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ABSTRACT

The use of proton beam has baetnoducedin medical physicdor therapeutiqourposs in
cancer treatmenand it has been proven much more efficient than conventidfedy.
Treatment planningn proton therapy isisually provided with information from Xay CT
whereX-ray attenuationn tissueis needed to be converted pooton stoppingpower. This
conversionleads to several uncertainties because proton interacts with mastelifiarent
way thanthe photon.An intuitive way tomitigatethis problem is usg charged particles as
the basis for th€T-scanand this is the timelwen t he i dea of Thdlg ot on
are nearly 10 pCT prototypes worldwide aaltlaredesgned with twoseparatedevicesfor
protontracking anccalorimetry Few lecentstudies discovered the potential of merging these
two separate systems into oaeiquely featuredigital Tracking CalorimeteDTC). The
DTC is made ofmultiple layers of Monothic Active Pixel Senso(MAPS) chips In this
study ALPIDE chip has been brought in as MAPS for DTiie ALPIDE was developed for
the heavyion experimentat CERN to detect high energycharged particlesFor pCT,
ALPIDE is conceptually an ideal sensor because dbvspower consumption anchip area
with more than half a million pixeblith in-pixel readouschemeThis thesis is carried oir
three maimarts:

1 Characterizatiorof ALPIDE chip focusng particulaty onc hi p6s t hreshol d
hit rate.

1 Measuringadiationinduced efécts on the sensor performance
1 Analysing sensor response for different types of radiation.

In addition, | contributed t®raon Beam Test at OCL, Oslo and anagizthe data afterward.
This thesis also includes the analysis performed on proton beam data and significant findings
from the analysis.

This study represents a key contribution to pCT in ternmgebhing the sensdrehavior and
interpreting sensaesponse.

Key words: pCT, DTC, MAPS, ALPIDE.



CHAPTER-1 INTRODUCTION

Following the earliest proposition by Harvard physicist Robert Wilson in fit&hehighly
localized deposition of energy froprotons offers distinct agntages in radiation therapy, it
took more than 40 yeammtil in 1990the first generationhospitatbased proton treatment
centerlaunched1]. Since therespeciallyin the recent decadthe nunber of cancer patients
treated with proton radiation therapy has been increased significBindyumber of patients
received particle therapy worldwide from 1954 to 2014 is more than 137/0@0e year
2014, 86% of 15,000 patienteho received partiel therapywere treated with protong].
The proton therapiiasbeen provemmore capalte than conventional Xay radiation therapy
to deliver highdoses to weltlefinedtarget volumeclose to criticalnormal structures and
limits the amount of healthy tissue irradiated to a minimémtontherapy also minimizes
shorttermand ong term side e ects induced by treat

For proton therapy, till ay the widespread way afiose calculation is Xay Computed
Tomography (XCT). This use of XCT leadsatoertain ange of uncertainties that obviate the
advantage of proton thergmgeciallyin treatment planning due to dissimilarity in physical
interactions between photons and protdiee proton range is important fdose calculations
in treatment fanning To obtain this rangen a tissue attenuation oX-raysin Hounsy el d
Unit (HU) mapsneeds to be converted Relative Stopping Power (RSB)as and his
conversion createmnge uncertaintiedNow to eliminate this uncertainty, a protdrased
treatment planning or Protd@omputedTomography (pCTyystemis introduced. The pCT
uses the same therapeutic proton beam apbduce images avoidingany conversion
uncertaintiesand thus resulté a better dosaccuracyas well aghe clinically safe margin
for target volume

The pCT images an object (mainly patient) by using a highggnemoton beam passing
through it and then measuring the residual energy of proton by a detector gitmrede
patient[3]. The resi dual energy from each proton
through the patient is used as a basis for reconstructing a volume withFR®#® the
currently available pCT prototypé4], the remaining range and energy of each proton after
traversing the object isften measured byalorimetersuch as Csl:Tl, YAG:Ce, Nal:Tl and

plastic scintillator telescopeg.or proton tracking in order to measure how and where the
protons lose their energy, the distal and proximal detectors asiBhkintillating Fibers or

Silicon Strip Detectors are commonlged.

As a part ofthe ongoing pCT project, in collaboration amonge& University of Bergen,

Bergen University College, Haukelamhiversity Hospital and Utrecht Universjta study

was conducted to investigate the feasibility of using a -gigimularity Digital Tracking
Calorimeter (DTC) for particle tracking and measgrini ndi vi dual protonds
[3]. The DTC accommodates ftiple layers of Monolithic Active Pixel SensqMAPS)

chips with a digitareadoutand is going through severaptimizationswith nextgeneration

MAPS to achieveareadoutime of 5 pus and bestarcking performance

The MAPS-ALPIDE has been chosen as tkey element of the DTC for this studyhe
ALPIDE was developed for ALICKA Large lon Collider Experimengt CERN. This study

1



mainly presentsensoresponsavhen exposed by different radiati (from a>°Fe-sourcs,

b (from a*°Srsource)andU  ( far*tAm- source) One of the remarkable response from
the sensor chip is cluster size and it is influenced by some factors particplartigled s
energy anadharge and mass

This study also includeship characterization in terms dfe thresholdnoiseand fakehit

rate and defines their changing pattern over the changing values of associated parameters.
Finally, this study contains a partgarding radiation damage thatobserved and studied o

a particular chipand discussetheradiation effectonsequences.

Chapter2 of this thesis papemcludes a wide discussion @CT as a highly potential
medical imaging modalityalong with operational detailsSThe Monolithic Active Pixel
SensofALPIDE is discussed in Chapt8rwith the technical benefit oweprevious MAPS.
Chapte4 gives an idea about the standard practice of the methods and materials used for this
study along with experimental setufhe results and discussiare presented i@hapters, at

last, the paper ends witonclusiorsin Chapte+6.



CHAPTER-2 PROTON CT (PCT)

This chapter covers a brief introduction to medical imaging andrtheing need of advance
imaging modalities considering high dependency on image for diagnosis. The development
and medical implementation of pCT over lastf a century with advanced technical benefit

is also discussed. Advantage of pCT owenventional Xray CTin terms of image quality

and hazardous dose deposition has brought into contemplation.

2.1 Medical Imaging

Medical imaging mainly comprehendsde varietiesof imaging modalities and processes in
order to image the human body for diagnostic and treatment purpos@spiiave public
health in all population group medicahaging is playing a vital role by introducing and
inducting convenient andfective way of diagnosis as well as treatmjént

Acquiring data from human body, that is undoubtedly an incredibly complex system, about
its static and yhamic properties leads to enormous amount of information. The biggest
challenge for researchers and clinicians washi@ainand display this immense information

of the body in order tinterpret, understandnd employ them for useful diagnostic methods
and therpeutic procedures. To addreslis challenge the idea of imaging for the
presentation of information was proven as most efficient approach. Now the reason of being
efficient is the human disposition of relying more on sight rather any percegailiabn
anything i n t heaepemdency dn. medichl ymages to andedstand the human
body as well as intervene in the processes of human illness and injury is increasing.

2.1.1 Advances in Medical Imaging

The journey of Medical Imaging startédm Wilhelm Conrad Roentgénsvention of Xxray

in November1895 [6]. Roentgen discovered the penetration ability ofimnsible ray

through human fkh better than bones and MgK-may and
radiography pread out very rapidly due to mass production ofa}X tubesalso, the
worldwide commercialization makes this technol@ygreat medical advaneéthin a few

years

By 1950, radiopharmaceuticalsvea the way of Nuckr Medicine(NM) and NM came into

the armamentarium of diagnostic imaging test, based on the cellular function and physiology
instead of relying on physical changes in tissue anatomy to petbeiestent of a disease
process in the body].

Ultrasound imaging that came into clinical useha1970s[7] has a storied history of being

used in finding German submarines in the protection oftNattantic convoys during World

War |1 [8]. Its initial involvement was to produce deep heat and ablation of brain lesions for
Parkinsonds disease i n ph yo$waceaxharadtenstias algng . Wi t
with keeping energy transfer limited and ensuring almost no deep tissue heating at the same



time havingno adverse bi@ffects, ultrasound has become a very popular imaging technique

[8].

In the 1970s,Magnetic Resonancenaging MRI) evolved based on a unique observation

that is, the nuclear magnetic relaxation timef tissues and tumors different [7]. For
imaging,themagnetic field around 10,0600 6 0, 000 ti mes stronger t |
field (25 to 65 microteslasjs used in MRI scannerf]. Nuclear magnetic resonance
properties of the proton, which is theimassence of MRI, explicate proton precession about

its axis and preferential absorption of radio wave energy umdg#pong magnetic field. The
subsequent reit of this energy after a period of time gcked up bythe scanner and turned

into apicture ky the help of a computér], [9].

2.1.2 Introduction to Computed Tomography(CT)

Sir Godfrey Hounsf i el do sthei9i0s shawted tberfirstonstanteh e C T
of computer technology mixing into the medical figt0]. The pioneering work was

reflected in the firstcommercial CTunit announced in 1971 1]. Theterm Tomographyis

derived from ancient Gregkmos(slice) andg r a gpictdre)[12]. TheCT is a transmission
techniquehat is used to acquire images of individual slabs of tissue in the patient

In conventional adiograph, a thredimensional object is depicted as a twedmensional
image and the third dimension igpresented as overlapping shadowhe 2D image so as a
consequence anatomical structure of intere$tequently obscured by shaddikewise two
tissues with similar densities cannot be distinguished by conventional radi¢g2éph

The advantages of CT over conventional radiography is related to several of its feature, most
importantly[11], [12]:

1 Elimination of superimposed structure to obtain an unobstructed vietveafetailed
anatomy

1 Differentiating small differences in density of anatomic structures and abnormalities
1 And a superior gality image.

The pactice of medicine has dramatically changed duwesiagbstantibreduction of the need

for exploratory surgery after the advent of CT. Acquisition capability of modern CT scanner
is nearly 800 images in 5 secon@. CT imagereveat the presence of cancer, ruptured
disks, subdural hematomas, aneurysms, antth other pathologyDue to isotropic volume
data set, coronal and sagittal CT imagslSown in figurel, are incorporated with the
traditional axial images.
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Figure 1. CT revealssuperb anatomcal detail, as seen in (a) sagittal, jlocoronal [9].

Worldwide use of Cwith combinationof Positron Emission TomograpiPET)asPET-CT
and SinglePhoton Emission CT aSPECT is growing [13]. In a broader aspectthe
remarkable increase in the volume of medical imagimyestotechnological development of
newimagingmodalities and protocols together with an increased scanner distribution.

Most of the contemporary medicinege aelying on Xray CT diagnosigiue to its wide
availability but X-ray-based medical imagingrovidessignificantly high dose ofradiationto
the patient populatiofil4]. Since X-rays are a kown and proven human carcinogen, this
high dose cawause severe biological damda].

2.1.3 Xray Depth DoseDistribution

Since the usef X-ray based medical imaging and treatment is increasing day by day it is
important to have a lookt how X-ray beam energy is drghtuted along a certain track/hen

a Megavoltage photon beam strikes a patient the typical dose distribution on the central axis
is shown in fgure-2.
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Figure 2: Dosedeposition from a Megavoltage photon beam in a patient. {is the surface dose
at the beam entrance side, Ris the surface dose at the beam exit side,,R is the dose
maximum often normalized to 100, resulting in a depth dose curve referred s the Rercentage
Depth Dose (PDD) dstribution. The region between Z= 0 and Z= Z . is referred to as the dose
buildup region [16].

For a Megavoltage photon beam, the maximum dose is much higher than the surface dose but
maximum dose justoccus beneat h t he patjx8Both ndagimusnamdf ac e
surfacedose @pthis depenént onbeam energy. Higher the energy lower the surface dose

and deeper the 4y This rehtionship and distribution give general understanding that to

treat ¢ image atumor at a considerable depth we need to apply high energy beam that
penetratemore and irradiatehealthy tissue before reaching the interest point.

This major drawback of Xay based medical imaging and treatment has been solved to a
largeextent after introducing charged particle floe same purposes.

2.2 Heavy Charged Particle

Energetic particlehavinga massgreaterthan or equal toneatomic massinit arethe heavy
partides, in amother way heavgharged particleefers to all charged particexceptelectron

and positron. Heavy charged particle includes Alpha partiplegpnsas well asheavier
atomic ruclei from particle accelerator€harged particle primarily interacts with matter via
coulomb forcd17]. The positive charge on the particle and the negative charge on electrons
that are part of the absorber material create an attraction foheeged particle transfer
momentumwhile passing by an electrand as aconsequencget slows down and electron
gets some kinetic energy

2.2.1 Protoninteraction with Matter

Protons lose most of their energy via inelastic collisions with the outer atomic electrons when
traversing matter and that leads i@tians and excitions. There aralso elastic collisions

with electronand nuclei thatleflectprotonsfrom their trajectory. However, as proton weigh
much more thamn electron, the contribution to the energy loss is insignificant. Furthermore
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due to Multiple Coulomb String (MCS) proton is deflected by smaligle from the
nuclei of the target material. Individual interaction is random and results in a statistical
distribution of the principal quantities observed in proton imafLi&g

T Amount of each protondés energy | oss after

1 Lateral and angular displacement of the proton from its incident direction.

2.2.2 Proton Stopping Power and Linear Energy Transfer (LET)

Stopping power-gE/dx) refersto the average energy loss of the particle per unit path length
and measured in MeV/cm. It is dependent on the type and energy of the particle and on the
properties of the material it passeSigure3(a) illustrates proton stopping powen
aluminium
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Figure 3: (a) The stopping power of proton in aluminium, plotted over proton energy19] (b)
LET Vs. depth in liquid water for proton with initi al energies of 80, 100, 150 and 200 M¢Zx0].

The mean energy losxd¥ charged particl@er unit path length which is also called stopping
powers, illustrated in Figurel(a), is described by BethBloch theory[21], [22].

_<£>_ AT .nzz ( e? )2.[1 ( 2m.c? 32 )—,62}
dr /  mec? B2 dmeg : I-(1-p?%)

Where, e = proton charge

(1.1)

z = charge of the projectile

H = vacuum permittivity

b = v/c; vis particle velocity and is speed of light
me = rest mass of electron

| = mean egitationfonization potential

n= density of electron in the material
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nis expressed as,

_M.\-Z-/)

n —_—

/‘1 ) JM“ (12)

Where } = density of material
Z = Atomic Number of material
A= Mass number of material
Na= Avogadro number
My = Molar mass constant

LET is linear energy transfer to the material by an ionizing particlpemnunit distance
illustrated in figure3(b), similar to stopping power excefitat it does not include the delta
rays or effects of radiative energy los®.( Bremsstrahlung). Stopping power and LET are
nearly equal for heavy charged particles.

2.23 Multiple Coulomb Scattering (MCS)

Protons, in lte energy rangef pCT, experieme multiple smallarngle deflections Wwen
passing through the imagdject. Scattering at the coulongiotential of the targetucleus
causes thisleflection.It also leads to a random macroscopic deviation up to a few degrees
from the original direction and random displacement up to a few millimeters of the exit
point with respect to the entry poirithe spatial resolutin of proton imaging i$imited by

MCS [23], [24]. Thedistribution of coulomb scattering can be explained by Moliére theory
[25]. For proton CT, the estimation dhe trajectory of the particles during image
reconstruction is done by gaussian approximation of MCS.

2.2.4Nuclear Interaction

Inelasticnuclear interactions reduce proton fluence with increasingriegs of the object.
For pCT, beam with energy above 100 MeV encounteigher probability of nuclear
interaction[18]. Nuclear interactions in the objecan also generate secondary particles like
neutrons, protons arheavier recoil fragments. Energy is locally deposited by recoil
fragments. Neutrons can produce another nuclear interaction or exit the patient.

2.25 Proton and its Depth Dose Distributio

Protons depict an inverted degtho s e pr oy | ephotoms wiphaarmaxdmurh Bragg
peak) at the enaf the range, shown in figu#(a). The Bragg curves are the ensuant
response of many superimposed degake distributions of the individual particl§26],

shown in figure4(b). Depending orthe energy the particle the depth of the Bragg peak in



tissue change®ragg peak illustratethe maximum dose deposited in tissue appears close to
particl[Zbs range
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Figure 4. (a) Depth dose curves for photons and proton$otice the exponential tail seen in the
photon curve that results in dose deposition through the entire patient. The proton curve shows
that there is no dose deposition after the Bragg pedR8]. (b) The Spread out Bragg Peak
(SOBP). Combining beams with different energies it is possible to desceta longitudinal profile
[29].

2.2.6Potential Advantage of Proton inRadiation Therapy

In 1946 RPobertR Wilson first suggestethe applicationof protonin medical physic§30]. He
suggestedhe benefit of treatment withrgton because of thenergy deposition pattern of
protons along their patiiRecently an agile increase in the worldwide availability of proton
therapy has been observed. Because of the unique physical properties of potpesed
with the conventional photon therapy, proton therafigrs outstanding@dvantages in cancer
treatmen{31]. Basic advantages of proton therapy over photon are,

1 In comparison to photonthe main benefit of protons is the lessening of the integral
dose tohedthy tissue outside theéarget volume; this is because of Braggak
(inverse deptidose profil@ of proton beams. Thereforthe risk of secondary
malignancis including all other radiatiemduced side effects is reduced

f The Réative Biological Effetiveness(RBE) of protons is 1.1 anébr photons, it is
1.0, hence protons are biologically more effectiven photons. As a resudt,lesser
dose is neded to produce the equedfect[32].

According to the datacentralized by Paxtle TherapyCooperation Group (PTCOG),
worldwide there aré6 Proton therapy facilities in operatifdast ypdate March 2018nd 43

Proton therapy facilities under construction (update January 2017) and 21 Proton therapy
facilities in a planning stadé].

! RBE (Reldive Biological Effectiveness): RBE is the ratio of the doses required by two radiations to cause the same level
of biological effect.



At present carbon ion radiotherapy is also in practice for treating desped malignant
tumours due to its better dose conformity. Carbas &ve even heavier than proton and give
higher RBE nearl3 [33].

2.3 Brief History towards Proton Computed Tomography (Wsing Energy Loss)

M. Cormackadvocated the use of protéor imaging in 196334] for the first time Thefirst

planar radiograph was published by Koelitet968 A proton beam was spread by scattering
andthendi rected on to photogr aphi wardyCydotron f or t
(Cambridge, MA)[41]. They r isnage wagproduced shownin figure-5(a), where100-mm
pennantshaped sheet of alunumwas added to generatentrast

The concept of PCT evolvdtbm marginal range radiography buiclear scattering imaging

and multiple scattering imaging were investigated concurrgB8y. In 1972 M. Goitein
explicated the methods to acquird2data and to reconstructC3 images withsimulation,
although this was alphgarticle transmission imagini@6]. This was the first example where

the charged particle was used in transmission tomography and their energy loss was utilized
for contrast. Afterwarda n -palicle scanner was developed and evised on humansat

the same laboratofi37].

HHBT Jp

|

-

Figure 5: (a) The first published proton radiograph from 1968 (b) A slice image of a 29 cm
diameter phantom from the Los Alamos proton CT scanner in 19788].

The first human tissue imaging using a high precision range telescope was showelddsy the
Alamos National Lab@tory (LANL) group of K. M. Hanson et al. in 1982. From their study
pCT was pointed out advantageous overa}{CT in terms of dose deposition in the tissue
[39]1 [42]. An early image is givem figure-5(b) where proton beam energy was 240eV.

The imagedphantomwas comprised ofvarying size and densitynsertedplastic cylinder
Two varieties of Detector modulesvith different functios were utilized one is Position
Sensitive Detector (PSD) and another one isdResiEnergyRange @tector (RERD). This
concept is still used in proton imaging. For tracking each proton podifeD is used and
RERD is for residual energygr range. PSD was multiwire proportional chamber used in
Los Alamos sgtem. PSD determindte exit positionof proton at a plane downstream of the

phantom.In order tod et er mi ne r esi dual ,ireeadyregpgrimgnte fncal o
hyperpure germanium detector was used as a RERD, but later, to determine proton stopping
depth (a fhe@angae stthekcop pl adsndoubtedly thisbosi | | at

Alamos experiment wasiaadvancemertioth conceptually and experimentally.
10



| n 1 9refest sn proton imaging enhanced with the explicit intent to help with range
control and treatmemtianning for particle beam therapgyot only in proton kam therapy, in

the context of all particle beam therapy as a mean to improve treatment plaroiog,
imaging has beemvestigated. Nowadays-Kay CT images are used in treatment planning
and itrequires a conversion of the information that comes from the interactiamplafton

with amatter, in order to predict the interaction of charged particles in the tissues. As a mean
to directly map the relative stopping powarthe particle in the tissug@roton imaging has

been put forward. For this mappirtbe energy les of the particles is recordi&b].

Due to the ability of direct mapping of relative stopping poafanaterial, poton imaging is
considered as one of the alternagite the conversion of CT nureb which reduces range
uncertainties (@luntary irradiation of the portion of the normal tissue) by checking the
expected range with the treatment planning stopping pf3&ér

2.4 Imaging Using Different Propertiesof the Proton

Proton imagindoy using the energy lossf the particle was not the only explored path, the
potential of imaging using other properties of the proton was also investigated parallelly.

2.4.1 Marginal Range Radiography

In marginal rangeadiography a monekinetic beam ofa proton is used anthe energy is
chosen above 108leV so that it penetrates a fesgntimeterof steel. The rapid change of
the specific energy loss (MeV/g/émnear the end of the range of a charged particle is the
bass of this type of radiographjg3].

The pinciple of Marginal Range Proton Radraghy is illustrated inifure-6 with an object
inside a water bath and a radiographic plateeexit ofawater tank. Beam energy is chosen
to place the filmin the middle of the sharp fluence descent following Bragg Peak.

The marginal range proton radiography was first performed by Koehler in[4868nd then
followed by other. In 1973 and 1974 Koehler A. M. and Steward V. W. demonstrated this
technique very promising for diagnostic of tumor, strokes or breast carcinoma. In comparison
to X-ray radiograph, marginal range proton radiography has better detectability of the
malignancies. Despite having some limitation in spatial resolution due to proton scattering
this technique has a higher contrastieven less dose thanrdyfor a givenenegy [35].
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Figure 6: lllustration of marginal range radi ography concept (a) he flux-depth curves for
proton and X-rays passing through a homogeneous medium and highlight the higher sensitivity
of proton (b) Dosedepth curve for 148 MeV protons in water, showing the Bragg peak of
ionization near the end of the particle range. The position of the region examined (tissue

specimen) and of the screefilm detector relative to the Bragg peak are indicated45].

One of the advantage$ heavy ion in radiography ismization interaébn. At the same time
MCS of heavy ion createa problem by deflecting the particle elastically from their initial
line of flight and causes crossovers to occur between adjacent regions. As a betult
spatial resolution and image contrast decreases. Thisopienon can be minimized wigh
proper match of particle range to the object thickness and by placing the object as near
possible to the image plaf4b5].

2.4.2Nuclear Scattering Radiography

Nuclear scattering in radiographyaw first prognosticated in 19786]. This technique uses

higher proton energy between 5@V to 1 GeV. The idea is to spot protons scattered at

wide angles by nuclear interactioivith the help of two positioisensitive detectoys pr ot on d s
position and direction upstream from the object to images recorded Othe position

sensitive detectors we used @ record the passage astatteredand recoiledprotons
downstream from the object. &hposition of the interaction is determined from the
intersection of the line describing the trajectory of the incoming and schptarecle. This is

how a threedimensional image is acquired using a single beam direction. Multiple scattering

of the secndary protons in the object very much limiise spatial resolution of this
technique.

2.4.3Proton Scattering Radiography

This type of radiography depends EICS and limited to thin object. Image contrast is ast
high as it is generated through positidependent scattering. This technique was first
explained by West, D. and &hwood, A. C. in 197247]. The pinciple of proton scattering
radiography is illustrated iigure-7.
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Figure 7: Principle of proton scattering radiography illustrating intensity distribution near an

edge[43].

Thekey idea of this imaging was to paaparallel beam of proton through a uniform depth
of material and observe a uniform ing#ty when particle exits because of havargequal

number of coulomb scattering at every point. The same goes for outside of the object.
Particles striking just on the edge of the object are scattered in th@ronp e c t
the main reason déss particle detection by the detector at the boundary. This discontinuity

part

generates bright and dark part of the object on radiographic[4iffh Multiple scattering

proton radiography was not put forward for clinical application because there was no real
interest for its edgéelineation properties found for medical igivag [35].
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2.5 pCT for Imaging the Relative Sopping Power (RSP)

Charged particle radiograpldepends orenergy loss methodt is based on the residual

range of theparticles causelly the material being radiographestopping power inergy
dependentso dasthe RSP, thereforethe reconstructed values present an average of particle
energy throughout their propagation. For quantificatiommimage, most of the time it is

said that RSP is reconstructed but the precision of estimation of the relative stopping power

val ues i s characterized by the fidensity resol

Downstream Tracker
Upstream Tracker ¢ f

NN,

R e e

/% EM

A\ RRR

A

e

u Calorimeter

Figure 8: Schematic of pCT. Protons with known entry energy k are recorded one by one in
the detector reference system (s, t, u) as they traverse the image object from malifferent
projection angles 4. The recorded data include
angles as well as exit energy.k in the energy detector. There are four trackers two upstream,
two downstream. Rarticles are tracked one by ong48].

2.5.1Phasel pCT Scanner (Conceptual pCT Detector Approach)

In proton CT, RSP ma is directly acquire from proton energy loss measureme{s a
result,it eliminates theassociate@rrorin conveting the Xray CT Hounsfield unit to proton
RSP Figure8 illustrates a pCT systemith individual protontracking facility placedbefore
and afteithe patient. It providemformation regarding direction and positionagfroton

The energy lost by each proton after traversal of the image space is recdistedhe
position of individual protonss tracked Specification of proton CT apparatus is given in
Tablel. Most canmonly a proton CT apparatus consists abeparate system for tracking
and energy measurement with,

1 Two sets of two tracker planes, upstream and downstream from the object in order to
get information on position and direction of each proton.

9 A calorimeteror range meter in order to measure the residual energy or range of each
proton.

Between 208 and 2010 the firgpCT prototype capable of scanning a head size object was
built by collaborationbetween the Department of Physics at Northern lllinois Uniyertsie
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Department of Radiation Medicine at Loma Linda University Medical Center (LLUMC), and
the Santa Cruz Institute of Particle Physics (SCIPP) at UC Santa Cruz. The design of this
system followed the layout shown figure-8. This system includes frorand rear silicon
tracker modules, each consisting of 4 XY planes in order to acquire full coordinate and
direction data. With the rear tracker modulesergy detector (an array of 18 Csl crystals) is
integrated. The scanner is mounted on a rail systehe giroton research room at LLUMC to

bring the detectors close to the phantom object that rotates on the horizontal proton beam
axis. The system is describedmore details by R. F. Hurley in this proceedj4§)].

Table 1. Design specifications for ggCT scanner for therapeutic applications[50]

Category Parameter Value
Proton Source  Energy 200MeV (head)
250MeV (trunk)

Energy Spread 0.1%

Beam intensity

10’7 10" protons/sec

Accuracy Spatial resolution <1mm
Electron Density resolution  <1%

Time Efficiency Installation time < 10 min
Data acquisition time <5 min

Reconstruction time

< 15 min (treatment planning

< 5 min (dose verification)

Reliability Detector radiation hardness > 1000 Gy
Measurement stability <1%

Safety Maximum dose per scan <5cGy
Minimum distance to patient 10 cm

surface

2.5.2DesignSpecification

The design specifications of a pCT scanmsedin proton therapy are presentedTiable 1.
The needs for accurate and safe proton beamedglidictate the requirements afpCT
systemdesigned for applications in proton therapy.

For imaging it is importantto havesufficient energyof protonto penetrate the body part to
be imaged. According to the NIST PSTAR databf@dg, 200 MeV proton is sufficient to
penetratehe adult human skull and 250 MeV is sufficient to penetrate an adult.trunk

The accuacy of measured position and directiongigen by spatial resolution thdtas an

impact inthe reconstructedmage In order not to compromiseith thes y st e mo6 s
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performancethe spatial and energy uncertainties of the pCT system should conbidezab
smaller than those imposed by the physical limitations. For therapy with pratohsically
meaningful patial resolution is about 1 mfs2].

To have a short installation, calibration, scanning, and removal time a pCT system should be
time-efficient. If the detectors are not sufficiently radiation hard to stay in the beam line
permanently then inatlaon and removal of the system aegjuired. The scanning time of a
patient for treatment planning should not be longer than 15 min (including installation and
removal of an impermanent system but excluding image reconstructior%idhe)

Detectors need to have sufficient radiation hardness in order to sustain their function within
1% of specified performance values for laast one year, ideally for 5 years or more.
Furthermore, the system is expected to be insensitive to changes in temperature, humidity,
and magnetic fiels present in the treatment ro¢®0].

2.5.3Proton Tracking System and Energy/Range Masurement
Proton tracking systens ibased on three basic crit€38):
1 Spatial esolution that determind¢se accuracy of measured direction and positi

1 A ratio between the thickness and radiation length is called material budget of the
tracker planesThe material budget determingbe amount of scattering thproton
undergoess well as the additional uncertainty on the measured direction.

1 For eventby-event proton tracking,ne of the essential factors ime resolution and
readout performance. There is no parameter to measure the exact requireimesg of
criteriaas an image has multiplapactsby different parameter.

Neverthelessfor perfect maging best spatial resolution, lowest material budget and fastest
acquisition rate are looked forPrototypes have been developed following different
approaches.

Table2 is asummary ofall prototype systemsThis representthe current state of théeld.
However, most of the systems are in continued development and yet to reach a meticulous
summary.
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Table 2: A summary of current and recent Proton Radiography(PRG)/Proton CT (pCT)

prototypes[38]
Group Year of Area Position Residual Proton pCT
reference  (cm? sensitive energyrange rate or
detector detector (Hz) pPRG
technology technology
(number of
units)
Paul 2005 22.0 x3.2 x-y SciFi (2) Plastic 1w pPRG
Scherrer scintillator
Institute telescope
LLU/UCSC/ 2013 17.4 x9.0 x-y SSD(4) Csl (TI) 15K pCT
NIU calorimeters
LLU/UCSC/ 2014 36.0 x9.0 x-y SSD(4) Plastic 2Mm? pCT
CSUSB scintillator
hybrid
telescope
AQUA 2013 30.0 x30.0 x-y GEMs (2) Plastic 1m pPRG
scintillator
telescope
PRIMA | 2014 5.1x5.1 x-y SSD(4) YAG: Ce 10K pCT
calorimeters
PRIMA 1l 2014 20.0 x5.0 x-y SSD(4) YAG: Ce 1M pCT
calorimeters
INFN 2014 30 x30 X-y SciFi (4) x-y SciFi 1M pCT
NIU/FNAL 2014 24.0 x20.0 x-y SctFi (4) Plastic 2M pCT
scintillator
telescope
Niigata 2014 9.0x9.0 x-ySSD(4) Nal(TI) 30 pCT
University calorimeter
PRaVDA 2015 9.5x95  x-u-vSSD(4) CMOSAPS 1M pCT
telescope

AQUA= Advanced Quality Assuranc€MOS APS= Complementary Metal Oxide SemdnductorActive
Pixel SensarCsl:TlI= Thallium-dopedCaesium lodide ScintillatpiCSUSB= California State University, Sa
Bernadino;INFN = Istituto Nazionale di Fisica NuclegréNAL = Fermilab National Accelerator Laboratory;
LLU = Loma Linda University Nal: Tl = ThalliumrdopedSodium lodide ScintillatorNIU= Northern lllinois
University; PRaVDA= Proton Radiotherapy Verifitmn and Dosimetry ApplicationsPRIMA = PRoton
IMAging; SciFi= Scintillating Fibre HodoscopeCSC= University of California Santa Cruz-y (or x-u-v)
SiSDs= Two-plane (or hreeplane) Silicon Strip DetectorsYAG: Ce= Ceriumdoped Yttrium Aluminium
Garne Scintillator.
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2.6 ExpectedPerformanceof PCT
2.6.1Path Estimation and Spatial Resolution

The proton pathin an objectis affected byMCS, illustrated in figure9. It makes
reconstruction of pCT images challengemdspatial resolutiomuch less satiging than X
ray CT.

The first proton path estimation approach was taken considering only the position of the
particle on the calorimeter msimilar fashion of Xray CT[39] illustrated in fgure-10(a). It

is possible to défie a straight line trajectory @fproton by adding position sensitive tracker
before and after the obje[33], illustrated in FigurelO(b). Recording angle of the patrticle
with more trackers can give a jgatory with broken straight linefs4], shown inFigure

10(c) and this is how the idea of curved path began.

+t reconstruction
/ boundaries \
200 MeV
protons
I initial direction
4 u
object
\entry exit ~ _
registration registration
plane plane

Figure 9: The path of protons traveling inside an object is determined by a multitude of
individual scattering events leadingo a zigzag path (red). Both the position and direction of
entry and exit proton are registered. Given the object boundary, the intersecting points and B
of a proton with the object can be obtained. While the intersecting points are sufficient to
estimae the straight line path (black) of the proton, additional knowledge of the entry and exit
directions permits estimation of the most likely path (blue line]55].

There werelireedifferent approximations on path trajectory of proton,

9 Straight-Line Path (SLP) d SLP is the simplest estimation of the proton pafrhis
is the intersection line between taetry and exiof each protonllustrated in fgure-
10(a).

1 Most-Likely Path (MLP) & Prob n Gnéernal path is followed bya certain
probability distribution An object with hanogeneous electron density over the entire
scan region ahboth direcions of entry and exit point iknown thenMLP of all
possible trajectories can be analytically derived. MLP considers that the object has
scattering and energy loss properties like wigé]. MLP is shown irfigure-10(d)

9 Cubic Spline Path (CSP)d Whenthe posiions and tangential directiors the
proton at the entrance and exit are known, despite congidbtitP as the best
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statistical estimate for proton path through a uniform medium, an alternative simpler
methodcan be used to fit the two gmaints with a smooth polynomial. A cubic spline
is used to estimate the cubic spline path or CSP.

The SLR MLP, ard CSP estimators of the proton paths are iterative reconstruction algorithm.
Compared to analytical image reconstructiamalgebraic method baseiterative image
reconstructions advantageous. MLP gives better spatial resolution than CSP anbS5LP
The sub-milimetric spdial resolution can be reached, shown bybpshed studies when
considering fewcentimetersthick object and energies greater than 100 MeV for proton
beamd56]i [58].

(c) (d)

Figure 10: lllustration of different path estimations for image reconstruction. In black the
proton trajectory, in red estimation made: (a) knowing only the position on downstream
detector; (b) knowing the positions upstream and downstream from the object; (c) knowing the
position and direction upstream and downstream from the object; (Hestimating the most likely

path using the position and direction upstream and downstream from the obje¢85].

2.6.2Dose and Density Resolution

For an improved ti@ment planning, reconstructeelative stopping power resolution should

be less than 3% achievable iX-ray CT (1% ideal). Density resolution of pCT depends on
proton energy and per voggbroton number ither econstructed i mage.
tradeoff between delivered dose and density resoly&@j, [60].

Lower energy protons lose more energy that is responsible for higher eljossittbn and
greater contrastvhereasfor higher energy protan the effect of multiple scattering is
ignorable and mor@rotonsare used to calculate average energy I0Hserefore, there is
always a compromise between energy and number of particle needed but most ofshe case
higher energy proton is chosen becanfsless scattering.

2 Voxel: A unit of graphic information that refers a point in thdémensional space.
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2.7 NextGeneration pCT
2.7.1Digital Tracking Calorimeter (DTC)

The currently used detector approdoh pCT is discussed in secti@b5. Next generation
pCT design is working to merge theseparate systesiior tracking and energy msurement
into one robust system and that is named a8.DT

The high-granularity digital sampling pixel detectaas developed at CERN. To measure the
particle distribution at large rapidity aectromagnetic calorimetés designed as a part of
the propsed upgrade ofletector experimenf61l]. The hgh pixel granularity helps to
discriminate particle at high momentaéhe designedDTC prototype with 24 telescopic
sensor layerdas been testetbr pCT purposeat the proton accelerator &ernfysisch
Versneller InstituurCenter for Advanced Radiation Tewlogy(KVI-CART) in Groeningen,
Netherlandg43]. After that, simiation-based research work has been carried out the@ee
the DTCperformsin a therapeutic particle beg®2]. The DTC consists ahultiple layers of
Monolithic Active Pixel SensofMAPS) chips withdigital readout The detail discgsion
about MAPS is presented in Chapger
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CHAPTER-3 MONOLITHIC ACTIVE PIXEL SENSOR (MAPS)

Monolithic pixel sensors werproposed & a viablesubstituteto ChargeCoupled [®vice
(CCD) for visible imaging,in the early 1990963]. These sensors are often called CMOS
imagers because of being made in a standaedy Large Scale Integrato (VLSI)
technology[64]. Two main types of sensors are

1 Passive Pixel Sensor (PPS): With an integrated photodiode in a pixel together with
selection switches toonnect the photodiode directly to the output line for readout.

1 Active Pixel Sensor (APS): With an integratachplifier in each pixel to directly
buffers the charge signal.

Becauseof better performancanost CMOS imagers have an APS structure. Also, aéver
advantages of CMOS APS, oradvolithic Active Pixel Sensor@MAPS), were immediately
recognizd:

1 MAPS avoidthe drawbacks of bumponding or other types of connectides].

1 Making very small pixel size and integrating more functionalitgh@same pixel is
possible becaesof shrinking size of transistf@5]i [68].

1 MAPS usually have low power consumptii@b].

1 MAPS allows integration of muftie functionalities on the sanwhip together with
the sensor arrays that simplify system leaad hence reduce thmosts. Random
access tgixels ensure tracking of very higdpeed object but there is a tradt
between resolution or array size and readout sfiE3d

1 Thereadout isalways massively paralléo analogto-digital conversiorj66]i [68].

1 Limiting the readout system requirements to digital I/Os, MAPS lba made very
easy to us¢65].

In particle physics experiments, sensors and readout electronics that are usateking

and tracking requirénigh performance in terms of granularity, readt speed, material
thickness, radiation hardness and power consumption. Siligpsef8iconductor technology

based sensor and CMOS technology based readout elecmon@splished majoritpf the

above requirements but the shortcoming was the interface between the sensor and the readout
electronics, i.e. typically separate componentéis limitation was eliminated by merging

both sensor and reamlit electronics into a single detection device that intrasl@dOS

MAPS [70]. Figurel1l illustrates the crossection scheme of MAPS.
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Figure 11: Crosssection scheme of a MAPS pixel combines Si sensor and CMOS read

electronics in a single volumg71].

3.1 Interaction of Particles with Silicon Sensor

Chargal patrticle interacts with the material of thesensorto generatecharge carriers.
Detection of these charge carrierascetains the detection principle of semiconductor

detectors.

3.1.1 Energy Loss ofCharged Particle

When a charged particle passes througle sensor, itollides with the electrons of the
interacting medium. For heavier particle thamelectron average engy loss due to this
scatering process is expressedthg BetheBloch formula €f. sectionr2.2.2)

Energy loss of particlesnuch heavier than aselectron depends orthe velocity of the
crossing particleAt high energy Lorentz factot (9) cannotbe neglectedFor electrons and
positrons, the BethBloch formula is corrected for interaction between idetarticles and

further energyloss mechanism, like bremsstrahlung.

For |l ow energies, the domi(baspeed gflightaEnargy r

loss from the BetheBloch equatiorl.1 reaches a minimum wheampat i c | e
particle in suclenergy conditions is called aiMmum lonizing ParticlegMIP).

3.1.1.1 Energy Loss Distribution

BVAt h

Large fluctuations ofhie energy loss occur becausetbé statistical nature of the ionizing
process during the passage of a fast charged particle through [@2fteBetheBloch
formula provides the average eneiiggs per path unit anthe probability distribution of the

]Lor ent z i Thisisadactorfywhich a moving object changes length time and relativistic mass.
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energy loss is defined by absorber thickri@s§. Thick absorbers giveagissian distribution
whereas thin absorbers show asymmetric distribution because of biggrgyfluctuation.

For silicon sensors, theoretical calculation of energy loss distribution was carried out by
Landau and Vavilof74], [75]. To produce an electremole pair the average energy needed
for silicon is equal to 3%eV [72]. Figurel2 shows the landau distribution farcharged
particle in silicon.

o
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Figure 12 Landau distribution of the energy loss of highlyrela i vi st i co>pla®iha cl es (|
silicon layer of 320 um thicknes$76].

While traversing a dettor, charged particles sufffrom MCS apart from energy loss.

Succesi ve smal | angle depections by this scatt
scattering anglé #dives a @ussian distributiof77] with a root mean square
13.6 MeV X X
(92) = [s—e“/x_ [1 +0.0381og X—}
pc 0 0 (3.1)
Wher e, b = Velocity; P = Moment um, z = Charg

X/Xo = Thickness of absorption medium in unit of radiation length

3.1.2 EnergyLossof Electromagnetic Radiation

Electromagnetic radiation interacts with semiconductor detectors mainly veapgloeesses
[78]:

1 PhotoelectricEffect
1 ComptonEffect
9 PairProduction

In these interactionsphotons areeither completely absorbeih a single pocess
(photoelectric effect and pair production) srattered by relatively large angl@sompton
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effec). The attenuation of monochromattioton beam in intensity while traversing the
sensolis given by[73]

I(x) = Ipe /"
(x) = Io (32)
Where, § = Intensity of incident beam; x = Thickness of traversing medium

M = Attenuation length

The photoelectric effect is the dominant processeaergy below 100 keV for silicon.
Compton scattering process becomes dominanthigher energies. Figurd3 shows the
photon crossection in siliconSilicon is useddr detecting phain with energyup to 100
KeV.
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Figure 13 Total photon crosssection insilicon [71].

3.1.3 Detection Principleof MAPS

Electrorrhole pairs are generated n#ae point of interaction wherleetromagnetic radiation
interacts with the semiconductor. Due tapplied reverse bias or diffusion caused by
concentration variation, thesdarge catiers move by drift and collecteloy the electrode
associated wittthe front end readout electronics. In standard MAdPErges are collected by
diffusion. Impinging particles generate charge carrier in the epitaxial layer. Because of the
potentid barrier between the lightly dopedtype epitaxial layer and the heavily doped p
type substrate, generated electrons are defle€edhe other handhe containment of the
majority of the electrons within the epitaxialdue toa similar potential barer between the
lightly doped epitaxial layer and the heavily dopedsgils of the NMOS transistor§vhen
diffusing electrongeach the buitin electric fieldat the junction which is formed by the n
well of the sensing diode and thaype epitaxial Iger, they areollected as a signfif3].
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3.2 ALPIDE

As a high performing MAPS, ALPIDIS themost advancedensorthat isdevelogd forthe
particle trackingof ALICE experiment at CERN[79]. The ALPIDE pixel chip is
manufactured usg the commercial 0.18 um CMOS imagingnsor process by TowerJazz
[80]. AC-sensitive low power frorend coupled wh a hitdriven inmatrix zeresuppression
circuit makes it less power consuming and much faster thagploal MAPS [79]. ALPIDE

chip has a pixel matrix of 1024 x 512 pixels and total thickness is thinned down to 50 pum
[81]. A schematic crossection of ALRDE sensor is shown in figus.

NWELL PMOS NMOS
Spacing DIODE Spacing TRANSISTOR, TRANSISTOR
<> <> S —
o [ ) ] D @ @ A
P nwell nwell P
deep pwell | Collection| P /dnppun
diode ; .
Depletion*. » e

region™.

“..-.'; p” epitaxial layer *

p substrate

Particle hit‘/

Figure 14: Schematic cres section of pixel of MAPS (TowerJazz 0.18 um imaging CMOS with
the deep pwell feature) [73], [82], [83].

3.2.1 ALPIDE in Pixel Architecture

The ALPIDE sensor features the option ésnbed an +well on top of a deep-well (cf.
figure-14) and this is how thactive volume i.e. the epitaxial laydrecomes separated from
all n-wells except for the collection diodes. This separatmeats the possibility to
implement PMOS transistors inside the pixels with no deteitoraf the charge collection
efficiency[71]. A pixel sensor consistsf following parts[73],

Substrate: lowest layer ofa pixel that is made of higy doped (ptype), low resistivity
crystalline siliconThe substrate providesechanical stabiltto hostall other structures

Epitaxial layer: This is the layer top of the subste which is lightly doped §gype) and
providesanactive volume of the detector where impingpayticles generate charge carriers.
This layer is implanted with all active devices.

Well implantations: To integrate PMOS and NMOS transistors;wlll and pwell
implantations are used

Diffusion implantations: Source and drain of the transistors ararfed by themThey have
higher dopingn comparison to the wells in which they are embedded into.
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Collection diode: Generated charge collecting dioddne depletion region is formed in the
junction between the diodewell and the pepitaxial layer.

Metal lines: Different silicon structureare ®nnected by them. They are generally used as
an insulator and made afuminiumor copper and embedded into silicon oxide.

Some benefits of 0.18 pm CMOS technology[a®,

1 With transistor feature size of 0.18 um and gate oxide thickness below 4 nm, CMOS
process becomes substantially more robusiatal lonising bse(TID) than other
technologies.

1 This technology provides 6 metal lines thlibw implementing high density andw
power digital circuits witha reduced area for the digital circuitry at the periphery of
the pixel matrix. As a consequence insensitive area of the pixel chip is reduced.

{ Epitaxial layers can be developed with resistivity fritm KcYm t o 6 KY ¢ m.
makesbigger depletion area in the epitaxial layer and improves the signal to noise
ratio of the sensor as well as its resistanagtgonizingradiation.

f The Material Budgef can be reduced to a great extent by producing wafers with an
epitaxial layer fom 18 um to 40 pnthicknessesand making chips thin uje 50 pm.

1 The most important feature of this technoldg the use of a deepwell. Parasitic
charge collection by -wells is a problem that the freehd electronics face. To
eliminate this problemeakp pwell is usedThe PMOS transistor embedded inaell
is fabricated on top of the deepnell.

9 The stitching technology for the sensors production is one of the unique $¢hatre
help manufacturingf die sizes up to a single die per 200 mm diametfer.

3.2.2 ALPIDE Pixel Matrix Architecture

In-pixel architectureof ALPIDE is quite complexEach pixel includes its own amplifier and
shaper, connected to a comparator and multiple hit buffers. To perforrsugEIESSIOh

within matrix an Addres&ncoder ReseDecaler (AERD) circuit illustrated in figire 15(b),

is engagedThe ame readodtircuitry is shared by two neighbing columns as depicted in
figure-15(a) . AERD <circuit ensures pr opaog@umnon of
logic and resetting the correspondingpixel hit buffers. In this architecturpixels are read

in a continuous acquisition mod80] or by an external trigger cantled mode (global

shutter mode)The ALPIDE architecture is by design foriented and allows less power
consumption, shorter integration time and smaller pixels pitaithsa totalchip dimension

of 15mmx 30mm.

* Material Budget(X/Xo)- This is the ratio of radiation length of a particle in a material (X)radéhtion length
(Xo) requiredby the relativistic charged particles to nackits energyby the factor [105].

® Zero-SuppressionThis indicates reading only the hit pixels.

26



1024 pixel columns
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Figure 15: (a) Schematic ofa full scale ALPIDE chip (1024 pixel columnx32 row): pixels are
arranged in double columns (b)with a priority encoder per double column. This allov space to
be used more efficiently for the priority encoder as it is routing dominated and several routing

lines can be shared between thevb columns[82].

3.2.3 ALPIDE Readout Architecture

Readout of a detector indicatése detection of a particle when it crosses a pixel. This
information is acquired by setting a collectioode threshold to the analsgnal[73]. In
ALPIDE, the available digital information iapixel is fed into anencoder circuit to generate
the address of a hit pixel directlfhe 32 regions of pixel airix (each region is a matrix of
512 x 32 pixelspre readut in parallel shown in figur&6. The pixel is reset to move to the
next valid one and until all pixesre read out this procedureiterated. The ALPIDE ltip
uses a global strobe signal in ordercapture the comparator fre@bd output into a local
memory thus providegffective integration time of about 4 [i83] with given frontend
shaping time 2 us[82].

Figure 16. Readout organization of the chip with details on the pixel ce[B2].

27
























































































































































































































