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ABSTRACT

This study is part of an INFN project callédoVe-IT (Modeling and
Verification for lonbeam Treatment planning) which goal isetplore ad
implement the biological impact of target nuclei fragmentation, relative
biological effectiveness @E), intratumor heterogeneity, in radiobiological
models used itreatment planning systems (TPS) itam beam therapy. The
project includes the devadment of dedicated devices for dose verification,
accounting for a wide range of complexygical and biological effects.

In particular, the medical pics group of Torino University and INFN is
mainly involved in the development ofnovativedevices foronline beam
monitoring in radiobiological experimentBhese new devices are based on
solid state detectors whicshould overcome the limitation®sf ionization
chambergypically used for beam monitoring in ion therapy athance
treatment delivery in thauture.

Planargas i | | ed 1 oni zati onmo& boeanmdnly used (| C)
detectors in radiotherapy and hadron therapy centers. They have the virtue
of being partially trancplbernomtéreds o t

without significant degradation of ¢hbeam quality. ICs are simple,
radiatiorthard, and easily constructddowever, their operation is based on
the collection of the charge createdtbginteraction ofcharged particlem

the gas, which depends on the beam energy. The relevant informeeided

in a radiation therapy application is the befumence rateor the number of
delivered particles, which can be determibgdCsonly if the beam energy

is known in advance and after proper calibration procedures. The charge
collectiontimeofgas et ect or s i s relatived,y | on
preventing their use in delivery modalities with fast changes of the beam
conditions.In addition, the amount of electrical charge produced in an IC by
a single ionizing radiation event is very dnand the corresponding limited
sensitivity of ICs does not allow to monitor low doses.

Solid state detectors are promising alternatives to overcome the limitations
of ICs in terms of speed and sensitivity, as they can be used to detect single
particleswith fast response time and excellent spatial resolution. When
employed in counting mode the number of delivered particles can be
measured without the need of a prior knowledge of the beam energy or any
calibration procedure. The detection of single pées and the counting of
their number with the required clinical tolerance (eless tharl %) at high

fluxes can be obtained onby using fine segmented detectors with small
active thickness, to keep the charge collection time and the signal duration
small.



Recent developments in silicon technology have produced novel detectors
(Low-Gain Avalanche Diodes, LGAD) where an additional dopant layer
provides a moderate internal charge multiplication mechanism to increase
the signalto-noise ratio without affeting the dead time. The enhanced signal
from LGAD sensors can compensate the reduced charge produced in thin
thickness and are therefore optimal to build thin segmented detectors with
short signal duration needed for particle counting applications.

This work focuses on the study of the properties of dedicated LGAD
detectors segmented in strips that will be used to byitdtatypedevice for
clinical proton beam monitoring in radiobiological experiments. In
particular, Ultra Fast Silicon Detectors (UFSD).e. LGAD sensors
optimized for time resolution, are employed, Dedicated UFSD structures, a
custom readout electronics and the prototype device have been designed
count the number of protoms an area of 3x3 crwith fluence ratesip to

10 cn?st with an errorless tharl %. The detectors were characterized in
laboratory and with therapeutic beams. In particular their working conditions
and their counting capabilities have been studied at high beam fluxes where
counting inefficiencies appear due tioe superposition of signals from
multiple particles close in time. Algorithms based on logical correlations of
signals from two sensor channels have been developed and applied to correct
these counting inefficiencies at high beam rates, showing that rprope
segmented UFSD sensors are able to count the number of beam particles
with the required precision up ® few hundredsMHz/cn?, close to the
typical particle rates employed in the clinical practice.

The results of this thesis work demonstrate the dépabf solid-state
detectors to be employed as beam monitoring detectors. In particular the
requirements for radiobiological applications of the\W-IT project have

been met, allowing to complete the construction of the prototype device in
the next morits.

Several issues are still pending for an application in the clinical practice, like
the need of finer segmentations to cope with the high fluxes of therapeutic
beams and the radiation hardness of LGAD sensors needed to work for a
reasonable amount ofme before their substitution. These aspects require
further studies and technological steps, with a complexity and cost scale
above the limitations of the current project.

The thesis is organized as follows:
In Chapter 1 the dose distribution modalitedopted in charged particle

therapy are described, focusing in particular on the role of the Dose
Distribution System (DDS) which assures that the beam irradiation follows



the prescriptions of the Treatment Planning System to guarantee a proper
dose digtbution. The DDS relies on online measurements of the beam
direction, profile and flux obtained with beam monitoring detectors
positioned along the beam direction before the patient. This chapter includes
a description of solidtate detecting sensors,daaf their advantages and
limitation for beam monitoring in single particle counting mode. LGAD
detectors are introduced.

Chapter 2 describes the LGAD strip detectors and the-é&oatelectronics
developed for a prototype of a single particle countingicge and the
simulations performed within this thesis work to optimize dhsign of the
readoutelectronic.

Chapter 3 contains a detailed description of the basic tests of the LGAD
silicon sensors performed in laboratory, consisting of basic charatien
studies preliminary to the tests on therapeutic beams.

Chapter 4 contains a description of the setup prepared to test the sensors at
two treatment facilities in Italy, the Centro Nazionale di Adroterapia
Oncologica (CNAO, Pavia) and tiRroton Theapy Center (PTC) of TIFPA
(Trento), which are partners in the MoVE project. This chapter shows the
results of these tests that led to a better understanding of the beam structures
at the two facilities and the behavior of the UFSD sensors with theéi@apeu
beams. The feasibility to use UFSD sensors segmented in strips for beam
particle counting and the limitation in their counting capabilities are
addressed.

Chapter 5 describes correction algorithms developed to mitigate counting
inefficiencies at higlparticle fluxes due to overlapping of the signals from
two particles close in time. The corrections algorithms, based on the logical
correlation of signals from two neighboring strips, are first asserted with
simulations and therefore applied to the datéected atCNAO andthe PTC

of Trento. The results show the possibility to extend the counting capability
of LGAD strip detectors above the goal of the MeN'eproject.
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Figure 4.18 Left: screenshot from the oscilloscope with the signal from one LGAD pad (blue)
overlapped with the RF periodic signal (red) for a beam energy of 148 MeV and a current of 1 nA.
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Chapter 1

Radiotherapy with heavy charged patrticles
1.1.Introduction

Cancer is a significant, growing publicealth concern. It is already
responsible for one in six deatlgtobally. In 2018, 18.1 million people
around thewvorld had cancer, and 9.6lhon died from the diseasd&y 2040,
those figuresvill nearly double[1].

The term cancer is commonly used to cover a wide range of diseases caused
by an uncontrolled division of abnormal cells in a part of the body. The
common feature of cancer diseasissthat cells in affected organs or tissues

of the body continue to grow indefinitely, without reference to the needs of
the bodyas shown in Figure.1,

Cancer cells A ./_1\. {;. ——. Cancer cells
forming a Tumour Normal cells . )| /_‘\. ® ] growing through
| 3 ® . >/ normal tissue
(@@ 7
.‘:. 1@ , \®
ge 2 0e®
- — AN {
Cle @@ @ o!®
e®eg e S
j Sl Vs

Figurel.1 Cancer starts when cells change
number grows in an uncontrolled mode.

Treatment can involve surgery, systemic therapy (e.g. chemotherapy,
immunotherapy, endocrine therapand radiotherapyAs early diagnosis
and treatmenimprove, the number of survivovéll increase

Radiation therapy is the medical use of ionizing radiation to treat cancer.
High energy accelerategarticles and electromagtic waves passing
through tissuesvill losetheir energiegand ionizeatoms in the living cells,
producing a direct damage to the DNA or indirect damage through free
radicals which are capable of interacting chemically with the DNA.

Moreover, living cel are able to fimost of the damages occurring at low
doses. To kill a tumorit occursto concentrag a high dose of radiation
directly at the cancerous cellwhich will cause a mulgle damage
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specifically in the DNAFor severe damage=llscouldlose their ability to
fix or replicateand eventually they will die.

DNA damages affecting single nucleotides (sirgjland breaks, SSB) can
be repaired with high probability, while damages involving the two strands
of the DNA at points less than three nuatides apart (doublstrand breaks,
DBS) are more difficult to be repaired. For a given physical dose, radiation
with high ionization density (for example heavy charged particles) produce
more DBS damages and therefore have a higher biological effec\2hes

Tumors that do not respond positively to conventional radiation therapy
based on high energy-bays beamsre classified as being raeliesistant.
Moreover, some tumors are located very close to sensitive organs which are
called orgas at risks (OAR), such as the optic nerve or the spinal.cord
Hadrons, as considered in this thesis, are ions accelerated to high energies in
various types of acceleratorarticles have a number of potential
advantages radiotherapyin paricular for radioresistant tumors or tumors
close to OAR43].

1.2. Rationales and advantages of hadron therapy

Cure of tumors with protons and carbon ions presents, with respect to the
conventional xay radiotherapy, some aduages from both the biological

and physical points of view. The dose distribution of photons shows the
highest energy deposition shortly after their entrance in tissues, which then
decrease exponentially as the penetration depth increases. This imggdlies th
for a deepseated tumor, a large dose is reézhat the entrance of the body
and after the tumor.

In contrast to photm) the energy transferred tbe tissue by ion beams
dependn theparticlespeed The more the particles slow down, the higher
theenergy they transfer to the tissue per track length, causing the maximum
dose deposition at a certain depth. The maximum of the dose deposition in a
depth dose curve is called the Bragg paall itsposition depends on the
initial kinetic energy (Fig. ).

15
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Electrons Carbon

100 /
§80 /Bragg Peak
g
-] au
g 60
3 Photons
© 40 X
= Site of Cancer
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0 “‘g —
0 200 ‘
Depth [mm] 300

Figurel2 Dose released hgnizing particles as a funitn of the depth in the
tissue. The tumor location and dimensions are delimited by the yellow lir

The specific range and tmeducedateral straggling of protons and carbon
lons can be used to deliver higher doses to the tumor while reducing the doses
absorbed by the surrounding healthy tissdésThe energy of the ptons

to coverdifferenttypes of treatment need to be set between 60 and 250 MeV

(depending on the tumor depth), which corresponds to a range between 3 and
38 cm in wate(Table 1.1)

Tablel.1 Rangeand longitudinal stragglingt different energie:
for protons and carbon ions

Protons Carbon ions
Energy Range Straggling Energy Range Straggling
(MeV) (mm) (mm) (MeV /u) (mm) (mm)

66 36.1 1.5 66 12.5 0.5
90 63 2.8 90 16.1 0.7
125 112.9 4.7 125 38.5 1.5
198 251.8 9.6 198 76 2.3
270 426.3 17.3 270 133.5 )
330 594.7 23.2 330 186.5 7

16
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To achieve the treatment of the whole tumor, the energy ofaamthas to
be varied in a weltontrolled way to obtain many narrow Bragg peaks that,
when summed up, give origin to a Spr&adt Bragg Peak (SOBRIFig.1.3).

\j

A X—Ray Spread Out Bragg Peak
P4 / (SOBP)

Dose y 4 S

Proton Beam
Depth from body surface

Figure 13 Typical SpreaeDut Bragg Peak (SOBP) for protons. A SOBP is obtained
superposition of many peaks by varying the proton energy.

4

A comparison othe typicalplanned dose distribution for the same tumor
irradiatedwith X-rayor protonbeamss shownin Figure 14. The plan shows

how an X-ray beam deposits radiation dose to a much wid&rme with
consequent risks of future toxicity.

X-Rays Proton beams

Irradiation damages

I \\ @ ![ | X-Rays
\ Cancer

J

Irradiation damages

Proton
beams

X-rays go through the nidus. Proton beams stop at the nidus.

Figure 14 Comparison of the dose deposition of two X ray beams (right)
respect to two orthgonal proton beams (left)

To summarize, it should be remarked that radiotherapy with charged
particles is consided a very advantageous tool to fight against cancer
because of the physical (greater tumor conformationdnd biological
(greater biological effectiveness for heavy iopg)pertieq4].

17
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In modern treatment facilities,rqgon aml carbon ionsare accelerated in
synchrotrons or cyclotrons anfbcused in narrow beamsof variable
penetration depthdepending on their energ¥he tumorvolume canbe
accurately irradiated with optimal precisiomith minimal dose to the
surrounding normal tissuesif the beam energy and direction are properly
modulated

1.3. Accelerators employed in charged particle therapy

The technology of delivering a charged particle of the appropriate energy to
a patient involves accelerating the particles and thensingandbending
the beam in the direction of the target.

Modern accelerator technology exists today to meet all of the clinical
requirements within a reasable budget for hospitdasedhadron therapy
facilities. Recent accelerator developments lude fast extraction
synchrotrons with fast varying energygvel compact commercial solutions
based on cyclotron®r proton therapy single room facilities

1.3.1. Synchrotrons

The synchrotron consists of a lattice of bending dipole magnets andnigcusi
quadruple and sextuple magn¢isg. 1.5) The acceleration process in a
synchrotron occurs 1in cycles, cal l e
steps(Fig. 1.6):

synchrotron extraction magnets
P — . extracted _
= = particles
deflecting / \‘\_\_\ .
magnetS\ / A ;j-_-.\\-\ (ion beams)
\\\
1 =
A a
\
|
| ]
\ .
L\ 7 |
10N 4 J
inflector \ : /
: 1 N S accelerating
linear accelerator\ 1 - WP cavities

-~

ion source ——a
Figure 15 Scheme of a typical synchrotron which contains an injec
line, deflecting magnets, accelerating cavities and an extraction

18
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1. a bunch of particles, produced by an ion source anaquelerated up

to a few MeV ugng alinear acceleratoflinac), is injected in the main ring

of the synchrotron

2. the beam circulates in the ring repeatedly through the accelerating
structure until the desired energy, typically betweet&¥ and250 MeV

for protons, is reached

3. a slow leam extraction for accurate dose applications is followed. The
extraction time is typically between 0.5 and 5 seconds, depending on the
required beam intensity (see Fig6. left). Schematically, the slow extracted
beam would look like to the Figufe6. right;

Slow extraction Start of Spill End of Spil
<0.5sec 0.5 -5sec.
> A - s———————
en
5 Beam
5 - Spill
£ %
g Acceleration
Ramp
Injection I Injection & Acceleration Down
. | |
Time

Start of Cycle End of Cycle

Figurel1.6 Scheme of the acceleragmocess in a synchrotrobeft: The injectec
particles are accelerated to the desired energy and slowly extfaagbd Time
structure of the beam delivery in one spill.

4. ramping down to the initial situation with deceleration and dumping the
unused remaining particles.

A synchrotron produces pulsed beams at variable energies. The energy of the
extracted beam can be varied from one cycle to the next in stepewf a
MeV.

1.3.2. Cyclotrons

Cyclotron accelerators reach high projectile energies by repeated relatively
weak accelerations of charged particles between two electroteh
relative potential is alternated at radio frequenckarticles are injected,
stripped of electrons, and accelerated by the field in the gap between the
electrodes. Durinthe periods in which the electric field is out of phase with
the desired motion, the particles circulate inside hollow conducting D
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shaped electrodes. The particés held to circular or spiral trajectories by
a confining magnetic field until the selected final energy is achieved

Commercially available cyclotrons for proton theratypically deliver
beams with an energy of 2380 MeV [5]. Since the presently available
cyclotron technologylelivers the beam at fixed energy, the energy must be
reduced to the value that is required for the treatnidms. is typically done

by an absorbetonsisting on aotating degrader of differetiicknesses and
materialsto reach avariable energyn the range between 70 and 250 MeV

Figurel1.7 Cyclotronproduced by the IBA compan
for praton therapy centel88].

The energy degradation produagnificant emittance increase and energy
straggling[6]. In order to fit to theacceptance of the beam traodgpsystem
and to deliver deam of the required quality most of the degraded desem
to be cut off by an energy selectispstem (ESSgonsisting of a magnetic
bending region followed by collimatofg].

Different beam intenses can be requested at the exithed cyclotron, in a
range spanning between 1 and 320

1.4. Treatment planning system

The Treatment Planning System (TPS) is a software which helps the
physician tosimulate the dose distribution in the patient aedrch for the

optimal beam configuration to reach the clinical dose prescriptiorsa

complex tool, which receives as input the informatioth&patient anatomy

as provided by theomputed tomographyC(T) data, the delineation of the

target and ofhe surrounding organs, the beamgetand the prescription of

the wanted effectStarting from these information and on the prescriptions

on the desired dose on the target and the maximum tolerable dose on other
organs, it performs a minimizationproced e (cal |l ed Ai nvers
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find the treatment parameteie TPS task is completed when it finds the
set of beamlets intensities, energies and directions necessary to satisfy at best
the prescription.

The TPS seeks the solution in an iterative wstarting from an initial
hypothesis on the beamlets intensities, the program computes for each point
of interest the particles spectra and estimates the corresponding biological
effect; if the result satisfies the prescription, then the TPS can terrineate
execution and return to the physician the information onptiescribed
beams; otherwise, the program must vary appropriately the beams intensities
and repeat the biological effect evaluation, until the specifications are met or
the maximum number atierations is reached

1.5. Beam Delivery Systems

The Beam Delivery System (BDS) is the last part of the machine before the
tumor being irradiatedised to control the beam conditions and to assure that
the dose distribution follows the prescriptidine beam that comes from the
accelerator laterally is well described by a 2D Gaussian function calculated
as a function of the particle type, energy, depth and type of the material
crossed from the vacuum exit window. The starting transversal and
longitudinal dimensions have a typical FWHM (Full Width at Half
Maximum) of less than 10 mm that is certainly smaller than the volume of a
typical tumor, which normally could vary between 1 and 20 cm.

Basically, the narrow pristine beam extracted from the acceldiatown
aspencil beam) with a fixed energy and direction cannot cover the irregular
shape of the tumor volume without doing any adjustments.

There are many classes of techniques used to adapt the beam conditions and
distribute the dose to the tumor volunmea correct way, following the
prescription of the TPS.

The first class of dose distribution methods employs passive elements to
spread out the original beam consisting of absorbers, collimators and range
modulators, to create the proper SOBP and adeptdke distribution to the
lateral share of the tumors. The disadvantage of passive delivery technigues
are the need of patient specific elements and the creation of secondary
particles in the nuclear interactions of the beam with the passive elements.

Active beam shaping, or dynamic beam scanfhgis a method to achieve

the desired dose distribution by using magnets to move the beam laterally
across the target while dynamically varying the energy of the beam to change
the pemetration depth.
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The tumor is virtually divided into slices in the longitudinal direction, each
slice being composed of small volumes called voxels or spots. Each slice is
irradiated by a fixed energy beam which is moved in the transverse direction
by a pa of scanning magng®9] in order to deliver the required dose to each
spot of the slicéFig 1.8).

Faces of dipole magnets Tumor

first magnet second magnet \
(horizontal scanning) (vertical scanning) Last Layer
(minimum energy)

First Layer
(maximum energy)

Figure 18 Scheme of an active dose delivery system. The tumor volume
divided in layers, and each isoenergetic layer is covered by a grid of spot
beam is guided by aapr of scanning magnet irradiating each spot

The process of energy changes is achieved with various methdahls.dase
of a synchrotron,an enery variation can be oldined between two
accelerator spills, while, for a cyclotrdrased machine,naabsorber for
energy degradation followed by &nergy selection systemdta be used

The advantages of the dynamic beam shaping can be achieved only by
positioning the pencibeam and monitoring the number of particles delivered

to each spot precisely using a fast and accurate monitor system fully
integrated among the beam delivery system.

The drawback of such a beam delivery system is its greater complexity in
operation due tthe management of the scanning magnetgstandontrol of

the beam positionin addition,the tumor position must be known with high
precision (of the order of 1 mm) to obtain the required precision in the dose
shaping. Problems occur, specifically, whke tumor moves because of the
patientods brkeasts hing and heart

1.6. Dose Delivery System

The accuracy of the dose distribution achieved with the pencil beam
scanning technique relies on a preciselio@ measurement of the beam
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position and the nundv of particles delivered to each spdte Dose
Delivery System@DS) has to control the scanning system located at the end
of the extraction line, consisting of two power supplies connected to two
identical dipole magnets for horizontal and vertical beftections. Once

the required number of particles is delivered to one spot, the DDS must
change the magnet currents to move the beam to the next spot. In addition,
the DDS has to be interfaced to the accelerator control to require a fast stop
of the beanwhen one iseenergetic slide has been completed and to require

a newenergy values for the treatment of next slice.

The realtime control of the beam requires a monitoring system as most
accurate and reliable as possible. Tinest commonly used beam nitmm
detectors are based on gas filled ionization chamip€ds Figure 1.9, for
instance, shows the monitoring systemCNAOQO [10], consistingof five
parallelionizationchamberdilled with nitrogen and placed at the end of th
beam line, on the nozzl@wo chambers are devoted to measure the beam
fluence with great accuracy and stability, at high speed, at 1 MHz rate.

MonitOr System Pixel Chamber:

Strip Chambers:
Integral Chgmg!:; iIsurement
Intensity Measurement ;

Intensity

’ Measurement

Figure 19 Components of gas based monitor system at CN.

Other two ionization chambers with Kapton electrodes segmented in strips
with orthogonal orientation are dedted to measure the beam position with
an accuracy of 10Am every 10Qus through the evaluation of the center of
gravity. A fifth chamber with the anode segmented in 1024 pixels provides
an independent measurement of the beam position.

Thanks to theirimited complexity, ICs offer several advantages such as
robustness and ease aafnstruction anaperation,limited material budget
(less thanl mm water equivalent thicknesahd show no indication of
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performance degradation due tadiation andageing efécts, even after
several years of irradiation.

However, they suffer from severahitations. Gasfilled detectors measure

the charge produced in the gas, which depends not only by the number of
particles, but also on the particle energy and on envirotahparameters.

To determine the number of particles delivered to each spot, the relevant
clinical information on which the dose depends, the beam energy must be
known in advance and the effect of temperature and pressure dependences
must be corrected. Redic calibration procedures are neededake irto
accountthese effects and guarantee the reliability of the ICs in the clinical
practice.

Another limitation of ionization chamberis their limited sensitivity:
because of the small ionization chargeguced in gases, th@inimum
number of particles mIC can detectis limited to the order of few
thousandslin addition, thecharge collection timesf ICs is relatively long
(of the order othundreds of microsecondsind therefore their response is
quite slow.

These two limitations prevent their use in treatment modalities where fast
position changes are required, or where a limited number of particles must
be delivered to each spot.

Fast treatment modalities are required already now, for examplegati
moving organs wistchmantnhengsd ecadalnli ggdiefor,
painting is repeated several times with reduced doses, in order to mitigate
interplay effects due to the combination of patient movements and beam
position changes.

In the futue, advanced irradiation techniques could be adopted, requiring
more accurate, faster and more sensitive monitoring of the delivered dose.
For example, €D treatments based on the tracking of the tumor position by
following its changes with a movable beaane already a reality in
conventional radiotherapy with dedicated linear accelerator such as
Cyberknifeand Vero[11]. The extension of such delivery modalities in
charged particle therapy requires novel developments, on pariictidster
scanning magnets, and on more precise monitoring detectors with improved
speed, sensitivity and spatial resolution.

In general, fast beam delivery strategies represent the trend for future
radiotherapy approaches, to improve theuaacy, to sbrten the treatment
timesand to increase the patient throughput

The following section describes how the limitations of-fikessd detectors
could be overcome by a new type of monitoring devices based on solid state
sensors.
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1.7. Beam monitoring with silion detectors

To overcome the limitations of gdiled detectors as monitoring devices in
charged particle therapy, i.e. their limited sensitivity, the dependence of the
measurable number of particles on the beam energy and environmental
parameters, th@oor position resolution and slow response times, a new
approach for beam monitoring based on solid state detector is investigated
in this thesis. In particular, segmented silicon detectors are considered as an
alternative to IC chambers to count the numtieparticles of a therapeutic
beam.

1.7.1 Silicon detectors

Silicon is a semiconductor, with a resistivity between that of metal and
isolators, withthe conduction energy band separated by4leV from the

valence band. An electron jumping in the cociibn band leaea hole in

the valence &nd, which behaves like a positive charge carrier. When the
silicon is doped with-tyyep® Imlalt eati aim
formed with an excess of holes. A doping with Type IV atoms (donors)
producesia ypeo materials with an excess

A silicon detector is based onrgunctions, where a large depletion region
free of conductive charges is formed by applying iatense inverse
polarization. In a silicon detector the depletionioegs the active volume
where holeelectron pairs are created by the ionization of the crossing
particles, similarly on how ieelectrons pairs are produced in a gas detector.
The current induced in the electrode during the migration of theghiettron

pairs is collected and integrated to measure the total produced charge,
proportional to the energy loss by the charged particle.

Even if the working principle is similar, the mean energy needed to create a
hole-electron pair is morder of magnitude lowen silicon than in a gas @

eV in Si vsmore than30 eV in N or in air). Consideringalso the much
higher density of silicon with respect to a gas, the charge produced by a
lonization particle in a thin silicon layer is high enough tort@asuable fa

a single particle.

Silicon detectors are built with a multitude ofnpjunctions with the
electrodes segmented in strips or pixels, and employed for particle tracking
in charged particle and nuclear physics applicatj@8f

An example of a silicon microstrip detector is depicted in HidO, it
consiss of highly dippedp-type (p+) strips implanted on atype planar
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substrate, and a n++ backplane electrode. The n substrate is fully depleted
by app¥ing a positive voltagen the n++ electrode with respect to the strips.

An ionizing particle penetrating through the fully depletdide generates
electronhole pairs which migrates along the electric field generated by the
bias voltage and induce a charge signal on the alumistrips. In this
example the aluminum electrodes are separated by a thincaizitive

layer (AG-coupling), but strip structures with direct aluminm contact

are also used (D€oupling).

lonising

ticl SiO, insulation
partcile

Capacitive coupling

— .- - - - - \' N
i pt pt pt pt p+
i )
Vep i n-bulk N e 300um
+1> n @1‘ T =
4+ W

Figure1.10 Charge drmation by imizing particle passing multi strip silicon detector

In a typical strip detector, the thickness of the depletion region is about 300
pum to produce enough charge to be detectable by the readout electronics,
which consiss of a chargesensitive amplifiercollecting the signals from
each strip. The typical collection time of electrons and holesabaiit6 to

10 ns, depending on the applied bias voltage. This time is short enough to
allow to detect single particles even at high fluxes, if the detegpooperly
segmented

The idea of this thesis work is to explore the capability of silicon strip
detectors to discriminate thsngle protors of a therapeutic beam and to
directly count their number, instead of evaludies numberby the total
charge prodeed in the detectoasit is done with ionization chambers.

1.7.2 Advantages of particle counting in charged particle therapy.

The direct count of the number of protons of a therapeutic beams with a
silicon detector would offer several advantagespipleed for monitoring
purposes. If the signal from the sensor is short and the pixel or strip
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segmentation is high enough to allow to separate single particles, a direct
measurement of the number of protons would not depend on the knowledge
of the beam engy or on environmental parameters, as it happeiis w
lonization chambers. In addition, a silicon sensor is potentially sensitive to
each single particle, overcoming the sensitivity limitations of the gas
detectors nowadays used for beam monitofihoreover, the response time

of silicon detectorslepends onlpn the charge collection time, allowing to
follow beam changes occurring in a few ns, with respect to hundrqds of
integration tims of ICs.

A monitoring device based on silicon detectors workinpgarticle counting

mode is therefore a potential candidate to overcome the limitations of
lonization chambers in terms of speed, sensitivity and accuracy. In addition,
very high space resolutions can be achieved with segmented silicon sensors,
allowing to measure the position of each particle with a resolution of the
order of 10um, with respect to the typicakésolution of 10qum achieved by
ICsintegrating the charge produced by several thousands of protons.

In order to operate a silicon detector t@mtor therapeutic beams, the
clinical requirement on a maximum error of 1% on the number of protons
must be respected. This is challenging for a detector working in counting
mode,becausédhe overlap of signals from two particles crossing the same
detecto channel close in time gives rise to saturation effects at high particle
rate.

The only two possible solutions to operate a silicon counting device at high
particle rate are tgsegment the detector in a large number of independent
readout channels witmll area awl/or toreduce the signal duration.

The first solution would require a detector segmented in small pixels. The
complexity ofa pixelsensor anaf the readoutlectronics would be high,

but possible with the current technology.

The second sotion requires a thin detector, with a depleted region few tens
of um thick, with respect to the 300 um thickness used in traditional silicon
detectors. A reduced thickness would be useful also to reduce the beam
distortion due to multiple scattering in tlsdicon material, that must be
limited as much ipossible in a beam monitoring device.

The technological choices for a prototype of particle counting device,
described in details the following chapter, have suggested the use of silicon
strip detectorsdr the sensor segmentation, as an intermediate stepawith
reducedcost and complexity with respect to a pixel detector.
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The sensor thickness of the device prototype will be limited to 50 pum.
However, the consequences of a small thickness for a silidentdeare a
reduction in the charge produced in the sensor and an increase in the detector
capacitance, resulting in a limited sigit@lnoise ratio. The electronics
would not be able to separaiarticlesignals from fake counts due to noise

with the hidh purity greater tha®9 % required for this application.

The solution is to adopt a novel silicon sensor technology, calledGanm
Avalanche Diode (LGAD), which provides enhanced sigoaloise ratio
even in detectors with low thickness.

1.8. Ultra Fast Silicon Detectors

Charge multiplication is well understood in gases and solids and is based on
the avalanche process initiated by a charge moving in large electrical fields,
leading to impact ionization with a gain given by the average number of final
particles created by one particle. In semiconductors this effect istosed
detect photong Avalanche Photon Detectors (AP[1)3] with gainof the
orderof1006s and Silicon P[bddpwitloagaiMafl t i pl
about 10000. This high value of gaatlows to achieve very good signal to

noise ratios and time resolution buthihs somedrawbacks, namely the
increase in sensor noise, the difficulties in sensor segmentation and large
recovery tims.

Detection of charged particles instead of photons has the advantage of a
much larger initial signal, since on average in one micron 73 elebtien

pairs are created by a minimum ionizing particle (MBfwing the use of

lower gain values whichsiin the order 120. A moderate internal gain
mechanism has been introduced in silicon detectors theéhLowGain
Avalanche Diode (LGAD) desigii5], wherethe high electric field needed
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Figure 111 Scheme of LGAD fon-p detector with implanted p+ gain layer be
the n++ electrode
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for the multiplication mechanism is oltaid by implanting a p+ layer below
the n++ electrode of a planatom-p silicon sensor (Fig. 10].

When reversebiasing tle sensagra high and localized electric field is
establishedn the n++/p+ junctionFree electronsnigrating toward the n+

electrodeare accelerated under the effedttibe high electric field; this

produces furtheionization and a miltiplication of the number of electren

hole pairs.

The intensity of the local electric field and the amount of chargeagairbe
adjusted by altering ¢g¢h and doping concentration of tlaelditional p+
layer, in order to obtain a uniform multiplication mechanism across the
electrodeThe choice of an appropriate electiiield is a cruciapoint in the
development of LGAD sensarshe field must be high @ough toobtain
charge multiplicatiorand stfi ciently low to prevent breakdown.

Below the breakdown voltage, the gain factor (defined as the ration of the
charge produced in the LGAD detectors over the charge produced in a
similar diode without gain laygrcan be changed with the applied bias
voltage.

Their main advantagef LGADs is to provide an enhanced signal in thin
detectors (few tens of micrometers) with similar noise level of a traditional
silicon sensor of the same geometry, leading to fast étectignals of very
short time duration (2 nanoseconds in 50 micrometehickness These
characteristics meet the requirements for a beam particle counter illustrated
in the previous section.

In Torino LGAD detectors have been optimizeagihanceoncurrenty the

space antime resolutios with respect to traditional silicon sensdt&AD
detectors designed to enhance the time resolution are called Ultra Fast
Silicon Detectors (UFSO)L6]. An outstanding time resolution &6 ps has

been measured with thin UFSD detectdrg|.

Ultra Fast Silicon Detectors (UF$@re thechoice for the particle counting
device studied in this thesis. In the following LGAD and UFSingewill

be both used, as syngmous of silicon detectors with moderate internal
gain.
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Design of a single particle counter device
2.1. Introduction

As mentioned in the previous chapter, the goal of this work is to investigate
the use of silicon detectors to monitor the number of protons delivered with
a therapeutic proton beam with high accurdegq tharl % error), in a wide
range of beam energies (typically between 60 and 250 MeV) and at high
fluxes (the therapeutic flux nges from 1®to 10 p/(cn?-s)). In contrast to

the commonly used monitoring modalities, employing the charge produced
for ionization in a gas detector, a silicon detector could be operated in
counting mode to detect single beam particles and countritwiber. The
sensor must be coupled to freerid electronics containing an amplification
stage and a discriminator to compare the signals to a fixed threshold and
provide short output pulses to be counted.

The counting capabilities of such a device depamdghe minimization of
pile-up effects due to the overlap of signals close in tiroetle sensqithe
maximum measurable flux depeswh two factors:

1) the signal duration, related to the collection time of the eledioi@
charges produced in the sensshich defines the intrinsic dead time of the
detector. The collection time is proportional to the thickness of the sensor
active volume, and therefore small signal durations require thin detectors.

2) Signal segmentation. The typical transverse dimensibras therapeutic
beam range between few mm aaldoutl cm, depending on the beam
energy and accelerator optics. The particles flux can therefore be shared
between several channels of a fine segmented detector, with each channel
proving signals from a fracin of the beam particleé. silicon sensor with
electrodessegmented in strips or pixels allows to extend the maximum
measurable flux, depeimd) on the area of each channel. To avoid double
counting effects, the probability of hit coincidences in two neagimg
channels due to charge sharing must be limitelkgds thanl % for the
required accuracy on the number of counts. The dead area between detector
channels must be considered to deduce the total number of delivered
particles from the measured numlazdrsignals provided by each sensor
channel.
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The requirements on a counting accurgecgaterthan99 % up to high
fluxes dictates additional constrains to the frentd electronics, in
particular:

1) The frontend electronics must be as fast as possible rtot li
additional dead times angysal tails A fast baseline restoring is also
necessary to avoid a shift of the signals levels at pagticle rates
which would give inefficiency effects when the signals are compared
to a fix detection threshold.

2) A detecion efficiency greater tha®9% is required for a wide range
of signals, depending on the particle energy and random fluctuations
in the number of electrehole pairs produced in the sensor.

3) The noise level must be small enough to keep the probabiligkef f
counts due to noise spikes below 1 %.

The electronics and sensor designs are not independent. In particular the
sensor capacitance plays a central role in terms of electronic noise and
amplifier time constantdn general, a high capacitance correspotal an
enhanced electronic noisehe capacitance @llicon sensos increases with
an inverse proportionalityith respect to thelepth of the depleted region

On the other hand, i silicon sensoffast charge collectiois obtained with

thin sensitie volumes Therefore thin detectors are needed in order to
maximize thecounting rate A compromise has to be found for the detector
thickness, which must be thin enough to provide short signals and at the same
time with an acceptable capacitance.

Strip a pixel detectors commonly used for tracking in nuclear physics
experiments have a typical thickness of 300, corresponding to a signal
duration of almost 10 ns, preventing the separation of two particles separated
by several ns in time. Building detecsavith lower thickness would allow a
better separation and the reduction of-pifeeffect due to signalverlap but

at the same time it will give an increase in capacitance and a reduced signal
due to the smaller number of electrbole pairs producedithe sensor by

an ionizing charged patrticle.

The development of silicon sensor technology of the past year has produced
innovative detectors with enhanced sigtmahoise ratio with respect to
traditional silicon diodes. These new detectors (UFSD or LGAB3cribed

in the previous chapter, allows to compensate the loss of signal in small
thickness and have been adopted in this work as a possible candidate for
beam monitoring applications, providing short signals with acceptable
currents to the readout eteonics. In this chapter, the design decision and
technical details of the dedicated silicon structures and-é&odtelectronics

are described.
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2.2. Design of UFSD strip detectors for particle counting

For R&D purposes, different UFSD structures hawerbproduced at
Fondazione Bruno Kessler (FBK, Trento) in the previous years, starting with
simple pads and small sensors with a limited number of pixels or strips. All
these structures have been designed in collaboration with INFN of Torino,
on the basefoTCAD simulation, and carefully tested in laboratory and in
test beams from the Torino group, in order to assess their timing performance
[18].

In addition, different fronrend alternatives have been used for the readout of
these sensors, based on simple passive boards for the sensor mounting and
HV distribution coupled to external amplifierdo dedicated ASIC chips
optimizedfor timing measuremes{19].

The medical physics group of Torino Uniggy and INFN Torino
participated to these studies from the beginning, since 2014, to understand
the performance oMUJFSD detectors and investigate possible medical
applications, in particular for beam monitoring in charged particle therapy.
In 2016 the reearch group joined a collaboration of several INFN institutes
to prepare a project on advanced radiobiological studies and measwement
which won a grant of INFN Commissione Scientifica Nazionale 5 (CSNb).
In these collaborations, the Torino group pragmbshe development and
construction of two beam monitoring prototypes, to be used in radiotherapy
experiments, as described in the following section.

2.3. The MoVe-IT project

MoVe-IT [20] is an INFN project started in 26 which aims at developing
innovative treatment planning systems, integrating new biological models to
consider theimpact of different effects, such as target fragmentation,
Relative Biological Effectiveness and intiamor heterogeneity. To validate
these nev models, dedicated devices for beam characterization and
monitoring in radiobiological and clinical irradiations are requested.

When the MVe-IT project was prepared, it was clear that the UFSD
technology was a good choice to build a first prototype digha counting
device based on solid state detectors.

The possibility to use silicon detectors based on the LGAD technology for
beam monitoring was present since the beginning in the medical physics
group of Torino. Several tests with simple pads wermeadly performed on
therapeutic proton beams before the start of tio¥ 8T project, to study

the behavior of these detectors in the harsh environment of a clinical
treatment facility
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The optimal design choice for a counting detector working at the high
particle fluxes of a proton therapeutic bed@¢o 10° p/cn¥) would require

thin sensors with a very fine segmentation in small pixels. Simulations were
performed before 2016 to understand the possible designs and problems
related to charge sharing eftedbetween different pixels, the requirements
for radiation resistance and many other parameters.

A design based on pixel detectors is very complex and costly: the number of
channels would be very high, a dedicated raltannel chip to be bump
bonded tothe sensor would be necessary, and the cost would be not
acceptable for a prototype device. For this reason, a first counting prototype
was proposed within the & e-IT project, based on sensors segmented in
strips instead of pixels, due to the need ofcers and electronics simple to
develop in a relatively short time, with a reasonable complexity and price. A
strip detector is limited in the maximum flux that can be monitored with
accuracy, but it is useful in radiobiological experiments, for whics itot
needed to reach therapeutic fluxes and often laterally sjpngtdoeams are
used. In addition, the limited area of a biological culture to be irradiated is
compatible with sensors of small area.

The design of the counting device was based on theiresgent of the
radiobiology partners:

{ Cover an area of 3x3 ém

1 maximum measurable flux of 4@/cn?-s with less tharl-2% error

1 sensitivity to single particles at very low fluxes

1 provide the beam shape in two orthogonal directions

On the base of thesequirements, and on the expertise gained by the UFSD
collaboration, a strip area of 2 rirmand a sensor thickness of about 50 pm
was proposed. More details follow in the next section.

2.4. Design of the strip sensor prototype

When the MVe-IT project stated, two dedicated GAD structureswere
desigred in Torino with the TCADSynopsys Sentaurg®ftware tool[21].

In both the designs the activelumehas a thickness of 50 pm to keep the
signal duration below 2 ns, and the sessare segmented in strips, to
provide a fine enough segmentateomdlimit the pile-up effects at the design
particle rate The area of the p+ layer below each strip is 2?mand he
expected capacitance of each channabsut 7pF, a value thain previous
structureshas shown to provide a reasonable noise level when it is coupled
with the readout electronic¥he two structures are shown in Figur#.2.
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Figure 21 MoVe-IT strip structures

A set of s eMo¥edTshorntansetdr iips o) cont ai
pitch of 216um, with each strip 15 mm long. The second set of structures

( n a mdo¥e-IT long strip®) contain 30 strips, 30 mm long, with a pitch

of 146 um (Fig 21).

In both the sensor designs the lateral side with the contacts at the strip edge
have the same length of 5 mm.
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Figure 22 Wafer layout (left), small strip UFSD (right)

These structures were included in mpitoject wafers depicted in Fig.2

and poduced afFondazione Bruno Kessler (FBK, Trenia)2017 A total

numberof 18 wafers were produced with different doping modalities for the

gain layer to study the optahstrategy in terms of radiation resistance. The

implantation of the p+ gain layer was performed using Boron or Gallium

with different doses, different thermal cycle resulting in low or high
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diffusion of the implanted acceptors, and in some wafers thiaumation of
a dose of carbon was added. The list of different doping alternatives used in
each wafer is shown in Tahkl

Dose PGAIN | Carbon | Diffusione
2.45
2.5
2.5
2.5 1e18
2.5

255 [ 1e18 |
2.55
2.55
2.55

Wafer n.

rririrjririjrirIXIIIII(xI(rir

Table 21 Table summarizing thdoping parameters adopted for each wafer in the FBK
production of UF® sensors

The expected gain value of theoMe-IT strips is about 10. Some strip
structures in the wafer were produced without gain layer to study the gain

factor corresponding to different structures and doping modalities, as
described in the following &pter.
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n ;p-stop v
Ep+—gain !'\ /! p*—gainé

JTE
p-Si
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Figure 23 Two UFSD structure withross section
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It is worth underlining here some features of these sensors which will be
recalled late(Fig 2.3). UFSD are provided with guard ringsimplants that

enclose the active area and have the same polarity ofdleeimode. Guard

rings protect theé-electrode collecting charges produced in the periphery of

the sensors, reducing the current flowing in the electrode and avoiding the
collection of charges which, since they come from the outer part of the
sensor, wouldncrease the noisé\nother impotant structure is the-deep

or JTE (JunctiofTerminatiornExtension): this structure is basically a region

of n-Silicon placed at the extremities of the gain layer volume; such structure

Is used to contain the field lines in the active volume, avoidingptiect

charges outside [22]. This tends to createnanter-strip zone where the
charges are not multiplied due the
zoneo between two gain |pnyfetheslorhas a
and longstrips structures produced for Me-IT.

The UFSD strip sensors were tested in laboratory and with proton beams
between 2017 and 2019. In paralielthe daracterization and test works,
described in the next chapter,batch of LGAD pads haveeen irradiated

with protors and neutros up to high values of fluencds determine the
doping version with better radiatioasistance

The MoVe-IT strip structures dedicated to particle countingcbbrge
therapy beams must be coupled to a customorgaglectronics, designed,
produced and tested INFN Torinoin parallel with the strigtructuresThe
role of the electronics is to amplify the current signals from eaghand
compare the amplified signal with a fixed threshold to provide a logidaé
for each particle (Fig.4).

Sensor

1

Figure 24 Schematic of the readout electronics of one UFSD strip

i
1
-

Preamplifier Discriminator

The design of the readout electronics reqliare accurate simulation of the
output current from the strips for all the pibdés proton energies of a
therapeutic beamsgonsideringthe Landau fluctuations of the charge
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Chapter 2 Design of a single particle counter device

produced in the sensor. These simulations were performed within the thesis
work with a dedicated simulation software described in the following
section.

2.5. UFSD Simulator: Weightfield2.0

Weighfiield20 [23] [24] is 2D simulation software of UFSD silicon
detectors developed iforino. It is based on an existing program called
Weighffield developedby HEPHY in Vienna which simulates the current
signd in a silicon detector with mro strip or pad geometry. The original
program has been complemented with the addition of new simulation options
and adapted to simulatike effect othe gain layer

The Weightfidd2 program is implemented in C++ language and makes use
of the ROOT Graphical Interface. The graphical interface allows the user to
select simulation parameters suchtlastype of incident particle, sensor
geometry and doping, depletion and bias voltaayes to display drift and
weighting potential§Figure 25), as wellas current signals and oscilloscope
output
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Figure 25 Snapshot from the Weightfield2 graphical user interf

The signal of a silicon sensor isfded as thecurrentinducedon the
electrodesso, even if we talk about charge colleat signal doesot start
whenthe charge is collected, but just when the charge begins to move inside
the sensorThe induced current on a single electrads then given by
Ramods theorem
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0 Apw DP® 2.1

where v(x) is the charge velocity anédpnds on the applied electfield E
and on the charge positiom E; is called weightindield and is diétned as
the virtual electricfield which is determined by applying to the collecting
electrodei the potential 1 and O to the others. The weighfietd is only
geometrydependent and it is independentloébias voltage.

The program simulates the electfbole pairs produed by an ionizing
particle by distributing charge carriers alotige trajectory taking into
account statistical fluctuations ithe charge productiohe local charge
production is implemented on the base of the results of Gdasl4
simulations.The point where the particle hits the detector and the angle
formed with the vertical are selectablerfrahe graphical interface.

For instance, minimum ionizing particlé®lIPs) with nonuniform charge
distribution following a Landau distributioms the option used to simulate
the signals produced by particltem treatment facilities and later is used
as a reference to build and design the ASd6€suming a rangen the
produced charge corresponding to 1 up tdIPS depending on the energy.

Incident < °F UFSD Simulation
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Figure 26 Left: charge migration inside a UFSD detectc
Right: contribution of different carriers to th#SD output
current

The left part of Figure B. shows an example of charge production
mechanism, while the right part shows the aotrreutput provided by
Weightfield2for a UFSD diode of 50 um thickness and gain\Mhen the
lonizing particle crosses the depletion region, primary eledimes pairs

are produced and migrate toward the electrodes. The contribution to the
current signafrom the primary holes (blue curve in Figh2ight) decreases
while they are collected in thet+pelectrode. When the primary electrons
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Chapter 2 Design of a single particle counter device

reach the high field region of the-gain layer charge multiplication oceur

and additional electreholes pairs are ceated. Both the primary and
secondary electrons are collecting by the electrode giving a small
contribution to the output current (red and pink curves). The contribution of
the secondary holes to the current signal (light blue curve) increasesluntil al
the electrons reach the gain region, and after decreases while the holes
migrates toward thepelectrodes and are collected. The overall signal
duration is little more than 1 ns.

The Weightfield20 software was used to collect the time dependence of the
current signals produced by minimum ionizing particles (MIP®)is
informationare storedn files andused to simulate the current flow from
beamparticles in atreatment facily with a proper time distributionsed as

a reference to build and desigmetelectronicsassuming that the charged
particles hitting the sensor corresponds to a range of 1 up to 6 MIPS
depending on the energy.

2.6. Design of the frontend readout ASIC

A dedicatednulti-channelfront-end Application Specific Integrated Circuit
(ASIC) was designed, produced and tested at INFN of Torino for the readout
of the MoVe-IT strips.

The first information needed to design the amplification stage was the input
capacitance of the sensor and the expected rahgee integr& charge
producedoy each particle, in order to adapt the dynamic range of the ASIC
chip to all the conditions expected when the sensarradiated with
therapeutic protons.

The capacitance depends only on the geometry adopted for both the short
and long strips correspding to a value of pF.

As already discussed, the design goal of the counting device produced for
the MoVelT project is to measure the number of protons with a maximum
error of 1% up to a fluence rate offi@(cn?-s). The value of the maximum
fluencerate due to signal pHap was already discussed in the previous part
of the thesis, and is limited by the sensor thickness and strip area, assuming
the system is fully efficient for all the particles. For a single particle the
efficiency must be greatehdan 99 %, and this define the range of charges
the electronics must be able to acceéfte typical proton beam energy
adopted in particleherapy ranges between 60 MeV/u a2l0 MeV/u
corresponding to raionization from 2 to 6 timesthat of a MIP patrticle;
thereforethe expected charge range at the femd inputis very wide.
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Chapter 2 Design of a single particle counter device

Geant4 simulations were used to include the effect of the Landau statistical
fluctuation in defining the charge distribution for MIPs and protons of
different energies in 5Qim of silicon thickness. The results are shown in
Fig.2.7 where the charge distributions expected for therapeutic carbon ions
(kinetic energy between 120 MeV/u and 400 MeV/u) is also included.

e-h charge e-h charge
+p100 MeV 10457 +c120Mszu
+p 160 MeV B +czoe MeViu
+ p 250 MeV + C 280 MeViu
p MIP 10°= +0400Mewu
10° E
10=
(HRR—E
Wﬂ ﬁ””’\” E L L I I T [
25 0 50 100 150 200 250
charge (fC) charge (fC)

Figure 27 Left: Distribution of charge produced by Miland protons of different

energies in 5@um thick silicon layer (simulations from Geant4, no gain include

Right: charge distribution produced by carbon iondifiérent energies in 5Qm of
silicon.

From these distributions the range of charges expected for NdHe®ns

and carbon ions of different energies can be determined. The high limit of
the charge range is determined such lied tharl % of the protons release

a higher charge in the silicon. The effect of the UFSD gatonsidereds

a multiplicativefactor to the results of the Geant4 simulation. The results are
shown in Table.2

Particle Gain Min charge Max charge
[fC] [fC]
MIP 1 0,2 8

Protons 250 MeV 1 0,5 10
Protons 60 MeV 1 2 15
Protons 250 MeV 10 5 100
Protons 60 MeV 10 20 150
Carbons 12-400 MeV/u 1 30 150

Table 22 Smulated charge release by different particlea WFSD sensomwithout
gain andwith gain=10
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Chapter 2 Design of a single particle counter device

According to the results shown in the previous table, the range of charges
produced by therapeutiecqions in a 5um thick UFSD silicon detector with

gain 10 is between 5 fC and 150 fC. The indication to electronic designer
wasto optimize the chip to operate on a charge range between 3 fC and 150
fC, where a large tolerance was added to the lowet timconsiderthe
possibility to use sensors with lower gain. An electrealie to operate with

this charge range can also be used to readout signals produced by cabon ion
In a sensor without gain layer, a possibility thatwmant tokeep open for the
future.

We also asked to design the electronics in order to have a-tigmaise

ratio greater than 10 at the minimum detectable charge, in order to minimize
the fake counts due to the electronic noise.

The frontend electronicsvasintegrated in a 2¢hannels chip nicknamed
ABACUS, Asynchronoudogic-BasedAnalog Counter for Ultra fast Silicon
strips[26]. The ABACUS ASIC has been designed with minimum MOSFET
gate length of 110 nmand produced within a Europractice mugdtopject
wafer. The design area ix8 mnt and thenumber of pads is 140.
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Figure 28 Block diagram of one ABACUS channel.

The block diagram of one ABACUS channel is shown inZ#&)y A charge
sensitive amplifier (CSA) (1) is follwed by a lowpass filter (2). The
ampified signal isthereforefed to a leadinggdge multistage discriminator
(3 and 4) followed by a driver (5 and @hich provides a logic pulse in
Current mode logi¢CML) format. The output of the discriminator is also
used in a feedback circuit (7 and 8) to raBetCSA feedback capacitance
This feedbaclcircuit wasdesigned for a fast baseline restoring and to avoid
signal saturation. ThH&BACUS chipwasoptimizedfor aninput capacitance
between 5 and 20 pF and ¢ope withcontinuoussignals up to 100 MHz
rate.
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Chapter 2 Design of a single particle counter device

During the design stage a simulation of the time distribution of the current
signals expected in a realistic case was needed to simulate the circuit
behavior at high particle rate. | worked to producesfilgith signals
randomly distributed in time at different rates, using Weightfield2
simulations to generate the time evolution of each signal.

These files were used as input to CAD plagbut simulations of the circuit
used to optimize its performance &igh particle rates. An example of results
from these simulations is shown in ki@ 2.9 with the input current is on
the top, followed by the output from the CSA (green), from the-pagas
buffer (green) and by the CML+ and CMautputs (bottom).
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Figure 29 Schematic simulation waveforms for 250 MeV protons at 250 Mt
From the top: the input signal, the CSA output voltage, the buffer output vol
the discriminator output
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A dedicatedmotherboard for testing the system including both ASIC and
UFSD sensorkas been designed and develoffadure 210).

Figure 210 Top view of the ABACUS test board, with the sti
sensor placed in the board inner

The PCB layouts shown in the Figur2.10. The geometry of this PCB has
been modeled witthe idea to glue the silicastrip sensors on two edges
order to do not have theoard layers in the particle pathhe ABACUS
readout is based on an FPGA connedi®dhe motherboard, where the
number of logical CML pulses output from the ABACUS chipre counted
for each channel.

In the laboratory tests input charge pulses were injected to the ASIC inputs
through dedicated capacitances. The ASIC was tested in terms of linearity,
noise level and efficiency at high pulse rates.

Pulse detection with full efficiency has been obtaif@dinjected charges
between 3 fC and 160 fC. The output voltage from the amplifier and the noise
were estimated by the measurement of the number of detected pulses as a
function of the threshold value. The results are shown inr&i@.11for
charges beteen 3 fC an@0 fC.
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Figure 211 Amplitude of the amplifier output signal as
function of the charge injected at 1 MHz rate

The measured noise rms is 0,36 mV, corresponding to a minimum-ggnal
noise ratio of 10 at the lowest chargecounting efficiency higher thar8%
up to V0 MHz was measured.
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Chapter 3

Characterization of the MoVe-IT strip sensors in
laboratory

3.1 Introduction

This chapter describdébe part of the work performedithin this thesis for
apreliminary staly of the propertiesf the MoVelT strip sensors described

in the previous chapter.

A first set of measurementseve intended to characterizbe behavior of
each channel, using static measurements performed with a probe station and
a multichannel analyzer. In a second step, the signal produced by-a pico
second laer ha been studied, and the gain léwé the sensorgsect3.4).

The most promising strip sensors are therefore tested with therapeutit prot
beams, to characterize their behavioa realisticenvironment; this is the
subject of the next chaptdn most of the worldescribed in té thesis, the
front-end readoubased orthe ABACUS chipwasnot ready yet and all the
tests were done using a passive board which allow to biasrikerss high
negative voltageslhe output of two channels were amplifiegbroadband
amplifiers, while the rest of the strips were groundetettuce the superficial
current. The amplifier signals were collected by a fast digitizer
oscilloscopeand savd on disk

3.2. Laboratory setup

The setup used for the sensor chamazation consists of the following
components:

- Probe station with card holder

- Keysight TechnologiesSource/Measurement Unit (SMU)

- Technoprobemulti needles Probe card

- Keithley: Switching matrix

- National instruments LabVIEW software
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Figure 31 a) probe station, b) probe card, c) needles in contact with strip U

3.2.1Probe station and SMU unit

All the measurementsvere performed with a probe statigffrig. 3.1)
connected t@ source/measurement unit (SM{Jig 3.2)
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Figure 32 Left: Keysight Technologies Source/Measurement Unit (SMRight:
switching matrix
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Chapter 3 Characterization of the MoV strip sensors in laboratory

The SMU is aPowerDevice Analyzer / Curve Tracemodel Keysight
B1505A[27], consisting of a single box solution used to provide the HV to
the sensor and measure currents and capacitance from the contacts of the
probe station pins.

The SMU Analyzer is equipped with three modules:

AHigh Voltage Source Monitor Unit B1513C #$MU), with a range up to

3000V and 8mA;

A Medium Power Source / Measure Uni
up to 100V/0.1 A and a minimum measurement resolution of 10fA/0.5uV;

A Multi Frequency Capacitance Measurement Unit Module B1520A
(MFCMU), with a frequency range from kHz to 5MHz and an AC signal

level of amplitude up to 250mV

Thedevicenabl es precise Oq amdpevideslOpsnc e m
fast pulss for transient measuremenfshe SMU can be programmed to
generate a ramp of bias voltagand to measure for each,/value the

current and capacitance and automatically saving the results in files or in
graphs.

ov
—\ l Power
guard n++ : Analyzer
ring p+ Medium
p power
p++
chuck - High voltage
-|Vbias|

Figure 33 schemeof the probe station connections to a single pac

Figure3.3shows the contacts of one sensor channel: a high negative voltage
Is providedby the HYSMU moduleto the p-+ backphne of the sensor
through its contact with the chuck of the probe station, while the sensor guard
ring is connected to ground. The-electrode ixonnected tothe MPSMU
monitor unit

The chuck is provided with a vacuum pump in order to holdgémsoron a

fixed position and assure a proper contact.

The measurements of theircentas a function of the biagoltage (HV
curveg provide information ordevice parameters likdepletion voltage,
leakagecurrents sensor gaimnd breakdown voltage$he measwment of
the capacitance as a function of the bias vol(@g€ curveg adds important
information on thedopingprofiles.
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Chapter 3 Characterization of the MoVH strip sensors in laboratory

The probe statiofs enclosed inside a dark boxdwoid the noise coming
from light impingingsensorsMeasurements were always foemed at room
temperatureThe testsof all the strips of the entire set of MoVdT strip
sensorproduced by FBKvere performed using a matrix unit and a raulti
needle probe card.

3.2.2 Probe card and matrix unit

A dedicated probe card and a switchimgtrix module were used to test
automatically all the strips @achsensor.

A switching matrix consists of a series of inputs and outputs; connections
between thenputs and outputs can be made by closing one or more relays.
While the number of inputs oa switching matrix is fixed, the number of
outputs isusually determined by the number of cards installedanrihtrix
mainframe.A matrix unit Keithley 7002)[28] (fig. 3.2 right)was used to
connect the SM to a multi need probe card used fwobeall the strips of

a sensor and automatically analyze all the channels one after the other.

A dedicated LabVIEW?29] software was used to configure the matrix unit,
to synchronize the matrix unit witheé SMJ operations, to collect and save
the FV or C-V curves measured for each stri accurately measure the
current from the connected striphe remaining strip are grounded
especially the orson the edge of the sensor.

Two custom probe cards weproduced with the geometry of the needles
matching the number and the pitch of the contacts on the two types of strip
sensors. They agassive printed circuit board (PCB) with multiple needles
with tips of few pum to give a good connection to the senpads with the
minimum contacting areg@rig 3.4).

Figure 34 Left: Proke cardwith needlesonnectedong strip pads; Right:
zoom showing the orientation of needles #melr contacts on the strippads

48



Chapter 3

The probe car@ssuresan electrical path between the needles and the input

Characterization of the MoVH strip sensarin laboratory

channels of the matrix unit through a flat cable.
Before the strip sensairrived,| was in charge to prepare the test setup and
to provide to the manufactory compaiilechnoprobe all the information

needed to customize the probe card design on the base of the strip sensors
design. The probe card for the long and short strip sensors have 32 and 22
needles, respectively. The two extips with respect to the number of strips

are used to connect the guard ring to ground.

3.3. IV curves

|-V curves are derived for each strip by measuring the two currents (one
current from the strip, the second one from the guard ring) as a fuodtion
the bias voltageThese curves allow to determine the value of the full

depletion voltage, to investigate the presence of superficial currents, and the
voltage value above whicdm avalanche starto be producedh the sensor
(breakdown voltage).
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Figure 3.5 showsan example oV curves collected for different strips of a

Figure 35 IV curves fora reversely biaseghulti strips

LGAD sensofr(long strips)

sensorsfrom wafer no.4 (Table 2.1)The typicall-V curve for the strip

current is composed oo regions separatdry a "knee .

n

t he

(1 in Figure)the current incraeeswith the squareoot of the applied voltag

The knee corresponds to the full depletion of the sdias@bout 25 V), and

above thefull depletionvoltagethe current increases slowyith the \ias
until it reacheghe breakdownFrom the measuremenshown in Figre3.5
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Chapter 3 Characterization of the MoV strip sensors in laboratory

two strips starts to exhibit a breakdobghaviorat a bias voltage lower than

the others, preventing the use of this sensor at a bias voltage above 200 V.
The purpose of these measurement (performed on all the strip sensors
producedoy FBK), was to identify abnormalities in some strips like the ones
of the example before, and to select only sensors with uniform behavior. It
must be mentioned that a good and uniform behavior is observed for most of
the sensors

Figure 36 shows themean currents measured from the strips of all the short
sensors of \fer 8 as a function of the bias voltage, after removal of the
sensors with some problematic strip. The lowegtdurves refer to sensors
without gain layer: for these sensors, the curréen approximately
independent of the bias voltage
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Reverse Bias Voltage (V)
Figure 36 IV curves for all short strip sensors from W8

For the other UFSD sensors with gain layer, the current increases with the
bias voltage. This is due to the multiplication of the minority charges
thermelly produced in the sensor bulk which dependsherelectric field in

the gain region.

The comparison of the slopes e¥lcurves from UFSD sensors with gain
with respect to the sensors without gain layer and the same genoeide

an indicative value of the gain factor. This measurement has not bee
performed in this study: a more precise value of the gain factor was instead
obtained by comparing the output signals from sensors with and without
gain, using laser pulses to emulate the effect of particle crossing or with real
particles.
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3.4. GV curves

Interesting information come out from the measurement of the strip
capacitance as a function of the applied polarization volBge procedure

for taking GV measurements involves the application of DC halsages
across thesensorcapaciancewhile making the measurements with an AC
signal. Commonly, AC frequencies froatout 10kHz to 10MHz are used
for thesemeasurements. The bias is applied as avoltage sweep that
drives the structure from its accumulation region itht® depletion region
andthen into inversion
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Figure 37 CV curvefor a sensor fromv4

The capacitance of several strips has been measured as a functignq of V
with at 10kHz AC signal One example is shown in Figure 3.7.

The GV curve allows to determine precisely the value of the depletion
voltage and to estimatéhe doping profile. The dependence of the
capacitance on the acceptor densitydhd on the bias voltagens for a
sensor of active area A is given by:

— €€t (3.1)
¢ A 2VBias NA

wheree, U, pn are the electron charge, the permittivity and the holes mobility
respectively

In addition, thedependence of the full depletion voltage on the width of the
depletion region is:
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d? d?
‘/dep = m = Z i qNA (32)

where d is the thickness of the depletion region.

These equatiors state that the capacitance of a sensor is proportional to the
square root of thegpth. Moreover, it is noticeable that the depletion voltage
V4epiS proportional to the doping concentration.

The ideal C-V characteristic of a standard Rhbdeis ap] w curve

which becomes constant when the sensor is fully depleted and the
capacitance reaches a constant value

. O
0 0 (3.3)

The voltage value at which the capacitance becomes constant is the depletion
voltage. If one extracts fromeéhGV curve the depletion voltage and knows
the sensor thickness, the doping concentration of theclnlke determined.

according tcEq. 3.2 the higher the doping concentration is, the higher will
be the depletion voltage.
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Figure 38 1/¢? as a function of the bias voltage

When the inverse bias voltagstarts to increasehe first regionto be
depleteds the gain layer: this region fslly depleted atew tenths of volts.

The depletion voltage of the gain layer (the "knee", called in this way
because of the shape of the curve in this point) isgrtmmal to its doping
concentration: one can compare the doping concentrations of different
devices simply evaluating their gain layeseWhen the gain layer volume

52



Chapter 3 Characterization of the MoV strip sensors in laboratory

iIs fully depleted, the bulk depletion begins, which coincides with the second
region ofthe GV curve.

Full depletion of the bulk is reached afew volts because, although it is
thicker than the gain layer, its doping concentration is much loWse.
capacitance values of the depleted region under one strip of the sensors
produced for partle countingapplicationare:

Capacitance (pF) One strip Two strips
Short strip 6.3 13
long 6.5 15

Table 31 capacitane measurement for short and long MeWesensors

In agreement with the expected valuBlse capacitanceneasured for two
strips connected in parallel is little more than the sum of the capacitances of
the single strips due a little interstrip coupling capacitance.

A profile of the acceptor doping concentration Ban be estimated from
1/C%V curves. From EQ®.1, the dependence of 176ver Whiasfor Viias<Vdep
IS given by: ,

P QW p (3.4)

and it reaches a constant value when the detector is fully depleted. For a
given depetion thickness d, the capacitancalso given by Eg3.2

For a given Vias EQ.3.2allows to extract the depth in the silicon where the
depletion region was extended, while the derivative of&gwith respect

to Vhias determines the acceptor concentration at depth d.

An example of reults from this analysis is shown imgkre 3.9, where the
acceptor concentration is estimated as a function of the depth in the strip
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Figure 39 Doping profile acceptor doping concentration as a functiog
the sensor depth
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The first peak extended up te2lum inside the sensor correspond to the p
gain layer implanted below thetrelectroc. The flat region gives to the
dopant concentration of the sensor bulk, while the last peagure is the
dopant concentration of thetpelectrode in the backplane. The measured
values of the dopant concentration are compatible with the design values
expected after the implantation.

These measuremeniereperformed only m a few samples of the sensor
batch produced for the & e-IT project. More extended studies have been
done on irradiated PINs of the same wafers toystid effect of irradiation

on the UFSD gainand will be summarized in Secti@ny.

3.5.Readout for signal shape acquisition

On the basis of the previous characterization, sensors are sorted according to
their functionality within a range of bias voltage where they are supposed to
have a good gain value of about 10 with acceptable dark cuarequite

far from the breakdown limit, Sensors with strange behavior, low reliability,

or anomalous strips are rejected.

Although these UFSD sensors have the additional doping layer to @enhanc
the signal formed by particles crossing them, the level of signal is still so low
to require another amplification stage using addition preamplifiers. During
the sasor tests described in the following, the ABACUS chip dedicated to
the readout of the grsensors and described in the previous chaptestias

in a design phase and a temporary solution to acquire signals from the
sensors to continue their characterization was needed.

Several options were tested for the acquisition of the sensor sigaatd

on readout boards with external amplifiers or on readout boards housing
internal preamplification stages with discrete component circuits. A passive
custom board was already designed by INFN Torino to test the first UFSD
PINs produced for timing qhications. This board (shown in Fig.10 is
designed to distribute the bias voltage produced by a HV power supply to
the sensors and to connect up to 2 channels to external amplifiers.

The only solution that allowed to readout accurately the signaleshap
avoiding long recovery times and tails was the use of the passive boards
described before coupled to external broadband amplifier produced by
Cividec [30]. These arelow-noise current amplifier with an analog
bandwidth of 2 Glz and 40 dB gain
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Figure 310 Two channels passive board made by INFN Torino w
2x2 pads UFSD connected

Other boards with internal amplification stages were produced by external
institutionsand available in our institute (Sar€ruz, CERN)

In order to test the best readout optionsfastpico-laser (PiLag [31]
providing fast pulses (few tens of) 1060 nm wavelength was available.

The silicon is transparent to thefrared wavelengthsand therefore these
pulses can produce charges in the silicon, emulating the behavior of charged
particles crossinthe sensor.

The sensor is usually fixed on raotorized 3d stage with a movement
precision of the order obne micrometer which allow the precisand
accurate positioning under the laser spidie laser pulse is propagated
through an optical fiberandfosse d t o a small spot of
a lens mounted at the end of the fiber

A typical test bench to test the laser with piaser pulses is shown in Fig.
3.11
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Laser trigger

oscilloscope

! Amplifier

Figure 311 Scheme laser setup

Thelaboratory setup consists of:

1. Picosecond laser (PiLas) by Advanced Laser DiodsteBys with
controller EIG2000DX, wavelength 1060 nm, simulating a MIP

2. Oscilloscope (LeCroy, sampling frequency 2.5 GHz)

3. Power supply (Keithley 2410)

4. Cividec amplifier 40db

In order to avoid laser reflection, the presencarodptical window on the

top mdal layer of the sensor is necessafe sensors produced for the
MoVe-IT project have aontinuousmetallization contact covering all the
strip area which does not allow to use a laser beam for simulate the effect of
charged patrticles. Other PINs struetproduced by FBK in the same wafers
togetherwith the MoVe-IT strip structures with optical apertures in their
electrodemetallizationwere used to test the readout chain.

A typical signal from a UFSD PIN collected with the oscilloscope in
coincidencewith a laser pulse is shown in Fig;12

qr TELEDYNE LECROY
i Everywharoyoulook

RSy \ e e
(v
Trigger output

\ F‘
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Measure PlampliC1)  P2:ampl(C2)  P3.ampl(C4)  P4.ampl(C4) P5:area(C2)
val 160 uV 88.0 mVv 751 mv 751mV -79.0581 pWb
m 160 uV 88.0 mV 75.1 mV 75.1mV -79.0581 pWb
mi 160 uV 88.0 mv 751 mv 751mV -79.0581 pWb
max

160 v 88.0 mV 751mv 751mV -79.0581 pWb
sdev - - - - -
num 1 1 1 1 1
slatus R H x kS v

histo | | |

Figure 312 o?i:iué’é’éb"@ screehst showingthe amplified sig@ froma UFSD
PIN (green), reference diode (pirdad the laser trigger sign@éd)
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The laser setup was used to collect signals from the PINs connected to
several boards with integrated amplification. However, their performance
wasnot optimized for a counting application because all these boeede
designed for timing applications, requiring the reduction of signal jitter at
the price to introduce quite large time constants and recovery times. The
signak in output fromthese integrated amplifiergere not short enough for
counting applicatios at high rates. At the same time, the basebs&ring

of almost all of the tested boardeere not fast enough to avoid dangerous
baseline shifts during the acquisition of particle bursts.

3.6. Measuremens with laser pulses

As already mentioned inéhprevious section, the strip sensors produced for
the MoVe-IT project hae no optical window on thaluminumlayer over

the strips, and therefore it was not possible to test directly the signals with
laser pulses sent to the top of the sensors.

In the dsence of an optical window, a laser scan was performedthdgth
laserbeam sent to the side of the sern@$og. 3.13) instead than to the top

Figure 313 Two vertical strips sensors bondedamactive boardwith thelaser
irradiatedfrom thetop

This test permtedto probethe internal structure of the sensor like Home
between twastrips ando estinate the gain of the sensidefined aghe ratio
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Chapter 3 Characterization of the MoVH strip sensors in laboratory

of signals fromsensors with gaiandwithout gainwith the same geometr
and same bias voltage.

Two adjacent strips of shortstrip sexsor have been connected to an active
board with internal amplifier anthe outputsignals were readout with an
oscilloscopeAnother shorstrip sensor without gain layer was connected to
other two strips of the same readout board. The lasemsgsdocused with

a spot diameter of less tharnué& and moved with2 um stes in both the
directions orthogonal to the stripngth, and the amplitude of the output
signal for fixed laser pulses was measured for each spot position. The results
are shown in Figure 341
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Figure 314 Top: 2D dependence of the signal amplitude measured as a fu
of the position in two orthogonal directions orthogonal to the strip length
sensor with gain. Bottom: a profile of the is& amplitude for a fixed vertica

position for the two strips of a sensor with gain (blue and black) and fo
similar sensor without gain (red and green

The vertical and horizontal axes correspond to the two caaetinof the

laser spot on the sensor and the color scale to the signal amplitude at each
point. In this scan the vertical position corresponds to different depths in the
sensors below the strip contact, while the horizontal position covers two
strips and hte region betweethe strips The enhanced signal from the two
strips is clearly visible, while the signal in the dead region betweestrips

Is strongly attenuated.
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The bottom part of the figure shows the dependence of the signal amplitude
on the horzontal position for a fixed depth in the sensor. The blue and black
curves are theignalamplitudes measured with two strips with gain, while

the green and red lines are "raplitudes from two strips of a similar sensor
without gain.

The distance from thtwo signabk obtainedat half maximum is 6Qum, in
agreement with the results expected from the TCAD simulation in the
design. A little amount of cross talk is visible, when the laser is fired on one
strip and a small signal is observed in treghboringstrip. This effect is
probably due to the diffusion of the laser beam inside the sensor.

The signal amplitudes measured for a LGAD strip sensor and a sensor
without gain when the laser beam is focused on the strip central position are
used to measure tlgain. The gain factor of the UFSD sensor is defined as
the ratio of the outputsignals from the two sensors aethame operating
parametersand is shown in Fig.3.15 as a function of the bias voltage.

gain factor increases with the biasltage andthe nominal value of 10 is
obtained with a bias voltage of about 320 V.

A better estimation of gain value is obtained by using particles from a
therapeutic beam, as described in the next chapter.

Gain VS Bias
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Figure 315 Gain value of two neighboring strips
function of the negtive bias voltage
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3.7. Radiation resistance of UFSD structures

Some ofhe UFSD structures produced in the same wafers together with the
MoVe-IT strip sensors have been irradiated with neutrons up to a fluence
Un~3x10®n/cnf( Lj ubl jana) and withpy&xIi0gh ene
p/cnt (CERN), to test their radiation resiat®. Our colleagues in Torino

working on UFSD development have studied the effect of radiation on the
performance of structures from different wafers produced with alternative
doping modalities. The main results of these tests are reporte[f8Bgre

Both neutrons and protons produce a reduction of gain in the LGAD sensors,
due to deactivation of the acceptor
removal 0 )n@ercurrantlyiwihheacceptor removal mechanism,
irradiation causs aso the creation odefectsand traps in the sensor bulk

These two effects are parameterized by the following equation:

" Q" omQ (3.5)

where 0 is the irrdjiiatiison hfel wnecrcoeep t |
cn3, g a constant (g=0,02 cmt) and ¢ is a parameter describing the
acceptor removal mechanism. The parameter ¢ depends on the initial
accept ora0)hmdomsthettype of irradiation.

The density of active acceptors in the gain layer caméssured from 1/

V curves as described in Section 3.4. The main results are summarized in
Fig.3.16 (neutron irradiation) and Fig.3.17 (proton irradiation). In both the
figures, the fracti oab U RnD))isarepbriediasa ac c e
function of the fluence for sensors from different wafers. The lines in the
figure are fits to the data according to Eq. 3.5.

From these results it emerges that a higher gain reduction is observed when
Gallium is used as acceptor with respect to Boron. In Hduhcases the
addition of carbon in the gain layer improves the radiation resistance.
Moreover, a thermal cycle with low diffusion is helpful in improving the
radiation resistance. In general, narrower and more doped gain implants have
a higher resistance the radiation dose.
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Gain layer fraction

Gain layer fraction

Characterization of the MoVH strip sensors in laboratory

1.2 - Initial acceptor removal

neutron irradiation
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Figure 316 Fraction of active gain layer as a function of the neutron fluence
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Figure 317 Fraction of active gain layer as a fraction of the proton fluence
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Chapter 4

Test of UFSDstrip sensorswith therapeutic beams

4.1 Introduction

The silicon strip sensors described in the previous chapters have been tested
with therapeuticproton beams of the Centro Nazionale di Adroterapia
Oncologica (CNAO) anéroton Therapy Center of TIFRArento, Italy. A

few strips have been readout using external broadband amplifiers and a
digitizer to collect the signald$-rom the collected datadhstability of the
device, its discrimination properties, and counting capability were studied
An independent estimation of the counting na#s obtained with the use of

a pirpoint ionization chamber positioned behind the sensors and compared
with the caunting rate measured with the strip sensor for different beam
energies and fluxes.

4.2. Beam characteristics of CNAO and TIFPA

At the Centro Nazionale di Adroterapia Oncolog{€NAO) in Pavia, Italy,

a synchrotrons used to accelerate protons and leransto treat tumos

with a full active delivery systerf83]. Three beantransportinesguide the
beam into one of the three treatment rooffg).4.1). Two rooms are
equipped with a single horizontal fixed beam line, wiml¢he third one, a
horizontal andh vertical fixed beam line areavailable. Each roonmcludes

the beam nozzle with monitor chambers, the patient positioning and
Immobilization systenfi34].

An additionalbeam linewill be availalde in 2020 to distribute the beam in
an experimental @m.
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Figure 41 Schemef the CNAO beam delivery, with the beal
distributed in three treatment rooms. The beam line to th
experimental room is not shown in the picture

The beam energy can be selected within a sedloks between 120 MeV/u
and 400 MeV/u for carbon ion€{®) and between 6@&nd 250 MeV for
protons (p), corresponding ® range in water betwee cmand 27 cm,
selectable witl®.1 cmsteps.

The particles acceleration and extraction in the synchrotrem leyclical
behavior. Each cycle has a genfigured events sequence, always with the
samestructure, but a different setup for different pes, energies, beam
intensityand dimension. The delivery phase is known as spill and in order to
provide awhole volume irradiation, several beam energies have to be shot
providing spills in goeriodic sequencé-ig. 4.2.
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Figure 42 Spill schematic: the injected particlegar
accelerated to the desired energy and extracted slowl

The time periodanges between 4 and 5 seconds, with an approximate spill
length of 1.5 secwith the interspill time neededto setup the machine
magnets for the followingeam.The accelerator cgmrovide a maximum of
4x1P C*® or 10'° protons per spillleading to a maximurbeam current on
the patient 00.38 nA and 1.6 nA respectively.

The measured full width at half maximum (FWHM) of the pencil beam
transverse shapm air at the isocenteis energydependent for botlhe
particle species: in particular, for protons, thetsgppe ranged from 0.7 to
2.2 cm. For carbon ions, two sets of spot size are available: FWHM ranged
from 0.4 to 0.8 cm (for the smaller spot size) and from 0.8 to 1.1 cm (for the
larger one).The corresponding beam fluence rate ranbetween 19
p/(cn?-s) and 10° p/(cn?-s) for protors, depending on the FWHM and
extractionsettings, and betweetx10’ and4x1C for carbon iong35]. The

spot positionis accurate within + 1 mm over the whole 20 x 20° @an
field; homogeneity ina uniform squared field was within + 5% for both
particle types at any enerf6].

Another italian treatment facility is the Protomherapy Cente(PTC) of
TIFPAat Trentd37], built by the commerciadlompany IBA[38], and based

on a Proteus 235 cyclotron, which accelerate protons at an energy of 228
MeV. Shortly after the cyclotron exit, a coarse energy selection is carried
out by a rotating degrader of different thickressand materialand a
magnetic energy selection systenorder toprovidedifferentbeam enerngs

down tothe minimum value of 70 MeV.

The facility haswo treatmentrooms equipped with rotating gantriesile

a third experimentaroom is totally dedicéed to researck39]. The beam
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Chapter 4 Test of UFSD strip sensors with therafiebeams

cannot be shared simultaneously among the different rooms and can only be
requested alternately in either the gantries or the research area

Different beam intensities can be requested, in a rgpaensng between 1

and 320 nA.The maximum particle rate depends on the beam energy,
ranging from 3Bx10° p/s at 70 MeV, up to .2x1C® p/s at a cyclotron
extraction current of 1 nA. The extraction current can be increased up to 320
nA, and the correspondingiaximum beam rates scale artingly. The
proton beam currem$ modulated by a 50% dutyycle square wave, with a

20 ms periodThe beam FWHM at the isocenter ranges froénrm at 70

MeV to 2.7 mm at 228 MeV.

Figure 43 Trento proton therapy center

An extra featurgrovided by this cychwon is the possibility to providew

beam intensitigswith rateswithin a range of 1bup to 1 particles per

second required for a broad spectrum of experimentso Pprovide low

particle fluxeghe accelerator wogkin an operational regime that idfdrent

from the standard clinical one. In fact, such low intensities are obtained by
exploitingthesec al | ed accel erator Adark cur.
the high voltage of the accelerator source below the threshold used for
standard operations

4.3. Test setup and acquisition

Following the lab characterizations, th®Ve-IT UFSD strip sensors have
been tested with the proton beams of CNAO and the Proton Therapy Center
of Trento.In these tests othesimple LGAD PiN diodes (pads) havaso
been tudied.
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Chapter 4 Test of UFSD strip sensors with therapeutic beams

The experimental setyhich scheme is depicted in Fig 4was installed
inside the treatment room at CNAO and the experimental room of TIFPA
[40]. The sensors were mounted d¢astompassive test boards used to
distribute the bias voltage and to provide the signal from two strips to the
external electronics.

The HV was supplied by a CAENT1570power supplyf41], controlled by
remote through an Ethernet connectamathe GEC0O2020 control softare

[42].

Treatment

| lonization chamber |
room

>{ High Voltage

‘ Low Voltage

‘ Oscilloscope | Digitizer
| |
e —
Control Compury
room

(remote control)

Figure 44 Scheme of the acquisition setu

The readout is based on external broadband amplifiers from CIV[B&C
with 40 dB gain and 2 GHz bandwidth, powered with a Low Voltage supply.
The noise level of the CIVIDEC amplifigs 2.5 mV. The output signals
from the amplifiers are sampled and collected by a fast digitizer and saved
on a PC. Some preliminary acquisitioasbeen done using an oscilloscope
(LeCroy, Wave Runner 6 Zi0.4-4 GHz of bandwidth, 40 GS/s sampling
rate [43]. All the instruments are remotely controlled by a computer
installed in an external control room.

A pinpointionization chambefrom PTW was installed behind the sensors
and aligned with the beam direction to provide an inddpat measurement

of the beam rateA picture of the acquisition setup installed in the CNAO
control room is shown in Fig.4.5
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Figure 45 Beamtest set up, with the strip/pad UFSD sensors (1) aligned with pin
ionization chamber (2). The other instruments are: oscilloscope (3), digitizer (4
voltage power supply (5); HV power supply (6); acquisition PC (7); amp(i8);
monitoring chamber (9). The beam exit is indicated as 10.

4.3.1. Digitizer

The main instrument used to collect the signahid6+1 desktop digitizer
(DT5742 CAEN, ltaly,[44]), with 500 MHz bandwidth (Fig. 8). The
digitizer samples the sigrsdt 5 GS/, with one ADC count corresponding to
0.24 mV. For each triggerit stores 1024 samples corresponding to a
waveform of 204.8 ns duration.

USB

Optical fiber

Figure 46 CAEN digitizer,with 16 channelsnput and two
data transfer modalities

An optical link caoanecs the digitizer witha PC througha CAEN PCI
CONET A2818Controller[45], which allows to transfer data 80 MB/s
whichis 3 times faster than an alternative USB connection.
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A custom modified version of the CAEN softwareaVdump[46] was used

to configure the working parameserto control the acquisition and to
provide an asynchronous software trigger as soon as the previous event was
collected and saved on disk. The conversion time of théizhgi(110 ps)

and the time needed to transmit and store the data (r§P0ImIt the
acquisitionrate to about 1 kHz.

At CNAO a spillon logical signal from the accelerator control room was
acquired with one digitizer channel and used to prevent triggeeration
during the inteispill period.To optimize the data throughputetacquisition
software was modified to buffer events in the PC memory during tbeilin
data acquisition and save them on disk during the-spérperiod when no
new events i@ expected.

At TIFPA the beam structure was different with no spill structure, and a
continuous acquisition scheme was adopted. The analog signal following the
cyclotronradio-frequency RF) cycle was acquired with one of the digitizer
input channels tstudy the beam structure and its synchronization with the
RF repetition period.

4.32. PTW pinpoint ionization chamber

The setup included also a PT¥hpointionization chamber (T310)%47].
This chamber is ideal for dose nmaements in small fieldsf photon and
proton beams having a nominal sensitive volume of 0.G3acd®2.9 mm in
diameter measumg relative dose distributions with very high spatial
resolution

The charge was measured with the PTW Unidos electromésgrthat
appled the highvoltage (100400) V between the chamber electrodesl
displays the measured valuesvarious unitg.e. dose and dose rate in Gy,
R, Gy/min, R/min or Gy-mCharge and current are measured in C and A.

4.4. Tests at CNAO

To understand the beam characterssand the sensobehavior several
warmup runs were performed with2k1.2 mn? LGAD pads produced at
CNM, Barcelona[49] and circular LGAD pads with 1 mm diameter
producel bythe Hamamatsu compaf0].
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As a second stepelected UFSI3trip sensowere positioned in the isocenter
of the proton beam and the pinpoint ionization chanmbeas aligned just
behind the connected strip to haveeference value of the total fluence for
each runFig 4.7).

UFSD strips

Pinpoint IC

| UFsD sirps|
‘}!
(— 28

Beam direction

. > / Y e
Figure 47 A pinpoint chamber and a strip sensor aligned alc

the beam direction

Preliminary measurements with pads and LGAD strips have been performed
collecting data on the oscilloscope, and repeated for different bias voltages

and energies. These runs are important it the optimal working

parametes; like the bias voltage to the sensor to have a sufficient SNR for

all the protonenergies to adapt the digitizer dynamic range and avoid
saturation.

Once the operational parameters have been fixed, s@Esasiurementsave
beenperformedwith the digitizer ad different beam fluxes to study the
counting capabilities of the sensor

4.4.1.Signal shape and beam structure

The data collected at CNAO are saved in files, containing the ADC values

for each digitizer sample drfor each enabled channel. A separate file is
saved for each trigger, containing a waveform of allabkectedchannels
in a 201.8 ns windowwith the acquisitiontime savedin the header of each
file, used later to calculate the acquisition duration.

The data analysis has been performed using the ROOT framg®aijrk

where all the functions for data reading, processing, and the output are

implemented.
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An example of waveform collected at CNAO is shown inuirég48.

8§ 8 8 8 8
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Figure 48 Left: an example of digitizer time window. The individual peaks
correspond to signals from single protons; Right:@zof a single

This waveform shows the signals from one strip during the beadiation

with 62 MeV protons at flux of about10® p/(cn?-s). The waveform has
been corrected for a constant offset estimated using data collected with no
beamirradiation

The peaks, correspongjo individual protons crossing the sensor stgm

be clearlydistinguished andeparatedAn example of asingle signalis
shown in Figire4.8(right); itsduration,of about 2 ns, is compatible with the
expected signataking into accounthe limitedbandwidth of the digitizer.

A fast baseline restoringf the amplifieris observed, preventing a baseline
shift that could affect the counting capabilities of the device.

The very fast response time of the LGAD sensors atbw study the
CNAO beam strature with extremely high details, at the nanosecond time
scale. An example of time distributions of signal peaks identified when a
LGAD pin was irradiated with the 227 MeV protons at CNAO is shown in
Fig.4.9.
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Figure 49 Beam structure of the CNAO proton beam at 227 Ni@y) and 62
MeV (bottom) The protons are packed in bunches synchronous with the ext
period of the acderator. The instantaneous intensity reaché&l@nv-s).

This data show that the particles are asted in short bunches with a period

of about 220 ns and a frequency of aba® MHz, compatible with the
revolution time of the protons in the accelerator main ring. This beam
bunched structure reflects the extraction mechanism of the accelerator, and
Is less evident reducing the proton eneag¥2 MeV(Fig 4.9 bottom)

The mean proton flux at 227 MeV is abouf pf{cn?-s). Thebeamstructure
shown in Fig. 8 indicatesat that highest CNAO energy the particles are
concentrated in bunches which duratie about10% of the bunch period.
The correspondinmstantaneouparticle flux in each bunch is therefore an
order of magnitude higher than the mean flux, aboti d/cn?-s) affecting
the counting capabilities of tRéFSD strip structures, as describa details

in the following.
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4.4.2.Choice of the threshold value.

In order to count the number of protons, a fixed threshold must be selected
to discriminate real signals from the background noise. Once a fixed
threshold is selected, each pulse iseded by checking a signal level
crossing the threshold. In order to prevent double counts due to signal noise,
in the data analysia minimum number of digitizer samples is required
before a second pulse can be detected.

To achieve the required accuraof 1 % on the number of counts, the
threshold must be high enough to limit the number of fake counts due to
noise spikes ttess tharl % of the total number of counts; at the same time
the detection efficiency must lgreater tharf9 % for the signals dm
protons of different energies expected in a therapeutic beam (from 62 MeV
to 227 MeV at CNAO). It is to be underlined the statistical nature of the
lonization events in the thin silicon sensor, giving large fluctuations of the
signal levels even for pcles at a fixed energy.

In order to study the noise and signal amplitude distributions, the number of
pulses detected in the collected data sampdes counted for different
threshold levels (threshold scan). An example of the count rate distribution
asa function of the applied threshold level is shown in Fiddeft) for data
collected from a LGAD diode at three different proton energies (62, 105 and
227 MeV). The high number of counts at low thresholds is due to the effect
of the noise. By increasinthe thresholdvalue, a plateau in the count
distribution is visible, corresponding to the region where the threshold is
above the level and the signal peaks are correctly counted. At still higher
threshold levels the count ratdscreasagain due to thissof signals with

an amplitude below the threshold.

72



Chapter 4 Test of UFSD strip sensors with therapeutic beams

Vbias=350 volts; proton flux= 8e8 p/chs
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Figure 410 Left: threshold scafor a LGAD pad with 350 Vbiagount rates versus the
thresholdvalue are showfor three differenprotonenergiesRight: amplitude
distributiors estimated from the threshold scéarsthe three energies

The count rate distributions of Figl4(left) depends on the noise level and
signal distributions, the last depending on the proton energy. It would be
interesting to have a clear view of thesstributions, in order to set an
optimal threshold to separate the signals from the noise. The procedure to
determine these distributions is here described.

Suppose f(x) being the probability density distribution tbé signal
amplitudes x. The number obants detected for a fixed thresholg is the
number of signals with an amplitude greater than sorresponding to the
following integral:

C (4.1)
VW W QuwQw p Quw Qw

From Eqg.4.1, the probability dnsity of the signal (and noise) amplitude can
be determined as:

[OX (4.2
o W

Qw

Therefore, the signal amplitude distribution can be estimated using the
derivative of the measured rate distribution as a functiorhefapplied
threshold. The results are shown in Fid.Odright).

The amplitude distributions show the expected Landau distribution, with a
long tail and an increasing Most Probable Values (MPV) thigéiowering
of the proton energy. The noise appearthadast decreasing curves at small
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threshold values. The optimal threshold level is chosen in the region between
noise and signal distributions: as an example, a value of 350 ADC counts
(corresponding to 84 mV) was chosen for this sensor. It has to laekeoh

that the highest proton energy of 227 MeV corresponds to the minimum
energy release in the LGAD sensors and to the worst digimalise
separation It is clearly moredifficult to have a proper and accurate
discrimination of pulsesof high energy articles.

The threshold scan analysis was performed to determine the optimal
threshold value for each sensor and for each bias voltage in all the analysis
shown in the following part of the thesis. For each data set the optimal

threshold value was detenmeid with the threshold scas @escribed above.

4.4.3 Gain measurement and dependence on the high voltage

The tests at CNAO have been performed with the long and short strip UFSD
sensors described in the previous chapters aligned along the beam direction
and irradiated with proton beams at different energies. The same threshold
scan offline procedure described beforas been applietor each runto
evaluate the amplitude distribution. An example is shown in Fld.where

the amplitude distributions exicted from data collected with the digitizer
from one channel of the short strip sensoediatedwith 105 MeV protons

are shown. The different curves correspond to different values of the bias
voltage applied to the sensor.

The MPV values of the sighdistributions move to higher values when the
bias voltage is increased. This is a characteristic feature of LGAD detector,
for which the internal charge amplificatialependson the electric field in

the region of the gain implant that increases withailas voltage. Operating

a LGAD detector at higher voltages allows to enhance the signal and to have
a better separation of the signal from the noise, as evident from the
distributions of Fig. 4.1
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threshold for the three bias values

In order to estimate the gain factors of the UFSDcstires with long and
short strig, data have been collected also for the sensors produced without
the implantation of the gain layer. The gain values of the UFSD strip sensors,
defined as the ratio of the amplitude MPV values for sensors with and
without gain, are reported in Figk2 as a function of the bias voltafm

two different proton energies
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Figure 412 Gain value for long and shorUFSD stripsas a
function of the applied reverse bias at two extr&@hAO energie
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The gain factor increases with the bias voltage, as expected, reaching a value
greater than 10 for the short strips at¥270 V. The gain factors measd

for the long strips arensaller. This is due to the different widths of the gain
layer of the strips in the two UFSD structuregth a smaller faction of area
where the gain reaches the full values in the long strip with respect to short
strips. At tle strip border the gain decreases from the full value to 1 moving
from the gain region to the interstrip dead area. The measured gain value is
a mean value depending on the gradient of this transition and the width of
the region where a full gain is achesl

After the threshold is defined, the single peakn be discriminattand
countal. Fig. 4.13 shows how the MPV from a Landau fit of the area
distribution below each peak depends on the beam energy. The red curve in
Figure 4.13 is the results of & fwvith a 1/E function, showing that these
measurements follow the expected Befteck dependence on the energy.
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Figure 413 Fit of MPV at different enggies followBetheBloch trend

4.4 4. Radiation resistance

In one of the first tests performed at CNAO at the end of 2016 a UFSD pad
was irradiated with protons of diffarteenergies and an integrated fluence of
102 protons/cm. The signal amplitude has been checked from data collected
at the beginning and just before the end of the test, to evaluate the
degradation in performance of the irradiated sensor. The resukh@sa

in Fig. 4.14 where the distribution of the signal areas is shown before and
after irradiation.
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The curves overlapped with the distributions and the parameters shown in
figure are the results of a fit with a Landau distribution. A clear decrdase o
the Most Probable Value (MPV) of the signal area of about 20% is observed,
due to a welknown effect of gain reduction with radiation for a UFSD
silicon detector. This gain reduction can be compensated with an increase of
the voltage bias, but the obsed gain degradation occurs at a very low
fluences for actual clinical applications. For example, a beam monitor

detector used in in a clinical environment is expected to be exposed to about
10% p/cnt.

Since 2016 extensive studies have been performedubycolleagues in
Torino to understand and improve the radiation resistance of UFSD sensors.
Some of the results have been already described in Sectiocand. it is
already demonstrated the possibility to operate a UFSD sensor after the
irradiation of moe than 1 n.{/cn? with acceptable time resolutioffs2].

Other studies to push further the operation limits of UFSD dete@tmesry

high radiation dosegre ongoing, in particular for applications in high energy
experimentsaLHC.

4.45 Test of counting capability

In order to test the coung capabilities of the strip sensors, several runs have
been collected at CNAO for different proton energies and, for each energy,
at different beam fluxes. At CNAO it was possibleatk for particle fluxes
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corresponding to the clinical fluxes and for lovilamintensiies provided

by a fidegrader o mechanism in the ext
set at different levels (100%, 50%, 20%) roughly corresponding to scale
factorsapplied to the maximum beam particle flux.

Many runs have been collected with different UFSD strip sensors during a
test performed at CNAO iMay 2018. The data described in the following
comes from long strip sensors positioned at the isocenter anatecheith
protons at three energies: 62, 110 and 228 MeV. For each energy three runs
have been collectedith three degrader settings, to check how the counting
capability of the strips chang&vith the beam intensity. A fixed number of
particles were iadiated for each run and measured online by the monitor
chambers installed in the treatment room. The strips were polarized with 250
V. For each run the integral charge produced in thed?m ionization
chamber positioned behind the stripsasaregisterel to provide an
independent measurement of the particle rates, as described later.

During the test, the signals from two strips were collected by the digitizer
and saved on disk. The offline analysis started with the study of the threshold
scans and thehoice of a proper threshold level. The number of counts and
the rate of signals above threshold has been measured for each run and
compared with the charge rate measured bypinpoint chamber. The
conversion form number of counts or total charge to theesponding
particleratesis performedusing the time registeredihe file headers, which
allows a precise determination of the total beam time for each run.

The results are shown in Fig.15, where the strip count rate is shown as a
function of the barge rate measured with thi@pointchamber. In this figure

each plot corresponds to one of the energies used in the test, and for each
energy the three points correspond to different degrader settings.
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collected by the pinpoint IC at CNAO

At the highest energy a cleaaturation curves visible. Thenonlinearity

between the particle rate measured with the UFSD strip and the charge rate

measured with the ionization chamberc@ised byounting inefficiencies
due to the overlapping of signals close in time {pid: this pileup effed

becomes important at high fluxes. The fact that the effect is more evident at
high energy is due to two reasons: at high energy the beam at CNAO shows
a bunch structure, and the instantaneous patrticle flux inside each bunch is

high. This bunch structuiis less eviderat lower energies, and therefore the

pile-up effects are less pronounced when the beam energy is reduced. A
second reason of the different saturation behavior at low and high proton
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energies is due to the beam transversal shape. At lovg\etiee beam
FWHM at the isocenter is larger than at higher energies duednlanced
scattering of low energy protons iir detween the beam line exit window
and the isocenter. The corresponding flux is therefore lower.

In order to have an estimatiorf the input particle rate hitting the strip
regardless the pHap effects, it is assumed that the charge measured by the
pinpointchamber is linearly correlated to the number of input particles and
that no saturation effect is present in the charge c¢alecThe inefficiency

due to pileup effects are parameterized with the following equation:

Q0 Q (4.3

wherefye i the particle input rate in one stripeasthe count rate measured
from the strip, andlthe system deatime. In this studyEq. 4.3is considered

as a possible simple parametrizatmincounting inefficiencies. In the next
chapter it will be shown that E43is also the description afefficiencies

in a paralyzable pulse counting system with a fixed deadijmehen the
particle flix is random and the number of inppgrticlesin a fixed time

period follows the Poisson statistics. In a paralyzable counting system, the
deadtimeUis the time period when the system cannot count other pulses
arriving after a first one, and these pulses extend the deadtime of the system.
It is plausiblethat an LGAD sensorsehavedike a paralyzable system due

to the way the signals from charge migration is formed in the sensor
Assuming the pinpoint IC behaves linearly with respect to the particle flux,
the input ratefy,e is proportional to the chargeat e Q/ mt measur
pinpoint chamber:

CH

o (4.4)

6 0

where C isan unknown normalization factor, depending on the strip and
pinpoint geometries on the beam shape and energkis factor C is the
equivalent barge produced in theinpoint chamber ér one proton hitting
the strip. Inserting E4.3 into Eq. 4.4, the following parameterization of
inefficiency effects arises:

- 0 Dot 0 (4.5
536N T35

wherefneasand QMt) are the quantities shown ihet axes of Figre4.16
(i.e. the count rate from the UFSD strip and the charge rate from the
lonization chamber). Two unknown parameters appear in4Eg.the
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deadtimeUand the normalizationonstantC. These parameters depend on
the beam energy. In pamtilar the factor C depends on the beam shape, on
the charge produced by one proton in thepoint chamber and on the
relative position of thepinpoint and the strip. Even if the two unknown
parametergouldd e pend on the beam entheygy,
change for runs collected with a fix energy and different degisetengs
Thereforethey are extracted by a fitith Eq. 4.50f the points shown in Fig

4.15 for each value of the proton energy. The red lines and the parameters in
Fig. 4.15 correpond to the firesults The value of the two parametésand

C extracted by these fits are also listed in the following table:

Energ (MeV) U (ns) C (fC)
62 9.6£14 0.04540.0005
105 8.4740.6 0.034G:0.00(8
227 9.5%0.2 0.0289:0.00@

Table 41 Uand C parameters extracted by a fit with Eq.4.5 at three CNAO energies.

The factor C decreases with the increase of the beam energy, as expected for
the different ionization of the protons in th@ gas. TheUfactor estimated

from the fit is greater than the deadtime expected from the signal duration
(about 2 ns as shown in Fig8%t.The reason of this discrepancy originates
from the highly noruniform time structure of #h CNAO beam. As
described in the following chapter, the etige Uderived byEq. 4.5 when

fmeasiS the meartountrate includes the effect of the beam bunch structure.
The fact that the effective dead time increases with the beam energy depends
on the beam structure becoming more and more packed in bunches, with
higherinstantaneoufrequencies.

Once the normalization factor is determined for each energy, the charge rate
measured with thpinpointchamber can be convertednreaninput particle

rate hitting the strip, using E4.4. Fig. 4.16 shows the dependence oéth
measured strip count rate as a function of the input rate estimated from Eq.
4.4. All the nine points measured at different energies are present in this plot,
because this saturation curve does not depend on the beam energy. In Fig.
4.16 anadditionalhorizontal axis has been added, where the estimated input
rate is converted in a local particle flux on the stappressedin
GHz/(cn?-s), considering a strip area of 2 rarithe effect of inefficiencies

due to pileup effect is clearly visible at high pante fluxes.
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Figure 416 Measured rate vs. average estimat@dt rate for 3 acquired
energiedor data collected at CNAO

The input count rates in the UFSD strip for this test range from 4 MHz to 40
MHz, corresponding to local flux between 200 Métz? to 2000MHz/cn.
It has to be remarked that the goaMiiVe-IT is to measure the particikeix
up to 100MHz/cn? with an errobelow1%: in this region of flux valuethe
inefficiency curve extracted from the data is very close to the inhealrity
curve shown with the blaclashedline in the figure. However, the data
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rates. In addition, only three different beam intensity can be selected at
CNAO for each energy, and the number of points available for the fits are
not sufficient for a precise determination of the unknown parameters needed
for a goodestimaion of the input rates. The following section describe the

results obtained with a similar analysis with data collected al the Proton

Therapy Center of Trento,here particles can be delivered with lower fluxes

than at CNAO and a wider range of beam intensities.

4.5. Tests at the Proton Therapy Center of Trento

The tests performed at CNAO and described in the previous section have

been repeated at beginningd mid 2019 at the experimental room of the
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Proton Therapy Center (PTC) of Trento. The same instrumentation and
acquisition setupvere used, as already described. More accurate planning
and control of the acquisition times were adopted to assure the count
stdistics was compatible with the expected errors.

The main differences with respect to the test at CNAO consist in the beam
structure and the different range of beam intensities available at the PTC of
Trento, as described in the following.

4.5.1 Beam stucture at the PTC of Trento.

As already observed at CNAO, it is very important to understand and
considerthow the beam protons are distributed in time, because the counting
inefficiencies depend on the instantaneous rate.

The first measurements performat Trento werethereforededicated to
employ the fast response time and the optimal sensitivity of the UFSD
detectors tainderstand the beam structure provided by the cyclotron

A first beam structure observed at the PTC of Trento is shown il Hig.

In this figure the number of protons measuvath a UFSD strip ineach
digitizer snapshot of 2D8ns is reported as a function of #aequisition time

The periodic structure shown in the figure correspond to a beam irradiation
occurring periodicallyvith a period o0 msand a dutycycle of 50 %.
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Figure 417 Number of protons measured for each trigger as a function of ti
acquisition time for data collected at Trento

A second beam structure is observed at a finer time scale. An attenuated
signal from the cyclotron radiofrequency was available in the control room
and connected to one channef the oscilloscope, while & other
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oscilloscopechannels wasdedicated to collect the signals frame LGAD
padafter the amplifier. A snapshot of the oscilloscope in shown Ir4FL§.

AT e M M’F‘W“?M

néd 44 ns 94 ns 144 ns 194 ns

9 Bits 50.0 ns/div Nor -100.0 mV
10 kS 20 GS/s Edge Positive

Figure 418 Left: screenshot from the oscilloscope with the signal from one LC
pad (blue) overlapped with the RF periodic signal (red) for a beam energy o
MeV and a current of bA. Right: board hosting two LGAD pads.

In Fig4.20the red curve is the signal from the accelerator RF with a period
of 9.4 ns (frgqguency 16 MHz), while the blue curve is the signal from one
UFSD padof 4mm? areaduring the beam irradiation. It is evident from the
picture that the proton extraction is synchronous with the cyclotron
revolution or RF, and the protons are always pravidea short time interval

with respect to the Rphase The amplitude distribution of the signals of
Fig. 4.18does not depend only on the fluctuation in the charge produced in
the sensor, but mainly on different number of protons irradiated at the same
time in synchronous with the radiofrequency. In such a situation, the signals
of multiple protons erogated in the same cyclotron cycle and hittengame
UFSD channelare completely overlapped andannot be separated.
However, it has to be underlined thhé oscilloscope snhapshot of Ad.8

has been collected at a high particle rate. The main goal of the tests at the
PTC of Trento was to evaluate the counting capabilities of the UFSD sensors
at a low fluence rates of §@)(cm?-s) foreseen as a We-IT goal, not
achievable at CNAO. This fluence rate corresponds to a particle rate in one
UFSD strip ofabout2 MHz, and at this rate the probability to have 2 proton
signals overlapped in the same RF cycle is negligible.

4.5.2 Data analysis and counting inefiencies

The test performed in February 2019 were used to study the beam structure,
as described before, to find the operational bias voltage, to check the currents
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from the sensor during the irradiation and to ensure the sensor stability with
time. In Juy 2019 other measurements were done with UFSD strip sensors,
by collecting data at different beam energies and beam currents. Data from
two strips connected to CIVIDEC broadband ampligere collected with

a digitizer. A PTW pinpoint chamber was pasited behind the strips and
both the strips and the chamber were aligamhgthe beam direction using

the laser pointing system available in the experimental room.

One problem appearing at TIFPA was the increase of the baseline noise in
the waveforms allected with the digitizer and the difficulty to properly
count the number of signals at high rates and at high proton energies. One
example of signals collected with protons of 228 MeV and a beam current
of 1 nA (corresponding to a count rate in thepstrfi 4.5 MHz aml a local

flux of about200MH z  -Tsthis shown in Figt.19top): the proton signals

can be easilyliscriminatedby setting a threshold value such that the noise
contribution to the pulse count is negligible. In Big9bottom) the beam
current was increased to 10 nA (proton rate in one 4&iglHz, local flux

of about2x1®p c4w?): at this current the noise level was too high to allow

a good separation of fake counts from real signalemFAmore detailed
studies not reported herégemerged that the negative pulses not associated
with strip signals are due to particles crossing other strips of the sensors.
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Figure 419 Digitizer waveform collected at beam energy of 228
and a beam current ofrfA(top) and10 nA(bottom)
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The amplitude distribution extracted from the threshold scan procedure
described in Se&.4.2is shown in Fig.4.20 for 228 MeV protons and
different beam currents. At 3 nA a separation of the signals from the noise is
still visible, allowing to set a proper threshold to discriminate proton signals.
At higher currents two effects are contributing to the degradation of the
courting capabilities of the sensdahe MPV of the signal distribution moves

to lower values due to a baseline shift due to the negative pulses shown in
Fig.4.19 and the noise increases. ABMA of current is it impossible to
separate signal from noise lang at the amplitude distribution of Fig20.

Short Strips CH1 @ 228 MeV
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Figure 420 Amplitude distribution from a threshold scan-
protons at 228 MeV and different beam currents

Thelimitation of the strip sensors to provide reliable data at high beam fluxes
was consideredn the following testdy setting the beam curreat levels
corresponding to fluxebelow 10 MHz ““tstat 228 MeV requiring
cyclotron operation i n Haglitabekentonedr e nt
that a better separation of noise from signal is achieved at lower proton
energies due to the higher ionization in silicon and higher sigvelksle

Runs with the following beam energies and currents have been collected:
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Energy (MeV) Current (nA)
70 50-100-150-225-300
125 5-8-15-25-40
179 3-4-6-8-10
228 Dark current modd.-2-3-4

Table 42 Beam parameters reqeit for the tests of tlgloVe-IT strips at TIFPA

The beam intensities were chosen to investigate the counting capabilities of
the UFSD strip sensors at low beam fluxes not available at CNAO, around
the goal flux oMoVe-IT ( 1 8cdmB -Scorresponding to 2 MHz count rate

for a single strip).

Thesameoffline analysis already described for the tests performed at CNAO
was applied to estimate a common threshold level independent of the energy,
to count the number of protoigaals above threshold and the corresponding
counting rats for the two strips and for each run. The only difference with
respect to the measurements at CNAO was in the value reported by the
electrometerused for the readout of the PTW chambar CNAO the
electrometer reported the collected charge inwi@le at the PTC of Trento

the results from the Unidos wereported in mGy. The same fits described

in section 4.4.4 have been usedtestimated the particle input rate from

the dose rate measured wilie pinpointat Trento the only difference is that

the C parameter in Egl.5 for the data collected at Trenghould be
interpreted as the effective dose produced in the PTW chamber by each
proton hitting the strips, instead of an effective charge.

Thefollowing figure shows the signal rate measured in one UFSD strip as a
function of the dose rate measured with the pinpoint chamber, where each
plot corresponds to one of the four energies used in the test and for each
energy the black point are the me@suents done at different beam currents.
The red curve and the extracted parameters of fits are also reported in table
4.3.
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Rate [MHz]

Eq4.4is therefore applied to estimate the input particle rate for each strip.
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Figure 421 Particle rates by one UFSD strip as a function of the dose rate by 1
pinpoint IC for different proton energies at Trento Proton Therapy Center.

The particle rate measured in one strip is regubirt Figuret.22 as a function

of the input rate estimated with the method described above. The points
shown here come from all energies and beam intensities used in the test, and

the dashed line corresponds to idhealcase
of no countingnefficiency.

Energ (MeV) U (ns) C (nGy)
70 9.740.8 1.0213+0.002
125 13.7+0.1 0.7358:0.0008
179 11.03:0.2 0.6418t0.0007
228 11.4+0.1 0.556+0.001

Table 43 Parameters from the fitith Eq. 4.50f the particle rates measured with UFSD

To best appreciate the accuracy reached by this andhsisame results are

strips vs the dose rate measured with the pinpoint IC

show in terms ofhe ratiofneadfesimates @ndreported in Figd.23 as a function
of the estimatethput frequencyfinput Separately for each beam energy.
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Figure 422 Measured rate vs. averagstimated input rate fo
all the runs collected at the PTC of Trento with one UFSD

It has to be remarked again that the goal for the counting prototype developed
for the MoVe-IT project is to count with a=R % error at fluxes up to £0
p/(cn?-s), corresponding to a particle rate on one stripf#. The results

of these measurements demonstrate that this goal is achievable with the
sensors developed for this application.

However, novel algorithms have been developed to mitigate the inefficiency
effects and push the maximum measurable tuwhighe values These
algorithms and their performance when applied to the set of data collected at
CNAO and TIFPA are described in the following chapter.
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Figure 423 Relative efficiency feaéfinputas a function of the average estimate
input ratefor data collected at Trento.

4.5.3 Poisson distribution of the beam particles

An independent estimation of the mean patrticle inptg has been obtained

by studying the distribution of the timefiirencebetween two consecutive

proton signals in one strip. Under the assumption of a Poisson distribution

for the particle flow, the probability density function to observe a second
partd e after a time @t from the previ

QU

N (4.9
a6 Yo 0Q

where f is the particle rate.

The distribution of the time difference between two consecutive counts for
228 MeV protons is shown in Fig24.
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Figure 424 Time difference between two consecutive counts in one strip for 228 M
protons

T h e tutioh has severallpeaks separated by 9.4 ns because of the beam
structure of the IBA cyclotron alreadiiscussedn the previous secti@n

The number of particles contributing to each peak has been measured and
reported in Fig 4.25, where the result of arexponential fit was
superimposed.

§ ¥ ndf 6.613/8
3 16000 Prob 0.5789
Constant 9.983 + 0.007171

14000 Slope -0.03151£ 0.0001865

12000

10000

0 L L L | L L L | L L L | L L L | L L L |
20 40 60 80 100

time [ns]

Figure 425 Number of counts vs the time difference with respect t
previous count with the result of an expondiritia

The fact that the distribution in the time difference between two peaks is well
described by mexponential function demonstratinat the beam protons in
the PTC of Trento are randomly distributed in time with a Poisson
distribution within each 10 misunch
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Chapter 4 Test of UBD strip sensors with therapeutic beams

The frequencies are estimated with ghg@onentiaffit described above for
each run and compared with the mégwut rates estimated akescribedn

the previous section using the measurements gbitipintchamiers. The

two independent estimations of the input particle rates are compared in Fig
4.26 where the input rate from the exponential fit is shown as a function of
the input rate estimated with the data from PTW chamber. The points include
all the energiesral beam currents used in the test.

=
T | x/nd 94.01/5
=5 T SO 4 ST
8 | Prob 9.654e 19
Eanl A
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Figure 426 Particle rate in one strip extracted from the time
difference distribution vs the input particle rate estimated fron

Even if not perfect, a good linearity between the two estimatabthe input
beam rate is observed. The slope of the linear interpolation is compatible
with a value 2: this is expected, because the particle rate tsdifnam the
pinpoint chamber is a mean value averaged over all the acquisition time,
while the frequency estimated from the time difference distribution is the
instantaneou$requency inside a 10 ms spill. The first value is a factor 2
lower due to the slb structure of the beam shown in Hgl7, with a duty
cycle of 50%. The goodgreemenbetweenthe two input ratess a proof

that the procedure used to evaluate the counting inefficiency is correct.
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Correction of counting inefficiencies

5.1. Introduction

The results shown in the previous chapter indicates that the developed
counting system based on UFSD sensors segmented in strips is able to
measure the number of beam particles up to a maximum fiuesuce rate

of about 18 p/(cn?-s) with an errorof about 1%, according to the design
goal. Above this value of the fluence rate, inefficiency effects due to the
superposition of two signals close in time deteriorates the counting
capabilities of the deee, and the accuracy of the system is no more
compatible with the requirements.

Inefficiency effects on the particle counting depend not only on the
segmentation and the detwhe of the sensors and of the readout electronics,
but also on the time dishbuition of the particles in the beam. In general, the
beam time structure is not poissonian, but particles are concentrated in
bunches or bursts, depending on the extraction mechanism employed in a
given accelerator. In the previous chapexamples of théunch structure
were shown for the proton beam measured at CNAO and at the Proton
Therapy Center of TIFPA. For non poissonian beams, the counting
inefficienciesof each stripdepend on the instantaneous particle rate inside a
bunch, that could be much lhigr than the mean counting rate measured for
time periods above the intbunch period.

As the time structure of the beam at a few ns level affects the counting
capabilities of a monitoring dese, we decided to study and develop
algorithms to correct irfeciency effects and make the system more robust
against particle bursts and to extend the measurable fluence rate to higher
values. These algorithms, describedhe presenthapter, are based on the
logical combination of signals from two adjacentriand in some cases,

on assumptions on the dethe dependence of the system. The correction
algorithms have been carefully studied with simulations assuming both
poissonian and bunched beams, and therefore applied to the data collected at
CNAO and athe ProtorTherapy Center offEnta



Chapter 5 Correction of counting inefficiencies

5.2 Modelling of inefficiency effects

Pulse counting in random processes is always subjected to inefficiencies, due
to the deadtime of the counting sys
Arecovery thimmeseparatiorsbetivdemtwapulses for a correct
detection of both the pulses, which depends on the intrinsic behavior of the
detector (the signal duration due to the charge collection time) and on the
losses in the following electronics and processingirch(amplification

shaping time, sampling frequenogtic). When the interval between two

pul ses iIs shorter than the deadti me
second pulse is lbsin the following the loss of counts due to two signal
closen time i s aupsoo. called dApile

When the arrival times of the pulses is random, or equivalently the number
of pulses in a short time interval follows the Poissbstribuion, two
idealized models are often considered to quantify the counting losses: the
Aparalyzabl eo -madal yaalBlebeméddeh

|l n the paral yzabl eifa@econd dventxatriees aduiing g o0 )
the deadtime produced by a previous event, the second event is not detected
and the deadtimis extended. Ware confident thahe sensor studied in this

work behaves according to this model for thiginsic nature of the charge
collection and signal formation in silicon. An example of deadtime extension

is depicted in the top part ofidgure 5.1 in this example 3 over the 6 input
pulses are counted, while the pulses arriving during the extended deadtime
periods are not detected.

In a nonparalyzable( o r -dixtoern dnode|dghe yecond event is not
counted, but the deadtime is not extendeaut.dxample, ADC devices used

In nuclear physics measurements typically have a conversion period on the
order of tens of microseconds, when any further input is ignored, but it is
ready to process another signal as soon as the previous conversion in
compleed.

The bottom part of Figre 5.1shows an example of ngraralyzable system:

in this example 4 of the 6 input pulses are detected and counted.
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Dead __! I i
1 1
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Live L1l o o - = L I L _Lr_L__ Paralyzable

I I S B

Input Events Time ——=

Dead
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Figure 51 Example of deadtime behavior in a paralyzable model (top) and non
paral/zable system (bottom). The arrows indicate the time of arrival of input pulses.
Pulses within the deadtime periods are not detected.

The two models describe how the number of detected pulsegeldends on )
the number of original input pulses,Nind ont he deadti me U
fixed), as follows:

1 Paralyzable model:
0 0 A @Dt (5.1)
1 Non-paralyzable model:

0 (5.2
p T0

The same equatiorapply to the relation between the measured counting
frequency §: and the input counting frequency. fThe behavior of the
output counting rate as a function of the input counting rate is shown in
Figure 5.2for the two models. As the name suggests, wheninput rates
increasethe rate of the output pulses in the paralyzable model tends to zero
because the ddame is continuously extended.
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Figure 52 Example of the output rate vs input rate for Idezese
with no count loss, for a neparalyzable system and for a

paralyzable system.

A correction algorithm for inefficiency effects could simply be based on the
estimation of the system deadtinuk,

eguationgo estimate the number of input pulses. However, the estimation
of the system deadtime is not trivial and, in addition, the system behavior

and

t he

nver si

could not be described by an ideal paralyzable orpayalyzable mdel.
Hybrid models have been introduced in the a4} [55] [56], but they are

mathematically more complex with one additional unknown parameter to be

estimated.

In the following two algorithms are proposed for correction of count losses.

The first algorithm (OR method) is based on number of pulses detected after

the logical OR of two signafrom two strips and on the assumption of ideal
paralzable or nofparalyzable modelsThe second algorithm (AND

method) is based on the measurement of the total time duration of individual

pulses from the twatripsand on the time duration of pulses of the logical

AND combination of the two signals. In both the cases, the two signals are

assumed to be produced by tm@ighboringstrip channels and that the time
distributions of input particles in the two strips are independent.

Both the methods are intended to be applied to the system that is going to be
implemented for the counting praype described in the previous chapters,

where the output current signals from two detectors are amplified and
discriminated with respect to a fixed threshold. The discriminator provides

an output logical signal whose duration is assumed to be equal tinéhe
interval for which the amplified signal is over threshold. The output logical

signals are therefore sampled in a FPGA with a fast clock, thus providing a
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Chapter 5 Correction of counting inefficiencies

flow of two logical vectors of which the logical OR and AND combinations
are performed. The pus are detected aslGransition of the logical vectors

of the two channels and of their OR combination. The time duration of the
input signals and of their AND combination is proportional to the number of
clocks corresponding to number of 1 in the lobiesctor. Several counters
are incremented with the number of pulses or clocks for each of the two
channels or for their logical combination. A scheme of the system is shown
in Figure5.3.

Nin l\ 01100110 |_4 01101110
2 | I/ sampling OR
! Vthr
! i
] 1
] I
1 n Ngut
] 1
! " T,
1 Detector Readout electronics " Digitizer/FPGA

Figure 53 A schematic of the acquisition system for the counting device,
the logical signals from two channels sampled in a FPGA ambimed in OR
and AND combinations.

The quantities shown in Fige 5.3are defined as follows:
T 0 ,0 dnumber of input particles in the two detector channels
T 0 ,0 dnumber of detected pulses in the two channels
1 0 :number of pulses detected in the OR combination of the signals
from the two channels
' "YH'Ydsignal duration for the signals from the two channels (number
of FPGA clocks with active signal)
1 °Y : duration of the AND logical signal (number of clocks with
active AND signal)
1 Y :total acquisition time (total number obcks).
These quantities will be used in the following sections. To describe the two
correction methods, an infinite sampling frequency is assuatethe
generatedbeginning corresponding to a perfect measurement of all the
signal durations and no pilg effect introduced by the FRAGsampling.

97



Chapter 5 Correction of countingnefficiencies

5.3 The OR correction method

The OR correction method is based on the measurement of the number of
output pulses from the signals of two independent detector channels, and of
the number of pulses of their logicaR@ombination. It is assumed that the
random distributions of the input times in the two channels are independent,
and that the system behaves foliogy a paralyzable model or a non
paralyzable model.

Assume that the mean number of particles arriving atttvo detector
channels are linearly proportionatith0 the number of input pulses in

the first channel and

0 foe] (5.3
the number of input pulses in the second channel

The proportionality factork in Eq. 5.3 takes into account different
geometrical acceptances of the two ales or, in case of a therapeutic
beam, a different local flux due to the beam shape.

If a paralyzable model of inefficiency effects is assumed \aitfixed

deadtime U, the number of detected
by Eq.5.1:
0 0 A@DTD (5.4)
0 0 A PGBt 0 A @bt I (5.5)

The OR combination of the logical signals from the two channels is

equivalent to consider a single detentisystem with0 O input
pulses. The measured count of the OR signal is given by:

0 6 0 AgDPt0O O (5.6)

E p. A@bPzE p.

The correction formula of the OR thed for a paralyzable system is
obtained by combining E@tiors 5.4,5.5 and5.6:

Q pu O (5.7)
W
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Chapter 5 Correction of counting inefficiencies

The number of input particles in channel 2 can be determined fro4q.

A similar correction formula@n be obtained for a ngraralyzable system
starting from Ecp.2:

0 (5.98)

The correction formulas of E87 (paralyzable system) and B® (non
paralyzablesystem) do not depend onthe knasvd ge of t he deadH
value of the deadti me Ub54oaEg5Hoacee st i n
the number of input counts are calculated.

In Eq 5.7 and5.8, the factor k is assumed to be knan the following itis
assumed to be equal to 1 farat strips with the same area and with the same
input rates. In case it could be determined by comparing the measurements
of counts with the two detection systems at low rates.

5.4. The AND correction method

The AND correction method employs the measumsief the time duration

of the logical signals from two channels under the same radiation field,
together with the time duration of their AND combination. The correction
method is based on the estimation of the probability that a particle is detected
(pae) OF lost (fbs)). The detection probability for channel 1 or 2 is

g n (5.9)

and the probability ttbseone count is given by the fraction of time the
system is busy, i.e.:

Y (5.10)

Where N, and N, are the number of input particles and of the detected
pulses for channel 1 or 2, Tare the time durations of tlerresponding
logical signals after the discriminator, angkqis the total acquisition time.
Consideringhat pgettpios=1, we obtain:
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Chapter 5 Correction of counting inefficiencies

g n "Y; (5.11)

Assuming the time distribution of input particles are completely
independent, the probability to have both the detectors dead at the same time
Is the product of the probabilities that eacked&or channel is dead:
Y YUY (5.12
M)
uY uY -('Y

The last equation can be written as:
Y Y (5.13)

Combining Eds.11 and EQq5.13, the number of input particles cdre
estimated as:

0 0 (5.14

And a similar solution can be found for the correction of the second channel:
0 (5.15

It is worth to underline that this correctionethoddoes not rely on any
assumption on the dedithe model being extendable or not extendable.

5.5 Validation of the correction methods with simulations

5.5.1 Simulation of ideal pulses

In order to valichite the correction methods described in Sections 5.3 4nd 5.
a simulation was performed by generating the tgtamps of input particles
following a Poisson distribution at different frequencigsX fixed deadtime

.

of U=1,5 ns was added to eaxendingul se
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Chapter 5 Correction of counting inefficiencies

criteria to provide waveforms of deadtime distributions corresponding to the
overlap of boxcar functions with unit amplitude. An example of waveform
Is shown in Fig5.4(left). The number of output pulsesrrespondso the
number of transitions from O.

To take into account the effect obncontinuousbeam structures, the
generated input pulses can be packed in bunches, where the bunches are
distributed with a peod Thunc=1/founchWith a duty cycle DC. An example of
bunched particle distribution is shown in Eglright). The beam
parameters used in the simulation of bunched beams,akg=T us and DC

= 0,3, and inside each bunch the particle distributioroisg®nian.

' - (3 | - (b)
~ 37 |15ms 1~ 37 1
g ‘ \;’/ Thunch= lus 0.3us
g 2 132 T
= £
= 2,

g 1lr g 1 .
0 0
1

2 1 2
Time (us) Time (us)

Figure 54 Left: simulation of an ideal deadtime waveform for a continuous beam. Ric
waveform generated for a beam with a bunch structure.

For each simulation two sets of waveforms with independent probability
distributions and the same beam structure (uniform or bunched) are
generated, temulate the outpstfrom two adjacent UFSD strips. The
number of input and detected pulsiesm the simulated waveforms are
converted in input and measured pulse rates for the two chaBgedgions

5.6, 5.7, 5.14and5.15 are applied to the measured number of counts and
pulse times to determine the particles rates corrected forupile
inefficiencies. In the following only corrections for a paralyzable system will
be shown, because the deadtime due to two overlapping sigoalsafr
silicon sensolis expected to follow aextendng model The results are
shown in Fig5.5in terms of theproductsUfcor and Ufmeasas a function of

the normalized input frequend¥fi, for acontinuousbeam (left) and a beam
with a bunched structure (right). The black dastietted lines are the
measured normalized frequency before the corrections, the red lihe is
ideal case of perfect correction, the blue points are the normalized
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frequencies corrected with the AND method, the red points with the OR
method. A very good performance is observed for both the methods applied
to a continuous beam. For the simulatioof a bunched beam, the AND
method works tillUfi,=1, while the OR method fails fayf;»>0.5. It has to

be noticed that)fi,=0,5 corresponds to a very high input frequency (330
MHz/channel).

Figure 55 Normalized particle rates as a function of the input rate for the ideal ce
no pileup effects (red line), for the output puldesfore corrections (black linend
after the corrections with the AND method (blue points and lines) and the OR
(green poits and line)

The correction results are better appreciated in3-&).where the counting
efficiency @=fcorffin) after corrections with the OR (Fl6(a)) and AND
(Fig.5.6(b)) methods is shown as a function of the normalized input
frequency for continuous and bunched beam and a paralyzable system. The
factor Uused to normalize the input frequency is the intrinsicdldéae of

the system in case of eontinuousbeam (¥1.5 ns) and the effective
deadtime (}x=UDC) in case of a bunched beam. The different normalization
factors take into accounts the fact that inefficiency effects and their
corrections depend on the tastaneous frequency in case of a bunched
beam.
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Figure 5.6 Counting efficiency dr/fin as a function of the normalized input rate
the AND method (a) and the OR method (b), continuous beam (red) and bu
beam (blue)

From Fig5.6it is evident that both the methods work very well in this range
of input frequencies, providing a corrected frequency value close to the input
particle rate within 1 %. However, in these slations ideal pulse and
deadtime conditionsvere considered. The following section describes the
results obtained from studies with more realistic signals and pulsesshape
expected from a silicon detector and simulated with the Weightfield2
package.

5.52 Simulation of realistic pulses from UFSD sensors

In order to check the performance of the correction algorithms with
simulations of a more realistic scenario, the Weightfield2 software described
in Sectior2.5was used to provide a sample of signalsetgpd from a UFSD
sensor with 5Qum thickness and gain 10 crossed by minimum ionizing
particles (MIPs).
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The simulation includes the effect of the Cividec broadband amplifiers
employed for the tests described in the previous chapter. For each input
frequency, the signals have been distributed randomly in time with Poisson
distribution and two set of independent waveforms were generated to
simulate the output from two UFSD strips. The wavefowese generated

with a sampling frequency of 5 GHz, to simuldte sampling of th€ AEN
digitizer used to collect data from the UFSD strips at CNAO and TIFPA
(Sect 4.31).

het

1 [T

signal [mV]

7 SR E— B e 1 1 )
time [ng]
h_outt
1___ 111 M m m | | m
u.sf—
O.Gf—
0.43—
O.Ef—
04 E ' ' 0 ' ' T 0 ' ' 200
time [ns]
Figure57Top: a waveform of simulated ¢

input rate of 100 MHz. Bottom: corresponding pulses after the discriminatc

A threshold value washoserto emulate the logical signals in output from a
discriminator, assuimg that the duration of each output puiseven by the
time the waveform signals are over threshold.

An example of generated signals and corresponding logical pulses after the
discriminator are shown in Fig.7 for a 204.8ns waveform generate with an
input pulse rate of 100 MHz. The number of mead pulses corresponds to

the number of logical pulses in Fag/(bottom).

The amplitude distribution of the signals generated with Weightfield2 used
in this simulation is shown in Fige 5.§left), wherethe result from a fit with

a Landau functioms included From Figire 5.§left) it can be seen that the
lowest amplitude value is 10 mV and the Most Probable Vislle® of the
Landau fit is 188 mV.
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Figure 58 Left: amplitude distribution of the simulated signals with a Larfda®ight:
illustration of the impact of the threshold level on the signal detection and pulse dur:

It is expected that the system deadtime depends on the value of the threshold.
This is evident from Fi&.&right), where the different duration of the time
over threshold are visualized for different threshold values. At high
thresholds the signal is completely lost, while for low threshold levels, the
output pulse from the discriminator can be affectedheysignal tails. In a

first approximation the noise is not included in the simulation: it will be

added in a second step.

The simulation of two independent signal flows from two UFSD detectors
(or two strips) with the same input rate was used to coenntimber of
logical pulses after the discriminator and toerespondingates {meay. The

OR and AND combination of the logical pulses and all the quantities needed
to apply the correction formula described in Sects. 5.3 and 5.4 are calculated
(T1, T2, Tanp, N1, N2, Nor). The same input frequency is used for the two
channels and the factor k in Eg|7 is therefore fixed to k=1.
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The countingates Ufk,; obtained with the AND and OR methods are shown
in Fig5.9as a function of the normalized input fremcyUf;, for different
threshold levels. In the two graphs of Bi§ the colored boxes and circles
are thenormalized countig r a t e.s aftdd thé corrections, while the
triangles are thaormalizedcountingrateswithout corrections, with colors
corresponding to different threshold values. A deadtime valugb5 ns
(the typical duration of single MIP signals generated from Weightfield2 at
half of their amplitude) is used to normalize the input frequency.

AND Method OR Method
§ L neral 51
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08| *1zmv 0.8~ ——12mv o
| | —4—15mV //_/- F|—+—15mV /
[ [ 18mv L | ——18mv
0.6 2 06p % e
; e L
0.4- /.//é/./'/ 0.4l /// //
L L — ]
i %ﬁﬁ i %ﬁ%
0.2 o 0.2 o
| / = [ o
0 0 L L L 02 L L L 0-4 L L L 06 L L L 0-8 L L L 1 O 0 | | | 0.2 1 | | 0.4 | | | 0.6 | | | 0.8 | 1 | 1
T f tf

Figure 59 Countingratesbefore (triangles) and after (circles) the corrections with
AND (leff) and OR (right) methods as a fil
for different threshold levels.

The same results are shown in Big0in terms of counting efficiency before
(fmeadfin) and after the correctionsedf/fin) as a function of the normalized
input frequency, separately for different threshold values.
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Counting efficiency
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Counting efficiency

At low threshold levels (3 mV) the AND method recovers the counting
inefficiencies better than the OR method. For thresholds values greater than
6 mV the OR method looks more promising, while for thresholds equal or
greater than 12 mV both the methods are not able to fully recover the count
losses even at low input frequerssighis is justified by the fact that a
threshold above 10 mV starts to cut some signals with amplielsvthe
threshold, as can be seen from the amplitude distribution used in the
simulation (Fig5.8). A reasonable threshold level for this simulatienbi
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Figure 510 Counting efficiencies as a function of the normalized input freque
before the correction (black) aadter the corrections with the AND (blue) and C
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(red) methods, for different threshold values

mV.

The readout system depicted in Bi@.requires the acquisition of logical
signals from a FPGA, where a deserializarssdio sample the input pulses
at a given frequency.herefore the effect of the FPGA samplifiggquency
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on the counting effiency is studied. The results are shown in 3l in

terms of counting efficiency dependence on the sampling frequientlyis
studysignalsweregenerated in two channels with iaput rate of 150 MHz
(corresponding ttJfi,=0.225), discriminated with fixed threshold of 6 mV

and the output logical pulses are sampled at different frequencies before their
logical combinations and the application of the counting and correction

algorithms.
Threshold = 6 mV, Freq.= 150 MHz
(>).‘ L ideal
2 12—_ — ideal
g N + not corrected
% B + corrected_AND
g} 11j —%— corrected_OR
€ B
8 1; _____________________________________________________________________________________________________________
o T . . . . .
0.9
0.8 . 4 R N R R
0.7
-
0.6,
05,
Feoa v v b b L
1 2 3 4 5

6
sampling rate [GHz]

Figure 511 Counting efficiency as a function of the sampling rate
no correction (black) and after the corrections with the ARDe) anc
the OR (red) methods

The counting efficiencies before and after corrections aréesiath respect

to the sampling rate forsaping greater than 3 GHz. For lower sampling
frequencies the performance of the recovery algorittiangsto deteriorate,

in particular for the AND method. At sampling frequencies below 0.5 GHz
the number ofsamplesis not enough to identify all the pulses, and both the
counting corrections fail. The OR algorithm is more solid in a readout system
based on an FPGAs, which internal clock does not exceed 1 GHz.

Another problem to be taken into account in a cogngystem based on the
logical combination of signals from tweeighboringchannels is the charge
sharing between the two channels. For example,etbetronhole pairs
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produced by a particle crossing one strip can be partially collected from the
neighborimg strip, and this can give rise to a pair of correlated signals in the
two channelsdr the same particle: in particular this chasjaring effect

can be produced by particles close to the edge of the strip or hittiregiba
between the strips. Thedapendence of the signals from the two channels
Is a basic assumption for the proposed correction algorithms that can be
violated if the charge sharing effect is too high.

In order to investigate how the correction algorithms are affected by charge
sharng effects, the possibility to have signals in both the channels is
introduced in the simulation. For each particle in one channel another signal
Is generated in the second channel with a probabilityide The counting
efficiency before and after theowwections are shown in Fig.12 as a
function of the charge sharing probabilitgRing The simulated data used

for this analysis were generated withiaput frequency of 150 MHz and a
threshold of 6 mV was applied.

Threshold = 6mV, Freq.= 150MHz
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Figure 512 Counting efficiency as a function of the charge shari
probability (defined in the text), before the corrections (black) &
after the corrections with the AND (blue) and the ORIYmethods

The number of measured counts g&se with Rmpiingin both the detector
channels, and the loss of independence does not allow to compensate this
effect with the correction algorithms. The output frequency from the AND
and OR correction methods overestimate the input frequencies wheg P
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increased. A maximum charge sharing probability of 2% seems to be
tolerable

The last effect that was investigated and that affiet performance of the
correction algorithms is related to the noise of the electronics. Fake counts
due to noise @kes above the threshoéde addedto the number of counts
from real signals, producing counting errors. A random Gaussian noise was
added to the samples of the waveforms produced by the simulation, with
different values of the root meaquare. An exampl of a waveform of
signals generated with a mean frequency of 100 MHz and with the overlap
of a noise with rms = 3 mV is shown in Figl13

he2

siggnial [imv]

20

Olllzﬂllldnlllﬂﬁlllaﬁlll

Figure 513 Waveform of simulated UFSD signals with the addition of a randor
Gaussian noise with rms of 3 mV.

The same procedure described befees applied to the waveforms with
overlapped noise: a fixed thresholdigsd to extract logical pulses from two
independent channels and the number of counts and the durations of the
output pulses anaf their logical combinations are used to apply the
correctionequations Fig. 5.14 shows the counting efficiency before and
after orrection for a input frequency of 150 MHz and a threshold of 6 mV

as a function of the noise rms value.
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Threshold = 6 mV, Freq.= 150 MHz
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Figure 514 Counting efficiency as a function of the noise rms before caore
(black) and after correction with the AND (blue) and OR (red) method:

The ideal counting efficiency of 1 is recovered for both the AND and OR
algorithm for a noise rms below 2.5 mV. Above this levelnofse,the
nunber of measured counts starts to increase for both the channeikisand
excess of countsannotbe corrected. Taking into account the MPV value of
18 mV for the signal amplitudes used in the simulati€ig 5.8) these results
indicate that a minimum smgkto-noise level (SNR) of 7 is needed.

All the results shown above will be used for future studies and optimization
of the sensors and the electronics used for beam monitoring based)ien
particle counting. It has to be underlined that the stud@srsim this section

are based on the Weightfild2 package that was already validatguicasch

to reproduce the signal shapes in output from the UFSD strip sensors of
MoVe-IT. In addition, the readout electronics based on the ABACUS chip
described in Se@.6 already exceeds the SNR limit acceptable for counting
applications, and its output signal will be collected by a Kintex 7 FPGA with
an input deserializer working with a clock of 1 GHz. Therefore, the counting
system designed foMoVe-IT will be adequat to apply the correction
algorithms described in this chapter and to extend its counting capabilities
above the design limit of $@/cn¥'s of particle flux.
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5.6 Application of the correction algorithms to the data
collected at CNAO andPTC of Trento

The simulations described in the previous section included many parameters
(threshold, noise, charge sharinggmpling frequency) influencing the
counting efficiency of the system. However, it is impossible to reproduce the
harsh ambient and in particulaetbeam structure of a therapeutic beam.

Therefore, the pileip mitigation methods described in the previous section
have been applied to the data collected with two adjacent strips obie-M

IT sensors at CNAO and at the Proton Therapy Center of Trdime
saturation effects due to counting inefficiency at high rates were already
shown in Fig.4.6 (CNAO) and Fig.4.2 (Trento) of the previous chapter.

The results of the correction algorithms applied on the data collected at
CNAO are shown in Fig. 5.15yhere the particle rate and the counting
efficiency are shown as a function of the input rate as measured before the
corrections (black points) and after the corrections with the AND method
(blue points) and the OR method (red points). Results from diézted at
different energies are merged in this plot and the input rate was estimated
using the charge measured with the pate ionization chamber as described

in Sect.4.4.4. The two red dotted lines in Fig. 5.15 corresponds to a counting
efficiency of+1.5 % with respect to the ideal case of perfect counting with
efficiency equal to 1.
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Figure 515 Particle rate (top) and counting efficiency (bottom) as a func

of the estimated input rate before the correction (black triangles)fi@nc

the corrections with the AND method (blue points) and the OR metho
points) for data collected at CNAO.

The good performance of the mitigation algorithms is evident, and
reasonable results are achieved for both the method up to a particle rate of
about 10 MHz, corregmding to a local fluence rate atbouts 1 p/(cn¥ s),

well above the goal of the &We-IT project. However,some points are
outside the error bands, especially for measurements performed at high
energy, for which the signal amplitude is lower, the local flux and noise
higher, and the discrimation of signals from noise more difficult. In
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addition, the run collected at CNAO suffered from low statistics and only
three beam intensity values were available for each energy. No
measurements were available at beam intensities corresponding to design
flux of the counting system.

With the lessons learnt from the previous tests at CNAO, the measurements
were repeated at Trento with a higher makageto providing a good signal

to noise ratio even with high energetic protons and extra wire bonds were
added to ensure connectivity to ground and reduce the noise. In addition, at
the Proton Therapy Center of TIFPA low beam intensity were available to
test the counting performance at the nominal flux foreseen &MeMT and

data have been collected in ¢pruns to collect sufficient statistics.

In Fig. 5.16 the difference in the number of counts measured by the two
adjacent strips at the PTC of Trento is shown. A differericbout 1 % is
observed, probably due to a variation of the local flux in thestrips due

to the lateral beam shape. In principle a scale factor k different than 1 should
be estimated and applied in Eq.5howevera correction with respect to the
nominal value k=1 was not applied tilese analyse®ecause its effect on

the correted number of counts was estimated to be less %0
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Figure 516 Count difference between two adjacent strips from short Md\&ensor

The results of the application of the correction algorithm to the data collected
at TIFPA with two strips are shown in Fig.5.17.
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Figure 518 Counting efficiency as a function of the input rate for data collected at
Proton Therapy Center of Trento before the corrections (black trigrgldsafter the
corrections with the AND method (bly®ints) and the OR method (red point) separ
for each beam energy used in the test. The horizontal red lines correspond to a +1
around the ideal case of perfect counting.
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The same results are shown in Fig.&id terms of countig efficiency
separately for each beam energy used in the test. A £1 % error band with
respect to the ideal case of perfect counting with efficiency equal to 1 is
added. In both the figure the measured rates without correction are included
as black triangds, while the corrected values are shown with blue and red
points for the AND and the OR methods respectively. For the not corrected
values the measurements from both the strips are reported.

The results shown in Fig.5.18 show that even without the apiolrcof pile

up corrections, the measured counting error was less than 2 % up to 2
MHz/strip, corresponding to the design flux of eVe-IT strip sensor of

100 MHz/cn?-s). After the application of the correction methods, almost all
the points are withi the £1 % limits for all the energies up to 7 MHz/strip
(corresponding to a flux of about 3.5%1®(cn?-s). The OR method looks

to be more robust in the correction, while the AND method tends to
overestimate the number of counts at the highest energgtdmghest rate,
where the counting conditions are more difficult.

In conclusion, it was demonstrated that the counting system designed to
monitor the irradiation beam in radiobiological experiment meets the
requirements of théMoVe-IT project. Solid comction algorithms, based
only on data collected by two strips without the need of a priori knowledge
on the beam structu@ onthe system deadtime, have been developed and
proven to be able to enhance the counting capacities of the device.
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Conclusions andfuture perspectives

This thesis reportel he aut hor 6s Doctor al resea
October2017- Septembe019, performed within the medical physics group

of Torino University and INFNThe activity concernethe investigation of
innovative silicondetectorswith controlled internal gain (hamed LGAD or

UFSD) for their use as beam monitors in charged particle therapy. The work
consisted in the testing and characterization of dedicated WERensors

in laboratory and in test beams perfornatvo Italian treatment facilities.

In particular the author was involved in the preparation of the acquisition
setup, in data collection and analysis.

The thesis work was performed within BNFN projectnamed MoVelT.
The MoVelT project is an Italiancollaboration working for a cohesive
upgrade of madding and verification techniques for treatment plannimg
particle therapyln particular, the Torino medical physics groumisharge
of develging adetector prototypeased on thin LGAD silicon detectdy
single iondiscriminationand countingn particle beamso be used as beam
monitor in radiobiological experiments.

The results of thighesiswork demonstrated the capability of tiséip
sensorsleveloped for MoVdT to count the number of beam particles at the
designed flux of 1®p/(cn? s) with an errorof aboutl %. Moreover,
mathematical algorithms developed by the medical physics group of Torino
and applied on the collected data have proven to mitigate counting
inefficiencies due to pilelp effects and to extend the counting capabdit

the system to higher beam fluxes.

The construction of the prototype for particle counting will be completed in
the next months to be available for monitoring of beams during
radiobiological experiments at the Italian facilities by the end of 2020. At
this moment a 2¢hannels ASIC chip (named ABACUS) dedicated for the
readout of the MoV4@T strips was produced and tested at INFN Torino. The
results of the tests show that the readout chip is able to count with full
efficiency up to 100 MHz/channel withcceptable noise.

The final counting prototype will cover an area of about 3x3 with two
planes of UFSD strip sensors to measure the number of beam particles and
the beam profiles in two orthogonal directions. The final prototype requires
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the construtgon of new UFSD sensors with larger area and higher number
of strips. The design of the new strip sensors was al@@aupletecoy FBK

and the production is foreseen for the next morhaafer layout withthe

3x3 cnt new sensors is shown in Fig.6.1. Yheill have 146 strips with a
pitch of 180 um to be easily adapted to the pitch of the chip input pads. They
will be produced in 12 wafers with two different doping doses, with 7 sensors
hosted in each waferhere 1 additional sensor without gain layer atiter
smaller structures are also included

Figure 61 Wafer layout withthe new stripsensors designed by FBK for the final
prototype of beam particle counter.

In parallel, a dedicated readout board was designed by INFN Torino. The
board, shown in Fig. 6.2, will host 6 ABACUS chips to connect all the 146
strips of a 3x3 chsensor positioned at the center of tlard. The board

will distribute the output pulses from the readout chips to 3 external FPGAs
of the Xilinx Kintex 7 family, for which a firmware was already
implemented to count the number of pulses and apply the correction
algorithms to mitigate countingefficiencies at high rates. The same FPGAs
will manage the DACs integrated in the board and in the chip to set the
discriminator thresholds.
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Figure 62 Design of the readout board for the final bea
counting prototype

In addition to their applications in radiobiological experiments, the beam
monitor prototype developed forehVioVeIT project is intended to be a
demonstrator for the possible future use of sstate detectors for beam
monitoring in clinical treatments with charged particles, overcoming the
limitations of ionization chambers in terms of speed, sensitivityspadial
resolution.

However, this technology has to face many challenges before it can be used
for clinical purposes. In particular, the typical flux of a clinical beam is an
order of magnitude higher than the flux the MeMeprototype based on

strip ®nsors can achieve. To be able to count at a clinical proton flux of
10°+10'° cmi? s a smaller area is needed for each sensor channel, requiring
the use of detectors segmented in small pixels. Taking into account the
typical field of a monitor chamber aft least 20x20 cfnthe number of
channels will become of the order 0f30(°. The same number of channels

IS required for the electronics, that must be bt#apded to the sensors pads,
and cannot be mounted externally like in the MdV@rototype. Thisneans

that the electronic chip suffers from the same radiation dose of the sensors,
and that it contributes to the total thickness of the device, perturbing the beam
quality for the multiple scattering in the material. In addition, a cooling
system is neded to dissipate the heat produced by the readout chips. A
possible solution to limit the material thickness could be to employ novel
monolithic processes where the sensor and the electronics are integrated in
the same wafer. The technology to build maihadi devices with standard
CMOS manufacturing processes exigg] [58], but it is still not mature
enough for production of large area detectors.
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