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ABSTRACT
SHABANA SULTANA: Electron Optics Simulation for Designing Carbon Nanotbased
Field Emission X-Ray Source

(Under the direction of Dr. Otto Zhou and Dr. Jianping Lu)

In this dissertation, electron optics simulation for designingarananotube (CNT)
based field emission x-ray source for medical imaging appitatiwill be presented.
However, for design optimization of x-ray tubes accurate electram lmptics simulation is
essential. To facilitate design of CNT x-ray sources a cawiad€D finite element software
has been chosen for extensive simulation. The results show thatpkfied model of
uniform electron field emission from the cathode surface is natuf when compared to
experimental measurements. This necessitated the developmentraiined model to
describe a macroscopic field emission CNT cathode for electran beéics simulations.
The model emulates the random distribution of CNTs and the assoc#atation of local
field enhancement factor. The main parameter of the model legs dezived empirically
from the experimentally measured I-V characteristics of2R& cathode. Simulation results
based on this model agree well with experiments which include uresasnts of the
transmission rate and focus spot size. The model provides a consistal#tion platform

for optimization of electron beam optics in CNT x-ray source design.



A systematic study of electron beam optics in CNT x-ray tulses to the
development of a new generation of compact x-ray source with neufligels. A micro
focus field emission x-ray source with a variable focal spxa& kas been fully characterized
and evaluated. It has been built and successfully integrated ioto-@iT scanners which are
capable of dynamic cardiac imaging of free-breathing sarathals with high spatial and
temporal resolutions. In addition a spatially distributed high poweti-mesm x-ray source
has also been designed and integrated into a stationary digdaat byenosynthesis (s-DBT)
configuration. This system has the potential to reduce the t@altsne to 4 seconds and

yield superior image quality in breast imaging.
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Chapter 1: Introduction

“A faint fluorescence spied out of the corner of a man'sieye darkened
laboratory heralded the discovery, one hundred years ago, of a new kind of

rays that would revolutionize physics and medicine.”[1]

1.1 X-Ray Imaging
This was in 1895, 8 November when Prof. Wilhelm Conrad Rontgen, a physicist at

Julius Maximilian University of Wirzburg in Germany, discovered x-raysguris study of
cathode rays (electrons). The discovery of x-rays opened doorsrigriad of applications.
It has widespread applications in science and engineerinmgtaith physics and biology
research laboratories. X-rays are used to see lattisgfiges in crystals to DNA strands in
fibers. Even in astrophysics and cosmology x-rays have provided iblalindormation. In
airports x-ray scanners are omnipresent with better and advdetettion capabilities for
explosives and hazardous materials. Application of x-rays inicaledmaging and
diagnostics has revolutionized the concept of full body scans and oadié&rapy. Figure
(1.1) depicts some of the applications of x-rays. In this work xHregging for medical

applications will be discussed in detail.



X-Ray Imaging for Medical Applications

The application of x-rays for medical diagnosis and therapy dgsanded
enormously since its discovery primarily due to its non-invasive technique gingnd oday
the boundary between diagnostic and therapeutic applications of isdags distinct. X-ray
images are incorporated directly into treatment plans to oléahtime images during

treatment.

Figure 1.1 (a) The x-ray diffraction photo of B-fom DNA. Image reproduced from reference [2] (b) The
Chandra X-ray telescope was launched on STS-93 byASA on July 23, 1999. (http://astronomy

2009.nasa.gov/topics_jan.htm)(c) An x-ray inspectiosystem widely used in airport security screening
purpose, this is a full body scanner. (http:// wwwmidlandsconnect.com /neighborhood
[story.aspx?id=398827) (d) Computed tomography scaer creates several high-resolution images that
are a cross-section of the scanned portion of theody (http://www.protons.com/about-us/photo-

tour/when-treatment-starts.html)

X-ray Imaging can be distinguished into “Projection Radiogra@nd “Computed
Tomography”. In projection radiography a 3D object is projectedar@® image. Some of

projection modalities include:



e Routine diagnostic radiography, including chest x-rays, fluoroscopy and
mammography. A typical chest x-ray image can be seen in Figure (1.2).

¢ Digital Radiography, which includes all scans in routine radiography, but images are
recorded digitally instead of on film.

e Angiography, in which the systems are specialized for imaging blood estexnd
vessels.

¢ Neuroradiology, include specialized x-ray systems for precision studies ofkié s
and cervical spine.

e Mobile x-ray systems, which are portable x-ray units designed for operating rooms or

emergency vehicles.

Figure 1.2. (left)image reproduced from referenced] (right) A typical chest X ray. This one (apparetly)
shows emphysema bubbles in the patient's left lungyhich are severely affecting breathing. Photo
courtesy of National Heart, Lung and Blood Institue (NHLBI) and National Institutes of Health.

In ‘Computed Tomography” (CT) a three dimensional image of amcbhp
reconstructed from multiple projections images taken from diffeveewing angles. CT is

popular because it eliminates artifacts from tissue overlapypical CT scanner is



represented in Figure (1.3). If CT were to have separate meslalttwould be (standard)

single slice CT, helical CT, and multi-slice CT.

Figure 1.3: A CT scanner where a three dimensiondmage is reconstructed of an object from multiple
projections images taken from different viewing antes. Image reproduced from
(http://www.daviddarling.info/encyclopedia/C/computed_tomography _scanning.html)

The benefit of computed tomography is that it is available foide vange of nominal
resolutions, which allows the imaging of whole bodies down to theetikevel. Figure (1.4)
shows computed tomography-generated images, including high resolutjioni€€d-CT and

nano-CT.
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Figure 1.4: Hierarchical imaging using computed torography (CT). The technique can be used on a
large scale with different resolutions while alwaysaising the same physical principles. In high resotion
CT (HR-CT) domain, normal x-ray tubes can be used @.a source whereas for micro-CT special micro
focus x-ray tubes are required. The lower range aficro-CT as well as the nano-CT domain is currently
best assessed using synchrotron radiation (SR). Thmages show from left to right, the human hand,
trabecular bone structure, microcallus, murine corical bone surface of a femur with internal
vasculature, and a capillary in bone surrounded bysteocyte lacunae [4].

1.2 X-Ray Source Technology

The fundamental technology of x-ray generation has not changed muash it8
discovery eventhough its applications have expanded vastly. Typwwallgnain components
are required for x-ray generation: a source of charged partinlest often we use electrons)
and a means of accelerating or decelerating them. ThEesmmechanism has been used for
over a century for x-ray generation and is still the dominamtinigoe used in conventional
x-ray tubes even today. Recent development of the synchrotron sowveeepra different

mechanism of x-ray generation; however, its engineering estfgds have restricted its



application. Before we go into the details of source technology dverthe fundamentals of

X-rays.

1.2.1 Introduction to X-Rays

X-rays were discovered in 1895" 8lovember by Prof. Wilhelm Conrad Rontgen, a
physicist at Julius Maximilian University of Wirzburg in Genyaduring his study of
cathode rays (electrons). On application of a voltage differenmessa a glass vacuum
discharge tube he saw some unknown rays were produced and he nam&xi-tagsih due
to its unknown properties. After extensive work he discovered an imgguioperty of x-
rays, its strong penetrating power. It not only increased wittease in energy but also
varied for different materials. Rontgen demonstrated this bgdakie first ever x-ray image
of his wife’s hand with a ring on her finger as shown in Figurg)(1Prof. Rontgen received

the first Nobel Prize in Physics for his extraordinary work of discogetirays [1].

km...r.ﬂ,.. Ltan

Figure 1.5: (left) Picture of the famous physicisProf. Wilhelm Conrad Réntgen. (right) The first ever x-
ray image taken, the left hand of Mrs Rontgen [5]

Energetic electrons interact and transfer energy to an abgari@dium by collisional

transfer and radiative transfer. In radiative transfer, thegetie electron’s interaction with



an atom produces x-rays. X-rays have high frequency and shortawgtretranging between

10® meters to 18 meters with corresponding photon energies124 eV to 1.24 MeV.
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Figure 1.6: The electromagnetic spectrum with the arresponding frequency, wavelength and energies.
The top image has been reproduced from reference J[6The bottom image has been reproduced from
reference [7]

X-rays are produced when energetic electrons interact with can. d&uring this
process two types of x-rays are produced: Bremsstrahlung cad{athich spreads over the
entire energy range) and characteristic radiation (peagsr&in energies depending on the

target material) as seen in Figure (1.7)
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Figure 1.7: X-ray spectrum of a tungsten target. Bih characteristic and Bremsstrahlung x-rays can be
seen. Low energy x-rays of both types are absorbéy the medium. Image reproduced from reference [7]

1.2.2 Conventional X-Ray Source

The x-ray tube is by far the prevailing conventional x-ray sotype used in medical
imaging to security scanning systems. During the nastage ®©f x-ray tube development,
the Crookes tube was used for x-ray generation. It was a pamrdadicuated electrical
discharge glass bulb containing two electrodes named afiexvéstor the British physicist
William Crookes. A gaseous x-ray tube could only provide very loayxfux and was very
unreliable which limited its applications. This led to the developroétite Coolidge tube,
named after its inventor, Dr. William D. Coolidge, a Generatffle scientist. These tubes
are called Thermionic tubes because of the thermionic electissiemmechanism. As seen
in Figure (1.11), it consists of a high vacuum tube housing, a filataént (cathode) and a
target material (anode). The filament emits electrons wherd&atLl000-1500° C which are
then accelerated towards the target anode [8]. X-ray radiattergenerated when these high
energy electrons bombard the anode. Although there has been tremendoessgrotgrms

of performance, the basic principle of x-ray generation has nagekdamuch over the past

century.
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Figure 1.8: (left) schematic representation of a Gaidge tube consisting of a spherical glass bulb, a
filament cathode and a tungsten anode. The key adwtages of the Coolidge tube were its stability, and
the fact that the intensity and energy of the x-rag could be controlled independently
(http://iww.orau.org /PTP/ collection/ xraytubescodidge/ coolidgeinformation .htm). (right) Photograph
of a Coolidge tube from Science Museum/ Science &o8ety Picture Library (http://www.science
museum.org.uk/images/ 1012 /1032584 1.aspx)]

Conventional x-ray tubes are the most commonly used x-ray soyeehtywever, it
has its own limitation. The “hot cathode” requires a heating nmeefmaand high power
consumption which makes the system bulky. Also, the intrinsic heatoog$s for electron
emission limits the temporal resolution of the system. High dpgrdemperatures also
reduce the lifetime of the tube mainly due to oxidation of the Ifiltment. In addition, the

emitted electrons are randomly distributed in space and have wide enéngytibs.

1.2.3 Synchrotron X-Ray Source

Synchrotron radiation is electromagnetic radiation generated dyyehrotron. It is
generated by the acceleration of ultrarelativistic (i.@ying near the speed of light) charged
particles through magnetic fields. This may be achieved artifigiakbynchrotrons or storage
rings, or naturally by fast electrons moving through magnetidsfiemmn space. The radiation

produced may range over the entire electromagnetic spectrumrddionwaves to infrared



light, visible light, ultraviolet light, X-rays, and gamma rays is distinguished by its

characteristic polarization and spectrum [9].

Synchrotron x-ray sources have many advantages over Conventiogadourae as very
high brightness about hundreds of thousands times higher than conventrayatubes.
Also pulsed x-ray radiation with desired temporal resolution (upto nemodg can be
generated. They have high spatial resolution (can be as asnsailb-micron meter or even
nanometer). In addition it has large energy range, the radiatiorscvéde range of energy

and the beam energy is tunable.

Although synchrotron x-rays have the potential to bring a dramaticoimprent in the
field of science and engineering, generation of synchrotronti@dis not trivial and needs
high energy physics facility to accelerate the electrons.higiecost and limited availability

of synchrotron facilities restrict its widespread application.

Figure 1.9: (left) Schematics of generation of syhcotron x-ray radiation and its
properties.(http://www.physik.uni-kiel.de/kfs/Infos/Quellen/synchrotronradiation.php?Druck  =ein ).
(right) Picture of the ESRF: European Synchrotron Radiation Facility, Grenoble, France
Swiss/Norwegian beam lines: SNBL(http://www.ingap.io.no/research/Methods/In_situ@ SNBL /)

10



1.3 Carbon Nanotubes as Field Emitters

There has been a tremendous progress in the x-ray technologytsidegovery in
1895; however, there has been practically no change in the x-ray tganenachanism as
mentioned earlier. In many applications including medical imaging @iagnostics,
conventional x-ray sources are just not adequate. There is aedicefor an x-ray source
with improved spatial and temporal resolution. A potential solutidhisoissue might be the
newly developed carbon nanotube (CNT) based field emission x-ray stbutbe next few
sections a brief description of the emission theory will be gie#awed by an introduction

to the field emission x-ray source.

1.3.1 Electron Emission Theory
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Figure 1.10 : Potential-energy diagram illustratingthe effect of an external electric field on the esrgy
barrier for electrons at a metal surface [10,11]

The emission of electrons from a conducting material like talnellows Fermi-
Dirac statistics. Electron emission processes are cewtralany effects at surfaces and

interfaces. In a conducting material (typically metals)loat temperatures the energy of
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most electrons is lower than the Fermi energy [12]. Due to uhi@ce energy barrier,
electrons are bounded inside the metal. Emission of electronssoghan the electron has
sufficient energy to overcome this energy barrier as shown urd=id.13(a)). This can be
done by either thermal emission or field emission and is destcrn the following section.
The two different regimes of the different emission mechanisams be seen in Figure

(1.10(b)).

Thermionic Emission

Thermionic emission is the emission of electrons from a nahtghen it is heated to
high temperatures (typically 1000 — 3000°C), such that the electron®hawgh energy to
escape from the Fermi-level to the vacuum level as shown inmeF(dul0). Thermionic
emission is a common electron extraction mechanism. A classiample of thermionic
emission is the emission of electrons from a hot metal cathode in a vacuum tubmioilice
emission follows the Richardson-Dushman equation, where T is tled t@etperatured is

the work function, and k is the Boltzmann constant.
¢
2 2
J=120T“e ¥ [A/ cm ] where T ~ 1000 °C Equation 1.1

Thermionic emission is widely used in various applications; howevehast its own
disadvantages. Thermionic sources have low energy efficiencyodtiee high operating
temperature that contributes to the energy loss by radiatigarg=i(1.11) illustrates the
principle of the thermionic emitter. Other limitations includteange in shape of the emitter
due to the thermal expansion. In addition, out-gassing from these rentifigse vacuum

degradation, which results in limited lifetime.
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Figure 1.11: Principle of thermionic emitter: a metl is heated high enough to give the free electrons
enough energy to overcome the surface potential baer [13].

Field Emission Theory

Field emission is an alternative mechanism for extraction exftreins without the
limitations of thermionic emission since electrons are edhiteroom temperature. Field
emission is a quantum-mechanical phenomenon in which electrons tuugihtla potential
barrier at the surface of a solid (usually metal) when aearmsit electric field is applied.
Under the external electric field, the potential barrier shbmite width and therefore is
permeable to the electrons. At the same time, the height bathier is smaller. The Fowler-

Nordheim equation (Equation) describes the field emission mechanism ,

b¢1.5j
I :avzexp{— Equation 1.2
N g

where | is the emission current, V is the applied voltags,the work function anf is the

field enhancement factor [14]. The work function is an intrinsic prppérthe material that
cannot be varied and determines the emission characteristics ofategial. The field
enhancement factor is inversely related to the shape of the emitter: adiukeofahe emitter
decreases the field enhancement factor increases. Moreover figlthenhancement factor

increases, the field concentration also increases and theweffibeceshold voltage decreases.
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When sharp cathodes are used for field emission, the electdcafielnd the sharp tip is
highly enhanced and a macroscopic field of a few V/um can beisuffto cause emission

as seen in Figure (1.15).

&

/ Emacros = V/d

Ejocal = B-V/d

Figure 1.12: Schematic diagram of a field emitterthe electric field around the sharp tip is enhancedo
the point where electrons can tunnel through the gtace barrier [ Error! Bookmark not defined.Error!
Bookmark not definedl.

1.3.2 Field Emission in Carbon Nanotubes (CNT)

Carbon nanotubes were first observed and reported by Sumio lijimabfneraducts
obtained during the synthesis of fullerenes [15]. At that tigr@di observed multiwalled
carbon nanotubes (MWNTS) as seen in Figure (1.13). Two yearsriat®98B, single-wall
carbon nanotubes (SWNTs) were synthesized. CNTs are a stableffocarbon consisting
of long (>1um) graphitic cylinders with nano-scale diameterSOin) and can be
categorized into Single-wall Nanotubes (SWNT), Multi-wall NanosufMWNT) and
Double-wall Nanotubes (DWNT). The chemical bonding of nanotubes is cothpasieely
of sp® bonds, similar to those of graphite. This bonding structure, whichoisgsrr than the
sp® bonds found in diamonds, provides the molecules with their unique strength. Nanotube

naturally align themselves into "ropes” held together by Van der Waalssf[16, 17].
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Figure 1.13: Electron micrographs of the early carbbn nanotubes. (a) Tube with five graphitic sheetd]
Two-sheet tube (c) seven-sheet tube [15].

CNTs can be synthesized by various techniques such as aragesdaaer ablation
and chemical vapor deposition (CVD). Most of these processes tdesiplvacuum or with
process gases. CVD growth of CNTs can occur in vacuum or at@teraspressure. CNT’s
extraordinary geometric property of high aspect ratio, coupled théin high mechanical
strength and chemical stability, makes them excellent ele&ttwh emitters. Despite the
large work function (~5eV) associated with graphite and nanotulggsfibid concentrations
can be effectively induced at the sharp nanotube tips that alémirasms to overcome the
surface barrier and emit into vacuum at low macroscopic fields.

The small dimensions, high strength, and the remarkable physical prope@iR3 ®make
them a very unique material with very promising applications. Some of the aipplécate

shown in Figure (1.14).

15



Oxides
- S Sy Gy S S

cnSututete o ¢

D e L "%

Liion
diffusion

(e)

Figure 1.14: (a) An AFM image of a nanotube micro@ctronic circuit [18] (b) CNT on a cantilever tip
(reproduced from http://www.nanoscience.ch/nccr/nanscience/pictures /gallery _01/gallery_01_03) (c)
The emitting image of a fully sealed SWNT-FED[19] (HDNA interaction with CNTs (reproduced from
http://www.seas.harvard.edu/ekaxiras/research/res@ah.html ) () A CNT based Li ion battery (Courtesy
of Soojin Oh) (d) An x-ray image of a humanoid handising carbon nanotube based field emission x-ray
tube[25].

— Scanning probe microscopy: the small tip diameter, large aspect ratio, and large ysung’
modulus give the CNT-equipped AFM and SPM tips ability to detecthanbmeter
feature and deep trenches.

— Nano-électronics. semiconductor nanotubes can be used for metal-semiconductor
(Schottky) diodes, PN junction diodes, and field-effect transi¢ki3's), whereas metal
nanotubes can be used for single-electron tunneling transistors.

— Fidd emission: the large aspect ratio and unique electrical properties Gakes the
ideal field emitters. Potential applications include vacuum mieob&nics, microwave
amplifiers, field emission displays, and x-ray tubes.

— Chemical, physical, and biological sensors. the small size, large surface to volume ratio,

and unique one dimension structure make CNTs the ultimate sensors wdmc
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potentially improve sensitivity, lower detection limit, reducemple amount, and
increase detection speed.

— Composites: carbon nanotubes enhanced composites are a near-term application and
some of them have been commercialized. The examples include condualimners,
multifunctional polymer composites, conducting metal matrix composies, higher
fracture-strength ceramics.

— Other applications. noticeable other applications include integrated circuit

manufacturing, catalyst support and adsorbents, storage/intercalation ajdrydr

1.4 Carbon Nanotube based Field Emission X-ray Source

One of the major breakthroughs in the history of modern vacuum rachamics
was the successful use of field emitters as electron souCcespared to conventional
thermionic sources, field emission from “cold cathodes’ offered saatteactive
characteristics, including instantaneous response to field variatgiatance to temperature
variation and a non-linear, exponential current-voltage relationshigspite of all the
potential, early attempt to produce so called Spindt-type emjg@y21] for field emission
display and x-ray sources for miniature devices was a bigréailhis was primarily due to
the inability to maintain high vacuum (i0Torr or better) and the need of very high
extraction field to maintain a reasonable emission current. Thep setched tips were
vulnerable to damage from the high-energy ions created byald@otpact ionization which
limited their lifetime [22]. Nonetheless, Spindt-type cathodesweployed in many devices
such as microwave amplifiers, high resolution cathode ray tubsedrom microscopy and

flash x-ray photography [23].
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The invention of microtip field emitter arrays (FEA) renewdidres for exploring
novel cold cathode materials for better and more reliable penfmendhe search resulted in
the emergence of a new class of carbon-based materials whiateth@liamond, diamond-
like or amorphous carbon and carbon nanotubes. In the 1970s, investigators hdy alre
established the fact that carbon based materials were vetg atad reliable field emitters.
The 1990s further established the fact that carbon nanotubes withotteeidimensional
nano-scale structures were attractive field emitters. Thetabes with aspect ratio greater
than 1000 indicated that they were excellent field emitters ithturn-on field and high
emission current density. Field emission current of 1pA from S8VAH current densities
as high as 4 A/cffrom multiple nanotubes had been observed [22, 24]. This makes CNT
field emitters ideal candidates to be incorporated into fielsgon displays as well as point

sources such as an electron gun.

@ (b)

Electrons

Gate

|

Micro-emitters :

Nano-emitters

N\,

Si microtip Carbon nanotube

Figure 1.15: Schematic representations of (a) FE wiiotriodes possessing microtips as emitters, (b) FE
nanotriodes possessing low-dimensional nanomatersahs emitters [25].

The new millennium brought the focus on the feasibility of field siors x-ray

sources using CNTs across the world. H. Sugie from Nagoy#utestif Technology (NIT),
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Japan, reported the development of an x-ray tube using aligned CNerfingtters in 2001
[26]. In this particular case they had developed a technique to alls Gn a cobalt-coated
W wire as the field emitter. The CNTs continue to emit edast with 1.nA emission
current for more than 1 hour at a pressure of 2 x 10-7 TorryXamage of a large scale
integrated (LSI) circuit was taken using the field ensissk-ray tube, as shown in Figure
(1.16 (a)). They claimed that the field emission x-ray tsbewed high spatial resolution

compared to thermal emission x-ray source.

N (e

Figure 1.16 (a) X-ray image of a large scale integted (LSI) circuit taken at Nagoya Institute of
Technology, Japan Error! Bookmark not defined.Error! Bookmark not iefd].(b)Image of a human hand
phantom taken using the x-ray source (developed &NC, Chapel Hill, US) at 14kVp and 180mAskrror!

Bookmark not defined.Error! Bookmark not defijedb) Shows the image of a human hand phantom take
using this x-ray source developed at UNC in 2002 T2

The first CNT field emission x-ray source was developeazlingroup “Zhougroup”
in 2002 [27]. Optimization of the CNT film morphology gave a high emars current of
28mA from a 0.2ctharea CNT cathode. Figure (1.15(b)) shows the image of a human hand
phantom taken using this x-ray source at 14kVp and 180mAs. Detaifésof-tay source
and its future evolution and improvement will follow in later chapte8sce then

commercial vendors developing medical imaging devices have followedFgyure (1.17)
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shows a fixed gantry tomosynthesis system for image-guidedticaditherapy based on a

CNT field emission x-ray source from Siemens Medical Solutions USA, Inc.

Figure 1.17 : Fixed gantry tomosynthesis system famage-guided radiation therapy based on CNT from
Siemens Medical Solutions USA, Inc. Image reprodudefrom reference [28,29]

1.5 Motivation and Objectives

Advanced x-ray sources with miniature size, high stability, inesipe with high
spatial and temporal resolution has a huge demand in scientific andrisddressearch.
Currently conventional thermionic tubes are the most commonly usay radiation source,
however, its intrinsic electron generation mechanism limits té@sporal resolution.
Synchrotron source satisfies most of the requirements but itediraccessibility, physical

size and high cost limits its application.

On the other hand, the CNT field emission x-ray source is a reslahigue which can
address most of the limitations. With an instantaneous responsextirag radiation with
programmable waveforms and high temporal resolution can be generatgdthes field
emission cathode, which is desired for time-resolved x-ray geajby [30]. However, an

interesting challenge exists for the CNT x-ray technologyn#esl of lightweight and power
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efficient miniature x-ray tubes with high spatial resolution.eHe&e are aiming to resolve

some of the aforesaid challenges.

In this dissertation, | will present my research on the dgveént of CNT based field
emission x-ray sources with an electrostatic lens as ftingagyr focusing element and to
analyze its behavior and performance using electron optics siomulbn order to accurately
simulate the electron behavior, an intuitive but simple emissionIrhadeébeen developed to
emulate the behavior of CNT field emission in macroscopic cattadelas been interfaced
with the simulation software. The objective of this emission maogleb iprovide a more
accurate representation of the field emission mechanism irostapic CNT cathodes as the

initial particle dynamics play a critical role in shaping the finautes.

Reliable computer simulation during design phase is crucigh®performance of
the final product. A unique advantage of simulation is the abdityigualize design changes
and device performance in short period of time, and different charagede explored
simultaneously. This insight often provides the stimulus necessafyrtber invention and
improvement. In this work, the focus is primarily on the spatiadoligion and
miniaturization of the x-ray source. In addition, application of spgtidistributed CNT

based multi-beam x-ray source for medical imaging has been explored.

1.6 Summary

In this chapter an introduction to x-ray imaging has been providegys have

applications in various fields but the primary focus in this rebearmork is on medical
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imaging devices. This is followed by the basic properties @ys: Emphasis has been laid
on the electron emission theory and potential alternatives to thermioaycsources. A brief
introduction has been given on cold cathodes followed by the excelléshtefsission
properties of carbon nanotube. Development of carbon nanotube basedoxHregs and its
current status has been reviewed. Motivation and objectives to dasdyrcharacterize
prototype CNT based field emission x-ray sources have been stateghiBve this target,
development of an electron emission model representing the fielgiemimechanism has

been deemed to be necessary.
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Chapter 2 : Electron Optics Simulation for CNT X-Ray Source

2.1 General — Electron Optics

“Electron Optics” deals with the motion of electrons in antate@and/or magnetic
field. Its origin can be traced back in the writings of ashinmathematician, Hamilton who
published a series of papers in the Proceedings of the RoyalAksdemy, around 1828.
Passing to the purely electrostatic case, in 1913 Coolidge had sudotiredungsten
filament of his x-ray tube with a shield. This presumably actedaarough focusing
arrangement, in addition to keeping the electron charges from ac¢ungua the glass
walls of the tube. However, it was not until 1926 that Busch laidfdbadation for the
practice of Electron Optics where he showed that a shatiyagsymmetrical magnetic field
could act as a lens towards an electron beam. This followed aasedraterest in this field.
Perhaps one of the classic example of electron optics is ttteoelenicroscope developed in

1932 [1,2,3,4,5]as seen in Figure (2.1).

Electron beams can be focused by either a magnetic lamsalectrostatic lens. Here
we will mainly discuss electrostatic lens since it isghenary focusing mechanism used in
the CNT field emission x-ray (FEX) source. Electrostatisés satisfy the general properties
of optical lenses. Systems of electrostatic lenses can kgnddsn the same way as optical

lenses, so electrostatic lenses easily magnify or converge therlgajectories.



Figure 2.1: (a)Schematic representation of a Scanmj Electron Microscope (SEM) where the electron
bream makes its way through electromagnetic lenseshich focus and direct the beam down towards the
sample (Reproduced from http://mse.iastate.edu/miascopy /path2.html).

Typically an electrostatic lenses needs to be operated irhavadtum environment
to avoid unnecessary arcing from the electrodes. Some of theicamis include electron
microscopes, accelerators and even x-ray sources. Howeverpskgotrlenses suffer from
various aberrations specially “spherical aberration” [6,7,8]. Spheabarration causes
electrons entering the lens parallel to the axis to havead limogth that varies non-linearly
with their distance from the axis. This makes it impossible to get a foutesiing point of the
electrons but rather a spot with a finite dimension. Limitingo@m to the central portion of
the lens will minimize this effect, but, as with coma, changeasage intensity will lead to
changes in the achievable spot size. Also, peripheral electritingewover focused at the

anode surface giving an enlarged focal spot [9].
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Figure 2.2: Schematic representation of Sphericalkserration. Electrons entering the lens parallel tothe
axis have a focal length that varies non-linearly ith their distance from the axis making it impossilbe to
get a finite focusing point (Image reproduced fromhttp://en.wikipedia.org/wiki/ Spherical_aberration).

“Space charge effect” is an electronic aberration caused l®ldbon beam itself and
not by the lens optics. Space charge effect was first obseyw&domas Edison in light bulb
filaments. This effect is typically seen in dielectric n@edincluding vacuum) where an
excess of electric charge is treated as a continuum ofecléstibuted over a region rather
than distinct point-like charges. This does not happen in a conductivarmasithe charge
tends to be rapidly neutralized. Space charge effect has adverds eh electron devices as
the mutual repulsion of electrons within the beam can lead to devidtamnshe expected
trajectories. A case of high current density might lead to symiol@dem. This might cause

unwanted complications in the device performance [10].

2.2 Simulation Background - Finite Element Analysis

At an early stage of this research it was recognizedcdbrdtruction of a prototype

stationary CNT field emission distributed x-ray source could ptesaique challenges,
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particularly with regard to design and assembly. Hence, & decided that initial
investigation would be undertaken using electrostatic simulatios, ttmlbe followed by
initial testing in the laboratory for confirmation. For this purpadaite element (FE) based
commercial software called OPERA - 3D from Cobham Techrit@ablices (previously
known as Vector Fields) was chosen as the tool to aid the desigrtualydphase. The
emphasis of the discussion in this chapter is to get a feel fmofheare and not how the
software works. However, it is important to have a basic appreciation of retiopan order
to apply it in an accurate manner. Hence, a brief overview osithalation tool will be

presented in this chapter from a physical rather than a mathematicakcpeespe

2.2.1 The Modeller

The Geometric Modeller aids the user to define the problemaid lhat can be
resolved using mathematical solution. The Modeller supplied by Vdéds has a
Graphical User Interface (GUI) that enables the user toridesthe problem in a three
dimensional space in terms of its geometry, boundary conditions andaminpteperties.
Once the description is complete in the form of a model, the infamma converted to a

database compatible with the solver that will be used to solve the problem.

The Modeller aids in manipulation of defined objects through operatiocis as
transformations and combinations. Basic objects (blocks, cylinders, sptenecan be built
at any position in space. They can also be repositioned and modiecciafation. Basic
objects can also be merged, intersected or subtracted from otbetsaipj space to create
more complex geometries. Big complicated systems can be fluit basic predefined

building blocks. Other more advanced techniques allow the geometeyntmdified e.g. by
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sweeping an existing face or by morphing a cell to a diffesbape using an algebraic

expression.

Model Accuracy Considerations

At the first level, the accuracy of a result or solution is @slgood as the description
of the problem. This is not trivial when describing a physaicablem using simulation tools
to expect a fairly accurate result. For example in siindat field emission source
consisting of a cathode, it is extremely important that thestomisurface have a very fine
mesh size for accurate results. However, the overall model mage¢ large dimensions
making it impossible to have a fine mesh throughout the model strudturg.also
computationally impossible for ordinary computers to handle such large volumea.dt dat
up to the discretion of the user to judge where geometrically largerglemdl not affect the
results significantly, and where it is necessary to refiree hesh to achieve the desired
accuracy. In this case, the region near the emission suréacks to be finely discretized to
allow proper computation of electron trajectories and of the potdiatraker that forms due
to space charge. Figure (2.3) shows an instance where the outee\dsm much coarser
mesh size (0.5mm) compared to the more sensitive components (0.02nime fedtron
extraction grid). The mesh size in the micro-focus x-ray tdsdiguration ranges between

0.02mm and 3mm.
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Figure 2.3: Shows an example of varying mesh sizéthe entire model. The outer volume has a much
coarse mesh size compared to some of the sensifivternal components. The accuracy of the result is

highly dependent on proper meshing and representain of the problem.

Also, correct boundary volume and conditions pertaining to the specificaipguh

is important to achieving reliable solution. The outer boundary voluost be sufficiently

large to eliminate any artificial effect on the regionrgérest. Figure

where the two cases have the same electrode size. Howevéadkground volume, which
is varied, has a significant effect on the electric field. €haipotential lines are plotted
which are very different. Casel has a sufficiently large velamd the final result should be

independent of any artificial effect. However, Case2 will shovy d#ferent results and is

primarily due to the small boundary volume.

(2.4) shows an instance

Casel:
Anode=circular of R=10mm
Background=20x20 mm

Case2:
Anode=circular of R=10mm
Background=10x10mm

Correct Condition

Figure 2.4: Example showing the effect of boundaryolume on the region of interest. A sufficiently lage

volume should be selected to eliminate any artifial effect.
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It is also important to make sure that correct boundary conditiorestiegen specified
for a particular application. Figure (2.5) is an example showirg different boundary
conditions “Tangential Electric” and “Normal Electric” on the mir face using quarter
symmetry (represented by the yellow line). The two cases Wawve different field
distribution. A plot of the potential distribution along the z-directiboves very different
curves. “Tangential Electric” has been used for the mioe fin all the simulations using
guarter symmetry. Towards the outer boundary there is the chamhabeorat ground
potential which takes into account the equipotential condition. Hence,yitim@ortant to

specify correct boundary conditions to get reliable results.
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Figure 2.5: A schematic representation of differentboundary conditions, “Tangential Electric” and
“Normal Electric”. The plot in the bottom demonstrates the difference in the potential distribution abng
the axial direction for the two conditions.

There are no strict guidelines to creating a finite elemmarttel which is guaranteed

to represent the physical problem satisfactorily. In such d¢asesxperience of the user is
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very important to build a fairly accurate but feasible model. Adstical assessment of the

results is very important to determine the accuracy of the solution.

Model Creation

A complex FE model might look intimidating, however built from basiddinug
blocks might not be that complicated. Here is an example of buidplgnar diode model
consisting of a cathode and an anode with air volume separatingaledeictrodes. First the
two electrodes are defined based on their geometric dimensiops®fysg their geometric
co-ordinates. This also specifies the air volume between thelestrodes as seen in Figure
(2.6). The model can be built in two ways: block by block as seé&gure (2.6(b)) or by

using a script file as seen in Figure (2.7).

(@) (b)

Anode
First comer
]
. %[5 v[5 2[5
«— AirVolume I I | s
Opposite comer
X[5 Y[5 2J7
Emission Area Cancel |

Cathode Substrate

Figure 2.6: Example of FE model creation using bldeby-block method.
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.‘h. Command File Editor - [test_thesis.comi] ;lmﬁ'
[B File Edit Commands Windows Help =18

IEEEIRENE]

J/Building the cathode//

ELOCK Name=‘cathode' X0=-2Z Y0=-5 20=0 Xl=5 Yl=§ Zl=-1

CYLINDER Name='emitter' X0=0 Y0=0 20=0 X1=0 Y1=0 Z1=-1 HAJORRADIUS=1 MINORRADIUS=1 TOPRADIUS=1
PICK OPTION=TOGGLE PROPERTY=UnigueName LABEL='cathode'

PICK OPTION=TOGGLE PROPERTY=UniqueName LABEL='emitter'

COMBINE OPERATION=UNION -REGULAR

FILTER TYPE=BODY

PICK OPTION=TOGGLE PROPERTY=UnicqueName LABEL='cathode’

FILTER TYPE=FACE

PICK OPTION=CHANGE TYPE=FACE

FACEDATA OPTION=MODIFY EOUNDARYLABEL='cathode' LEVEL=500 ELEHMENTTYPE=Linear SIZE=0.3

PICK OPTION=TOGGLE TYPE=FACE N=7 UNIQUEBODYNAME='cathode'

FACEDATA OPTION=MODIPY EOUNDARYLABEL='emitter' LEVEL=800 ELEMENTTYPE=Linear SIZE=0.03

FILTER TYPE=CELL

PICK OPTION=TOGGLE TYPE=CELL N=1 UNIQUEEODYNAME='cathode'

CELLDATA OPTION=MODIFY MATERIALLAEEL='moly' POTENTIAL=Auteomatic ELEMENTTYPE=Linear LEVEL=8500 SIZE=0.3
FILTER TYPE=FACE

PICK OPTION=TOGGLE TYPE=FACE N=7 UNIQUEEODYNAME='cathode'

LAEEL OPTION=ADD LAEBEL='ent'

//BUILDING ANODE //
ELOCK Name='"anode' X0=-5 Y0=-5 20=5 X1=5 Y1l=5 2Z1=7

FILTER TYPE=BODY

PICK OPTION=TOGGLE PROPERTY=UnigqueName LABEL='anode'

FILTER TYPE=FACE

PICK OPTION=CHANGE TYPE=FACE

FACEDATA OPTION=MODIFY BOUNDARYLABEL='anode' LEVEL=400 ELEMENTTYPE=Linear SIZE=0.5
FILTER TYPE=BODY

PICK OPTION=TOGGLE PROPERTY=UnicueMName LABEL='anode'’

FILTER TYPE=CELL

PICK OPTION=CHANGE TYPE=CELL

CELLDATA OPTION=MODIFY MATERIALLABEL='tungsten' POTENTIAL=Automatic ELEMENTTYPE=Lineay LEVEL=400
SIZE=0.5

$abort

In 13, Col 17

LK

Figure 2.7: Example of a script file that can be u=d to build and run a FE model.

2.2.2 Non-Linear Static Solvers

In this work the solver used is SCALA. It is used to computetrelgtatic fields in
three dimensions which also take into account the effect of spaggedn beams of charged
particles. SCALA uses the finite element method to obtain sel§istent solutions to the
electrostatic Poisson’s equation in the presence of charged gmrtiSCALA needs
additional data in the form of description of the emission soutte.space charge density

included in the Poisson’s equation, is found by calculating the trapstira set of particles
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under the influence of an electrostatic field. The particlegdtajy is terminated when it
encounters a material in the model other than air or when itsntleetboundary of the

solution domain.

2.2.2.1 ScalaTrajectory Algorithm

In order to calculate the charged-particle trajectories, IFCgolves the coupled set

of differential equations for the coordinates (x, y, z) and noredlig py p,) momenta,
where 1/ipf+ p§+ piizl. From the patrticle's initial position, the program advances the

trajectory by one step. The step size used in this initi@ulzlon is determined by the
maximum step length specified by the user or by the minimuenadting any of the edges of

this initial finite-element (depending on which is smaller).

The error is estimated by comparing the results of the 5th anded” order Runge-
Kutta methods. If the error is too large for the specified tolera then the step size is
halved and the trajectory calculation repeated. This procedure iaweshtuntil the errors are
consistent with the reduced tolerance t/n 2, where n is the number of times the step size
has been halved. Only when the error estimate is less than thedeadlgarance, the step size

is considered complete.

This step size is used throughout the remainder of the trajectionylation and each
step compares the step’s error estimate withf the error estimate is too large the step size
is reduced, and if it is less than 10%rtpthen it is increaseldut never beyond the lesser of

the element size or the user specified value.
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Scala Space Charge Assignment

The total electric field at any point in the finite elememsimEr, may be expressed
as the sum of the boundary condition contributed due to the voltage boundaryoosndi
specified by the useEg, and from the space charge distributiongdue to the presence of the
charged particlesEsc. This may be written aEr = Eg + Egc. In close proximity to the
emission surface the current densityis strongly coupled t&r, and it is therefore necessary

to iteratively determin&y from J, and hence.

On the first iterationEr is simply the value OEg since no space charge has yet been
assigned to the FE medE; is then used to calculate the current flowing from the emission
surface that, because of the absence of any potential basaamiated with the space charge,
tends to be very large. After charged particle tracking mptete, the first solution with
space charge in it has a large negakye (for electrons) value, and this can caliseto
change sign. This gives rise to an excessive potential barrier near theecatidp on the next
iteration, the cathode current flowing into the mesh is "switaféd If unmodified, this

would give rise to sustained oscillatory behavior.

To prevent this oscillatory behavior and to assist in obtaining a gemvesolution,

an under-relaxation or damping factgrcan be introduced such that only a fraction of the

computed space charge is assigned to the FE mesh on each itdia¢ionethod used by

Scala iSPasigned = Pold + (Prew - paid) *f, 0 <f < 1. For the first iteratiomeg = 0 [11,12].

Scala Convergence Algorithm

35



The SCALA solver does not converge on the current but on the potentiaksttier
solution convergence depends on the relative change of potential fowadlomesh nodes
in the solution domain and the fields are then evaluated by catgulage derivative of the
potential. During the creation of the analysis database, the gemeer tolerance can be user
specified. However, difficulty arises when an oscillatory state reached. For example, this
can occur when the beam current has been stabilized but the indaitiele trajectories

are still moving slightly due to slight change in potential at the end of iteration

Other factors that might also affect convergence is inseffficoeamlets from the
emission surface, coarse mesh at the emission surfaceergprgsnaccurate space charge

and field variation and also poorly defined models especially the emission surface.

2.2.2.2 Scala Emission Models

The primary charged particle beam in SCALA can be represditea variety of
emission models. The emission model defines the type of partiote emission
characteristics that are required. The type of emission modet tused along with some
additional data representing the initial beam dynamics is sdpplie separate file called the
emitter file associated with the database file createshduld have the same name as the
database file, but the suffix iemit. SCALA includes thermionic, field and plasma emission
models. Following are the different models supplied with SCALA poagent field emission

models:

Type 4: Fowler Nordheim Field emission
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In this type of emission, electrons are extracted by the capipln of an external
electric field near the emission surface. Under the influencthefstrong electric field
guantum tunneling of electrons occur leading to the extraction oéldwtrons. In 1928
Fowler and Nordheim derived an equation for this tunneling current

—68ax10/ 413

2 W
= € 5 Equation 2.1
quation 2.
E f + ¢vv

N

2 E f
J.=6.2x10

w

whereJe is the current density iAmps/cm2, E; is the Fermi energy of electrons in the metal,
¢ andE is the electric field involts/Metre applied to the metallic surface. The tunneling
current therefore depends exponentially on the barrier height t8/2hpower. The initial
velocity of the articles is assumed to be the mean of the #heratocity Maxwellian

distribution.

Type 3 and 20: Specified current and density

The module has two options that allow either a current densityratia particle
energy to be specified, or a total current, initial particlatipmsand initial particle velocity
to be specified by the user. Emitter type 20 has been used foofrthstsimulations where
the total current, initial particle position and initial partiekdocity are specified by the user

in the form of anemit file.

2.2.3 The Postprocessor

The postprocessor displays and performs additional analysis oirib&atson results

generated by the program. Once a model has been solved, Post-Processtedaauiianced
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visual representation of the solution domain. It is capable of 3D gjshidden surface
removal, perspective views according to the eye position relatitheetmodel, and so on, in
addition to numerous 3D surface and histogram representations. Sdime fajures and

plots in this work has been created using postprocessor and will be discussed individually.

OPERA-3D has been extensively used in this work for design and optimization of CNT
field emission x-ray sources. Details of the system desiga haen described in chapters
three and four. Here is a brief introduction to the development of @NI dmission x-ray
sources at our group. Some of the challenges and constraints faceyl tigr phase have
been mentioned. A critical limitation during the design phase involvextcurate
representation of the CNT field emission mechanism on the em@sifate during electron
optics simulations. This necessitated a revisit to the fieldssam process in CNTs and
further development of an electron emission model to represent thi®mberon more
accurately. Detailed description of the emission model developedbialv in the next few

sections.

2.3 Development of CNT based X-Ray Source

The first generation of CNT micro-focus tube developed at the “Zhougroup
comprised of a triode type x-ray tube without any focusing sirec Figure (2.8) is a
schematic representation of the x-ray tube comprising of a GiNibde, a gate mesh for the
extraction of the electrons and an anode. However, the simulasioltsrdemonstrated that
the focal spot at the anode was very large because of the beangedce caused at the gate

mesh. Some of the beams had divergence as large as 30° makiogssary to incorporate a
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focusing structure to the tube geometry to reduce the FSS. Apdhis a single focusing
electrode was introduced, which achieved a demagnification of 3.3 at 4084€ potential.
This tube design with CNT cathode demonstrated the capability oftémgboral resolution
with pulsed x-ray radiation in the nanosecond range. It also ptoveel a potential tool for
small animal imaging. However, the tube design suffered fronresemherical aberration

which limited the focal spot size [13,14,15].

(a) (b)anode

focusing
electrode

cathode

cathode (a) gate electrode

Figure 2.8: : Schematic of the micro focus X-ray the (a) no focusing structure and (b) single focusin
electrode.

Einzel Type Focusing Structure

The second generation CNT field emission x-ray tube came withlextrostatic
focusing structure which overcame the limitation of sphericatratien. It consisted of a
modified asymmetrical Einzel type lens focusing structure [16,17,18,19,28j81¢l lenses
are used in ion optics for focusing, which is achieved by the matiguiat the electric field
in the path of the ions. Typically, Einzel type lenses are usedhfee-electrode lens
structures where the first and third electrodes are at the patential as shown in Figure
(2.9). In this particular tube design it is an asymmetrical &nscture where the middle

electrode has a truncated conical shape. This helps in prefigc¢hsi electron beam before
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reaching the third electrode. All the electrodes have independatibls. The stationary
anode has a 12° tilt angle which gives a projection factor of ~4.7 #lahgxis. The micro-
focus x-ray source uses an elliptical CNT cathode where the galagleff angle{) matches

the ratio of the major axis (D) over the minor axis (d). Tdiies an isotropic FSS with

diameter (d) as illustrated in Figure (2.10) [22].

0 volts +V wolts 0 valts
Plates ————

Electric field lines

Focus
lon path

I ————— e
0 volts +V volts 0 valts

Figure 2.9: Schematic representation of an Einzelype lens. (Reproduced from reference http://
en.wikipedia.org/wiki/Einzel_lens)
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Focus1 (V) CNT Cathode Spot Size
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CNT Cathode

Figure 2.10: Schematic of a CNT based micro focus-May source which consists of CNT cathode, gate
electrode, focusing electrode and a stationary aned The inset shows the formation of an isotropic tal
spot of an elliptical CNT cathode on the projectegblane with the take-of angle 0®.

Before going into the details of the simulation model setup let us look into the

requirements of a good x-ray source:
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1. High Spatial Resolutiohis is primarily determined by the focal spot size (FSS) of the x-

ray source. It is the site of bombardment Dby electrons and emisisk-rays from
the anode of an x-ray tube. Typically a current density plot on the awofdee is done, to
which a Gaussian curve is fitted. The FSS is then defined asehevahin which 80% of

the x-ray radiation is generated as shown in Figure (2.11).

Cu_rren}_Den_s_i_tY on Gaussian distribution of the
FHOLE Stiiaes current density
— £ e spotwan] g |
" i | £ A
T | N b I
W N 4 Py
. ik \ | e
v-m,(;:"l'I:llhudewmi I - : :
e o -0.2 -0.15 0.1 005 0 0.05 01 0.15»3;1__
Cathode Structure
D /--D-B/-:---}d Gaussian fit is done to the current density on the anode surface
: — Y FSS= area within which 80% of the x-ray radiation is generated
d = D sind

Figure 2.11: The inset shows a representative plof current distribution on the anode surface. The ot
on the right shows a Gaussian distribution which isised to determine the FSS. This application progra
is written by Dr. Frank Sprenger.

2. High X-Ray Flux:This is determined by three factors, Large Cathode Size, High

Transmission Rate and Good Focusing. A large cathode is going verdeigh current
hence delivering high anode current. The transmission rate mstibebetween the Anode
current to the Cathode Current. A good focusing structure will foccis tvere divergent

electrons to the anode surface, thus increasing the anode current, hence mdike<x-ra

3. Simple System Desigit:is always desirable to have a simple design making ieraser

friendly. Also, it make sit easy to maintain and troubleshoot.
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4. Multiple Emitters A multiple emitter source array is always desirable beeat reduces

the time delay between consecutive x-ray exposures due to sount@enpags This
decreases total scan time, eliminates image deterioratioriodtaral spot blur and also

reduces the system size.

Limitation of the Electron Emission Model
Once the structure of the micro-focus tube was designedragleaptics simulations
were performed to study the electron beam profile and do fuoibténization. For all the

initial electrostatic simulations, the emission model used Wape‘'4: Fowler Nordheim

Field emission”. The simulated focal spot data obtained using this model was mudlersma

compared to the experimentally measured value. There was no obwasos rehere this
artificial focusing was coming from in the simulated datasTéd to further exploration and
review of the model setup and the conditions used. Looking into the degaiitaind out that
the accuracy of the results is limited by how well the probkedefined by the user, in this
case the emission model used to define the particle characteristicty Qlgpe 4” emission

model was inadequate for this work and we movedTigpé 20 : Specified current and

density” where the emission model allows the user to specify thalirparticle dynamics
such as total current, initial particle position and initial peetivelocity. This approach
seemed to be an efficient way to represent the field emnigsiocess in macroscopic CNT

cathodes.
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2.4 CNT Field Emission Model

For better understanding of this emission model we need some basiabidgt the
field emission mechanism in carbon nanotubes. We are tryinguvelogea simple but
intuitive emission model with simple fitting parameters that gaide us in predicting the
behavior of the electron trajectory of the CNT field emissisayxsource that we will design
and develop in this work. To generate this emitter file a MABL&dde has been written and
then interfaced with OPERA-3D for electrostatic simulationsdefailed description of the

electron emission model and the accuracy of the results have been discussed here.

25.1 Uniform Distribution Model

Initial simulations were performed using a simple model to cheniae the CNT
emission surface. The input parameters are specified ade¢eag shown in Figure (2.12(e)).

The input parameters include a single emission surface Witbe“4: Fowler Nordheim

Field emission” operating at room temperature 300K. This emission type assumdbldhat

electrons are emitted uniformly across the entire macrosaapimde with perpendicular
orientation to the emission surface. The initial velocity suaged to be the mean of the
thermal velocity Maxwellian distribution. Other input data includerkvfunction and the

field enhancement factor of the emitter material as shownigaré (2.12). The field

enhancement factor can be used as a scaling factor that #ilwser to simply modify the
emission model without re-specifying all the emission surfacanpeters. The default value
is 1.0 if not specified. In this particular work the field enhancerfator has been adjusted

to achieve the required cathode current (typically ~1mA for the micraBEX).
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Anode Ga_te_mssll _____
‘ - x10° ‘Unifolrm Currentl distribution
Electron Beam “‘ . TIITTTTTTT &\0»8
Emitter surface §,0 ]
Focus 2 V(f2) S04
O
0.2-
( V(f1) 0 -15 -1 -05 0 05 1 15
Focus 1 Theta (-pil2 to pi/2)
Gate K Vig)
Cathode (d)
(e) An example of .emit data file defining a labelled surface “CNT”
Fe=========== |
|
- Model Symmetry: 10011 |
« Global parameters: : 10010010 !
= Emitter characteristic: 1 4 300 45 0.2 298 :
« Particle Type: 11 -1 |
- sample rays: 111002 !
= number of face segments/beamletsij1 0 0 0 0 0 O N
+ face geometry type: 14 ]
+ Additional Label on emitter surface:: CNT :

Figure 2.12: (a) Schematic representation of the mio-focus x-ray tube with the electron beam
trajectory. (b) Shows the arrangement of the gate esh on top of the CNT cathode for extraction of
electrons. (c) Schematics of the electrons being gted normal to the emission surface with no divergnce
and the current is strongly forward biased as showrin (d). (e) Example of an emitter file for Type4
emission model.

Using this “Uniform Distribution” model to characterize the ssin surface,
electron optics simulations were conducted in a micro-focus tube ggoiFigure (2.13(a))
shows the plot of the FSS as a function of Focus2 voltage. The sichtdstdts were very
promising with the potential to achieve a very small focal spotwever, when the
experimental result was compared with the simulated datawtheurves exhibited huge
discrepancy. Not only did the simulated FSS predict very diffeadasblute values, its

dependence on the varying Focus2 voltage was quantitatively differaié tve simulated
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data showed a negative linear trend, the experimental measuseshented a parabolic
curve. Furthermore, the transmission rate at the anode was much togheared to the
experimental values (Figure (2.13 (b))). These results suggegigh#te tube geometry was
not sufficient to get reliable simulation results. An accurafgresentation of the initial
particle dynamics played a critical role in shaping the firedults. Hence it became
necessary to develop an electron emission model which accurhteiycterizes the field
emission phenomenon in macroscopic CNT cathodes. A detailed descapthe model is

given in the next section.
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Figure 2.13: (a) Plot of the FSS as a function ohé Focus2 Voltage along the two axes. The Simulated
data and experimentally measured data exhibit hugeéiscrepancy. (b) Summary of transmission at gate
and anode. The conditions for this setup are 40KVrede potential, 1260 gate potential and 900V Focusl
voltage. A cathode of 2.35x0.5mm was used.

2.5.2 Random Distribution Model

Since the “Uniform Distribution” model proved to be inadequate to ddfie initial

particle dynamics a new model has been developed which takes ioinaitice random
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distribution of the CNTs on the emission surface and their assboratgation of field
enhancement factor. The model has three main parts as follows:

— Emitter Position,

— Number of Emitters,

— Current Distribution, and

— Velocity Distribution.

25.2.1 Assignment of Emitter Positions

In an attempt to keep the model simple, no artificial structuregating individual
CNT emitter have been included on the emission surface. Itis@ahe with each particle
site being randomly selected. Also, no attempt has been made t@atessue position with a

particular particle direction or velocity.

An elliptical shape with the CNT cathode dimension has been specifiethe
emission surface area. Points on the elliptical surface bretesd by setting X and Y to be
equal to the major and minor axis of the ellipse and then muhplii with the random
numbers generated using dnd” function in MATLAB. Ther and function generates
arrays of random numbers whose elements are uniformly distributed interval 0,1). A
check is then done to ensure that the point lies within the speeifipse. If this is not the
case, both values are discarded and a new pair of coordinatescigedselehis process
continues until the position requirement is satisfied. The Z coordmaigecified according

to the position of the emission surface in the model (refer Figure (2.14(a))).
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25.2.2 Number of Emitters
To have enough sampling of the data up to 10,000 emitter sites are cnodemly
over the emitter surface. Increasing emitter sites above 108000 impact on simulation

results as can be seen in Figure (2.14(b)).
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120 _shod axis
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Figure 2.14: (a) Schematic representation of an @tical emission surface with ransom emission sites
(b)Plot of FSS as a function of No. of emitters . He result suggests that 10,000 emission sites prabei

sufficient sampling of the data.

25.2.3 Assignment of Current Distribution

The assumption of uniform emission from all emission sites ahgle normal to the
emission surface clearly oversimplifies the physics of th@ @&ld emitter. As one can see
from the SEM picture of an activated cathode (Figure (2.15(h)gB).CNTs are randomly
distributed on the cathode surface with different orientation witlaaion of them aligned
preferentially perpendicular to the cathode surface due to sstgdistical distribution. On
application of an external electric field, a fraction of thakgned CNTs start to field emit
along with a second group that comes from field induced alignment.urfencemitted by

each nanotube is different and is a function of its length anld¢hefield experienced by it.
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In reality CNTs have different lengths, hence differentdfieihhancement factor and
depending on their orientation, individual emitters experience vergrelift local electric
field even though the same field is applied between the gatéharehtire cathode surface
(Figure (2.15(b)). As the emission current is exponentially depeénde the field
enhancement factor from the F-N equation, it is incorrect to asdhere is uniform
emission. Hence a better representation of the field emissioagsrover a large emission
area should incorporate the random CNT orientation and the associaédidivan the local

field enhancement factor.

Ermacros = V/d

»7 °* % o

Eiocal = B-V/d

Figure 2.15: (a) SEM image of CNTs on a cathode sstrate. (b) Field emission mechanism where the
local electric field at the emitter tip is much hidher compared to the macroscopic electric field [23]

Electron field emission from a metal surface is a quantum tungneliocess which
has been well studied. The emission current is determined lfjother—Nordheim (F-N)

equation [24]:

—6 /2 9,15
| 15410 (vj 52 ext} 104 |ox _ 84410°¢ d

p d \/g BV Equation: 2.2

where, I, V, ¢, and p are the emission current, applied voltage, work function, and field
enhancement factor respectivetyis the distance between the cathode and the gate mesh

over which the gate voltagéis applied. Though the original F-N equation was derived for
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macroscopic surfaces, it has been used successfully to de$wilieldt emission of both
macroscopic CNT cathodes and individual CNTs [25]. Therefore the d¢otaént in a

macroscopic CNT emission surface witlkemitters can be represented as:

104

N 15x10° ij 2
'mt=ZA¢[d S

oxy  844<10°™°d
iAY Equation 2.3

The work function for CNT is known to be around 5eV [26,27]. For an individual ula@ot

along the electric field direction the field enhancement fatisrproportional to the aspect

ratio (length/diameter) which can range from 100 to 10,000 dependitigeasize and the

length of the nanotube.

(a) Gate Mesh for electron extraction (b) 20
r
. —— sim_# expt|
=21 Q'\
> 15
190|um 22 | N bgd
.. slope=
— 23 *.
v Emission Surface for simulation 2 241 .
€ h—4 S
/ e = 254 A =720 (from sim) . .
10 M =2 LN 26
{# b B, =697 (from expt) )
o i -27 -
ﬁl, s /}(9,- ) ~ fi cos(é,- ) 0.0005 0.0D08 0.0007 0.0008 0.0008 0.0010 0.0011
1V

Figure 2.16: (a) Schematic representation of the dssion surface with CNTs aligned at different angleA
high field concentration near the tips depict thatelectrons from the tips will be emitted along theiéld
direction. Hence, it is fair to assume that the etdrons will be emitted with an angle equal to the QT
orientation angle. (b) Plot of In(I/V?) vs (1/V) from the IV characterization of a 2.358.5mm cathode. The
max. field enhancement factor can be determined fro the slope of the curve.

We have already discussed how the individual CNT’s are randondgited across

the macroscopic emission surface and a small fraction of thaedgets field emit on
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application of an external electric field. A schematic reprad®n of this process has been
shown in Figure (2.16(a)) where the CNTs are oriented at diffaregles. We also see that
there is a high field concentration near the tips implying tmatetectrons emitted from the
tips will be in the field direction. In other words the electronk mave a divergence angle
equal to the CNT orientation angle. Hence, it is fair to asdimaean individual emitter
oriented with polar angl8, to the leading order approximation its field enhancement factor

will be proportion to ca® as follows:

IBi ~ IB(Q) ~ ﬂmax Cosei) Equation 2.4

where S, is the field enhancement factor across the macroscopic cathode.

To confirm this assumption an F-N plot for a particular cathode ®r a given
experimental setup was generated using Equation 2.3. From the slpe @bt g, was
derived to be 720. This particul#t, ., was selected because this set of data fit well with the
measured F-N plot for this particular setup as shown in Figure (2)16{tv the average

field enhancement factoyX) can be derived from thg,., using the following equation:

— 1 ¢4 1 )
5= Q—JO max ﬂmaXCOse_dg = e—ﬂmaxs N6, ax Equation 2.5
max

max

The g will be very close to thes, value derived from the slope of the F-N plot of the

experimentally measured data which is 697 for this particulanodat (refer Figure

(2.16(b))). B, will vary depending on the cathode performance and the experimetupl s

The 6,,,,does indicate some kind of forward biasing and is limited by thergliwnce angle
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(refer Figure (2.17)). It means the electrons with smallrdesece contribute significantly to
the total emission current.
From our experimental characterization of seven different cathogigswas

determined to be 1018 (at V/d=8Wwh). Therefore the total current in a cathode can be

represented as:

oy 10§00 515107 (v jz exd 10452 0, 644x10°412d
ot — — — . '
i y d /¢ | Y Equation 2.6

b¢1.5d

max

where a = and¢ =4.9eV. Depending on the value mfthe emitting current can be a

very sensitive function of the orientation an@leof the CNT relative to the applied field
direction. In the case of large the current is strongly forward biased, only those CNTs
oriented close to the z direction contribute significantly to thal mission current. For
very small a, emission is uniform across the emission surface. From the cathode
characteristice. has been deduced to be 8.6 ugin018 (previously derived) at an applied
electric field of V/d=8V/um. The current distribution as a functainorientation for this
value ofa is shown in Figure (2.16). As can be seen, the distribution etween the
extreme limits of uniform emission among all angles anddhatngular distribution along
the z-direction. The emitting current is normalized such thatata¢ cathode current is the
same as the experimental values (typically ~1mA for the micro-leEX9. In this model the
current distribution has been empirically derived at a microscsmgile. However, the output

has been used as input data for simulations at a macroscopic level.
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Figure 2.17: Plot of current as a function of angleéheta. The current distribution is very different with
different values ofa.

25.2.4 Assignment of Particle Velocity
To fully characterize the initial particle dynamics in #maission model we
need to specify velocity distribution of the particles in additmrurrent distribution. The

initial velocity is determined using the equation:

Equation 2.7
2 q

where KE is the kinetic energy, m is the electron masssasdhe initial velocity. Once the
average velocity is deduced its components can be calculatekibg tato account the
angular emission distribution. One way of doing this is to randomly select a paigles

(v, ) where & y < 90° and 8 ¢ <180°, such that the surface of a hemisphere may be
described. An implicit assumption in this is that electrons arg miased in a forward
direction, away from the cathode surface. A standard sphericalrtes{@a conversion may

be used to transform from, v, ¢) to (Vx, Vv, Vz) as follows:

Vx = Vsin( y ) cogo),

Vy=Vsin(y) sin(e),

Vz =Vcoy vy ).
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However to deduce the velocity we need to find an average Késsadhe

macroscopic CNT cathode. Assuming an average emitter lengthuof &0rough estimate

can be made. If the extraction field is WY then the KE = 10eV, and if the field is 1QYA

then KE =100eV. This is a wide range; nonetheless its effetteorSS and transmission

rate has been studied. Figure (2.16 (a)) shows a plot of a focahrg@ots a function of

varying “o” where different lines represent different KE. The FS®gpranges between

0.005mn% and 0.008mrm
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Figure 2.18: (a) Plot of FSS (area) as a functiorf @ for different KE. It ranges between 0.005mriiand
0.008mnt. (b) and (c) is the plot of the transmission ratéor different KE.
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The effect on transmission rate as a function off fas also been studied. Figure
(2.16) (b) and (c) shows a plot of the same and also its dependence BroKEhe plot we
see that the gate transmission is weakly dependent on KEoant Is very close to the
physical opening of the gate mesh which is 75%. However the dradsnission is very
sensitive to the KE as well ag™ For ease of understanding the rangeodfcan be broadly
divided into three regions primarily based on the transmissionoR&gvhere &’ ranges
between 100 and high primarily means a current distribution whiclraagéy forward
biased. It also means that the “virtual emitter” has a sargular divergence; hence, the
emitted electrons can easily be focused. This means majoribe aflectrons pass through
the focusing structure irrespective of the KE and reach tioeleaexhibiting high anode

transmission.

At a < 1 (Regionl), we see a dramatic drop in transmission rate witasing KE.
At low “o” the current distribution is uniform with the electrons having gdaangular
divergence (0 and 90°). At low KE it is easy to focus back theretes; however with
increasing KE the high angular velocity makes it challenginpcus back the electrons.
More electrons are blocked by the focusing structure and the aradsmission drops
drastically. Region2 (¥ a < 100) exhibits a similar trend as Regionl with moderate drop in
transmission rate with increasing KE. This is an intermediate regiondietive two extreme

cases and has a current distribution which is reasonably forward biased.

We can also infer from this plot that there are multiple comioingtofoa and KE to

achieve a particular transmission rate such as 50% to matadxpeeiment. Hence, it is
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necessary to fix one parameter to determine the other. Icabeswe already know=8.6
from our cathode characterization and this value have been usetmiche the KE that fits

our model the best.
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Figure 2.19: (a) Plot of transmission as a functioof KE for e = 8.6 derived empirically from the cathode
characterization. The physical gate opening is 75%ral experimental gate transmission is 69% which is
very close to the simulated data. Experimental anadtransmission is 50%, which intersects the anode
transmission plot at 30eV. This is the KE that hadeen used for the final simulations. (b) Plot of FS
along the two axes for different KE ata = 8.6. The curve for 30eV fits the experimentalata the best.

Figure (2.17 (a)) shows a plot of transmission rate as a dunctiKE ata=8.6. From
the plot 30eV fit the experimental anode transmission of 50%. Thus (3@ been used to
study the FSS (refer Figure (2.17(b))) which shows good agreerm@petfinal combination

of a=8.6 and KE =30eV has been used to specify the initial particle dynamics.

55



2.5.3 Comparison of Emission Models with Experimental Data

A comparison of the two electron emission models studied here Basshewn in
Figure (2.18). We see quantitative agreement between siorukatid experiment using the

Random Distribution model. FSS agrees within 16% and the transmiagtoshows a close

fit.
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Figure 2.20: : a) Plot of the FSS (axis) as a furion of the top focusing voltage for a 2.35 x 0.5 mm
cathode, operating at 40KV anode voltage and abodt300V gate voltage for 0.2mA cathode current. The
simulated results for the 3 different model studiechave been compared with actual experimental data.
The experimental measurements show best agreemenwithin 16%) with the Random Distribution
model. (b) The physical gate opening is 75% and expeental gate transmission is 69% which is very
close to the simulated data. The plot suggests th#te gate transmission is independent of the emissi
model. (c) The Uniform Distribution model predictssignificantly high anode transmission in contrary b
measured value, suggesting over simplification othe field emission model. The Random Distribution
model exhibits quantitative agreement with measuredalue.
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2.6 Summary

In this chapter a brief overview of the FE analysis softW@aRERA-3D has been
given from a physical rather than a mathematical perspeativeduction of the actual CNT
field emission x-ray source that we intend to design throughebkéarch has been done. The
simulation environment in which the analysis will be conducted hasgresanted with the
mention of some limitations. In particular, representation of ttteode characteristics
turned out to be inadequate, which led to the formulation and developmentvofeaission
model which takes into consideration the random distribution of CNTslamge emission
surface with varying field enhancement factor. The charadbsrist the random emission
model are as follows:

— Emitter Position — Randomly generated within the user specifréslseon geometry by
using a Matlab program.

— Number of emitters -10,000 chosen from a range of 5000 and 15,000.

— Current Distribution — derived by using actual cathode performandeegperimental
setup

— Velocity Distribution — derived by using the measured anode trasgmiss the fitting
parameter at KE=30eV. It is also assumed to be uniform alonghtiee angular
components.

Details of the new emission model followed by comparison with rexeatal data

concluded this chapter. This model facilitated the development ofiadblee simulation

platform for electron optics simulations which will be used inrtéxt two chapters to design

and optimize CNT based x-ray sources for specific applications in medigahgna
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Chapter 3: Design and Characterization of CNT based X-Ray Soce for

Dynamic and Stationary Micro-CT Systems

3.1 History and Background of Computed Tomography

Computed tomography (CT) is a very powerful tool for non-invasive raknhi@aging.
Since its introduction in the early 1970s, it has wide spread diagrapgilications mostly
because of its superiority over conventional x-ray radiography. Afparh medical
applications, CT is an important probing tool in biology, materials itEpecsecurity

screening and industrial sectors as well [1].

Conventional radiography provides high-resolution images, but projectsrea t
dimensional object onto a two dimensional plane, hence all depth informsitiost during
the projection process. In diagnostic and clinical applications déinide misleading and also
potentially dangerous. In addition, conventional radiography has difficuldifferentiating
between various tissues without contrast agents. Potential soludidims above limitations

lead to the development of conventional tomography.

Conventional Tomography
The word "tomography" is derived from the Greek waimsos (slice) andgraphein

(to write). Conventional tomography is an x-ray imaging method hwhiecludes



synchronous movement of an x-ray source and a detector duringotbsuex Consequently,
structures in the focal plane appear sharp, while structureben pianes are blurred. Thus,
by adjusting the direction and extent of motion, different planes can be selgutedidg on
the object of interest. Though conventional tomography solves the protiedepth
perception it suffers from high imaging dosage. This causes umsaegesradiation of

surrounding normal tissue and is not desirable for practical purposes.

Computed Tomography

Computed tomography, on the other hand, not only provides depth percepéiso; it
helps in differentiating soft tissues as well as provides ga#siué information about various
tissue densities. The principle behind computed tomography technidaerasonstruct a
three dimensional image of an object from multiple projection iméagesn from different

viewing angles.

The mathematical basis for this technique was developed by Radomlarshed in
1917. Several research groups worked independently on the reconstruatiotinralgbut
Allan Cormack, at Tufts University in 1963, developed an accurate eainte method
which made it possible to actually do a tomographic reconstructionev&wthe first
clinical CT scanner was not built until early 1973 by Housfiel&Mt in England. Cormack

and Housfield were awarded the Nobel Prize for their contribution to this field in 1979.

CT has been one of the pillars of radiologic diagnostics. Based on rsgag@ametry,

four generations of CT scanners have been developed. Nearly alhtcQf scanners use
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third or fourth generation geometry. During the process it Iss uandergone tremendous
advancement in terms of speed, image quality and patient cofafgure (3.1) shows a

schematic of the evolution of CT generations.

(c) & (d)

‘ \

it

Figure 3.1: Evolution of the CT scanner: (a) Firstgeneration scanner using a pencil x-ray beam and a
single detector. (b) Second-generation scanner with fan x-ray beam and multiple detectors. (c) Third
generation scanner using a fan x-ray beam and det@e array. (d) Fourth-generation scanner with a fan
beam and a stationary circular detector array [2].

3.2 Micro-CT Scanner Based on Micro-Focus X-ray Tube

CT scanners have widespread applications; however a typical &bihests spatial
resolution is typically in the order of mm. This limits its fjeemance for high resolution
medical imaging. The spatial resolution of a CT scanner isapityrdetermined by the focal
spot size of its embedded x-ray source, given all the other geompatameters. Currently
micro-focus x-ray rubes with micrometer scale focal spa a2 commercially available.

The integration of the high resolution micro-focus tube with thae&chnology has evolved
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into a new technology called micro computed tomography (micro-CT). It isdblgsa scaled
down version of the CT scanner with higher spatial resolution, typicalhe order of 10s of
micrometers, for imaging small objects. Micro-CT has entgeagea powerful non-invasive
tool for biomedical research. It has been applied to high-resoluti@gimgn of bone

structures and soft tissues of small animals amongst other applications.

A typical micro-CT scanner comprises of a micro-focus tubggmaple stage and a
flat panel x-ray detector as shown in Figure (3.2). The eptioeess is controlled by a
computer station. There can be two geometries where (1) fiéng seurce and detector are
mounted in parallel and rotate around the specimen, or (2) where the source and
detector are fixed but the sample stage is rotated 360° for iagesition in different
views. Typically for micro-CT, the cone-beam geometry is Widesed where the x-ray
source has a large cone angle to cover the entire specimetwd kdénensional projection

images are then used to reconstruct a three dimensional image of the object.

Detector

(a) (b) (c)

Figure 3.2: (a) The typical cone-beam geometry usdd micro-CT scanner. In this scanning mode, cone-
beam x-ray generated by the x-ray source has largenough cone angle to cover the entire object andeh
transmitted x-ray images are recorded by a two dimesional x-ray detector. (b) Low-resolution and (c)
high-resolution 3D models from micro-CT image dateaof the airway of fixed mouse lungs (reproduced
from http://tpx.sagepub.com/content/35/1/59/F5.expesion.html)
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Current micro-CT scanners are typically comprised of conwealtix-ray sources
which have limited temporal resolution because of the intrinsictretecemission
mechanism. This is a huge limitation for dynamic imagingrnoéll animals where the source
needs to be synchronized with the physiological motion of the anfksatan be seen in
table (3.1), mouse has 10 time’s faster respiration and cangibctban human beings. This
means to capture an image without motion blur it has to be acquited & very small time
frame or very high temporal resolution. Also, high spatial resolusameeded to visualize
small anatomical features in the mouse. In addition total dos#sneebe small to do
longitudinal disease studies. These limitations can be addregsadCINT based x-ray

source with high temporal and spatial resolution and will be discussed in the next secti

Specimen Human Rat Mouse
Weight (g) 70,000 250 25
Breath (min) 12 85 120
Heartbeats (min) 60 300 600

Table 3.1: Comparison of different physiological chracteristics for varying specimen size.

3.3 Micro-Focus X-Ray Source with CNT Field Emitters

Based on the field emission micro-focus x-ray source developedrdaboratory, a
desktop cone-beam x-ray micro-CT imaging system has been fouilthe general
radiographic and tomographic imaging purposes. An integral part ofra-@ic scanner is
the micro-focus x-ray tube. Hence, design and development ddTab@sed micro-focus
tube has been the primary goal of this work which will be described in detail imthender
of this chapter. Before going into the details of the tube design ami@weof the system is

briefly described.
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Figure (3.3) shows the CAD design of the arrangement of the +@iErecanner. It
comprises of a CNT field emission micro-focus x-ray tubdlat panel detector a high
precision goniometer (Model 430, HUBER, Germany), and a home-made bexisEhe x-
ray tube and the detector are mounted on two translational stayesa rotate around the
sample (mouse bed) stage. The two translational stages aien@usibn the opposite sides

of the goniometer and have the flexibility to adjust the distances.

‘Goniometer Mouse
: holder

X-ray
detector

.
8 N

. HV power
. supplies

N

e

Figure 3.3: schematic diagram of the micro-CT scaner. It includes a stationary x-ray source, a sample
rotation stage, a 2D digital x-ray detector, and &omputer workstation. [3, 4].

A schematic representation of a single source unit is shown ume~{g.4). It consists
of a CNT cathode, a gate electrode with a tungsten 2D squeste fior the extraction of the
electrons, an electrostatic focusing unit (comprised of Focusl angdZetectrodes) and a
stationary target (anode made of molybdenum). By applying ablaredectric field to the
gate electrode, usually in the order of 0-10V/um, electrons xdaraceed from the CNT
cathode. The emission current from the CNT cathode can be variediusyirey the gate

potential. The two focusing electrodes are controlled by two indepémbwer supplies
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connected to them. Depending on the potential applied to the focusitrpaés the electron
beam trajectory changes, thus varying the FSS. A systestatly of various parameters
affecting the FSS has been conducted using electron optics tsomsiaExperimental
measurements were also performed to confirm the resultspaste@ in the following
sections. The aim is to obtain 100um FSS with small cathode pitsh.ehabled us to
develop a compact x-ray source which is portable. The design id badeinzel lens type
electrostatic focusing x-ray source design that has been prgvidaseloped in the

“Zhougroup’[5,6,7].

B
Electron Beam 717 fi
% I I i
Gate m —ti

-
Emitter Surface

Figure 3.4: Schematic of the basic components ofmaicro-focus x-ray tube consisting of a cathode, aate
electrode, a focusing unit (Focusl and Focus2) arah anode with takeoff angle of 12°. Also seen iseh
detailed assembly of the gate mesh above the catleoemission surface for extraction of the electrorsnd
a high resolution SEM image of the cathode with astated CNTs. The representative beam profile also
gives an idea about the trajectory followed by thébeam

3.4 Initial Optimization of Geometric Parameters using Uniform Emission Model

Initial simulations were performed with a coarse model assumhagthe electrons
have no divergence and are emitted perpendicular to the emissiaresiti@ trend of the
electron beam behavior was studied at this phase rather than oh&ebsimbers. A single

source unit was considered for simulations with a flat anode && aad accuracy of the
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simulations. In addition, to reduce computation time, symmetry wasedgp the model.
Quarter symmetry was applied to the actual simulations. Theviah section demonstrates

the effects in more detail.

3.4.1 Different Focusing Geometry

As mentioned earlier, the x-ray tube design is based on thel Bypeeelectrostatic
focusing design developed earlier in the “Zhougroup”. For this tubgrdd#ferent shapes
for the Einzel type lens were considered. As seen in Figure {Bt&§ different geometries
were studied: (a) a truncated cone shape with two focusiogages, (b) a clear through-
hole with two focusing electrodes and (c) a single inverted tredocabne structure. The
simulated FSS for the different structure showed that thanezdted cone shape with two
focusing electrodes was the most effective focusing structure and was cech$idehe final

design, as shown in Figure (3.5)(d).

(@) (b)
v, [ARGEEN v, [ARSEEN

a

Figure 3.5: Different focusing geometry for the midle focusing electrode was studied. (a) a truncated
cone shape with two focusing electrodes, (b) a ctezylindrical structure with two focusing electrodes and
(c) a single inverted truncated cone structure. Thaimulated FSS for the different structure showedHat
the truncated cone shape (a) with two focusing ele#odes was the most effective focusing structured)
Representative beam profile using the truncated cangeometry.
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3.4.2 Effect of Anode Angle

For simplicity of design and model setup a flat anode was usedtical simulations
instead of a tilted anode. However, it was important to see the effecs asdumption, and a
comparison of the two cases was made. The two models considerskoane in Figure
(3.6), where everything was kept constant except for the anode angle. Wyfpicalicro-CT
scanners the anode tilt angle is 12° for a reflection typeorfocus x-ray tube. Hence, a 12°

tilted anode has been compared to an anode with no tilt angle.

Anode tilted at 12° Flat Anode _

Top Electrode- - Top Electrode- -

Middle Electrode Middle Electrode l .

Gate Electrodd N | Gate Electrodc N
ONT Cathoad SR

Figure 3.6: The model considerations for anode tilangle effect. An anode with 12° tilt angle has bae
compared with an anode with no tilt angle.

The electric potential at the centre of the anode was plottadasction of distance
from the cathode surface to the anode surface. The graph didn’aslyosignificant change
in the potential distribution on the anode surface for the two modelgdeoed here. Also,
the FSS exhibited negligible difference; hence the flat ancake wsed for all the future

simulations.
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Figure 3.7: Plot of potential distribution along te length of the x-ray tube. Difference in the potstial
distribution because of anode tilt angle is neglibie.

3.4.3 Effect of Machining Tolerance

Since the pitch between the individual x-ray cathodes was only Snstuds was
performed to see the effect of lateral misalignment for f0iwo extreme cases were
considered, where the apertures for all the electrodes wesasec by 100pum in the first
case, and decreased by 100um for the second. The results shdw #FasStincreased by 8%
when the apertures were increased by 100um but remained unaffetiedsecond case.
The anode transmission changed within 5% of the original cagereF(3.8) shows a

schematic representation of the study.
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Figure 3.8: The machining tolerance was assumed tioe within 100um. Hence, the apertures for the
electrodes were increased /decreased from the omgil design to check the effect on the focal spotzsi as
well as the transmission rate. The simulation was ahe at anode potential 40KV and gate potential
1500V. The focusing voltages were V(f1)=1000V and(fZ) =2200V respectively. The cathode considered
was a 1mm circular cathode.

3.5 Final Micro-Focus X-Ray Source Design using Random Emission Model

After the initial studies and on further optimization of the gedam@arameters the
new design was finalized with individual pixel pitch of 5mm. Thetete optics simulations
predicted that a FSS of 100um x 120 um (long axis x short axis) caadied by using this
structure, which is 25% smaller than the early results of 11 B2 um. Figure (3.9)
shows a picture of the actual prototype x-ray tube built for labiraesting and the inset is
a schematic representation of the in-chamber components. The souage is a 3 unit
module consisting of a field emission CNT cathode, a focusingtate and a Mo target
(anode) housed in a vacuum chamber. The housing is made of a s&tedbssbe with an
aluminum x-ray exit window. The high vacuum was created using aaneeth pump and an
ion pump and was operated at’Ilorr. Some of the key performance characteristics of an x-

ray source include flux, resolution and stability. Significant eff@a$ been put in the CNT
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cathode fabrication to ensure its long-term stability. The CAfRode used in this study has
a 2.35mm x 0.5mm elliptical area and can easily reach an emissirent of 3mA (325 mA
cm ?) under pulsed mode. For long term stability, a constant cathodentaf 3mA for
90hrs can be maintained with only 13% change in extraction voltagéodyadual CNT
cathode degradation [8]. 3mA was chosen since it is the maximuentatiowed under the
present operating condition of 40KV anode voltage, 60% transmissioatrtite anode and
isotropic 10@m FSS, without going into anode heat limitation. The max powerafor

stationary-anode micro-focus x-ray source approximately follows tipérieat relationship

088
Pmax ~ 1'4(df _FWHM ) Equation 3.1

for anode potential 40KV, where®yuwv is the focal spot size in microns[5,6].

Anode/
Micro-focus X-ray Tube

13 mm

2.8 m
Focus2 -—rE- 1.22 mm

. “' ; y ' 8 mm
J[ s ; 3.6 mm
—. y  |Focusi 3.05 mm
4": e i == = —=?_ .s_r.n
dedthroiit ’ Q. Ag= 2.5 mm
dthroug 2.8 mm
~— Gate [ ... 1.22 mm
CNT Cathode_
Aluminum X-Ray Windo

Figure 3.9: Image of the actual x-ray tube with armAl exit window. The inset shows the dimensions of a
single cathode-anode assembly.

The micro-focus FEX tube has a triode structure and the tubentus controlled by

the potential applied to the gate electrode. The gate electwog@ise of a wire mesh which
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helps in the extraction of electrons from the CNT cathode wheasavbitage is applied to
the gate electrode. The electrons diverge after passing tthengah which is subsequently
focused back by an active focusing unit made of metal diaphragmedpédier the gate
electrode before striking the anode as seen in Figure (3.4). Tiarfgaunit is based on an
asymmetrical Einzel type lens. The focusing electrodes hadireidual and independently
controlled potential that shape the beam profile and eventually tla $pot size of the
electron beam [9]. The geometric parameter of the gateadecand the focusing unit has

been optimized with the aid of electron optics simulations.

3.6 Experimental Setup for Focal Spot Size (FSS) Measurement

{a)
=y —- =
X-Ray Detector
X-Ray Source Wire Phantom
__________ »
-—EEEEEEEEEEE ————————— -
__________ . |
Control Signal Control Signal
Computer Interface

Figure 3.10: (a) Schematics of the experimental sgd. It comprise of an x-ray source, a 1mm tungsten
crosswire phantom and a 2D flat panel detector (Haamatsu C7921) with pixel size 50m and can be
externally triggered. There is also a control statn for data acquisition and other automated operabtns.
(b) Projection image of the cross wire phantom andhe region of interest used to obtain the line prale
along the vertical and horizontal direction using al.18 x 0.25 mm CNT cathode.

Figure (3.10) is a schematic representation of the FSS neeasoir setup. It consists
of the CNT micro-focus x-ray tube, the crosswire phantom and ar2p gensor. The sensor
used for FSS measurement is a flat-panel (Hamamatsu C7921)&iodetrranged in cone

beam geometry. The detector contains a Csl scintillator pld@56éx1056 photodiode array
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with a total field of view of 52.8x52.8mm.The available pixel siz&(sm and the video
output is a 12 bit digital signal. The spatial resolution is medsismg the geometric blur of
a 1mm tungsten crosswire. The exposure window of the detector anelaifmeon-time of the
X-ray source are synchronized to acquire the projection imaljee Arofile is obtained from
the projection image of the crosswire as see in Figure (3.10(th)¢ ivertical and horizontal

direction. The FSS is then calculated based on the European Standard EN 12543-5[10].

3.7 Field Emission Performance of the CNT Micro Focus X-Ray Source

To evaluate the field emission properties of the CNT cathode amdoatseasure the
FSS the micro-focus tube was assembled with a 2.35x 0.5mm allipithode. The tube
was then baked at high temperature overnight to remove all the reastany adsorbed gas
inside the tube. A proper conditioning of the tube is essential tonalienunnecessary arcing
and breakdown. First, a high voltage conditioning is done where the anodgevadt
incremented in steps up to 55KV; this reduces the chances of a<iwell as removes any
unwanted hot spot. This is followed by a field emission measuremdribde mode. The
anode voltage is set at 10KV, the top focusing electrode at 2000V anddtle focusing
electrode at 300V. The gate voltage is then incremented in s$éps a labview program.
Figure (3.11) shows a representative plot of the experimentaliypured emission current
density versus the applied electric fiekbr a CNT cathode with an area of 0.92 mthe

current density at 8.7 V/pm is 385mA/em
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Figure 3.11 : (a) Field emission current as functio of applied electrical field for 2.35 x 0.50 mm dhode.
The measurement conditions used were 10 KV at anod2000 V at top focusing electrode and 300 V at
middle focusing electrode. Inset shows Optical imag of the CNT cathodes.(b) Emission lifetime
measurement of a 2.35 x 0.50 mm CNT cathode at cdaust current mode into the micro focus X-ray
tube. The measurement conditions used were 40 KV anode, 1400 V at Focus?2 electrode and 1300 V at
Focusl electrode. The peak emission current in thaulsed mode was fixed at 3mA and an averaged peak
current of 3.00 + 0.01mA was obtained [8].

3.8 Agreement between Simulation and Experimental Results

FSS measurements were done using a 2.35x0.5mm cathode at 40KV anodal.potenti
The gate potential was 1260V with an emission cathode current of @ldvoA. A duty
cycle of 50 % (0.2 f/s and 2.5 sec pulse width) was used for imagésiéion. Table 3.1

shows the summarized experimental results for varying focusing paential

F1/F2 1500 1600 1700 1800 1900 2000
800 108*194 | 99*155 | 99*112 | 96*101 | 99*112 | 95*132
900 111*194 | 95*140 | 95*105 | 95*109 | 95*116 95*151

1000 127*202 | 111*135 | 103*104 | 107*104 | 103*124 | 109*163

1100 155*201 | 127*132 | 103*104 | 95*104 | 99*132 | 103*171

1200 151*147 | 134*109 | 111*109 | 103*140 | 116*186

Table 3.2: : Summary of the typical variation of tte focal spot size as a function of the applied patgal
for Focusl and Focus2 electrodes for a 2.35 x 0.59m CNT cathode. The unit for the vertical and
horizontal direction is micrometer. The experimentwas done at 40KV anode voltage and 1260V gate
voltage using a 1D linear tungsten mesh.

To confirm the reliability and accuracy of any simulated dathave selected a

random row from Table (3.1) to plot the FSS as a function of the tasifar electrode
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(Figure (3.12)). The smallest FSS that can be achieved usinmibleislesign is 95x104um.
Simulation and experimental results agree within 16% of each dthisrgives 25% smaller

FSS compared to the earlier results. The transmission rates also show geodeagr
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Figure 3.12: (a)Plot of the focal spot size as aration of Focus2 potential. The cathode size is a
2.35x0.5mm elliptical CNT cathode measured at 40K\anode voltage ,1260V gate voltage and 900V
Focusl voltage. Simulation and experiment agree vhiin 16%. (b) Plot of transmission rate at gate and
anode showing quantitative agreement.

3.9 Effect of Various Parameters on the FSS

Some of the important performance characteristics of an Xdoayce are flux,
stability and resolution. The first two factors have been suittgsachieved [8]. Here the

focus is mainly on high spatial resolution of the x-ray tube. Since the spatial icsolfuany
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scanner is primarily dependent on the x-ray FSS, given all the other pasnt'sterucial to

have a good understanding of its behavior. A systematic study oéffibet of various

parameters on the FSS using the “Random Distribution” electressiom model has been

done. This gives us a feel for the source behavior under operatingi@esaiith room to

improve any critical issues. The details of the study have Besetribed in the following

sections.

3.9.1 Mesh Optimization and Variable FSS
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Figure 3.13: A plot of FSS as a function of the tofocusing voltage at 40KV anode voltage and 1260V
gate voltage. Simulation and experimental values age within 24% of each other

A prototype tube was built in the laboratory for initial testifitpe results of the

experimental measurements of FSS have been plotted as a fundtenFaicus2 voltage as

shown in Figure (3.13). Simulation and experimental results agtem \#4% of each other

and the smallest FSS achieved is 110 xut®0which is 27% larger than our target value of

100x10@m. This led us to investigate further and we found that the gasd wires in

addition to electron extraction from the CNT cathode also strondjigcti¢he electron beam

trajectories, making it challenging to focus the electraarbelhe divergence phenomenon
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has been shown in Figure (3.14). After passing the gate mestpredediverge due to the
non uniform electric field distribution near the gate mesh wiréss Mappens in both the
long and short axis of the cathode which limits the focusing powtreoglectrostatic lens.
One of the major improvements done in this work is to replace tmee8D (initial tube
design had a 2D square mesh geometry, Figure (3.14) (top)) by a 1D linear masktady t
its impact on the FSS. The idea is to reduce divergence dlergihort axis of the cathode by
eliminating mesh wires along this axis. As seen in Figure43ldottom), when the gate
mesh is replaced by a 1D linear mesh which has paralled wirly along the short direction
of the cathode, reduction in electron beam divergence is observed tmg aivsmall FSS.
Furthermore, for a given mesh wire size and comparable phggiening of the mesh, 1-D
linear mesh will have smaller pitch compared to 2-D squarerdeSay example a 2D mesh
(pitch 25@m and wire width 2bm) with 81% physical opening will translate to a 1D mesh
with 81% physical opening with @b bar width but 13im pitch which is ~38% smaller
pitch. This implies a uniform electric field distribution on #maitter surface thus achieving

higher x-ray flux for a given cathode current.
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Figure 3.14: (top) Shows the beam divergence aftgrassing through the 2D square gate mesh. The
electrons experience large divergence in both dirtons of the cathode making it difficult to focus hem
back to a point on the anode surface. (Bottom) Whethe 1-D linear gate mesh is used the divergence
along the short axis of the cathode is reduced maig it easier to focus the beam. In addition, smadt
amount of the beam is blocked by the focusing strtiere, enhancing x-ray flux generated. (The beam
trajectory profiles show half symmetry)

However, using the 1D linear gate mesh solves only part of the prcte® the
wrong mesh geometry can again jeopardize the results. To optimizgate mesh, a set of
electron optics simulation was done with three different 1D ligagée mesh pitch (100um,
125 pm & 150 pum) with same wire width of 25 pm and 50 pm thickdesseen in Figure
(3.15), the electric field non-uniformity increases with largestmgitch, which can lead to
large FSS. Again, if the pitch is too small, it will comprontise transmission rate, allowing
only a small fraction of the cathode current to reach the anaskedBon the simulation

results a pitch of 100 um was found to be optimal.
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Figure 3.15: (a) plot of the gate potential alonghe mesh length has been shown for the different it

(75um, 100 pm & 125 um). It is clear that the fieldecomes very non-uniform as the pitch increasesith
will cause more divergence. Again if the pitch isao small it will compromise the transmission rate a is

evident from (c). (b) Optical image of the 1D mesHhc) FSS and transmission rate at gate for the difent

1D mesh. Based on the FSS and the transmission rateitch of 100 um with wire width of 25 um and 50
pum tungsten etched mesh was chosen for this expeent.

The experimentally measured FSS (area) for 1-D linear abdsQuare mesh are
shown in Figure (3.16 (a)) as a function of the Focus2 voltage. Usnfx mesh leads to a
30% reduction in the FSS (area) compared to 2D mesh. Also seencumikds a minimum
point, which is the optimal region of operation for high spatial resoiutnaging. A 20%
overall gain in anode transmission is also observed. This is primarilypdie fact that there

is less beam divergence hence fewer electrons are blocked by the fatestrafes.
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Figure 3.16: (a) Plot of the experimentally measuigFSS (area) as a function of Focus2 voltage atk\
anode voltage and 1260V gate voltage. These resudtmfirm the simulated values. Smallest FSS achiede
using 1D mesh is 95x1Qdm compared to 110x12@m using 2D mesh. This gives a 32% reduction in focal
spot area. Cathode used is 2.35x0.5mm elliptical ONcathode. (b) Plot of optimal FSS (area) as a
function of CNT cathode area for different cathodesize. The 1D linear mesh has better focusing power
that the 2-D square mesh.

The change in the gate mesh geometry helped in achieving higdl spsdlution. In
an attempt to further reduce the focal spot size, the cathodeaszearied (made smaller).
Figure (3.16(b)) shows the plot of the FSS (area) as a functithe afathode area. It can be
seen that across all cathode sizes, the 1D mesh exhibit toetising power than the 2D
mesh. Experimental measurements have also been added to the plotcaficms the
predicted values. We can reliably conclude here that the electras gpnulations can

reliably and accurately predict the electron beam behavior.

However, we also observe a decrease in the focusing powee a&sittiode size is
reduced. This is evident from the Figure (3.17) where the demagoifidactor decreases
with decrease in cathode size. One possible cause for this neightitbat smaller cathode
size the current density is much higher, hence there is a significantcéage effect. It also

means that this particular focusing structure is less effective fol catlabdes.
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Figure 3.17: (a) Shows a plot of the FSS as a fuimt of the cathode axis length. (a) Shows the
demagnification factor for plot (a). As is evidentthere is a clear decrease in the focusing power #se
cathode size becomes smaller.

3.9.2 Effect of Anode Potential and Distance between Focus2 and Anode

Figure (3.17) shows the variation of FSS as a function of thotrieldéield between

the anode and focus2. The plot shows two curves. One shows the influenognaf &aode

potential; keeping the distance between cathode and anode (represebtadkbsquares)

same. The second curve (red dots) shows the effect of varyingstaaadi between Anode

and Focus2, keeping a fixed anode potential. The overlapping of two set of data inditates tha

the focusing power is dependent on the electric field distributioneestviocus2 and the

anode. We can also say that for a given anode potential, there is an optimal distgtdbe

smallest FSS. However, there are some practical constraitite smallest distance that can

be used for a system. The distance cannot be too small as this caigge electrical

breakdown on application of a high voltage and might lead to arching.ig hot desirable

as it might lead to cathode failure or sometimes even complete sysiam. fai
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Figure 3.18: Plot of the FSS as a function of thepalied electric field. Curve 1 (represented by blak
squares) shows the influence of varying anode potiésl on the FSS while keeping the distance between
Focus2 and Anode fixed at 13mm. Second curve (rest$) shows the effect of varying distance between
Focus2 and anode at a fixed anode voltage, 40KV.tfiiig curve has been added for ease of reading the
data. All these simulations were done at gate volig 1260V, \;, 900V and \,, 1700V respectively.

Experimental measurements done at 40KV and 50KV have been summarized i
Table (3.3). We observe a change in the effective FSS ateavarying cathode size for a
fixed distance between Fcous2 electrode and the anode. Therdirgta deduction in focal

spot area as the anode voltage increase.

Effective Focal Area (unf)
Cathode Area 40 KV Anode Voltage 50 KV Anode Voltage
(mm?) FSS Demagnification FSS

(long x short) (Linear) (long x short)
0.923 (2.35x0.500) 7596 (93x104) 11.0 6970 (87x102)
0.461 (2.35x0.500) 5150 (83x79) 9.5 4778 (77x79)
0.231 (1.18x0.250) 3455 (50x88) 8.2 3141 (50x80)
0.139 (1.18x0.150) 4536 (76x76) 5.5 4334 (62x89)
0.055 (0.706x0.100 2782 (46x77) 45 2757 (54x65)

Table 3.3: Effective focal area at 40 and 50 KV amte voltages. The measurements were performed at a
magnification of 8 using a tungsten cross-wire phaom and following the European Standard (EN
12543-5).
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3.9.3 Effect of Focusing Voltages

The Einzel type lens shapes the electron beam profile when aiglotemipplied to
the focusing electrodes. The beam profile varies with the cotignnaf the focusing
voltages applied, thus varying the FSS. The principal function obthesing structure is to
focus the divergent beam to a finite point before reaching the awnofdees The Focusl
electrode primarily helps in harnessing the divergent electronsngomuit of the gate mesh
and pre-focuses the beam to a parallel shape before it reamhes? Felectrode. In addition,
V1 primarily determines the size of the FSS. On the other han&othes2 electrode moves
the axial focal plane along the vertical direction. However, tfectsf of the two focusing

electrodes are not completely independent of each other [6].
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Figure 3.19: Plot of the FSS(area) as a function ¢focus?2 voltage for different ;. The effective focal spot
area is insensitive to ¥ that gives a broad region of operation to maintairthe same focal spot area just
by tuning the focusing potentials. However, the FSB highly sensitive to \, following a parabolic shape
with change in V. Fitting curve has been added for ease of reading.

Figure (3.19) shows the effective focal spot area as a furaftive Focus2 potential.

The plot shows the behavior at three different Focusl voltages: 800V,and 1100V. It is
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clear that in the optimal range of operation, the focal spoteénsits/e to the applied Focusl
potential but highly sensitive to the Focus2 potential. The curve &gz, showing an
optimal region of operation where the FSS is the smaBaste the effective focal spot area
is insensitive to ¥, that gives a broad region of operation to maintain the same dpoal

area just by tuning the focusing potentials.

Table (3.3) shows the measured FSS (long x short) for different patids of
focusing potentials. The column on the left shows the F1 potential atapthew shows the
F2 potential. Different combination of focusing voltages, gives differeSt FHewever, there
is an optimal combination where the smallest FSS can be adhiElve measurements were
done at 40KV anode potential with an anode tilt angle of 12°. The gatdipbteas 1260V
with an emission cathode current of about 0.2mA. A duty cycle of 50 %/§0ahd 2.5 sec
pulse width) was used for image acquisition. We can confirm fhosntable that the FSS is
insensitive to the Focusl voltage in the optimal region of operatiowev# it is highly

sensitive to the top focusing electrode.

F1/F2 1500 1600 1700 1800 1900 2000
800 108*194 | 99*155 | 99*112 | 96*101 | 99*112 | 95*132
900 111*194 | 95*140 | 95*105 | 95*109 | 95*116 95*151

1000 127*202 | 111*135 | 103*104 | 107*104 | 103*124 | 109*163

1100 155*201 | 127*132 | 103*104 | 95*104 | 99*132 | 103*171

1200 151*147 | 134*109 | 111*109 | 103*140 | 116*186

Table 3.4: Summary of the typical variation of thefocal spot size as a function of the applied poteat for
Focusl and Focus2 electrodes for a 2.35 x 0.50 mMITcathode. The unit for the vertical and horizontd
direction is micrometer. The experiment was done a#OKV anode voltage and 1260V gate voltage. The
gate mesh used was a 1D linear tungsten mesh.
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3.9.4 Effect of Gate Potential

An advantage of FEX is that one can operate at constant curnext ifiode by
adjusting the gate voltage automatically to maintain constanérdurfhe necessary gate
voltage will gradually increase during the lifetime of tbe due to cathode degradation.
Thus it is important to understand the FSS variation with gate voltage. F3g20¢a)) shows
the effects of the gate potential on the focal spot size. Thdgehow that the focal spot
size is not significantly affected by the intrinsic cathodeagleover time. It changes at a rate
of 5x10° mnT/V over a range of 530V of gate voltage. This is highly e to be able to
maintain the same FSS over the lifetime of the source. Expetdinmeasurements have
confirmed this prediction and are summarized in Table (3.4). Thesksrghow that similar
focal spot size can be maintained even when gate potential iagadrever time to maintain
the same cathode current. Furthermore, a slight change in RS% aampensated for by

tuning the focusing voltages.
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Figure 3.20: (a) Plot of FSS (area) as a functiaof gate voltage showing very small change in FSStivi
increase in gate voltage. This graph simulates thghenomenon of intrinsic cathode decay over time whe
the gate voltage needs to be adjusted to maintaiheg same current. (b) Similar plot showing small
difference in FSS (area) for different gate voltageThis graph simulates the non-uniformity in cathoc
performance where different cathodes require diffeent gate voltage to emit the same current.
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Gate Potential (V) Focal Spot Size (um) Focal Area (U
1100 78 x 124 7596
1190 80 x 113 7100
1630 63 x 123 6086

Table 3.5: Summary of the focal spot size and focahrea as function of the gate potential. The
experimental conditions are anode voltage 40 KV, Fws2 1300 V and middle Focus1 1400 V. The cathode
current was 0.2mA.

A study was also performed to investigate the effect of @iffiegate voltages on the
FSS while maintaining the same current. This can be the caskffement cathodes with
non-uniform performance, where different gate voltage is requireacheeve the same
cathode current. Figure (3.20 (b)) show the plot of FSS for varyitey\gdtages keeping
other parameters constant. The FSS is weakly dependent on theg\gate potential. This
means even with non-uniform cathode performance with differehbdes we can achieve

and maintain similar FSS over time.

An experimental verification of Casel has been described Ae?2e35 x 0.50 mm
CNT cathode was used to determine the focal spot size at t¥ewedif current levels,
0.30mA and 1.00mA. Same experimental conditions were used exceptriangvéhe
cathode currents. A duty cycle of 50 % (0.2 f/s and 2.5 sec pulse vadtge voltage of 40
KV and the gate voltage for a 0.30 and 1.00mA is 1160 and 1400 V, respectizé/(3.8)
and (3.6) show the focal spot measurements done at 0.3mA and 1mA cathedé It can
be inferred from the two tables that the minimum FSS does not ckamgfcantly. This is
very crucial for medical applications where the CNT microuso¢ube can operate at

different current levels without affecting the focal spot size.
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Table 3.6 Summary of the typical variation of the écal spot size as function of the applied potentidbr

Middle/To

B (‘\)/) 1400 1500 1600 1700 1800 1900
1400 80 x 163 100 x 11¥ 107 x 137 107x130 100x(162 113 188
1500 80 x 155 87 x 97 107 x 130 114x 136 107 x[162 107 4194
1600 93 x 163 87 x 111 87 x 111 100x 144 113 x176 107 x 2[4
1700 87 x 163 86 x 117 87 x 11p 87 x130 107 x 183 107 x208
1800 93 x 169 94 x 124 93 x 104 87 x130 100x 162 114x220
1900 93 x 160 86 x 124 90 x 11p 87 x 123 93 x1j70 114 x|214
2000 93 x 170 86 x 124 94 x 1111 87 x 137 93 x 162 107 x|216

the focusing electrodes for a 2.35 x 0.50 mm CNT ttede at a current of 0.30 mA. The unit for the
vertical and horizontal direction is pm.

Middle/To

Electrode (g/) 1400 1500 1600 1700 1800 1900
1400 94 x183| 100x13p 120x 130 120x 130 114 x[150 114 x181
1500 94 x 196 94 x 124 107 x 124 120x 144 120x[A55 1144196
1600 93 x 195 94 x 129 87 x 111 114 x 123 106x 170 127 x2p1
1700 100 x 201f 93 x 137 94 x 104 87x124 100x[L76 120 X 208
1800 107 x 201 87 x 137 87 x 11J7 87 x 124 93 x 156 114 x1215
1900 100 x 215 87 x 144 86 x 11J7 86 x 124 87 x163 120 x{207
2000 107 x 203 94 x 136 86 x 110 87 x 180 94 x 156 100 x| 202

Table 3.7 Summary of the typical variation of the écal spot size as function of the applied potentidbr
the focusing electrodes for a 2.35 x 0.50 mm CNT ttedde at a current of 1.00 mA. The unit for the
vertical and horizontal direction is pm.

3.4 Dynamic Micro-CT Scanner Developed At UNC

The performance of the CNT based micro-focus x-ray tube lesdmmonstrated in a

dynamic micro-CT scanner developed at UNC called “Charybdis4]. As seen in Figure

(3.21) it consists of a flat panel detector, a rotating gantrdy thik CNT x-ray micro-focus

tube mounted on it and a mouse bed. The system provides high spa€@éhng) and

temporal (10-20msec) resolutions with gating capability. In a typ{€@l scan, 400

projections are acquired over a circular orbit of 19®ith a stepping angle of 0.5 Figure

(3.21 (b & c)) shows reconstructed slices of a cardiac gated mouse usiggdihar
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MICTO-U 1 scanner Coronal View Axial View

Figure 3.21 (a) Picture of a dynamic micro-CT scarer developed at UNC. It has a CNT micro-focus x-
ray tube, a detector, a sample stage and a rotatingantry. The x-ray tube and the detector are mountg
on the gantry and can rotate around the sample dunig imaging. (b) Representative image slice of a
mouse heart using a CNT micro-CT scanner. Imaging &s done at 50kVp and 3mA cathode current.
Reconstructed images are the courtesy of Laurel Bur For further detail for micro-CT imagine, see [11].

3.5 Stationary Micro-CT System Based On Multi-Beam FEX

Furthermore, this tube design can be translated into a multi-bel@nemission x-ray
(MBFEX) source array arranged in a linear or non-linear mawitéra pitch of 5mm for
individual beam units. A MBFEX is capable of generating x-ray gulsem multiple
viewing angles without any associated mechanical motion of the source.rap@uises can
be generated sequentially or in a multiplexed manner leadiagiramatic reduction in data
acquisition time. The elimination of the source motion eliminates facal spot blur
associated with it and the short scan time reduces motion bluo ga¢ient movement. Thus
MBFEX has the potential to improve the image quality. Such a source array caedvated
into a “stationary” CT [12,13] or tomosynthesis [14,15] configuratidme Toncept of non-
rotating gantry with spatially distributed x-ray source ddiask to the 1970s with the

development of the Dynamic Spatial Reconstructor (DSR) [16]. Tee@kebeam computed
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tomographic system (EBCT)[17] and scanning-beam digital x-yales[18] came later.
However, limited viewing angle, size and maintenance issuesoléde demise of these

systems. CNT based MBFEX can overcome most of these limitations.

At UNC we have studied the feasibility of integrating this MBHIBto a stationary
micro-CT configuration. An ideal stationary micro-CT system woblave a circular
geometry with zero missing data such as schematicallgsepted in Figure (3.22). This
would require ring geometry with cathodes along the tract wittesponding detectors. This
geometry would give high resolution images with no missing data amdotion blur. In
theory image acquisition time would reduce dramatically due toirgimon of any
mechanical motion. However, building such a system would cause innueneradheering
challenges, not to mention the amount of resources and funding requiade, Hwo
alternative configurations have been studied to build a stationarg-Qic system and have

been described in the following paragraphs.

Figure 3.22: Schematic representation of an ideatationary micro-CT system with no missing data.
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Stationary Micro-CT System with Linear X-Ray Source Array

A hexagonal configuration with three detectors and three sourcgs dres been
studied here. The overview of the system design has been showgune £3.23). Each
source array is comprised of 20 spatially distributed individual besmanged in a linear

manner. A segment of this entire configuration has been built for initial study.
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Figure 3.23: Overview of a stationary micro-CT sysm with hexagonal configuration comprising of three
detectors and three source array. Each source arrays comprised of 20 spatially distributed beams
arranged in a linear manner.

As mentioned earlier the source comprises of 20 discrete CBddH&eld emission
cathodes arranged in a linear array on a single glass (sieoen in Figure (3.24 (d)) with
individual control for each cathode. [19,12]. The entire cathode-anode asseitiblthe
focusing structure can be seen in Figure (3.24 (c)). The statiomarg-CT scanner can
capture up to 20 projection images from different viewing anglésowi any mechanical
motion of the system. After one linear scan of the 20 beams the obpts to be rotated in
steps of 36° till it covers the entire 360°. The entire 360° scan caoigdeted in 10 steps.

Figure (3.24(a)) shows a schematic diagram of the setup. Theepiatthe right shows the
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prototype scanner built at UNC. Some preliminary FSS measureesuits are shown in

Figure (3.24).

(a) (b)

Multi-beam x-ray

Rotation stage  X-ray detector

wwsge'g

Linear source array of 20 CNT cathodes

Figure 3.24: (a) Schematic drawing of the MBCT system with a multi-beam x-ray source array, roation
stage, x-ray detector and corresponding computer terface. (b) The overview of the prototype MRCT
system developed at UNC. Picture reproduced from ference [19] (c) Actual in-chamber components of
the entire cathode assembly (d) a single glass péewith 20 individual CNT cathodes arranged in a liear
array.
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Figure 3.25: FSS for 10 different cathodes measurdd the prototype 20beam x-ray source.
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Stationary Micro-CT Scanner with Non-linear x-ray source array

Figure 3.26: Overview of a stationary micro-CT sysm with square geometry. It consists of 2 detectors
and 2 source array. Each source array has 100 inddual beams arranged in four rows of 25 beams non-
linearly distributed.

The second configuration studied is a square geometry stationaro-CT system
with non-linear source array. The system overview can be sdégure (3.25). It comprises
of two source array and two detectors. Each source array hasdivi@ual beams arranged
in four rows of 25 beams. The rows are non-linearly spaced. Thigely @ompact design as
can be seen from the overview. A prototype system with a sectidhisotonfiguration
comprising of 26 beams was built for initial testing. This wasltbat Xintek Inc.
Nanotechnology Innovations in collaboration with UNC and NCSU. The overgfethe
prototype configuration is shown in Figure (3.26 (a) and (b)). (d) Shmevadtual cathode

with 26 individual CNT cathodes deposited on a single glass piecenfine cathode-anode
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assembly with the focusing structure can be seen in (c). Thisypetbas been successfully

built and tested with some initial phantom imaging.

wuwse'g

Figure 3.27: (a) Schematic drawing of the stationgr micro-CT system with a multi-beam field emission
X-ray source, rotation stage and x-ray detector. (bThe overview of the prototype system developed at
Xintek Inc. (c) Actual in-chamber components of theentire cathode-anode assembly. (d) A single glass
piece with 26 individual CNT cathodes arranged in anon- linear array. Pictures courtesy of Dr. Peng
Wang.

3.6 Summary
A CNT based field emission micro-focus x-ray source has besmgngel and
developed. One of the primary characteristic of an x-ray source isfia spsolution, which

is determined by the focal spot size of the electron beam.eHensystematic study of
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different factors affecting the focal spot size has besduected. We see that the focal spot
size is highly sensitive to Focus2 voltage and virtually inseesiio Focusl voltage. In
addition it is not much dependent on the gate extraction voltage whighoig advantage
especially for medical imaging where the dose needs to fiedvior patients of different
size. This means that a constant focal spot size can be maintaerethe lifetime of the x-
ray source even when the gate extraction voltage needs to be ddjustg to cathode
degradation over time. Extensive electron optics simulations havepeemmed to fully
characterize the micro-focus tube. An isotropicrfiGocal spot size can be easily achieved
using this tube design. Further more, the cathode size can be waget a variable focal
spot size with the smallest ~5®. A prototype micro-focus tube was built in the laboratory

for initial testing. Experimental measurements confirm the predictedatied results.

Application of such a CNT based field emission micro-focus tube Hesen
demonstrated in the field of medical imaging. A dynamicra€T scanner has been
successfully built with the micro-focus tube mounted as theyxsaarce. The micro-CT
scanner has demonstrated capabilities of gated imaging oéénednd lung of a mouse. In
addition, a spatially distributed Stationary Multi-beam micros€@nner has also been built
using the micro-focus tube design. This technique has the potenimlptove the image
guality in addition to facilitate short scanning time. In conclusioBNAI field emission
micro-focus tube has been successfully designed and charedi€fize versatility of the
tube design has been demonstrated through the translation of the degghlife medical

imaging devices.
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Chapter 4 : CNT based X-Ray Source Design for Stationary Digal Breast

Tomosynthesis (sDBT) System

4.1 Introduction

According to the National Cancer Institute (NCI), breast carscé¢he second most
common cancer in women in the United States. 192,370 new cases of damneast in
women were reported in 2009 of which 40,170 were fatal [1]. The NClezslsmates that

12.7% of women born today will be diagnosed with breast cancer at some point ovéseir li

A large amount of resources has been commissioned for breast casearch to find
ways to prevent and cure it. Despite a long-term increase imclteence of breast cancer,
data from the Surveillance, Epidemiology and End Results (SEER)dPn show a decrease
in breast cancer mortality rate of 2.3% per year from 1990 to 2001TH2).increased
incidence of breast cancer is due to the widespread availalfiligreening mammography.
Other forms of screening include breast self-exam, clinieddtrexam, ultrasonography and
magnetic resonance imaging, but x-ray mammograms continuettee beost widely used

and cost-effective way to screen for cancer.

Mammography can identify cancers that are too small to finghlygical examination in
addition to finding ductal carcinoman situ which is a non-invasive condition.

Mammography uses x-rays to obtain images of the compressest breeither an x-ray film



or a digital detector. Although screening mammography is wiastgpted around the world
for early breast cancer detection, it is not 100% accurate. S mainly due to the fact that it
is a two dimensional imaging modality that tries to imaghrae dimensional breast. It is
possible that some lesions might be obscured by over and underlying normaddigscially
in the case of radio-dense breasts. In addition, in conventional maammgdepth

information about the lesions is not made available [3,4].

The limitations of the conventional x-ray mammography modalitg te the
development of tomographic imaging of the breast. In standard taptdg imaging, the x-
ray tube and the detector move synchronously around the object o$tierepposite sides
to obtain multiple projection images. These projection images ard tessedevelop
reconstructed images which show specific planes of interest througleooibject body. One
primary advantage of tomographic imaging is its capability to geodiepth information. It
improves the conspicuity of features by removing overlapping s8sdtiean also improve
local contrast by restricting the dynamic range to a sisigte. Tomographic imaging of the
breast can be done using either a dedicated breast computed tomogra@iy sp&em or a

digital breast tomosynthesis system.

Soon after the advent of the CT technology, the concept of dedicatast I@&
(DBCT) started. DBCT is considered better than projection magnaphy since it has the
potential to eliminate overlapping structures [5]. TypicalypBBCT, 300-500 images of the
breast are taken as the scanner rotates 360° which are then vetedsto obtain three

dimensional slices through the breast. However, the first clieigaérience [6] showed the
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technology does have some limitations. The first study failedvismalize micro-
calcifications. Also with 500 or more projection images the dosedefsitely an issue. In
addition DBCT had limited efficiency in imaging the chest whil conclusion, DBCT has
the potential; however, improvements and modification are necessaoyetcome the

present limitations.

4.2 Digital Breast Tomosynthesis (DBT)

Digital breast tomosynthesis (DBT) is a limited angle toraphy technique that takes
a number of low dose projection images over a certain angular. rahgeotal dose is still
comparable to conventional two-view mammography. These projectigjesaae then used
to obtain three dimensional reconstructed images of the breastedtestructed dataset
consists of slices that are relatively free of tissuetealutompared to a standard
mammogram. This technique reduces a major limitation of tissugapvie conventional
mammograms. The geometry of a DBT system is shown in Figut¢. Different groups
have developed their own reconstruction algorithms to allow imegenstruction for the
limited angle tomosynthesis geometry. Most of the current Dtems use a stationary

detector and a movable x-ray source.
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Figure 4.1: Schematic representation of a DBT syste configuration [7].

4.3 Current DBT Scanners and their Limitations

There are currently at least three tomosynthesis systems dentgopment by major
medical technology companies. These include the Senographe 2000D froral Géeric
(GE) [8], the Mammomat Novation 9 from Siemens [9] and Selenia Hoiagic [10]. All
these systems are modified full field digital mammograplsyesys and use a rotating gantry
technique. The gantry with the x-ray source moves about 15° to 50° aroundi¢hé \phile
acquiring 11 to 49 projection views of the breast which are then regciest using different
algorithms. The resultant depth resolution is about 1mm while tpéane resolution is
between 100 and 15@m. GE uses the step-and-shoot technique wherein the gantry
containing the x-ray source makes a full stop at each projeatigle to obtain an image
before moving on to the next view. Hologic and Siemens use the contino@i®r
technique wherein the gantry keeps moving continuously, albeityslewlthat x-ray images

of the patient are acquired at each projection angle even while the source is.moving
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It is evident from published work that DBT is a potential alteveato conventional
mammography. However, it must be noted that the systems frommealthree leading
manufacturers demonstrate an imaging time of about 7 to 40ssThisch longer compared
to 1s imaging time for conventional mammography. A longer scae teads to image
degradation since it introduces blur from patient motion. Also, any Kigdrdry movement

leads to effective focal spot enlargement, thus affecting the imagéyqaal.

T S

|l
VoV Movement of x-
\ ) ray focal spot

so-canter

Figure 4.2: Schematic of the focal spot enlargemendf continuous rotation mode. The gantry rotates
angle @ between two imaging positions. During the x-ray rdiation period, the gantry rotates angleA®
and movesAf along the arc. Af is the additional x-ray focal spot size induced ¥ gantry rotation. The
value is determined by the x-ray radiation period ad gantry rotation speed. For a typical scanp=3°,
A0=0.12°, andAf=1mm [11].

This phenomenon has been schematically explained in Figure (4.2né&ais DBT
can be a potential alternative to conventional mammography if cthreent system
configuration can be improved. One possibility is to reduce thetsoan hence reduce the
time during which the patient has to endure compression pain as sveddace patient
motion blur. This can be achieved by integrating a fast rotgi@mgry, but that makes it an

expensive ordeal, not to mention significant enlargement ofdbt& pot size. The other
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approach is a non-rotating gantry with distributed x-ray source. This iedatrMayo clinic
using the Dynamic Spatial reconstructor [12] but it was not suctdsscause of cost, size
and maintenance issues. Other techniques, such as electron beamedotamagraphic
system [13] and scanning-beam digital x-ray system [14] weyposed. But such systems

tended to be cumbersome and generally had limited angular coverage.

This led to the development of a spatially distributed multi-bearbon nanotube
(CNT) based field emission x-ray source for stationary DB3tesy in our laboratory at
UNC. The system comprises of multiple individual emitters withependent electronic
controls housed in a single vacuum chamber. This eliminates aryld#l@een consecutive
exposures involving gantry motion and is limited only by the deteetadout time which
results in reduction in total imaging time. The image quaitymwuch improved because there
is no mechanical motion or vibration (elimination of focal spot blum, scan time is shorter
(less blur due to patient movement). In addition, the elimination of m@ants makes the
system design much simpler and compact. The first genergationary DBT (s-DBT)
system that has been developed in our laboratory is called Argh$rom the table listed

below it is clear that a stationary source definitely has its own advantage
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UNC: Argus Sjl.ogmphc 2000D E«;(illllilll;;lmt Novation Hologic: Selenia
X-ray kVp. mA 25-35kVp, 10mA 25-30kVp, ~130mA ~28kVp, ~180mA 24-39kVp, ~100mA
Focal spot size 200um 300pm 300pm + blur* 300pm + blur*
Target/filter Mo/Mo Mo/Mo., Rh/Rh W/Rh (Mo, W)/(Rh, Al)
Angle coverage 48 degrees 50 degrees 50 degrees 30 degrees
View numbers 25 11 25/49 11
Gantry motion Stationary Step and shoot Continuous rotation Continuous rotation
Flat-panel Detector A-silicon Cs:I a-silicon ([,):ig;tl;c:nvm'ter a ?eifﬁ;::glwmﬂ- a
Detector size 195 x 244 om 18.00x 23:04 cm 23.9x% 305 cm ;;Zli%tiﬁl T0um
pixel pitch: 127um pixel pitch: 100pum pixel pitch: 85um (140um for DBT)
Readout time 0.128s/0.032s 0.3s 0.6s/0.3s 0.6s
Integration time 0.32s 0.4s 0.2s 1.0s
Exposure time 0.32s ~0.1s ~0.03s 0.073s

T
Total scan time

11.2s for 25 views

7s for 11 views

20s/39.2s for 25/49 views

18s for 11 views

Reconstruction
method

ordered subsets convex

(maximum likelihood)

ML-EM

FBP: filtered back
projection

FBE: filtered back
projection

*: Additional focal spot blur due to the gantry movement during exposure.

: Total scan time = (view number) x (eycle time); cycle time = (readout time) + (integration time).

Table 4.1: Comparison of the three tomosynthesis aoners being developed by major companies. Table
reproduced from [11Error! Bookmark not defined.Error! Bookmark not ichefd].

4.4 Stationary DBT System developed at UNC

Figure (4.3(a)) gives an overview of the stationary fulldfi@BT system Argus,
comprising of a linear 25 beam source array based on CNT cathodes. {Ehe ggsmetry is
comparable to regular mammography devices. A picture of thetypetdube with the
detector and a breast phantom can be seen in Figure (4.3(b)). Tiaen#htdetector used is
Varian Paxscan 2520 with field of view19.5cm x 24.4cm. This ensuresafability of full
field mammography. The distance between the phantom and the mtrepe 3s 64.52cm,
which is comparable to other regular mammography devices. Tag seurces are placed
linearly for design simplicity with even angle distribution. Therement is 2° which gives
48° total angular coverage. The designed power output is 10mA per soutbethe/i
elimination of gantry rotation, the total imaging time is l#sn 9 seconds with a total x-ray

flux of 80mAs when the detector is operated at 2x2 binning mode [11,15].

103



Detector

Figure 4.3: (a) Overview of the Argus system geonmgt with a source array of 25 individual CNT
cathodes. (b) Picture of the actual system with theletector and a breast phantom. (c) Schematic
representation of a single cathode-anode assemblytiwthe detailed focusing structure. (d) Picture ofthe
linear source array with 25 individual x-ray units [13].

The x-ray source is an integral part of the s-DBT systemhasdsome detailed
description here. The x-ray source design is primarily based omitime-CT x-ray source
geometry developed in our group previously. An individual source unit has bestated to
a spatially distributed multi-beam source array. Each x-rayceoumit consists of a CNT
cathode, a gate electrode, a focusing unit and an anode with 16° takejleff The cathode
is fabricated on a Si wafer with an elliptical emissioraasé2.5mm by 0.72mm. The gate
electrode has a tungsten woven mesh attached at the bottom fextthetion of the
electrons. The focusing unit consists of 2 metal diaphragms basetz®i-tigpe lens to
focus the beam to a finite point on the anode. Figure (4.3 (c)) shdetsided drawing of an

individual unit followed by a picture of the complete source array.
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Each beam can achieve an isotropic focal spot size (FSS) of 180jon has the
potential for high spatial resolution. However, due to small cathaoe ad electronic
limitations the current was only limited to 4mA which prolongedsiten time to achieve the
target dose. Long time also means additional motion blur from patierement and
henceforth image quality degradation. This was a major kiomtaof this system. The
prototype system Argus proved the feasibility of developing aostaty DBT system;

however, it left room for further improvement.

In the meantime, a fixed gantry tomosynthesis system for igaigied radio therapy
was built by a group from Siemens Healthcare [16,17]. It consis&2 cfources that are
arranged in a rectilinear array and operates at 80-160 kVp. loadgs the source comprises
of CNT field emitters, a passive focusing system and a targele. The passive focusing
structure limits the focal spot size to 1.7mmx2mm. This is #yplarge beam size even
though the tube current is not an issue. Figure (4.4) shows an imdge tofbe with 52

sources.

Direction of electron beam

Position of
13 x-ray
source focal

spots on
anode

Receptacles for 13 individual cathodes

Figure 4.4: Square 52 emitter source array for IGRT(left). The cathode array facing the elongated arme
shown in the tube geometry (right) Error! Bookmark not defined.Error! Bookmark not ief].
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A feasibility study using this scanner showed that the focal Blwtwas indeed
eliminated using the stationary system. A breast phantom wagednasing DBT and
stationary DBT scanners and looking at the line profiles along tieetidin of rotation

clearly shows a much sharp peak with small distribution as shows in Figure (4.5).
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Figure 4.5: Feasibility study of elimination of fo@l spot blur along the direction of source rotation A
breast phantom was imaged using a DBT scanner andsationary DBT scanner. The sharp peak with
narrow distribution in the second case confirms thafocal spot blur can indeed be eliminated using tis
stationary configuration (reproduced from http://www.physics.unc.edu/project/zhou/images/images_
2010/Comparison%20study%20using%20a%20breast%20phantomyg).

4.5 Motivation for High Power Stationary DBT Scanner

While Argus proved the feasibility of developing an s-DBT gystés low current
proved to be a major limitation. However, the Siemens system fBT I@roved the
possibility of achieving high current with a large cathode size. Eqdippth this new
knowledge we ventured into designing and developing a high power multi-besyrsgurce
(named Argus3) which can be successfully integrated into anTs€yBtem. One of the

primary goals of this new system is to achieve short scan dindls (current DBT systems
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have a scan time ranging between 7s to 40s which mean the pasi¢oatemalure discomfort
for that long) while maintaining 100mAs dose, which is comparableotventional

mammography. To achieve short scan time, high flux is requirecchwheans a large
cathode emission area is needed to generate high current. Howéarge cathode might
give a large FSS, which might degrade the image quality. Tal awah a possibility, an
effective focusing structure is needed which can focus a &argesion area into a small x-
ray beam. This brings us to the motivation behind this researcandtx electron optics
simulations have been done to design and characterize a source urarthateet the

demands of a high power x-ray source without compromising the speg@ltion (target

FSS is 0.3x0.5mm (long x short)). Details of the simulation shag been reported in the

rest of the chapter with some initial test results.

4.6 System Overview

Argus3 is designed to be a stationary full field DBT withtispig distributed sources
based on CNT field emission technology. The whole scanner is compose@loik-ray
source array, a flat panel x-ray detector (from Hologic)Jnand a control station for
synchronizing the source and detector, and also image acquisition. Th#é ggemetry is
shown in the Figure (4.5). The detector has a field of view of 29cmx24be distance
between the phantom and the x-ray source array is 65cm whi¢soighe common iso-
centre of the source array. The distance between the phantom antetterde 5cm. The x-
ray sources have even-angle distribution with 1° increment whias g0° total angular
coverage. This translates to a distance of 1.2cm between therddja@ay sources. The 31
beams provide system flexibility such as one can use 31 bearogeon30° in 1° step or 2°

step (using 15 alternate beams). One can also cover only 15° using the centralslA8fam
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(a) X-ray source array (b)

MBFEX tube \i}: | 3

Phantom

30° total coverage

Compression ‘
paddle —

37cm

““““““““““ . Detector T ' g

D, .. 65cm ‘

Detector

ot

Figure 4.6: (a) Source array for Argus3. All x-raysources are placed linearly with even angular spanj
of 1degree which gives 30degree total angular coagre. The source to detector distance is chosen te b
70cm with the source iso-centre at 65cm from the sece. (b) An overview of the multi-beam field
emission x-ray (MBFEX) tube mounted with a compressn pad and a detector.

4.7 Design of Individual X-Ray Source Unit

The x-ray source consists of 31 individual source units which anegadan a linear
array. Each source unit consists of a cathode made of CNlefretters, a gate electrode for
the extraction of the electrons from the emission surface, aifigcssucture to get a small
focal spot size (FSS) and a target (anode) for the x-nagrggon. The entire unit is housed

in a stainless steel chamber and is operated at high vacuum conditions.

4.7.1 Cathode Dimension and Performance

The first consideration was to determine the cathode currentedquer beam to get
a total dose of 100mAs. The next step was to determine a cathcgloenadrea which can
deliver the high current of 40mA reliably in a stable manner. Thealel@ calculations have

been shown in Figure (4.7).
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Dose/ Beam : 100mAs/15 = 6.7mAs

Anode Curreni/Beam : 0.7TmAs/Z50ms = Z7TmA
Cathode Current : 27TmA/0.7 ~ 40mA

Figure 4.7: Calculations showing exposure time andathode current required to achieving 4s scan time
using 15 beams.

From a previous study it has been confirmed that an elliptitabda area of 2x8mm
can reach 18mA cathode current in triode mode as seen in Figut@)4[85]. This was a
clear indication that a much larger emission area is needed to achieve 27mAw@amneaie A
CNT cathode of 2.5x13mm elliptical shape was determined afteutaamsiderations. The
performance of the cathode is shown in Figure (4.8) where an I\$ipbots that the cathode
can actually deliver high current. The stability of the cathodebkan tested by performing a
lifetime run for over 4000 min running at 250ms pulse width, 5s perid@rafA cathode

current.
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Figure 4.8: (a) Shown is the IV and lifetime plot 6a 2x8mm cathode. The condition for the lifetime
measurement is 10 ms pulse width, 1 Hz at 15mA.Imageproduced from [15]. (b) Shows the IV for a
2.5x13mm elliptical cathode in triode mode. (c) Exbits the lifetime measurement for the same cathode
shown in (b). The condition for the measurement i250ms pulse width, 5s period at 40mA current.

4.7 Experimental Setup for Focal Spot Measurement

The FSS was measured based on the pinhole method [19].Figure) (gh@{a$ the
setup for the focal spot measurement. It consists of an x-rayes@upinhole phantom and a
detector all aligned such as the central beam of the xenarges passes through the pinhole.
Figure (4.9(b)) shows the actual module used for the FSS measusemhe image is then
analyzed by performing a Gaussian fit to the intensityidigion and the focal spot size is
determined at FWHM. A typical representation of the intensityridigion along the short
axis of the cathode is shown in (d). This kind of single peak distiibig better for imaging
in contrary to double peak distribution often seen in conventional sourceh lgaids to

deterioration of spatial resolution.
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Figure 4.9: (a) Schematic representation of the FS®easurement configuration. It comprises of an x-ra
source, a pinhole phantom and a 2D flat panel dettr all aligned such that the central beam from the
source passes through the pinhole and reaches thentre of the detector. A computer station controlghe
electronic interface. (b) Image of the assembled tteode unit (comprising of the cathode substrate, da
and focusing structure) used for the initial testig. (c) Representative image of an actual focal spai
100um pinhole configuration with typical line profile along the short axis of the focal spot (d). The prdé
show a Gaussian shaped intensity distribution witha single peak. (e) Shows a typical double peak afte
seen in conventional sources which leads to deteraion of spatial resolution.

4.8 Preliminary Simulation Study using Uniform Emission Model

Individual x-ray source design is based on the existing midGray€metry which
consists of an Einzel type electrostatic focusing structuraieMer, given the cathode size
and a pitch of 1.2cm it is impossible to implement the existiogding structure. Hence, the
goal is to design a simple structure which can accommodatergieeci@hode area. As a first
step we compared different geometric structures for the aetearostatic focusing unit

using an elliptical cathode of 2x8mm and studied the beam profile, Ads simplicity of
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model setup, the electrons are assumed to be emitted at 90° to the surface witrgeaahver
This primarily affects the short axis and gives a smaller value cothfzatee actual number.
However, the goal at this point is to study the beam profile iaadaf potential design and
not actual focal spot size. Figure (4.10(a)) shows the structuiee of-ray source unit. It
consists of a gate electrode for the extraction of elect@msglectrostatic focusing unit

(comprising of Focusl and Focus2) and a target anode.

The first study involved optimization of Focusl geometry; hencéerent
configurations were considered for Focusl electrode. For thigydartisetup the gate and
Focus2 has a 10mm circular opening. Different geometries considered ateves. fol

(a) a conical structure of bottom aperture 10mm and top aperture 15mm,

(b) a clear through-hole of 15mm in diameter, and

(c) a clear through-hole of 10mm in diameter.
Schematic representation of the different geometries can beirsdégure (4.10(b). The
primary goal is to simplify the design and to study how crubialconical structure is for the

beam profile.
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(b) Different Focus1 Geometry
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Figure 4.10: Simulation model for initial study. It is comprised of a CNT cathode, a gate electroderfo
extraction of electrons, an electrostatic focusingunit (Focusl and Focus2) and an Anode. A

representative electron beam profile can also be se.

The preliminary results (Figure (4.9(c))) suggested that ¢imécal structure is not
essential. Also, when the Focusl aperture is opened up to 15mm, it shewsapdor
achieving smaller FSS compared to the conical structure. This formed ihébascreasing
the aperture in the long direction while the short direction waiselihby the 1° pitch from
the tube design. Different cathode sizes such as 2x8mm, 2x13mm and n3xd2ne
considered to get a high current. The focal spot size for differargsion area was studied

using an initial design (let us call it Design-I). Desighals an elliptical structure and the
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parameters are shown in Table (4.2). The simulations were pedoain 40KV anode
voltage and 1500V Gate voltage with a cathode current of 40mA using leedd mesh
geometry. Figure (4.10) exhibits a plot of the FSS (areafwasction of Focus2 voltage. The
elliptical structure seems to be more efficient for thedargthode. About 5@dn was the
smallest value achieved along the long direction. Based on theséisre set of

measurements were conducted to confirm the predicted results.

Gate Electrode| Focusl Electrofle Focus2 Electiode
Dimensions (mm) 15x5 15x5 10x15

Table 4.2: Dimensions for Design-1. The electrodésve elliptical apertures.
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Figure 4.11: Preliminary simulation results (using uniform distribution model) showing the trend
followed by FSS (area) as a function of Focus2 valje for different cathode size. The results suggetbiat
the focusing structure is more effective for largeathode sizes.

4.9 Results from Initial Design

A three pixel module of Design-I was built for initial testioigFSS. It consists of a
gate electrode and two active focusing electrodes. The entine isehoused in a stainless
steel chamber and is pumped down td Torr. The results of the initial measurements are

seen in Figure (4.12). A 2x13mm cathode at 10mA current was mdasuddKV anode
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voltage. The results show that a focal spot size of 0.6x1.2mmxlehgrt) can be achieved,
which is bigger than the targeted value. One primary reasonhi®rig due to limited

resources, the testing was performed with a 2D square meshdin$tdee 1D linear mesh
used for initial simulations. However, the measurements suggestaewviements and
optimization in designing was essential. One major improvement wasléo replace the 2D
woven tungsten mesh by a linear mesh. Details of the changdseussed in the following

sections.
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Figure 4.12: A plot of the FSS as a function of Faxs2 Voltage using Design-1. A 2x13 mm cathode at
10mA current was measured at 40KV anode voltage. Ehresults show that a focal spot size of 0.6x1.2mm
can be achieved using this design and a 2D squareesh. Simulations and experimental results show
reasonably good agreement under similar conditions.

4.10 Optimized Individual X-Ray Source Unit Design

The process of design optimization involved varying different paemsuch as the
distance between Gate and Focusl, Focusl and Focus2 and also Focus2 andhenode
apertures for the electrodes can also be varied. An exampbedashown in Figure (4.13),
where a change in the Focus2 opening shows the change in thereleeam profile.
Keeping everything fixed, a change in the Focus2 aperture shdefinde shift in the focal

plane along the axial direction, which in turn changes the FSS.ifTisusrucial to note the
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changes in the beam profile with change in any parameter. Thiseca critical guideline for

design optimization.

Focus1. 8x17 mm Focus1. 10x17 mm Focus1. 10x17 mm
Focus2 : 8x12 mm Focus2 : 10x12 mm Focus2 : 10x14 mm
Long Axis ]

Focal Plane !
3=

Figure 4.13: Representative beam profile exhibitingshift in focal plane along the axial direction wih
change in Focus?2 aperture.

At this point even though the simulations seem to match the exgreehresults, we
are not able to find a gate mesh which could sustain the high camaritence the thermal
loading. From experience, tungsten would be the ideal material bub doe thallenges in
etching tungsten we were unable to find a supplier who could supplytushe finished
product. The only option at this point was stainless steel, but givdadhthat it has a low
melting point we had to study different mesh geometries tavbezh would withstand the
thermal loading. A simple model consisting of only a cathode, aetgterode and an anode
(refer Figure (4.14)) was used for this study. An ellipticahadé of 2.5x13mm was used
with 19Qum between the emission surface and the gate mesh. The simulatoas

conducted at 30 KV anode potential, 2000V gate potential at 40mA cathodetc@ne of
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the important parameters to note is the change in gate tramamweath different geometry.
Thermal simulations for each of these geometries were doneatdpaby my colleague

Andrew Davis. The results have been summarized in table 4.1.
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Figure 4.14:A simple model comprising of a cathodegate electrode and gate mesh , and an anode. Inset
shows the gate mesh with a rib passing through theentre. This model was used to primarily study
different gate mesh geometry.

Pitch Bar Width | Thickness Rib Cathode Transmission
(um) (um) (um) (um) | Current (mA) Gate (%)
250 50 100 0 40.03 64.18
250 50 100 100 40.03 60.85
250 50 125 100 40.03 57.61
250 50 150 100 39.99 54.86
275 75 125 100 40.03 52.39
275 75 150 100 39.99 50.46
275 75 200 100 40.03 42.27

Table 4.3: Summarized results for different gate mgh geometry. There is an obvious decrease in
transmission rate with decrease in physical openingAlso, increase in thickness of the mesh blocks meo
electrons resulting in a drop in the transmission.

Optimization of all the geometric parameters led to thel fiesign as shown in

Figure (4.15). The cathode assembly has an elliptical geomvétrywarying apertures for
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different electrodes. The cathode has an elliptical area of 2.5x18hiah is determined
after careful consideration of emission area needed to get higent as well as
sustainability of thermal loading by the gate mesh. At this peentvere able to fabricate a
tungsten etched gate mesh in-house. This solved all the earlier probleraggigate mesh

melting (using the stainless steel mesh), high current and long exposure time.

Anode /—

15mm

10 mm

ocuszl L IESSSSSI

4.238mm

Focus1
e W —
Cathode

Figure 4.15 : Final design of a single cathode-anedunit. It has an elliptical cathode of 2.5x13mm, gate
electrode for electron extraction, an electrostatidocusing unit (Focusl and Focus2) and an anode n&ad
of tungsten. The electrodes are made of stainlesgal and have elliptical apertures.

Once the geometric parameters were optimized, the model vihsrfoefined with
the integration of the electron divergence. This was done by thkermntation of the
“Random Distribution” electron emission model for specifying thaahpgarticle dynamics.
This represents a realistic model and gives more accugatéts in terms of FSS and
transmission rate. Figure (4.16) shows the results for the 2 gfpemission models. As
expected, a dramatic difference is observed in the short axéeas the long axis exhibits

negligible difference. With the introduction of the divergence, mase challenging to focus
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the beam back to a finite point, hence a larger FSS. The gate neglsim tsese simulations

is a linear 1D mesh. The cathode current is about 20mA and the anode voltage is 30KV.
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Figure 4.16: Here is a plot of the FSS as a funoti of the top focusing potential. The cathode used
2.5x13mm elliptical area with a distance of 15mm hween the anode surface and the top focusing

electrode. Also, Va=30KYV, Vg=2000V and V(f1) =100QV

4.11 Effect of various parameters on the FSS

It is important to know the effect of different parameters on the FSS whiclisatiec
final spatial resolution of the x-ray source. Extensive electron opticsagiong have been
performed here to do a systematic study of the effect of different pramie will be

discussed in detail in the following sections.

4.11.1 Effect of Distance between Focus2 and Anode

The initial simulations were performed at a distance of 15nom the top focusing
electrode to the anode surface. From experience, we know if gtence is too small it
might cause arching and electrical breakdown due to the higlggaddtathe anode. 15mm

seemed to be a safe distance in theory; however, from a manufgqierspective, with 31
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sources in a single assembly, 18mm seemed to be a safe lobkeckothe effect on the FSS
everything else was kept constant and only the distance wad.VvEne results show that the
distance and the FSS are linearly related. Shorter distaenes g6 give a smaller FSS at
30KV anode voltage 9refer Figure 94.17)). However, the transmission raeshange

significantly with change in distance as can be seen in Table 4.4.
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Figure 4.17: Shown is a plot of FSS (area) as a fation of Focus?2 voltage. We see that there is an ease
in the size of focal spot area as the distance beten the anode and Focus2 electrode is increased.

Distance Cathode | Transmission| Transmission
Current Gate % Anode %
D(18) 20.0 64.5 594
D(15) 20.0 64.5 59.8
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Table 4.4: Summarized average transmission for twdlifferent distance 15mm and 18mm between the
anode and Focus?2 electrode exhibit no change in tramission rate.




4.11.2 Effect of Anode Potential
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Figure 4.18: Shown is a plot of the FSS (area) asfanction of the Focus2 voltage for different anode

potential. The FSS (area) decrease with increase ianode potential, however, this phenomenon is
observed only at high Focus2 voltage. This might ra@ at high Focus2 voltage the change in field
distribution is significant and is demonstrated bya change in the FSS. The simulations are done at Vg
=1250V and \=1000V at 20mA cathode current.

A simulation study of the effect of the anode potential on the fepat size was
conducted. Here a cathode of 2.5x13mm has been used at 20mA current.eTheltgge
and Focusl voltages are 1250V and 1000V respectively. Figure (4.18) shquat thiethe
FSS (area) as a function of the top focusing voltage for diffeneotle potentials. As the
anode potential is increased, we observe a definite decreasdaSheut this happens only
at high Focus2 voltage. This means that at low Focus2 voltaghdahgesin the electric field
distribution is negligible with change in anode potential, keeping RE& unaffected.
However, at high Focus2 voltage, the change in field distributiorore significant and is
demonstrated by a change in the FSS. The smallest FSS thhe achieved at 30KV is

470umx530um (long x short).
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4.11.3 Effect of Focusl Potential
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Figure 4.19: Shown is the effect of varying Focustoltage on the FSS (area) as a function of Focus2
voltage. It can be concluded that the FSS (area) igeakly dependent on the Focus1 voltage. It simulans
were done at Va=30KV, Vg=1250V at 20mA cathode cuent.

Figure (4.19) shows the effective focal spot area as a furafttiie Focus2 potential.
The plot shows the behavior at three different Focusl voltages at, 2000V and 1100V
respectively. From that the graph, it is clear that in the @btiange of operation, the focal
spot is insensitive to the applied Focusl potential but highly sengitihhe Focus2 potential.
The curve shows a parabolic shape showing an optimal region a@ftiopewhere the FSS is
the smallestSince the effective focal spot area is insensitivedahat gives a broad region

of operation to maintain the same focal spot area just by tuning the focusingat®tenti
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4.11 .4 Effect of Different Current
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Figure 4.20: (a) Plot of FSS (area) as a functiorf #ocus2 Voltage. (b) Plot of the FSS along the baaxes
as a function of Focus2 voltage. A definite increasin FSS is observed when the anode current incress
(also meaning a higher gate potential) keeping theest of the parameters fixed. The increase is printdy
noticeable along the long axis and might be attribied to the large divergence caused by the mesh wsre

with increase in gate voltage.

Gate-Cathode Cathode Current Anode Current Anode Transmission
Potential
1590 V 48mA 29.2mA 60.9 %
1250 V 30 mA 17.4 mA 57.8 %
1050 V 20mA 11.8 mA 60.0 %

Table 4.5: Table summarizing the gate voltage ande corresponding cathode current, anode current

and anode transmission.

We know that the field emission current is dependent on the appdetieffield, in

other words the cathode-gate potential. This means to increasathiode current the gate
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potential needs to be increased accordingly (refer Table 4.5) wdehave studied the effect
of different currents on the FSS. Keeping the anode voltage fix8akat and everything
else the same ¢/ = 1000V), the gate-cathode potential has been varied from 1050V to
1560V to increase the cathode current. The change in the voltagasesithe FSS along the
long axis by 200um (refer Figure (4.20)). This phenomenon is observeatdoly Focus2
voltage and might be a combination of different factors. Fits#ychange in gate potential
will change the electric field distribution between the gate RBoclisl, thus affecting the
FSS. Secondly the high gate potential will cause more divergertice alectron trajectories
because of the gate mesh wires, and is mostly demonstratedrbgse in FSS along the
long axis. Effort has been put to achieve a smaller FSS atcoighnt (cathode current
48mA) by tuning the focusing voltages, primarily;.VThere is a shift in the plot when
Focusl voltage is changed to 800V and 1200V from 1000V; however it cannot daaoke

to the low current position.

4.12 Preliminary Experimental Measurements

A three pixel testing module was used for focal spot measursrasimg the pinhole
method. The measurements were performed at 30KV anode potentidDar#l cathode
current using a 2.5x13mm CNT based cathode. Due to availability dédimecourses at
present the testing was performed with a gfi0Opinhole instead of 30n at low
magnification. This translates to about app®@0error bar. However, given the large error bar,
we see reasonable agreement between simulation and experida¢atas shown in Figure
(4.21). A summary of the transmission can also be seen which shomigajive agreement.

A FSS of 0.5x0.6mm (long x short) is the smallest spot that can be achieved usingifhis set
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Figure 4.21: Plot of FSS as a function of the Focymtential. There is reasonable agreement consideg a
60um error bar associated with the experimental data.A summary of the transmission rate show
guantitative agreement. The measurements were dongsing a 2.5x13mm cathode at 20mA cathode
current, 30KV anode voltage and 1000V Focusl voltag The FSS is determined using pinhole method.

4.13 Potential Improvements and Summary

Some preliminary simulations have been conducted in an effort heefugduce the
FSS. This study mainly involves further gate mesh optimization ked¢pegame focusing
structure. Three different gate mesh geometries have beendstiiie similar physical

opening and thickness of . The primary difference is the wire pitch and the wire width

as can be seen in Table (4.6).

: Bar Width | Thickness |Physical Opening
Pitch (um N
W | @m) | m) (%)
250 50 100 80
200 50 100 75
125 25 100 80

Table 4.6: Table summarizing the parameters for thalifferent gate mesh studied.
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The FSS simulations have been performed at 30KV anode potential Atc2Z@inode
current, maintaining a distance of 15mm between Focus2 and anode.(Big@jeshows the
FSS as a function of Focus2 potential for the different gate megéfidite decrease in FSS
is observed when the pitch is decreased fromu@b@ 20Qum while maintaining the same
bar width. A further decrease in size is demonstrated when theipiteduced to128n. We
can infer that the focal spot is highly sensitive to the pitchtlaisdnight be primarily due to
a uniform field distribution on the emission surface with smatlhpiThere is also an overall
gain in the transmission when the pitch is small (refer Table (4.7)). Treegesapreliminary

results and need further research; however it might be the roadmap to fugh®raments.
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Figure 4.22: (a) Plot of FSS (area) for different gte mesh geometry. The graph suggests it is possilib
achieve a smaller FSS with the current tube desigjust my modifying the gate mesh geometry (b) Shows
the actual numbers along the long and short axis. &SS of 0.3x0.5mm (long x short) can be achieved
using this design. The simulations are done at 30K&node potential and 20mA cathode current.
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Mesh |[I(cath) (mA) Tr(gate) (%) Tr(anode)(@h)hysical Opening
250 20.0 64.1 59.0 80.0%
200 20.0 60.5 58.6 75.0%
125 20.0 65.5 63.6 80.0%

Table 4.7: Comparison of the average transmissiont gate and anode for different gate mesh geometry.
The results suggest that there is an overall gaimitransmission when the gate mesh has a small pitch
This might be attributed to the uniform electric field on the emission surface with small gate meshtpi
in comparison to large pitch.

4.14 Summary

A CNT based field emission x-ray source has been designed agldped. One of the
primary characteristics of an x-ray source is its gpagisolution, which is determined by the
focal spot size of the electron beam. Hence, a systematig ctutifferent factors affecting
the focal spot size has been conducted. We see that the focakspettsghly sensitive to
Focus?2 voltage and weakly sensitive to Focuslvoltage. In additionalgasdependent on
the current or gate extraction voltage. However operating itaiceregimes helps in
maintaining a constant FSS even for different anode current. Thisrysimportant for
imaging patients of different size where the dose might needbd adjusted by changing
the anode current. Also, the intensity distribution on the anode exhilsiagie peak
(contrary to double peak often seen in conventional sources) whieh inepreserving the
spatial resolution. Extensive electron optics simulations have bedornped to fully
characterize the x-ray source. Initial experimental ressh®w reasonable agreement in
terms of FSS and transmission rate. This is primarily dlientted resources at present. It is
an ongoing project and more testing are in progress. Sonueliges to future
improvements and optimization have been provided. A prototype x-ray smitincgl beams

is being manufactured right now and will soon be available for testing and eniactain.
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Chapter 5 : Conclusion and Future Directions

In this research, topics related to development of CNT based figkkien x-ray
source technology and its related medical applications have beessdidc In this chapter |
will summarize the results; at the same time | do redlieee is potential for improvements.

So I would like to finish this work addressing some future modifications.

Since the discovery of X-rays in 1895, it has opened doors to a mgfiad
applications. Medical imaging has been one of the prominent ardssvé experienced a
tremendous advancement in terms of diagnostic imaging and therapyofQhe integral
components of such a device (e.g. micro-CT scanner, tomosyntbasises or radiation
therapy system) is the x-ray source. Even though conventionalitimec x-ray sources are
used widely for such systems, the thermionic technology has kdieitations. The
temporal resolution of a thermionic source is highly restrictedhleyinherent thermionic
mechanism of electron production. In addition the high operating tetaperasults in short
lifetime and large device size. On the contrary, field emisgiray source can address most
of these limitations. It has the capability of high temporsblgion up to microsecond and
can generate pulsed x-ray in arbitrary waveform. Since itowbsg in 1991 CNTs have
been demonstrated to be excellent field emitters. Integré@iigs as field emission x-ray
sources has been relatively a new field. This novel x-ray stvase¢he potential to replace

conventional thermionic sources in many applications.



Development of a CNT based field emission x-ray source for medical devibedras
the focus of this work. One of the primary characteristicsnok-aay tube is its flux and
spatial resolution. In this work, electrostatic focusing has beelnsxely used to focus the
electron beam. However, experimental demonstration of such a noaglsource would be
impossible in the absence of a substantial development progrnatead, simulation tools
have been employed to aid the design of the micro-focus tube. Inoaddhie lack of
suitable methods of representing the electron emission charicteokthe CNT cathode
resulted in the development of an emission model. A simple but intemnigsion model to
emulate the behavior of a CNT cathode has been developed. This modelirtke
consideration the random distribution of CNTs on macroscopic emissgan aad their
varying field enhancement factor. Even though a working modebbas created which
exhibits quantitative (within ~16%) agreement with measured sethéte is always room
for further improvement. Further refinement of the model is pos&iplesing the actual
average field enhancement factor for generating the currdénbdi®n instead of using the

effective g used from the cathode performance directly. Also, assumption obrumif

velocity distribution along its angular components has been made. Tiecdurther
improved by integrating some kind of weighted distribution along thiel firection.
Extensive electron optics simulation using this emission model leas dmne to study the
behavior of the CNT field emission x-ray source. A prototype xuwbg was built in the lab

for experimental validation of the simulated data.
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An isotropic focal spot size of 100um can be easily achieved uUss¢ube design.
Feasibility of such a tube being used as an integral partighamic micro-CT scanner has
been demonstrated. Some representative cardiac gated mouse ima@geslso been
presented. The tube design can also be translated to a spastullyuted multi-beam x-ray
source array and has been successfully integrated into a stationaryOmiconfiguration. A
high power CNT field emission x-ray source has also beenessitdly designed and
characterized. It is part of a multi-beam stationary DBanser operating at 100mAs with a

scan time of 4s and 15 views. This is an ongoing project.

However, there are still plenty of challenges and opportunitiezaineng. As
mentioned previously, for the micro-focus tube, the lens becomescimesféor focal spot
size less than 60 um with the present design. The present dasigtidns on the focal spot
size bring out new ideas to achieve smaller focal spot sizemiraly simulation studies
have been done with a knife-edge anode geometry which shows the ghdterachieve
smaller focal spot. A doughnut shaped cathode geometry mightedfstorachieve the same
goal. For the prototype high power x-ray source, the focal spetisilarger than the target
size of 0.3x0.5mm. However, preliminary studies show that design ogtianzof the gate
mesh geometry with the same tube geometry might solve thiseprolAn alternative

focusing structure will also achieve the same goal.

Overall, a simulation platform to perform reliable electron gpsanulations has

been developed and implemented to design CNT based field emissiprsoudraes. The x-

ray sources are tailored for particular application and have heesssfully integrated into
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prototype micro-CT and stationary digital DBT scanners. Suclmngca can have a

significant impact in the field of medical imaging and diagnostics.
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