THE CONTROLLED DRIFT DETECTOR AS AN X-RAY IMAGING EVICE
FOR DIFFRACTION ENHANCED IMAGING

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

CIGDEM OZKAN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTERS OF SCIENCE
IN
PHYSICS

FEBRUARY 2009



Approval of the thesis:

THE CONTROLLED DRIFT DETECTOR ASAN X-RAY IMAGING

DEVICE FOR DIFFRACTION ENHANCED IMAGING

Submitted byCIGDEM OZKAN in partial fulfilment of the requirements for the
degree ofMasters of Science in Department of Physics, Middle East Technical

University by,
Prof. Dr. Canan Ozgen
Dean, Graduate School Natural and Applied Sciences

Prof. Dr. Sinan Bilikmen
Head of DepartmenEhysics

Prof. Dr. Meltem Serin
SupervisorDepartment of Physics METU

Prof. Dr. Andrea Castoldi
Co-SupervisorDEl, Palitecnico di Milano, Italy

Examining Committee Members:

Assoc. Prof. Dr. Bahar Dirican
Radiation Oncology Department, GATA

Prof. Dr. Meltem Serin
Dept. of Physics, METU

Prof Dr Umit Kizilaglu
Dept of Physics, METU

Assoc. Prof. Dr. Enver Bulur
Dept of Physics, METU

Assoc.Prof. Dr Ismail Atilgan
Dept of Physics, METU

Date:

06.02.2009



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and etal conduct. | also declare
that, as required by these rules and conduct, | havfully cited and referenced

all material and results that are not original to tis work.

Name, Last name: Cigdem Ozkan

Signature



ABSTRACT

THE CONTROLLED DRIFT DETECTOR AS AN X-RAY IMAGING EBVICE
FOR DIFFRACTION ENHANCED IMAGING

Ozkan, Cigdem
M. S., Department of Physics
Supervisor: Prof. Dr. Meltem Serin

Co-Supervisor: Prof. Dr. Andrea Castoldi

February 2009, 63 pages

Diffraction Enhanced Imaging (DEI) is an X-ray inrag technique providing
specific information about the molecular structafe tissue by means of coherently
scattered photons.

A Controlled Drift Detector (CDD) is a novel 2D isibn imager developed to be
used inX-ray imaging techniques.

In this work a final (complete and detailed) analysf DEI data taken with the CDD
in the ELETTRA synchrotron light source facility ifirieste (Italy) in 2005, is
presented and the applicability of both this neghtéque and the novel detector are

discussed.

Keywords: Controlled Drift Detector, Diffraction Banced Imaging, Diffraction
Enhanced Breast Imaging, Synchrotron Radiatione@ait Scattering.
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X-ISNINLARI GORNTELEME CIHAZI OLARAK KONTROLLU DRIFT
DETEKTOR’UN KIRINIM YARDIMIYLA KONTRAST'l ARTIRILMI §
GORUNTULEME'DEKI UYGULANIMI

Ozkan, Cigdem
Yiksek Lisans, Fizik Bolumi

Tez Yoneticisi: Prof. Dr. Meltem Serin
Ortak Tez Yoneticisi: Prof. Dr. Andrea Castoldi

Subat 2009, 63 sayfa

Kontrast't Artirllmis Goruntileme (DEI) bir xsinlarn goériuntileme  tekpidir.
Koherent fotonlar aracgiyla belirli bir dokunun molekuler yapisi hakkindelgi
verir.

Kontrolli Drift Dedektdrti (CDD) 2 boyutta xinlari goérunttileme teknikleri icin
gelistirilmi s yeni bir silikon aygitidir.

Bu calsma, 2005 senesinde ELETTRA sinkrotron ile Trieste{ttalya) yapilmy
DEI deneyinin verileri Gzerinde yapilgntam ve ayrintili bir analizi sunulngtur ve

bu yeni dedektoriin ve telgn uygulanabilirlgi ele alinmgtir.

Anahtar Kelimeler: Kontrollu drift dedektort, Kimm yardimiyla kontrasti artirilmi

meme gorintuleme, Sinkrotron Radyasyon, Kirinim|8egar.
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CHAPTER 1

INTRODUCTION

X-rays have been among the most important toolsdfagnosis and therapy since
their discovery by Wilhelm Conrad Roéntgen in 1896ray transmission, X-ray

diffraction, fluorescence, and Compton scatterirggthe fundamental effects arising
from the interaction of X-rays with matter that cprovide information on the

structure and composition of the material underlysig Based on these effects,
imaging techniques have been developed for hursandianalysis. The aim of using
these techniques is for developing better diago@diilities or a better understanding

of certain diseases.

Clinical radiography is based on the detectiorheftransmitted X-rays passing right
through the human body and gives information alloeitdensities of the tissues. X-
rays, are not only transmitted through the humadybo the same direction as their
incidence, but may also change their direction wite tissues due to elastic or
inelastic scattering. The phenomenon of scattezagses reduction in image quality
in radiography in general, and mammography in paldr. However, elastically

scattered X-rays bear very useful information alibatstructure of the tissues at the
supra-molecular level. Some pathologies, like lreascer, produce alterations to
the molecular structures of the tissues; this alitem is especially evident in

collagen-rich tissues.

Diffraction Enhanced Imaging (DEI) is an alternatitechnique based on utilizing
coherently scattered X-rays to generate images phatide higher contrast and
specificity than those produced by conventionailgraission imaging.This technique

is of special interest in cases where the dengifig¢be tissues are very similar (like
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in mammography) and the absorption images do rfet ehough contrast and this
poses a limitation on the interpretation of thegmand increases the probability of

misinterpretation.

Standard X-ray imaging devices used in clinicaliogchphy are 2D imagers that
have a spatial resolution to the order of a fewameeters but fall short in providing
a good contrast. According to Oppelt (2005) thesaags are X-ray films and digital
detectors; whereas digital detectors can be dividedflat panel detectors; such as
amorphous-Selenium and amorphous-Silicon Thin Filimansistors (TFT) or
photodiodes; and the Charge-Coupled Device (CChjclwis used in slot-scanning

systems.

In the previous applications of DEI by CCD, two D&#tups were used, where
energy dispersive measurements were carried oudratepy from the imaging

measurements. In the energy dispersive setup aentiomal polychromatic X-ray

source and an energy dispersive detector (i.espadial resolution) were used to
measure the diffraction signature specific to tamgle. In order to obtain imaging
information a monochromatic synchrotron source usesl to irradiate the object and
a charge-coupled device camera was used to visufikzhigh contrast images. Both

setups were used to assess the constituents sditmngle.

Later, due to its superior energy discriminatiopatalities the detection system in
the synchrotron DEI setup was upgraded to a nogetator, the Controlled-Drift
Detector (CDD). This device developed by Castofdyazzoni, Longoni, Gatti,
Rehak and Struder, looks extremely promising foapplication area that requires
high contrast. This device is a novel two-dimenaloX-ray imager which has a
small pixel size comparable to the CCD. Howeveis superior to it in certain key

areas.

As the developers of the CDD (Casto#di al) have repeatedly pointed out in their
various publications, the incident X-rays in thisvite are directly converted with
high efficiency in the fully depleted silicon bulhich can be of 30600 um thick,

and it can measure the energy of the incoming h&aimspectroscopic resolution. It

can be operated at very high frame rates (up tokH¥) and can potentially be
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constructed to a large area linear device. Thisipoisy of energy discrimination
provided by the CDD allows selection of a narrownmemtum transfer window,

leading to more powerful experimental implementagiof DEI.

An assessment of this upgraded setup was carriednoan experiment at the
ELETTRA synchrotron light source facility in Triest Italy in 2005. In this
experiment, two types of samples were irradiateiti Wie synchrotron beam and the
CDD was used to collect data of both techniquesnsmission and diffraction

images of these samples.

The preliminary reconstruction of the images, aiedifrom the CDD, showed that it

could replace the conventional detection systems.

The objectives of the study reported in this theais be outlined as follows:

1. To perform a complete and detailed analysihief@REI data obtained by CDD of

which a preliminary analysis is already available.

2. To assess the performance of the CDD basededimttings of this analysis.

3. To determine the applicability of CDD in X-ramaging techniques where high

contrast is required.

In this study, the detector was calibrated basetherevents gathered in each pixel
using the synchrotron beam. The calibrated data wsed to understand the
experimental parameters such as the behavior afythehrotron beam and intrinsic

detector properties such as resolution and dmifi ti

Imaging data collected for the two samples from ¢lperiment conducted at the
ELETTRA synchrotron in 2005 was used to reconstthese images according to
the assessment obtained from the experimental gheasn The two types of samples

used for imaging were a Perspex© phantom and [&sid.

In this introduction chapter, the background infation and the objectives of this

study, as well as the procedure followed is present



Chapter 2 presents the survey of pertinent liteeattelated to basic X-ray
interactions, while focusing only on X-ray difframt imaging techniques based on
low angle scattering; and two imaging devices ngmigle charge-coupled device
and the Controlled-Drift Detector. The experimeeldhat ELETTRA in 2005 is also

introduced in detail.

Chapter 3 presents the material and method ofathiédysis which is based on the

experimental setup used to gather data at the sytnoh.

Chapter 4 presents the results of the final datdyais (performed by the author of
this thesis) and a discussion on the comparisdneofesults.

Chapter 5 concludes the assessment of the apfiigadfi the CDD to diffraction
enhanced imaging measurements, along with posdiételopments to the existing

setup and a recommendation for further analysis.



CHAPTER 2

LITERATURE REVIEW

This chapter gives details on the X-ray interactiamd imaging techniques; X-ray
imaging devices; and application of the CDD to BeBI technique. Each topic is

further subdivided into sections containing relévaformation.

2.1. X-Ray Interactions

X-ray radiation has the ability to penetrate materidue to its short wavelength,
which makes it an excellent probe to study thecttine of materials. The scientific
uses vary from medicine to chemistry, also physiod biology. Crystallography,
fluoroscopy or radiography, are just a few exampléshe use of some of the
properties of X-rays as they traverse matter.

The interactions of X-rays with matter depend om ¢émergy of the photons, on the
material itself, for example, the average atomimbear and its molecular structure.
In the X-ray energy range (on the order of 100 @\Q0 keV) photons interact with

the electrons of the atomic shell. In the caselait@electric absorption, a hole is
created in the electronic shell, which is filled dgother electron from the higher
shells. Then either a photon is produced as atragliprocess (fluorescence), or non-
radiative re-arrangement of the electrons produbes emission of low energy

electrons (Auger effect).

Alternatively, the incident photon may scatter &tadly or in-elastically. In the

latter, the energy of the photon is partially tfensd to the scattered photon and an
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electron is recoiled in the Compton scattering pssc On the other hand, in elastic
scattering the energy of the photon is conserved mnterferences between
wavefronts of the scattered photons are possibhe dlastic scattering intensity
pattern carries information about the structur¢hef object at atomic and molecular

levels.

In the case of medical imaging, spatial resoluteord attenuation determine the
suitability of the X-ray region in the electromagjnespectrum. For the human body
the suitable region for imaging is from 0.001 nmO®8 nm (1 MeV- 15 keV),
where the attenuation is reasonable and the waytblerare far shorter than the
resolution of interest (Keyrildinen, 2004). In di@gtics though, the energy range is
limited to the 15-120 keV range where the main X-iateraction with matter are
photoelectric absorption, coherent/elastic (ThomsonRayleigh) scattering and

incoherent/inelastic (Compton) scattering.

a) X-ray Scattering

When diagnostic energy X-rays pass through a nadtdrielastic scatter, elastic
scatter or the photoelectric effect, may take platke probabilities of these
interactions taking place are governed by the X-eagrgy and the density and

atomic number of the material.

In an inelastic, or Compton, scatter interactiom ithcoming X-ray interacts with an
atomic electron and transfers some of its energy momentum to that electron,
leaving with less energy than it originally had.eTprobability of this type of scatter
occurring in a material is almost uniform at themgies under consideration and the
angular distribution of the Compton scattered Xsrag proportional to the
differential cross-section per unit solid angle,/d given by (Hubbellet. al,
1975):

D _ [5(y,2)) 900

2.1
dQ dQ @D



where the first termS(,Z), is the incoherent scatter function, which is zerdhe
forward direction where coherent scattering is dwnt, and approaches as

momentum transfey, is defined by,

_E . (6
—Rsm(zj (2.2)

whereh is the Planck’s constart,is the speed of lighg is the energy of the X-rays,

and @ is the scatter angle. The second term in equdti@nis the Klein-Nishina

equation:
2 2
9 _ T gyco) L |[14 9 @-cOSH)’ 2.3)
aQ 2 1+a(L-cosd) [1+a@1-cosd)| 1+ cos’ )

ro is the classical electron radius amds the ratio of the photon energy to the rest

mass of an electron.

Coherent scattering is described classically asirtteraction between the electric
field associated with the X-ray beam and the ealedield associated with the
electron charge distribution in the material (Rayal, 1999). The electrons are set
oscillating and subsequently emit radiation of saene wavelength as the incident
beam.The differential cross-section per unit salijle of the exiting radiation is

given by Johns and Cunningham (1983):

99 10 44 cog ) (1,2)] (2.4)

aQ 2 ’

wherer, is the classical electron radiu@,+cos 8) arises from averaging over all
possible polarizations anB( x ,Z) is the coherent scatter form factor which is a

function of momentum transfer and the atomic nundbehe scatterer. Conversely to
the incoherent scatter form factor, the cohereattecform factorF, tends towards

zero for large values ot

The probability of a photon being scattered pet lemgth of beam path, which is the

theoretical linear differential scattering coeféiot is given as (Tartari, 1999),
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whereN, is the Avogadro constan¥] is the molecular weight andis the density of
the material.

Equation 2.5 indicates that at diagnostic enertfiescattered X-rays predominantly
follow paths at a small angle to the original difec of travel. A simple model of
this situation is seen in the theory of Bragg seaty in regular crystals and a more
complex treatment occurs in semi-regular structusegh as biological tissues
(Griffiths, 2005).

2.2. X-Ray Imaging Techniques

X-ray interactions mentioned in the preceding &t have been utilized for
imaging human tissues in order to develop a beliteynosis and understanding of
diseases. The techniques vary according to the dypeteraction from radiography

to diffraction imaging.

2.2.1. Radiography

Radiography is the first known application of X-sawfter their discovery by
Rontgen in 1895. He was the first to apply thisatdn to non-invasive and in vivo

medical examination.

To obtain a radiographic image is fairly simpleaasource of X-rays illuminates an
X-ray sensitive film situated just behind the objethe intensity of the X-rays
passing through the object is related to the albisor@nd to the thickness of the

object. This intensity is recorded on a film whistdeveloped for visual assessment.

Radiographs of bones have in general good contrastuse bones absorb the

photons more than the surrounding soft tissuesteftuie, the X-rays are a great help

in traumatology. The situation changes in imagiofi 8ssues where their densities
8



are very similar and their absorption coefficieate very close to each other and
offer little contrast. One way avoiding this is &mld a contrast agent (higher
absorption coefficient) into the body cavities mjecting into the vascular system. As

a result, the structures of the body appear caettagainst the surrounding tissues.

Radiographs are commonly obtained using polychrimnsaurces (X-ray tubes). The
low-energy part of the spectrum emitted by the seutoes not contribute to the
image formation but deposits dose on the objeatcBytron radiography allows the
use of almost totally monochromatic radiation, @aging the quality of the image

reducing the dose delivered to the object.

2.2.2. Diffraction Enhanced I maging

Presented here are two X-ray diffraction enhanogabing (DEI) methods based on
coherent scattering for low angles (up t&)1@ther diffraction imaging techniques

are not taken into consideration.

2.2.2.1. DEI based on Analyzer Crystal

Obtaining a good contrast in radiography of biotadji materials with similar

elemental composition can be difficult, especially high photon energies.
Absorption does not yield enough contrast to déiftiate areas of the object with
very similar densities and in such cases diffractimaging may play an important

role.

X-ray diffraction from perfect crystals, with nawaeflection angular width (on the
order of a few microradians) and peak reflectiatyclose to unity, provides the tools
necessary to prepare and analyze X-ray beams the¢rse an object on the

microradian scale (Pisama. al, 2000).

The condition for X-ray diffraction from a crystéd met only when the incident

beam makes the correct angle to the atomic Igtlexees in the crystal for a given X-
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ray energy or wavelength. When this condition ig,nttee beam diffracts from the
planes over a narrow range of incident angles. Woemstructive interference
between scattered waves takes place at certairsniie Bragg effect or X-ray
diffraction occurs. The angles, at which the ireeghce between the waves occurs

are given by the Bragg condition:

nA =2dsing, (2.6)

Wheren is an integer and refers to the order of diff@ctia is the wavelengthd is
the interplanar spacing ané, is the Bragg angle. The interference between the
waves scattered from the electrons within the satoen, molecule and neighbouring

molecules result in a diffraction pattern relatedhte spatial distribution of electrons.

As the crystal is rotated about an axis parallehtolattice planes and perpendicular
to the incident beam direction, an intensity vaoiatis observed. This is referred to
as therocking curve which is shown in Figure 2.1 below. The shapéhef curve is
roughly triangular, with the peak reflectivity appiching nearly 100% (Chapmanh
al., 1997).

Low Angle High Angle
Side Side

&

8
2

e
=
o

o
R
o

Relative Intensity /o

2
T T

o)
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&

"

Analyzer Angle (uradians)

Figure 2.1:Rocking curve of a Silicon crystal araly(Vedani, 2007)
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In Diffraction Enhanced Imaging, an imaging beampiepared by means of
diffraction of the polychromatic beam from the sgratron on a monochromator
crystal to create a nearly monoenergetic imagirgnbeThis beam is then passed
through the object being imaged as in conventioraliography. However, a
matching crystal is placed between the object Aeddetector. This crystal is set at
or near the peak of Bragg diffraction and is catleel analyzer crystal. A schematic
representation of a synchrotron radiography andradifion-enhanced imaging

system is shown in Figure 2.2 (Pisatoal, 2000).

Object

Synchrotron 2

Beam Z; ! |\\
Radiography \ g8

Setup Image Plate
Si(333) Detector

Double Crystal

Monochromator

= \
DEI Bragg Case g Si(333)
Setup Bragg
Analyzer

Figure 2.2: A schematic representation of a syrobmaradiography and Diffraction
Enhanced Imaging system (Pisatoal, 2000).

Since the condition for diffraction from this anaty crystal limits the X-rays that
can be diffracted into the detector, it automalycptovides a high degree of scatter
rejection, which results in improved image contrd$ie range of angles accepted by
the analyzer crystal is a few microradians, whicbvygles scatter rejection better
than conventional anti-scatter techniques suclitasoflimation and grids (Chapman
et. al, 1997).

The improved image contrast obtained by means attesc rejection is called
extinction contrasta term used in optics and X-ray diffraction teschbe intensity

loss due to diffraction and scattering. Therefditee image that represents the
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absorption of the object by X-rays is referred sotlaeapparent absorption image
since it has contrast derived from both absorpaod extinction (Pisanet. al,
2000).

The DEI reconstruction consists of an algorithmt tmatrieves the apparent
absorption from the two images recorded, from gaxél, when the analyzer crystal
is tuned. “This image contrast source may be furtieveloped to apply to medical

and biologic imaging” (Chapmaeet. al, 1997).

2.2.2.2. DEI based on using M echanical Collimation

Breast cancer alters the structure of the tisdusiag especially evident in collagen-
rich tissues. However, detection of a tumor by nseainconventional radiography is
not easy since the densities of the tissues asesiilar and the absorption images
do not offer enough contrast. While a tumor can dmsily detected in a
predominantly fatty breast due to the large diffieein the attenuation coefficients
of the two tissue types, the detection of a tumoa denser breast becomes difficult
due to the small difference in the attenuation ftwehts of carcinoma and of

fibroglandular tissue as reported by Johns andeY@f87).

Diffraction Enhanced Breast Imaging (DEBI) is alteicue developed to investigate
elastic, or coherent, scatter from human breasti¢is with a view to incorporating a
scatter detector into a standard mammographicamniteating an X-ray diffraction

imaging biopsy tool in the future (Griffiths, 2005)

There have been several studies examining theadiftm signatures of various
biological tissues, with breast tissue being measly groups such as Evaes

al.(1991), Kidaneet. al(1999), Lewiset. al(2000) and Polettet. al, (2002). The

authors, who considered signals at momentum transflees between 1.0 and 3.0
nm?, have all seen differences between the signaldatty and non-fatty tissues,
although this work has been limited by the inhonmmgeis nature of the tissue
samples. Some initial work was also carried ouwriter to investigate the feasibility

of using elastic scatter to form images of breasue phantoms with a charge-
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coupled device camera (Harrd. al, 2003). Based on the success of this work
further investigation was directed towards analydighe diffraction signatures of

breast tissues of and diffraction imaging by Gitif$i (2005).

p (em’)

10 100
Energy (keV)

Figure 2.3: Graph representing the absorption twefits of three different types of
breast tissue (Vedani, 2007).

In biological materials coherent scatter becomgsomant at photon energies below
50 keV and, because of its sharply forward peakatiira it is the dominant

scattering process at low angles. The interferarficgcattered photons gives rise to
diffraction patterns. These patterns provide a wmigignature characteristic of the
material that has been irradiated. In the case stfucture with a short-range order,
such as biological tissue, the distribution of $leattered intensity is characterized by
one or more smooth peaks at well-defined valugh@imomentum transfer given in

equation (2.2).

Figure 2.4 shows the scattered signal from bressid. As it can be seen from the
figure, normal tissue peaksqat1.1 nmiand carcinoma peaks near 1.7 nnt.“At

v = 1.1 nn", the signal from normal tissue is about twice sfgmal from carcinoma,
while aty = 1.7 nm' the diffracted intensity from carcinoma is abouf times
higher than that from healthy tissue.)At 1.3 nm', the signal from normal tissue is

nearly equal to the signal from carcinoma” (Castetdal, 2007).
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Figure 2.4: Linear differential scatter coefficiasftcarcinoma versus normal tissue
for at different momentum transfer values Diffraati highlights the difference
between carcinoma and healthy breast tissue (Castolal, 2007).

Earlier DEBI experiments were carried out in twepst where energy dispersive

measurements were carried out separately fronmihging measurements.

a). Energy Dispersive Setup

A schematic representation of the setup used imggriRispersive DEBI is shown in
Figure 2.5a. A polychromatic X-ray pencil beam wagd to illuminate the sample
and the photons scattered at a given angle weeetsdl with a conical collimator
and detected with an energy dispersive detectore(fp HPGe detector). The main
advantage of this technique is the use of a cormaltsource as the primary beam
as it allows investigating several momentum transfalues simultaneously.
Unfortunately, the technique has no position dmaoration capability; therefore it
can be used in the study of homogenous media terrdete the material linear
differential scatter coefficient of the sample lpistudied. This technique has a
major drawback; it does not provide imaging infotimia unless the sample is

scanned in front of the beam, which implies lorgeguisition times.
14



b). Synchrotron Radiation Setup

A schematic representation of the setup used igilmgameasurements carried out in
the synchrotron is shown in Figure 2.5b. The primadiation is a monochromatic
laminar beam from a synchrotron source. A positiensitive detector, coupled to a
multi-hole collimator, is used to gather the recdiffraction images at different
values of the momentum transfer by changing eitherbeam energy or the scatter
angle 8. The implementation of this technique with convendl X-ray sources
imposes strict requirements on the detector sidéetims of energy and position
resolution. A low noise level charge-coupled devi€€D)camera (Jerrarat. al,
2001) used for this setup had a very good posigsolution (to the order of tens of

micrometers), but featured no energy discriminatiapabilities.

Low-noise CCD

{ > Multi-hole coIIimator
{ E X1 X
\

E, E, ,,\
Incoming @ HpG Monochromatic <
beam \/ det beam
Sample
sampl D|ffracted
Collimator beam
(a) (b)

Figure 2.5: (a) Schematic diagram of the setup usé&ahergy Dispersive DEBI.(b)
Schematic diagram of the setup used in Synchrdamtiation DEBI experiments
(Castoldiet. al, 2007)

The main challenge in developing imaging devicasedufor diffraction enhanced
imaging arises from the requirement of a systenh \gitod spatial resolution and
high contrast sensitivity. The spatial resolutierpartly dependent on the pixel size
of the detector. In the case of the charge-cougéadce the spatial resolution can go
down to few tens of microns. However, higher spagaolution has no significant
effect on the diagnostic accuracy in the charazaéon of micro-calcification,

although detection accuracy can be reduced witlptke size. In addition to good
15



contrast performance, the identification of smaks low-contrast objects is
characterized by the ratio of contrast to backgdomoise. Hence, both spatial

resolution and contrast are of paramount importamecancer detection.

The main limitation of DEI is the low yield of stated photons for a given angular

aperture. For this reason, the choice of a suitddiector is crucial.

2.2.2.3. Requirements of the Detection System

There are several criteria for selecting a suitdekector for DEI. The detector has to
be able to clearly observe signal above the backgtdhat will be present from the
noise intrinsic to the detection system. The nundfecoherently scattered X-rays
reaching the detector in a diffraction system wélsmall compared to the number of
X-rays being produced at the source. This is duéhéoprobability of a coherent
scatter taking place and also the diagnosticallgfulscoherent scatter signal is
further defined by the system collimation (Grif§th2005). The total useful signal in
the diffraction system comes from just a small namaf X-ray photons. Thus the
scatter detector must have high quantum efficienayrder to physically capture the
signal from as many of the photons that reach ipassible. Once a photon has
interacted with the detector, then its signal numshpete with the noise within the
detector and its associated electronics. Therefareletector with readout noise
negligible with respect to intrinsic noise due ttarge generation would ideally be

required to detect individual X-rays.

Spatial resolving capabilities also play a pardétector choice. If the detector has no
spatial resolution then scatter data can be reddiden just one collimation defined

voxel at a time (Griffiths, 2005). This is adequ&be small samples, but is not a
practical situation when wishing to cover a largeaato be imaged in a reasonable

time.

A detector that is used for diffraction imaging shib have spatial resolution
capabilities at least of a similar order of magaéuo the collimation so that data is

not lost. A large imaging arealfield of view wowbviously also be an advantage for
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the detector such that a large area phantom cammbged quickly, however,
providing that a number of the individual detectoosild be tiled, this is not such an

important issue.

As mentioned in sections 2.1.3.2a and 2.1.3.2lhaage-coupled device camera and
a high purity Germanium detector was used in thréegaexperiments to tackle the

limitations of DEI.

There exists a device that looks particularly ping for such an application where
contrast is of the utmost importance. This deviehie Controlled-Drift Detector,
CDD. As repeatedly mentioned by Castattlial, the CDD is a novel Silicon 2D X-
ray imager, which works in the single photon cougtmode so, the energy and
incident position of each incoming photon can kaividually measured with small
noise intrinsic to the detector. The X-rays areclly converted in the silicon bulk
with thickness 300-500um, which is fully depletddiee mobile carriers leading to a
high detection efficiency in the 1-20keV range. T®D has a pixel size
comparable to a charge-coupled device and it casure the energy each individual
incoming X-ray with spectroscopic resolution, atwhkigh frame rates. It can also be
constructed to a large area linear device. Theilpitigs of energy discrimination
provided by the CDD allows selection of a narrownmemtum transfer window, and
use of polychromatic X-ray generators leading toranpowerful experimental
implementations of DEI (Castoldt al, 2007).

2.3. X-Ray Imaging Devices

In conventional mammography the requirements ferdbmponents of the imaging
system are very high. The X-ray source must proaidm®ft X-ray spectrum as it is
needed for high radiographic contrast. If too sofipectrum is used, then the lower-
energy photons contribute only to dose, not torastt(Keyrildinen, 2004). The size
and shape of the focal spot of the X-ray source iatahsity distribution of the X-
rays along with the beam geometry determine théapasolution achievable and

the visualization of small-sized objects. Howeweéis is an issue when concerning
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long acquisition time. Additionally, the divergingcident beam produces scattered

radiation that degrades contrast by adding unifiooisy background to the image.

Oppelt (2005) has mentioned that thirty to fortyageeago diagnostic X-rays were
recorded on direct exposure films for mammogranisedD exposure industrial X-
ray film has low absorption efficiency for photansthe diagnostic energy range and
thus requires long exposure times leading to hlggoebed doses. Currently screen-
film systems have replaced the earlier devices. N#gital systems are being
continuously introduced and different techniques ased to convert the energy
distribution deposited on the receptor into a \esimage (Oppelt, 2005).

The recent introduction of the digital detectors rmammography systems has
allowed the improvement of image quality. Early enpnce demonstrated the

potential of these detectors for reducing the nunubdalse-positive biopsy results

(Keyrildinen, 2004). Additionally they have been gfeat advantage for early

detection and determination of lesion type and.s2mgital technology enables

separation of the functions of image acquisitiaepldy and storage so that each can
be optimized independently. As a result of betbeoaption efficiency of the incident

photons, and lower system noise, digital mammogragiables dose reduction by
adjusting dose to give the required noise levetha image. Also, a consistent

response to radiation significantly eliminates theed for a second acquisition
(Keyrilainen, 2004).

Digital image processing technology also allows lenpentation of assisting tools
such as computer aided detection and diagnosisié@lyetailored algorithms may

improve the detection of different types of abndrmammographic signs.

The main challenge in these devices arises fronreéfjairement for a system with
good spatial resolution and high contrast sensjtiviihis is partly dependent on the
pixel size of the detector. The major problem isatzomplish all this with areas

comparable to screen-film systems.

One of the popular imaging devices being used lmeang high spatial resolution in

digital detection is the Charge-Coupled Device.
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2.3.1. The Charge-Coupled Device

The Charge-Coupled Device is a metal-oxide semigotad (MOS) structure which

can collect charge in localized potential wellsisltcharacterized in a structure to
develop a matrix of potential wells, or pixels, which charge is collected and
transferred to the output nodes. This 2D matrigvedl rebuilding the position of the

charge with precision depending on the pixel sizee(iwissen, 1995).

The charge-coupled device is, generally, an egitdsaiyer of silicon which has a
doping of p+ (Boron) and is grown upon the substratterial. In buried channel
devices, the type of design utilized in most moderarge-coupled devices, certain
areas of the surface of the silicon are ion imgdmith phosphorus, giving them an
n-doped designation. This region defines the chlamnehich the photo-generated
charge packets will travel. The gate oxide, i.e ¢lapacitor dielectric, is grown on

top of the epitaxial layer and substrate.

According to Davidson and Abramowitz (2006), thargfe transfer through the shift
registers occurs after integration to relocate amdated charge information to the
sense amplifier, which is physically separated ftbm parallel pixel array. The two
phase technique illustrated in Figure 2.6, is ohthe clocking methods utilized to
transfer charge from the collection gates to thgpwunode. A two phase charge
transfer clocking scheme employs four gates foegigel, with adjacent gates
connected together as pairs. Each gate pair isectewh to an alternate clock line and
one of the gates in each pair is designed withrremeased n-type doping level
beneath the gate. When voltage is applied to the pgair, the gate having the
increased doping level has a more positive potenttasich increases the depth of the

charge storage area and results in a step in teatm energy profile.

The same authors state that the nature of eleatiw$brces in the silicon substrate
beneath the gates is determined by the voltage &pmied to a particular gate by
the clock input signal. High level voltages indube formation of a potential-well
beneath the gate, whereas low level voltages forpotantial barrier to electron

movement. Clock lines are alternately pulsed, tewpin the charge packets being
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shifted along the device in a direction that ised@ined by the position of the extra

doping.

The initial state, shown as the first set of step&igure 2.6 is with the combined
gates afp; having a low-level voltage forming a pair of stedppotential barriers,
with the potential higher in the region beneathdh& having the increased doping
level. At the same time, the combined gateg,diave a high-level voltage and form
stepped potential wells, in which the deepest apfiears beneath the gate having a
normal doping level. At the next state as showrhien second set of steps in the
Figure 2.6, to complete the short cycle the volteyels are reversed with the gates
at @1 having the high-level voltages (and the potentiallsy and the gates &t

having the low-level voltages (Abramowitz and Daadd, 2004).

Figure 2.6: Two phase Charge-Coupled Device witlit-bu transfer direction
(a)cross section (b) potential along transfer dioac(Lutz, 1999).

The image is obtained by alternating between ttege phases (integration and
readout) and adding the events recorded in evewl.pTherefore the acquisition
time of a frame is given by the sum of the inteigratime and the time required to
transfer and read-out the full gate array (singlgpot channel). Since the content of

every pixel should be transferred and tried, thaltome of reading of a column
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depends on the sum of the transfer time of theerdstof a pixel into the adjacent

one T, with the processing timeybe, multiplied with the number of pixels.

Treadout= Npixel (Tproc + Ttr) (2.7)

It should be noted that the time required to meague signal charges of all pixels is
dominant, for reading depends directly on the pssitey time and the number of
pixels in each column, and therefore the dimensimnghe detector. (Galimberti,

2004)

This possibility of 2D reconstruction along wittethixel size (on the order of tens of
microns) dictating the spatial resolution, makes tiharge-coupled device a good
candidate for X-ray imaging. However, the devicelit has a rather low sensitivity
to X-rays and has to be combined with a scintiigtiilm. A scintillating layer is a

layer composed by a material that produces vidigte when the X-rays hit it. The

scintillator should enable high X-ray absorptioficdncy and emit at a wavelength
suitable to the charge-coupled device’s sensitiitydrawback of this approach is
that the spatial resolution of the device is appnaxely equal to the thickness of the
scintillating layer, i. e., a thicker scintillatintayer absorbs more X-rays and

depreciates the spatial resolution (Rowlands, 1998)

Another drawback of the charge-coupled deviceasstbwness of the reading which
is on the order of seconds for a single channepwubr milliseconds for a
multicolumn readout. The readout time limits thetasfiable temporal resolution,
which means using longer integration times. Longéegration time means larger

leakage charge whose fluctuations add to the r{@a&mberti, 2004).

2.3.2. The Controlled-Drift Detector

The Controlled Drift Detector (CDD) is a fully depéd silicon detector that allows
2D position sensitive X-ray imaging in the 1-20 keWergy range. It was proposed
by Castoldiet. al. (1997), in the frame work of a long-lasting cobha#ition between

Brookhaven National Laboratory (USA), Max Planckstltute (Germany),
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Politecnico di Milano (Italy) and INFN-Sezione di ilgho (Italy). the first
experimental evidence of its working principle waported in (Castoldet. al,
2000a).

2.3.2.1. Working Principle
The Controlled-Drift Detector is operated in theegrate-readout mode.

= |ntegration mode: During this mode the drift of #ignal is blocked and the
signal charge is fully confined in a matrix of patiel wells.

= Drift mode: The transition to this mode is achievieg removing these
potential barriers defining the pixels by extemalpplying a small voltage to
the suitable electrodes. The signal charge is svept towards the readout
electrode situated at the end of each column byifann electrostatic field.
The design of potential lateral barriers prevehts liroadening of the signal

charge along the direction transversal to the.drift

The position of the irradiated pixel is given by time between the start of the drift
mode and the measured arrival time of the sigresdtedns to the readout electrode.
The second coordinate is obtained providing a stpaeadout electrode for each

pixel column (Guazzoni, 1997, Castoldi et. al. 1897

The energy of each detected photon is given bynteasurement of the collected
charge, i.e. the amplitude of the signal at thedan@uazzoni, 1997, Castoldi et. al.
1997a).

The duration of the readout phase must be equal liarger than the drift time of the
signal charge. The nominal drift velocity is givieynthe applied drift field multiplied
by the bulk mobility.

Vd = HnEdritt (2.8)
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Figure 2.7: 3D simulation of the potential wellg the integration and drift modes
for the Controlled-Drift Detector in a plane paghlto the detector surface at a few
micrometers from the anode side (Galimberti, 2004)

This transport mechanism based on the electrofthds three major advantages:

» it reduces dramatically the number of channelsireduor true 2D position
sensing (i.e. number of columns, not the numbeixals),
e itleads to readout times of only a few microsesoadd

* it naturally allows the connection of the front-ealéctronics at the side of
the detector chip, thus simplifying the intercorti@cissue.
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The deposited energy can be measured with speopigsesolution at (or very close

to) room temperature with an energy resolution ddpat on the leakage current.

2.3.2.2. Implementation

The CDD is realised on a high-resistivity n-typdstate which is fully depleted by

many shallow p+ electrodes realised on the top sidbe detector called strips and
by one or more p+ electrode on the backside. Tbeeimental bias voltage of these
strips generates the electrostatic field duringdh# phase. This field is active and

drifts the signal charges to the n+ collecting anadhere the charges are read
(Galimberti, 2004).

A lower resistivity n-type epitaxial layer is preseo displace the potential minimum
for electrons at a depth of few microns below the surface. In this way the signal
charges can be influenced by the surface potefialving control of the potential
barriers needed by this detector (Castetdal, 1998, 1999, 2000b).

The realised deep p+ implants, called channel-stopate permanent local maxima
of the potential along the normal of the drift dtien that allows the division of the
detector into independent drift channels each ustlown readout anode. In the same
way the externally controlled potential barriergttienable/disable the drift can be
realised by modifying the surface potential of tbhe side (Castoldet. al, 1995,
1996, 1997b).
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Figure 2.8: Implementation of the Controlled-Dilifetector. The p+ deep implants
called channel stops, divide the active area independent drift columns, each with
its own readout anode. The inset shows the diagfaitme bias potential of the strips
of during integration mode (Guazzoni, 1997).

The potential barriers are obtained by superpoaiggasi-sinusoidal perturbation of
amplitudeAV to the linearly increasing bias voltage of thepst When applied, this
bias perturbation generates the needed potentiaielsawhose amplitude can be
adjusted byAV. One way to easily generate and remove this gascheme is to
bias the strips by means of three integrated residividers, alternatively connected

to the strips as shown in Figure 2.9 (Guazzoni,7)199
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Figure 2.9: The external potential barriers alolmg drift direction are obtained by
mismatching the bias of the three resistor netw@@sazzoni, 1997).

Guazzoni (1997) explains the biasing mechanism,revhe the drift phase the
resistive dividers are biased at the same voltagehat the strips are biased at
linearly increasing potential generating the umiforelectrostatic field. By
mismatching the voltages of these dividers - iyeatddingAV to the first divider,
subtractingAV from the second and leaving the third unchangethe- quasi-

sinusoidal perturbation is created and the drithefcharges is blocked.

The signal charges in the CDD are readout simuttaslg by a uniform electric
field. The total readout time required is fixed the maximum drift time of the
charge T This time is related to the drift velocity of thbarges and the length of
the drift column. Therefore the minimum readoutdimf the CDD is equal to the

duration of the drift stage,

Treadout= Taritt (2.9)
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The readout time does not depend on the proces&oguse the integration phase

can be started just after the collection of allphesl charges is complete.

The readout time in a detector sets the minimuowalble duration of the integration

phase and then the maximum frame frequency:
Frrame = 1/(Treadout+ Tint) (2-10)

As in the charge-coupled device, the photons cateby the active area while the
detector is in readout phase generate erroneousopoattribution. To keep these
erroneous events to a minimum with respect to threectly acquired events, the
ratio between the integration and the readout tisngpically on the order of ten
(Galimberti, 2004).

The frame rate of the CDD allows working at a fraineguency nearly two orders of
magnitude greater than the frame frequency of therge-coupled device. This

attribute is better suited for time resolved analgs$ fast varying X-ray sources.

2.3.2.3 Integrated Electronics

Each anode of the CDD has integrated front-endreleics composed by two n-type
Junction Field Effect Transistors (nJFET), callestH=ET and Reset FET. The First
FET is connected in a source-follower configuratiomuffer the signal generated by
the charge on the anode of the chip from the latgey capacitance of the external
connection. In this way the anode capacitance p$ kery small (about 0.1pF) which
improves the noise performance of the detector.mbim task of the Reset FET is to
bias the anode at a very-high equivalent resistancas not to introduce significant
parallel noise (Galimberti, 2004).

The readout chain is a conventional chain compasfed low-noise high-speed

preamplifier followed by a unipolar Gaussian shgmmplifier.
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Figure 2.10: Schematic of the on-chip electronidse First FET reduces the anode
capacitance, in-turn reducing the noise performaamoe the Reset FET keeps the
anode biased at high resistance (Galimberti, 2004).

2.3.2.4. Detector Performance

The achievable performance of the CDD had beersssdan earlier studies in terms
of energy resolution position resolution and maximevent rate. A dedicated data

acquisition system was developed which is explaineskction 2.3.2.

Figure 2.11 shows the position-sensing and spexpis capabilities of a CDD
column (pixel size 180pum x 180um) irradiated witR’e source (Castoldit.al,
2006).
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Figure 2.11: Scatter plot of the energy versug drife of the X-rays of 8Fe source
collected by irradiating column of the CDD at 108zframe frequency at room
temperature. The inset on the right shows the gngpgctrum of all the events at
300 K and 223 K. The top insert shows the everitidigion along the drift times,
i.e., along the drift coordinate (Castoétial, 2006).

The detector was operated at 100 kHz frame frequaitnere the time duration of
the drift/readout mode was set to 1 ps and the tioration of the integration mode
was set to 9 ps. Scatter plot shows the drift thewsus ene