and that the target temperature is
below the melting point. For an engineering margin, an inlet velocity higher then 3.5 m/sec

should be considered to ensure safe operation.

2 Recommendations for future work
Based on the computational studies of the proof-of-principle model, which uses a

2.79cm diameter molybdenum target, it is important to complete a study on an upscale device
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design in which area magnification should be considered. An area magnification by a factor
of 16.242, 11.28cm target diameter provides the necessary photon flux comparable to a
synchrotron source. This upscaling is a 4.04 scale factor to be applied to the geometry of the
proof-of-principle design.

The size and location of the circular concentric filaments should be modified for an
upscaled model, with proper individual electric power to each filament to maximize particle
flux and optimize electron distribution uniformity on the target. It may be more advantageous
to increase the number of circular filament to 4 or 5 to obtain better distribution by
controlling the electron trajectories, and hence decreasing thermal loading on each filament,
improving fine control of electron trajectories, and providing more uniform focal area
distribution on the target.

It is also recommended to increase the number of the jet nozzles for better active
cooling of the target. The coefficient of convective heat transfer decreases as the diameter of
the impingement surface increases, and therefore, using an array of jet nozzle is
recommended. The correlation of convective jet heat transfer coefficient with an array of
round jet nozzles has been investigated by Krotzsch (1968). An array of jet nozzles will form
a secondary stagnation point with adjacent nozzle, and hence an investigation of these
stagnation points will be required for preventing local heat overloading in a multi-nozzle jet

system.
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Appendix A. SIMION geometry code for electron trajectory simulation
The following code was written with the script of SIMION geometry.

PA_Define(56,71,71,planar,non-mirrored)

Locate(39,35,31,1,110,0,0) ;target code 20 degree angle
{

Electrode(1) {Fill{within{cylinder(0,0,0,18,18,10)}}}

}

Locate(4,35,35,1,90,0,0) ;backing plate

{

Electrode(2){Fill{within{cylinder(0,0,0,16,16,4)} notin {cylinder(0,0,0,15,15,3)}}}
b

Locate(3,35,35,1,90,0,0)

{
Electrode(3) ;Filament # 3

{
Fill {within{cylinder(0,0,0,12.0625,12.0625,1)} notin {cylinder(0,0,0,11.0625,11.0625,1)}}

b
Electrode(4) ;Filament # 2

{

Fill{within{cylinder(0,0,0,8.2067,8.2067,1)} notin {cylinder(0,0,0,7.2067,7.2067,1)}}
b

Electrode(5) ;Filament # 1

{

Fill{within{cylinder(0,0,0,4.45,4.45,1)} notin {cylinder(0,0,0,3.45,3.45,1)}}

b

b
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Appendix B. MCNP5 code for x-ray flux calculation
The following code was followed the structure of MCNPS5. The code was used for x-ray flux

calculation with varying x-ray window thickness of Al and Be.

C cell card

11-8.92-110-11

22-10.208 (1:-10:11) -1 9 -10
33-7.874(1:-9:11)-4-56

40-28-12#1#2#3

53-7.874 (2:-8:12) -3 8 -12

63-7.874(3:-8:12) -173 -12 19

73-7.874 (17:-3:12:-19) -17 12 -13

83-7.874 (3:-8:12) -173 8 -18
94-2.7(17:-3:-8:18) -17 7 -8 $ Al or Be window
10 5-0.00129 -14 15 -16 #1 #2 #3 #4 #5 #6 #7 #8 #9
11 0 (14:-15:16)

C surface card

11cz1.74625

2¢z7.62

3 ¢z 7.9248

4 cy 1.5875

Spy-2.5

6 py -5.4

7 pz -16.7688 $ lower location of the window surface
8 pz -16.6688 $ higher location of the window surface
91pz-.1

101pz0

11 1 pz5.715 $ target body

12 pz 16.6688

13 pz 18.8913 $half inch

14 ¢z 12

15 pz -20

16 pz 20
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17 ¢z 10.16
18 pz -14.4463
19 pz 14.4463

mode p e

mppllI111111110

mp:el11111111060

sdef erg=0.06 sur=5 pos=0 -2.5 0 rad=d1 par=3 dir=1 ara=9.93147 vec=0 1 0
sil 2

spl -211

m1l 29000.02p 1

m2 42000.02p 1

m3 26000.02p 1

m4 13000.02p 1

m5 7000.02p 0.78 8000.02p 0.22
trl0001000.3826-.92388 0.92388 .3826 1

€0 1.0e-5 99991 0.1 §Ka2 0.01737 Kal 0.01748 Kb1 0.01961
f2:p 15 § surface flux at outside of window

nps 100000000

prdmp 100000000 100000000 1 1

print
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Appendix C. Matlab code for modeling DEI images of dual cylinder objects.
The following code was created using Matlab 7.1. The code was used to obtain the raw
images on the DEI experiment and applying the DEI algorithm for the final refraction and

absorption image.

C.1 The DEI images based on the wide beam x-ray source
% 1. Load the electron distribution result from SIMION.

d=14; % array number
load('data_ 60 48 40.mat'");

eout = surface distribution(data,d);
% 2. Maching the loaded data to actual size of target

r=1.7; % targetradius unit:cm
d=d/2; % data number
e bin=r/d,

[ex,ey] = meshgrid(-r:e_bin:r,-r:e_bin:r);
% 3. Data fitting for smaller bin size

en_bin=e bin/ 10; % unit : cm
[ex_n,ey n] = meshgrid(-r:en_bin:r,-r:en_bin:r);

emout = interp2(ex,ey,eout,ex_n,ey n,'spline’);

% 4 . Select the field of view with appying target angle

x_1=0.8; % unit : cm

t angle =(90 - 22.5) * (pi/180); % unit : radian
y I=x 1/cos(t angle);

x_half=y 1/2; % unit : cm

y_half=x 1/2; % unit : cm
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x_pixel = (round( x_half/en_bin));
y_pixel = (round( y half/en bin));

emout = emout’;

[x_pos,y pos] =maximum_area(emout,x pixel,y pixel);
X_min = X_pos - X_pixel;

y min=Yy pos -y pixel;

X_max = X_pos + x_pixel;

y max =y pos+y pixel;

mod_out = emout(X min:Xx_max,y min:y_ max);

figure(3)
imagesc(mod _out)

title('Maximum Area')

% The results shows the data for the window. It is required new mesh grid for the appying

ro