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SUMMARY

Generating a prompt response to the passage of ionizing particles has emerged as a critical
requirement for next-generation scintillator-based radiation detectors in high energy physics
(HEP) and time-of-flight positron emission tomography (TOF-PET). State-of-the-art time
resolution values are of the order of 100 ps FWHM for 511 keV gamma excitation, single
channel readout and 160 ps for multichannel HEP calorimeters. Going down to sub-20
ps coincidence time resolution (CTR) implies a major technological challenge that could
be overcome by increasing photostatistic, reducing rise and decay-time or using an intense
prompt signal as a time tag in the readout chain.

The first part of this thesis will focus on the impact of the scintillating crystal optical signal
as the key factor to reduce timing. The main parameters, i.e. light yield (x to the number
of detected photoelectrons Nj.), rise- and decay-time (7., 74) will be put into perspective in
order to know their present contribution to the CTR and therefore, find ways to improve their
current values. In the second part of the manuscript, we identify and characterize a new class
of Auger suppressed semiconductor nanocrytals (NCs) with enhanced timing characteristics
under ionizing radiation.

The implementation of nanocrystal-based scintillators as a new generation of ultrafast
particle detectors is explored using two main lines: (1) nanocrystals as part of a heterostruc-
ture and (2) nanocomposites, where the NCs are embedded in a host matrix. In conclusion,
the present contribution proposes a feasible way to overcome the technological challenge that
sub-20 ps time resolution implies.
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It is our responsability as scientists,

knowing the great progress which comes

from a satisfactory philosophy of ignorance,

the great progress which is the fruit of freedom of thought,

to proclaim the value of this freedom;

to teach how doubt is not to be feared but welcomed and discussed;
and to demand this freedom as our duty to all coming generations.

Richard Feynman,
on The Value of Science, 1955.
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Abstract

Generating a prompt response to the passage of ionizing particles has emerged as a critical
requirement for next-generation scintillator-based radiation detectors in high energy physics
(HEP) and time-of-flight positron emission tomography (TOF-PET). In the search for rare
events in the future high luminosity colliders (like HL-LHC, FLC), event discrimination by
vertex identification will require a sub-20 ps time resolution due to considerable pileup of
particle bunches (in HL-LHC for instance: 140 interactions per beam crossing). Similarly,
precise time tagging of 511 keV gamma rays is needed in TOF-PET in order to confine the
eT-e-annihilation point along the line of response (LOR) to the level of a few millimeters.
Only then the time consuming, iterative, or back projection algorithms could be replaced by
a fast and direct, “real time”, image reconstruction, benefiting from more than a ten-fold
increase in sensitivity.

State-of the-art time resolution values are of the order of 160 ps for multichannel HEP
calorimeters and 500-600 ps in commercial TOF-PET scanners. The best value obtained in an
integrated system is 316 ps by the Philips Vereos machine which employs digital silicon photo-
multipliers (SiPMs) instead of analog technology. Under optimized laboratory conditions, on
the other hand, 10 mm long cerium-doped (Lu;_,Y,)2SiO5 crystals with nanosecond photon
emission rates, coupled to modern solid state photodetectors (e.g. FBK analog silicon photo-
multipliers, SiPMs) and fast front-end electronics, deliver coincidence time resolution (CTR)
of 117 ps FWHM for 511 keV gamma excitation and 60 ps for minimum ionizing particles
with a dE/dx ~ 1 MeV/mm. A different approach, using digital SiPMs and 22 x 32 x 32
mm? bulk LYSO together with maximum-likelihood techniques to estimate the time of in-
teraction, reaches CTR values of 147 ps under 511 keV for dual-side-readout and 215 ps for
single-side-readout. Exploiting the Cherenkov prompt emission has lead to CTR values of
270 ps using 2 x 2 x 3 mm® BGO crystals (7;=300 ns).

Going down to sub-20 ps time resolution implies a major technological challenge that
could be overcome by increasing photostatistic, reducing rise and decay times or using an
intense prompt signal as a time tag in the readout chain. Assuming Poisson statistic of
the photon emission process and in the case of 74 > 7. * Ny, where N, is the number of
detected photoelectrons, the CTR can be simplified as CTR o \/(774/Npe). Hence, the
photoelectron density of the scintillating emission would need to be increased by two orders
of magnitude if a CTR of O(10)ps was to be reached. On the other hand, if a prompt photon
emission along with the scintillating signal will be available, one would require between 500-
1000 photons and an advancement in the single photon time resolution of modern solid-state
photodetectors from 50 to 10 ps to obtain a CTR of 10 ps.

The first part of this thesis will focus on the impact of the scintillating crystal optical
signal as the key factor to reduce timing. The main parameters, i.e. light yield (o< Nj.), rise-
and decay-time (7, 74) will be put into perspective in order to know their present contribution
to the CTR and therefore, find ways to improve their actual values. In the second part of
the manuscript, we characterize a new class of Auger suppressed semiconductor nanocrystals
with enhanced timing characteristics due to a giant oscillator strength transition.
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The study starts with the validation of the simulation framework used to track optical
photons inside and outside the scintillating crystals. Simulations are used to (1) estimate the
light transfer efficiency of 20 mm long LYSO crystals with different coupling configurations,
(2) to calculate the light extraction maximum gain obtained by shaping the readout face of
cuboid scintillating crystals and (3) to evaluate the potential of a new highly pixelated PET
module for higher spatial resolution and DOI encoding information.

To the simulation studies follows the quantification of the LYSO intrinsic light yield,
which sets a limit to the value that N, could theoretically reach using state-of-the-art pho-
todetectors. The results are 40’000 £ 3% (stat) & 9% (syst) ph/MeV, which indicate that
around 50% of the photons are lost in a 20 mm long crystal. This corresponds to a factor of
0.7 in CTR improvement if all the light produced will be extracted, which is unable to provide
an order of magnitude leap in the time resolution. In this way, the identification of poten-
tial materials for prompt photon emission is carried out by looking into Auger suppressed
nanocrystals (NCs).

Three different classes of colloidal nanocrystals were investigated: two-dimensional CdSe
nanoplatelets (NPLs), spherical CdSe/CdS core/giant shell quantum dots (GS QDs) and
two-dimensional core/shell CdSe/ZnS nanoplatelets. We demonstrated that the emission
rates of the first two NCs under pulsed X-ray excitation are much faster than traditional
mechanisms in bulk scintillators, i.e. 5d-4f transitions. CdSe NPLs have a sub-100 ps effective
decay time of 77 ps and CdSe/CdS GS QDs exhibit a sub-ns value of 849 ps. Further, the
respective CdSe NPL and CdSe/CdS GS QD X-ray excited photoluminescence have the
emission characteristics of excitons (X) and multiexcitons (MX), with the MXs providing
additional prospects for fast timing with substantially shorter lifetimes. Inferred light yield
values for these two materials are in the order of 10* and 10* ph/MeV for NPLs and GS QDs,
respectively. This feature defines them as a potential material class to generate a prompt
photo-response at the level of CTR ~ O(10)ps. The different multiexcitonic dynamics seen for
both types of NCs under ionizing excitation, makes CdSe NPL the best performing material
due to its red-shifted MX population. The study using CdSe/ZnS core shell NPLs showed
spectral and timing deteriorated properties along the timeline of this thesis.

The implementation of nanocrystal-based scintillators as a new generation of ultrafast
particle detectors was explored using two main lines: (1) nanocrystals as part of a het-
erostructure and (2) nanocomposites, where the nanocrystals are embedded in a matrix host.
In the first approach, CdSe NPLs and GS QDs films were deposited on the surfaces of LSO:Ce
and LuAG:Ce, respectively. The study confirmed the simultaneous emission from both scin-
tillating systems with the presence of an additional longer decay component due to absorption
of the bulk scintillator light by the NC film. In both cases, the secondary excitation by the
bulk scintillator and the intrinsic longer lifetime components of the NCs can be reduced by
isolating the fast MX emission via spectral filtering. Simulations were performed to test the
efficiency of a sampled crystal using a LYSO+CdSe NPLs heterostructure, yielding layers
of maximum 200 pum thickness. The timing performance of a ZnO:Ga nanopowder-based
composite was tested for a sample where the NCs are embedded in a polystyrene matrix.
The decay time measured is of the order of 500 ps. CTR measurements using 511 keV exci-
tation present a FWHM of 200 + 30 ps for events with maximum energy deposition and 30
detected photoelectrons. An efficiency and transparency boost when placing nanopowders
in a denser host still constitutes the main challenge in order to benefit from sub-nanosecond
recombination times.

In conclusion, the present thesis proposes a feasible way to overcome the technological
challenge that sub-20 ps time resolution implies. We demonstrate the large development
potential of NC technology and justify the rigorous research in this field to make NCs a
viable option for superfast timing in domains such as HEP and medical imaging.
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STATE-OF-THE-ART AND MOTIVATION

Introduction

State-of-the-art and Motivation

Over the last few decades, radiation detector research has largely been directed towards
the discovery and development of scintillators with improved energy resolution via increased
light yield and better proportionality [Il 2, B]. More recently, generating a ‘prompt’ response
to the passage of ionizing particles has emerged as a critical requirement for next-generation
radiation detectors, notably in high energy physics (HEP) and time-of-flight positron emission
tomography (TOF-PET) applications. In the search for rare events in the planned high
luminosity large hadron collider at CERNEI (HL-LHC), for example, event discrimination
would require a sub-20 ps time resolution to mitigate the problem of particle bunch pileup
[4]. Similarly, precise time tagging of 511 keV ~-rays is needed in TOF-PET in order to
confine the eT-e -annihilation point along the line of response (LOR) to the level of a few
millimeters [5], [6].

Current state-of-the-art time resolution values in large multichannel HEP detectors as the
CMS?] electromagnetic calorimeter (ECAL) are of the order of 160 psﬂ for channels belonging
to the same electronic readout unit and around 300 ps for channels sharing different units [4].
In the low energy regime of 511 keV, state-of-the-art is of the order of 500-600 ps in commercial
TOF-PET scanners [7]. However, the best value of 316 ps is reached by the Philips Vereos
machine using digital silicon photomultipliers instead of analog technology. Under optimized
laboratory conditions, on the other hand, 10 mm long cerium-doped LuyYSiOs crystals with
nanosecond photon emission rates, coupled to modern solid state photodetectors (e.g. FBK
analog silicon photomultipliers, SiPMs) and fast frontend electronics, deliver coincidence
time resolution (CTR) of 117 ps for 511 keV gammas [§]. If instead the same scintillator
was used for the detection of minimum ionizing particles (MIPs with dE/dx ~ 1 MeV/mm),
the resolution improves to 60 ps with single-channel readout [9]. A different approach, using
digital SiPMs and 22 x 32 x 32 mm? bulk LYSO together with maximum-likelihood techniques
to estimate the time of interaction, reaches CTR values of 147 ps under 511 keV for dual-

side-readout [10] and 215 ps for single-side-readout [11].

4European Organization for Nuclear Research
5Compact Muon Solenoid
6 All values are expressed in full-width-half-maximum (FWHM).
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STATE-OF-THE-ART AND MOTIVATION

Such precision of 100 ps CTR corresponds to 15 mm spatial confinement along the line
of response (LOR) of PET scanners, which allows to discriminate between organs under
examination, e.g. prostate, pancreas or lymph nodes, and the background generated by
other, marker-attracting organs such as, e.g., the heart or the bladder [6]. Despite being a
significant improvement over standard TOF-PET cameras, this precision is still not sufficient
to allow a direct 3D image of a PET image without reconstruction. To ultimately reach
the level of true space points, i.e. not only in the traditional x-y coordinates in the plane
of the detection pixels but also in z (along the LOR), calls for a CTR improvement as high
as 10 ps, equivalent to 1.5 mm along the LOR. Only then the time consuming, iterative,
or back projection algorithms could be replaced by a fast and direct, “real time”, image

reconstruction, benefiting from a minimum ten-fold increase in sensitivity.

An advancement from present state-of-the-art to O(10)ps CTR, however, entails a major
technological challenge beyond conventional photon spectroscopy with its inherent scintilla-
tion mechanisms. Even a fast crystal brand, like LSO:Ce co-doped with 0.4% Ca?*, with novel
elementary stoichiometry and lowest emission rise- and decay-time (7,=20 ps, 74— =30 ns)
is still far from reaching the 10-20 ps time domain. Single channel readout for this crystal
presents CTR. values in the order of 100 ps under 511 keV gamma excitation for 10 mm
length and 34 ps under MIPs for 5 mm [, 9].

Assuming Poisson statistic of the photon emission process and in the case of 74 > 7% N,
[12], where Ny is the number of detected photoelectrons, the CTR can be simplified to,

Tr X T4

CTR = 2.36 (1)

pe
This estimation only includes the scintillation statistics and does not take into account the
photon travel spread in the crystal (PTS) and the single photon time resolution (SPTR)
of photodetectors. If we assume PTS and SPTR remain constant, the photoelectron time
density of the scintillating emission would need to be increased by two orders of magnitude
if a CTR of O(10)ps is to be reached. This statement holds true when using state-of-the-art
solid state photodetectors with an improved photon detection efficiency (~ 50%) and single
photon time resolution (~ 60 ps). On the other hand, if a prompt photon emission along
with the scintillating signal will be available it would be used as time tag in the readout
chain. This method would require between 500-1000 photons and an advancement in the

single photon time resolution of modern solid-state photodetectors from 50 to 10 ps to obtain
a CTR of 10 ps.

The first part of this thesis will focus on the impact of the scintillating crystal optical
signal as the key factor to reduce timing. The main parameters, i.e. light yield (o< Ny.), rise-
and decay-time (7., 74) will be put into perspective in order to know their present contribu-
tion to the CTR and therefore, find ways to improve their actual values. In the second part of
the manuscript the characterization of a new class of materials with unparalleled energy con-

version efficiency will be presented. These materials already known for their sub-nanosecond



STRUCTURE

photoluminescence response due to a collective phasing of dipoles over many unit cells which
permits a giant oscillator strength transition (GOST) [13], [14] [15], allows for enhanced timing
characteristics which are rarely seen in bulk scintillators at room temperature. In this thesis,

they will be proven to be a proliferating source of prompt photons under ionizing radiation.

So called nanocrystals (NCs), i.e. semiconductors grown at the nano-scale (< 100 nm)
with a size-dependent band-gap structure, are capable of solving many of the challenges in
the current R&D of scintillating detectors. Their tunable optoelectronic properties, combined
with recent advances in controlling their size, shape, heterostructure and surface chemistry,
have enabled their use in a wide range of photonic applications, such as low-threshold las-
ing [I5], (16l [I7], photovoltaic cells [I§] and single photon sources for quantum information
[19, 20]. Their high quantum yields and ultrafast recombination time at the sub-nanosecond
level have already generated interest in their use as low-cost, high-performance scintillators for
radiation detection [21), 22] 23]. Earlier high energy excitation studies have identified several
important issues and deficiencies that degrade the light emitting properties of NCs, predom-
inantly photo-instability [24], losses due to the re-absorption of emitted light [25] and their
intrinsic drawback, non-radiative Auger recombination [26]. However, significant progress
has been made to overcome these barriers and to advance this technology for applications
outlined above. Auger recombination, for example, has been considerably suppressed with
the appearance of 2D-nanoplatelets [15] and heterostructured core/shell quantum dots [27].
Further improvements were made by embedding ZnO:Ga nanoparticles in a host material
leading to a mechanically stable and efficient synthesis of composites using dry nanopowders
[23]. This opens a new research line dedicated to energy transfer mechanisms between a host
matrix and localized nano-emitters and allow to measure the coincidence timing response of

this new nano-materials under gamma excitation.

Structure

The present manuscript is organized in the following way:

Chapter 1, the theoretical background is introduced starting with the description of
conventional inorganic scintillators and basic radiative transitions allowed in these materials.
The main parameters that characterize the scintillating pulse are described together with the
scintillator’s main applications. A review of fast recombination processes is presented with a

short discussion of their light yield and potential usability in radiation detection.

Chapter 2 introduces nanocrystals are introduced as a new ultrafast scintillator. Quan-
tum confinement, carrier multiplication and photoionization effects under optical excitation
will be presented in order to understand the multiexcitonic dynamics exhibited by these
systems under ionizing radiation. Special attention is given to nanocrystals that show a se-
vere reduction of Auger recombination either by designing core/shell heterostructures or by

engineering the dimensions of confinement.



STRUCTURE

Chapter 3 discusses the validation of the Monte Carlo code used to transport and track
optical photons along the scintillator. These studies will be concluded in a through experimen-
tal validation with light output measurements. Once the simulations are proven to effectively
reproduce the measurements using different coupling/wrapping conditions, the code will be
used in the study of three particular cases. First, the intrinsic light yield of LYSO crystals
is estimated using dry and grease coupling. Another section is dedicated to geometrically
modified crystals, which are calculated to bring some gain in light extraction. Finally, the
study of light sharing in crystal matrices to increase the spatial resolution of PET systems

and to provide DOI information is presented.

Chapter 4, the experimental results using a setup designed to measure the intrinsic
light yield of LYSO crystals will be showed. Knowledge of this quantity brings information
regarding the limits faced by increasing photostatistic to its maximum value. The idea
consists in confining light in a determined point in space by electron excitation and extracting
this light in a well defined cone allowing for a purely geometric correction factor. A discussion

regarding how to reduce the systematic uncertainties is done for general use of this bench.

Chapter 5 presents a full description of spectral-time resolved single photon counting
system used to characterize the rise- and decay-time of scintillating materials. The exper-
imental bench uses a pulsed picosecond X-ray tube as excitation source, which allows to
resolve the first nanoseconds of the scintillation pulse. The intrinsic time resolution of the
system is around 18 ps FWHM measured under femtosecond laser excitation and the impulse
response function (IRF) is between 60-134 ps FWHM for X-ray irradiation. The rise time of
several lutetium based scintillating crystals, with and without Ca?* co-doping, was subjected
to study under X-ray pulsed excitation. Time-resolved photoluminescence was carried out in

order to determine the decay time of different scintillating systems.

Chapter 6 presents the characterization of different types of nanocrystals as a potential
source of prompt photons for the development of ultrafast radiation detectors. They are
CdSe nanoplatelets (NPLs), CdSe nanoplatelets with a ZnS shell and CdSe quantum dots
with CdS giant shell. As first, their photoluminescence properties will be measured using
a 372 nm picosecond laser excitation, followed by pulsed X-ray excitation. Effective decay
times measured are of the order of sub-100 ps for CdSe NPLs and sub-1 ns for CdSe/CdS
giant shells quantum dots under ionizing radiation. In order to optimize timing and efficiency
performance, the same materials are coupled to silver nanoparticles with a plasmon resonance
that matches the nanocrystal emission. Characterization of this plasmonic layers is done using

laser excitation.

Chapter 7 presents the implementation of nanocrystals as a new particle detector. Two
main lines of research will be presented: (1) nanocrystals as part of a heterostructure and
(2) nanocrystals fabricated as a composite. At first, a dry deposition of colloidal nanocrys-
tals is done on one of the faces of a conventional scintillator. The time resolved emission

spectrum under pulsed X-ray excitation is measured and the light yield estimated via Geant4



simulations taking into account the energy deposition. The second approach presents ZnO:Ga
nanopowder embedded in different hosts and measured in coincidence under gamma and min-

imum ionizing excitation

At the end, the manuscript concludes with a general discussion of the main results.
Future lines of research to complement and follow-up the work developed during the present

thesis are included as part of the Perspectives section.

In short, this thesis starts with the validation of the simulation framework used to track
optical photons inside and outside the scintillating crystals. To the simulation studies follows
the quantification of the LYSO intrinsic light yield, which sets a limit to the value that N,
could theoretically reach using state-of-the-art photodetectors. At the end, the manuscript
finishes with the characterization of new scintillating semiconductors and the implementation

of nanocrystal-based scintillators as a new particle detector.

The present research has been develop in the frame of the PicoSE(ﬂ fellowship (2014-
2016) and the network setup by FASTH Cost Action (2016-2017) and Crystal Clear Collabo-

ration.

"Pico-second Silicon photomultiplier-Electronics & Crystal research Marie Curie Innovative Training Net-
work, http://picosec.web.cern.ch.
8Fast Advanced Scintillator Timing
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Chapter 1

Inorganic Scintillating crystals

1.1 Definition

Scintillation is defined as the emission of electromagnetic radiation, usually in the visible
or UV range, as a result of the passage of ionizing radiation through a medium [28]. This
could let to a misunderstanding with the Cherenkov effect but the nature of the radiative
transition behind the emission is intrinsically different. The spontaneous recombination of
an electron and a hole occupying two different states in the energy bands of a material leads
to the emission of a photon in the visible or UV range. If the aforementioned electron-
holes pairs are created as a consequence of the thermalization process of “hot” electrons
coming from the interaction of high energetic particles with matter, then the consequent
electromagnetic emission is known as scintillating light. This property is not exclusive of
inorganic crystals, since it can also be found in liquid and plastic scintillators, however for
the purpose of maximizing detection efficiency in a small volume and stopping power of high

energetic particles we will focus on inorganic materials along this manuscript.

The term crystal refers to the definition used in solid state physics related to the periodic
organization of the atoms in specific sites of the lattice, where a periodical potential can
be used to describe the behavior of electrons bound to the lattice and carriers in general.
The crystalline arrangement of the atoms along specific directions brings the possibility of
calculating the energy bands that electrons and holes are allowed to occupy. In this way, we
are dealing with light emission processes coming as a result of excitation which “travels” in
a periodic and symmetric system. In general, electrons bound to the lattice can be described
using Bloch functions, which state that every electron-like particle which can be modeled as
a single particle wave function v (7) finds its stationary state solutions in the form of a plane

wave with wave-vector & multiplied by a periodic function () having Ry as a vector in the

7
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Bravais latticd't
) 2(F) = €*Tu o(F) where, u =(7+ Ro) =u =(7) (1.1)

The periodic function u,_; is known as the envelope function. The name derives from the
deduction that physical properties can be derived from the slowly varying envelope function,
identified here as u,_3(7), rather than the total wavefunction. The validity of the envelope
function approximation is still an active area of research and can be thought of as an approx-

imation on the material and not the quantum mechanics.

Crystalline solids are also characterized by a non-continuous electronic energy distribu-
tion with a band gap E, > k" separating a filled valence electronic band from higher energy
and generally not populated levels forming the conduction band. The width of the band gap
between valence and the conduction band determines whether the material is a semiconductor
(< 2-3 eV) or an insulator (>3 eV).

The crystalline structure of a scintillator gives rise to very interesting properties which
will be reviewed and discussed in the following sections. At first, the crystalline structure of
scintillating inorganic materials will be described, together with highlighted concepts of band
theory. Second, we will review the main macroscopic observables used to characterize them.
At the end, we dedicate a separate section to fast radiative transitions and time-of-flight

applications.

1.2 Crystalline structure and band theory

Introducing the many-particle Schrédinger equation with operator p = —iAV as the momen-

tum components allows for the determination of the energies of the system:

T = h ow
H(p;71,75...,79; R1, Ra..., Rp; 1) W = T (1.2)
Here, 7, and ﬁn are the vector position for electrons and ions, respectively. The wavefunction

can normally be factorized as:

—

U(r, 5., 155 R1, Ry Rnit) = (7, R)$(R) (1), (1.3)

where ¢(R) is the wavefunction for all the ions and (7, R) is the wavefunction for all the
electrons dependent on the ionic position. The difference of mass between electrons and ions
for most semiconductors is at least a factor of 1.8x103. Therefore, the electrons can move 100
times faster than the ions which allows for the previous approximation where the electrons

can be regarded as instantaneously adjusting their motion with respect to the ions.

!Defined as the lattice obtained by applying a set of discrete translations operations, i.e. linear combinations
using the primitive cell vectors.
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Dividing the electrons into core and valence electrons (leaving out magnetic effects) [29]

leads to the following expression for the time-independent crystal Hamiltonian:,
P L 7 . e2
H = —— UR — R = V(i — R _— 14
ORI R AED WS M e

where [ and m label the ions, ¢ and j label the electrons, p is the momentum, M is the ionic

mass, m is the mass of the electrons, U(R; — Ry,) is the inter-ionic potential and V (7 — R;)

is the valence-electron-ion potential. Substituting equation [1.3]in equation [I.2] we have
HY(F R)$(R) 0 op/ot

WEROR) i ¢ 5

The left-hand side depends only on the coordinates. Meanwhile, the right-hand side is only
time dependent, so that each side is equal to one and the same constant. We shall denote it

by E as it is dimensionally an energy. The time-dependent part of the previous equation is:

8‘2{‘% - —%E (1.6)
whence
o(t) = Ae~iEt/h (1.7)

In this way we have separated spatial and time dependencies and the wavefunction can be

written in the form of stationary equations:
V(R Rit) = > cjihy (7, R)gy(R) - e (1.8)

Writing the previous equation as the solution of a general class of problems assumes that the
set of functions 1, are orthonormal and that they form a complete set. The time-independent
Schrodinger equation for (7, ﬁ) and gb(]%) can be written isolating the ionic and electronic

contribution by introducing a mixed term given by H':
W(7 R HLo(R) + o(R)Hey (7, B) + H (7, R)¢(R) = BV(7, R.t) (1.9)

where,
H'y(7, R)¢(R) = Hp(7, R)(R) — o (7, R)Hro(R) (1.10)

The relative contribution of H' is of the order of m/M;. The adiabatic approximation allows

to neglect this term. In this case equation[I.9splits into a purely ionic and electronic equation.

Hi¢(R) = ELé(R) Hy(7, R) = E(7, R) (1.11)

where,
He =" V(ri—R — 1.12
2m; + ; (" 0+ Zz]: dreg|r; — T (1.12)
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In this way, the solution for the wavefunction of the free electron at a position 7 with

zero electromagnetic potential, i.e. V(7) = 0, is as follows:
U(F, t) = el R (1.13)
with the energy eigenvalue (in this case it is just the kinetic energy) given by:

K2k?
E=—" (1.14)

2m

This solution can be considered as a very simplistic solution for an electron in the conduction
band of a semiconductor considered as “free” and occupying a non-degenerate state, under the
adiabatic approximation . The dispersion or energy versus momentum (which is proportional
to the wavevector E) curves are parabolic just as for classical free particles, as shown in Figure
We will use this definition of parabolic band later on.

Figure 1.1: Energy in the k-space for a free electron.

Regarding the spatial distribution of the ions within the lattice, we find that the vast
majority of the mainstream semiconductors have a face-centered cubic Bravais lattice [30],
as shown in Figure The lattice points are defined in terms of linear combinations of a
set of primitive lattice vectors such as:

Ao Ao ;

A Ao ~ 4
iv="30+k), d=Jk+i),  d=7+]) (1.15)

The complete crystal structure is obtained by placing the atomic basis at each Bravais

lattice. For materials such as Si, Ge, GaAs this consists of two atoms, one at (%,%,%) and

the other at (—%,—%,—%) in units of Ag. For the group IV materials, such as Si and Ge, as the
atoms within the basis are the same, the crystal structure is equivalent to diamond. For III-
IV and II-IV compounds such as CdSe, CdS, PbSe and ZnO the cation sits on the (—%,—%,—é)

site and the anion on (%,%,%). Sometimes, the same compounds grown as nanocrystals can
form a different structure, known as wurtzite (Figure b)). The wurtzite structure is
non-centrosymmetric, i.e. lacks inversion symmetry. Due to this, wurtzite crystals can (and

generally do) have properties such as piezoelectricity and pyroelectricity, which centrosym-

10
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Figure 1.2: The zinc-blend (a) and wurtzite (b) crystal structures represented in a unit cell. The
colors represent the different ions conforming the primitive cell. The vectors forming the basis of the
unit cell are shown in black. The vectors forming the primitive cell are shown in red.

metric crystals lack. Each of the two individual atom types forms a sub-lattice which is
HCP-type (short for hexagonal close-packed). When viewed altogether, the atomic positions
are the same as in the hexagonal diamond. The property of inversion symmetry is crucial

when the momentum operator is applied to calculate the matrix element of a transition.

1.2.1 The effective mass approximation

From an electrostatic point of view, the crystal potential consist of a three-dimensional lattice
of symmetric ionic core potentials screened by the inner shell electrons, which are surrounded
by the covalent bond charge distribution that holds the structure together. Solving the
previous Schrédinger equation for many-body system results in a complicated expression,
regardless of the periodic potential. One simplified solution is to assume V() as a constant
and includes its contribution in the form of an empirical fitting parameter called the effective
mass m*. This approximation is indeed suitable for relatively low electron momenta, as
occurs with low electric fields and is a widely used parametrization. The effective mass is, as
expected from the different crystal potential along particular axis, anisotropic and has been
calculated for most of the semiconductors. In GaAs, for example, the reported effective mass
of electrons in the conduction band is around 0.067*mg [30], where my is the rest mass of an

electron. The energy eigenvalue can be expressed as,

K2

- 2m*

E

(1.16)

This expression in the k-space will looks exactly like in Figure but with a narrower
parabola when using the effective mass for GaAs (Figure ).

There are two distinct bands within the semiconductors. The lower band is almost full
of electrons and the conductivity in this band is defined by the movement of empty spaces.

This band originates from the electron states which constitute the covalent bonds holding the

11



1.2. CRYSTALLINE STRUCTURE AND BAND THEORY

atoms together in the crystal. In some way, electric charge in a solid resembles a fluid, and
the analogy for the valence band is that the empty states behave like bubbles within the fluid
and they are known as holes. The other band, known as conduction band is almost devoided
of electrons. It represents excited electron states which are occupied by electrons promoted
from localized covalent bonds into extended states in the body of the crystal. Figure
illustrates these two bands and the gap separating them known as the band gap. Notice how
the valence band is inverted which implies the lowest energy states for the holes are at the top
of the band. The aperture of the parabola is also different, which indicate the different values
for the effective mass approximation of electrons and holes. In this case, the representation

implies a heavier hole compared to the effective mass of the electrons.

photon emission phonon assisted

[ el ~ [l || # ||

Figure 1.3: Direct and indirect band gap semiconductors with their corresponding photon emission
processes.

The minimal-energy state in the conduction band and the maximal-energy state in the
valence band are each characterized by a certain crystal momentum (k-vector) in the Brillouin
zone. If the k-vectors are the same, it is called a ‘direct gap’ semiconductor. If they are
different, it is called an ‘indirect gap’. In an indirect gap, a photon can not be emitted
because the electron must pass through an intermediate state and transfer momentum to
the crystal lattice, which usually happens through phonon relaxation. This classification is

presented in Figure [1.3| using the energy in the k-space diagram.

1.2.2 The reciprocal lattice

As shown in the previous sections, considering the electron wavefunction as a plane wave
(e“;”?) but with a correction factor called effective mass, is a useful method to approximate the
electronic band structure. In general, such a wave does not have the periodicity of the crystal
lattice. However, it can be proven that the periodicity will be maintained when choosing

the proper vector basis. This set of vectors is usually called vectors of the reciprocal lattice.

12
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They form the primitive cell of a lattice obtained after applying a Fourier transformation to

the vectors of the Bravais lattice.

They can be obtained using the following relations:

- do X @ - as X a - a; X a
[ PO ahec: B M) W R S R VS (1.17)
ai - (CLQ X a3) al (CLQ X a3) al ( 2 X a3)
When expressing the reciprocal lattice vectors in the basis of (5, 7, l;'), we obtain:
- 2T 4 A 4 - 2T A~ A & - 2T o~ A 4
by =—(—i+j+k bo=—0G—j5+k bs=—0G+j—k 1.18
1 Ao( i+ +k) 2 Ao(l Jj+k) 3 AO(Z+J ) (1.18)

which are equivalent to the body-centered cubic Bravais lattice vectors. Thus the reciprocal

lattice constructed from the linear combinations:
G = Biby + Baba + Babs (1.19)
is a body-centered cubic lattice with lattice constant 27/ Ay.

It was shown by von Laue [31] that waves will diffract in a periodic structure when:

ké:;@ (1.20)

In this way, the free electron dispersion curves of Figure will be perturbed when the
electron wave vector satisfies the previous condition. Figure illustrates the effect that
such diffraction would have on the free electron curves. At a wave vector which satisfies von
Laue’s condition, i.e. k= Z—’;I%, the energy bands are disturbed and an energy gap opens.

Such effect on the parabolic dispersion is known as the nearly free electron model.

Brillouin zone

k

Figure 1.4: Comparison of the “free” and “nearly free” electron model. At a wave vector which
satisfies von Laue’s condition, i.e. k = f‘—’;k, the energy bands are disturbed and an energy gap opens.
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The space between the lowest wave vector which is the solutions to von Laue’s condition
is called the first Brillouin zone. Note that the reciprocal lattice vector in any particular
direction spans the Brillouin zone. As mentioned before, a face-centered cubic lattice has a
body-centered cubic reciprocal lattice, and therefore, the Brillouin zone is a 3D solid, which
happens to be a truncated octahedron. High symmetry points around the Brillouin zone are
often labeled for ease of reference, with the most important of these, being the k=0 point,

referred to as I', and the < 001 > zone edges, which are called the X points.

1.2.3 k- p perturbation

In practice the important regions of the band structure are those which are most commonly
populated by the mobile excitation of the crystal: electrons in the conduction band valley and
holes at the top of the valence band. Finding the solution for the one-electron Schrodinger
equation at these points in the Brillouin zone, it is possible to obtain solutions in the imme-

diate neighborhood by including the scalar product k- P as a perturbation.

Suppose that the eigenvalues and Bloch functions are known for all bands at the center

of the zone, I'. Then the Schrodinger equation:

=2 - -
{2pim + Z V(’F— Rlo)} ezk'rung(f') = EnE ezk~runE(77) (1.21)
l

can be transformed to an equation containing only the periodic part of the Bloch function
with p = —ihV [29]:

{5%**ﬁ+h62+vﬁﬂuﬂﬁ7ZEMU@@i (1.22)

where V() is a simpler notation for the periodic potential.

In the limit of Ak < P, the equation can be written as:

(HQ + H, + HQ) unE(F) = EnE unE(F) (1.23)
h-
H1 =—k -p (124)
m
h2k2
Hy = 1.2
2 2m (1.25)

So, we have Hj as a first-order and Hy as a second-order perturbation.
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To zero order,

U, = Uno (1.26)
E = FEno (1.27)
To first order,

I k- <m0|ﬁ|n0>umo
- = — 1.28
Unf = Um0 ¥ m Z Eno — Emo ( )

m#n
h - .

E = FEno+ Ek - {molp|no), (1.29)

Here mg and ng represent different bands with k=0. Crystals with inversion symmetry
have symmetrical Bloch functions. Since p is antisymmetric there will be no first-order
correction to the energy. Where inversion symmetry is lacking, as in wurtzite structures, the
correction may be non-zero and a term proportional to k appears. This indeed occurs at the
top of the valence band and at the X point in the conduction band in these materials and

results in a shift of the extreme in k.

However there is always a first-order correction to the Bloch function. For example,
the Bloch functions of the conduction band and valence band are respectively |s) and |p)
orbital like and have a strong momentum matrix element connecting them. The second-
order correction is not as important for the Bloch functions as it is for the energy. Neglecting

the first-order correction equation [1.30]is obtained:

R2E2 B2 |k - (molplno)|?
E .= - § 1% VROAT0/T 1.30
nk no + 2m * m?2 P Eno— Eno ( )

This result can be expressed in terms of an effective mass as follows:

h2kik;
Ep=FEwo+Y. o (1.31)

where m* is a second-order tensor

m 2 (no|pilmo) (molpi|no)
R > (1.32)

mi Eno — Eno

) m#n

Applying degenerated perturbation theory it is possible to calculate the energy eigenval-
ues for the valence band, where in dependence of the effective mass we can have light holes,

heavy holes and an split off (product of the spin orbit interaction) of the bands.
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Oscillator strength

Since we are interested in radiative transitions between conduction and valence band, it is
useful to introduce a term that express the probability of an allowed transition. Following the
relation P = %, it is clear that a high probability of carriers recombination brings a faster
decay time. In a radiative transition between band n and band m the perturbation writes as
[29]:

H=-4A.5 (1.33)
m

where A is the vector potential of the electromagnetic wave. Consequently, the matrix element
which determines the transition rate contains the momentum matrix element p,,,, connecting

the two bands at k=0:
Pmn = <m0‘ﬁ’n0> (1.34)

which are exactly the quantities that appear in the k- p perturbation theory and deter-
mine the curvature of band extrema. The probability of transition is usually described by a

dimensionless quantity known as the oscillator strength which is defined as:

1.35
mhw,,’ ( )

Jrmn

where hw, = En0 — E,0. A reasonable approximation for interband transitions between
conduction and valence band is,
m

PR
v

fom 1+ (1.36)

where my is the hole effective mass for the given valence band.

One way to increase the oscillator strength for a radiative transition between carriers in
the conduction and valence band, i.e. energy gap in the visible ~ 1.7-3.4 eV will be to have a
system where the electron-hole pair will form a strong bound state that is coherent over few

unit cells. In this way, we introduce and develop the concept of exciton.

1.2.4 Excitons

An exciton is defined as the bound state of an electron and a hole that interact with each other
through the electrostatic Coulomb force. Since it is a neutrally charged bosonic quasi-particle
(formed by two fermions), excitons are the elementary excitation of condensed matter that
can transport energy without transporting net electric charge. Even though the hole is not a
standard elementary fermion but corresponds to a full valence band minus one electron; the
hole is a many-body object in itself. It is possible to show that a full valence band with an
empty state does behave as a single fermion, called hole, against a large number of effects,
including exciton formation [32]. From the total charge and the force linking both particles,
the exciton could be understood as an hydrogen atom with a center of mass move far from the

nucleus due to the difference in the effective mass. In this way and comparing to the atomic
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properties of Hydrogen, the binding energy of the excitonic bound state will be smaller and
the particle size will be bigger. Basically, the distance between electron and hole is going
to depend on the dielectric constant of the material, which will screen the Coulomb force

between the electron and the hole.

Excitons can be classified according to two limiting cases [32]: (1) Frenkel excitons, first
proposed by Yakov Frenkel in 1931, are typical in materials with a small dielectric constant
like in organic molecular or alkali halide crystals. The Coulomb interaction is therefore
strong and the excitons are highly localized in space, sometimes entirely located in the same
molecule. (2) Wannier-Mot excitons, named after Gregory Wannier and Nevill Francis Mott,
are typical in inorganic semiconductors where the dielectric constant is quite large. This
reduces the Coulomb force attracting electrons and holes making the radius of the exciton
particle longer than the interatomic space. These are also known as large excitons. The main
differences among Frenkel and Wannier excitons regarding particle radius and binding energy
are shown in Figure

EXCITONS

Fronie

r=100 4 r=104
) &)

.. Ep~10meV Eo~1eV

Ground state Excited state Ground state Excited state

vB

Figure 1.5: The two limiting exciton states, i.e. Wannier-Mot (left) and Frenkel (right). Main
differences are shown regarding radius and binding energy.

From the wave-like behavior of particles, excitons can also be considered as coherent
excitation that extends over a macroscopic volume. These coherent excitations can result
either from atomic excitation delocalized by intersite interatomic-level Coulomb processes, as
in the case of Frenkel excitons or from the excitation of valence electrons into the conduction

band, as in the case of Wannier excitons.

The exciton energy states in semiconductors can be obtained, often very accurately,
within the effective mass approximation. If we assume spherical bands at EzO, the effective

mass Hamiltonian writes as follows [29):
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9 =2 2 52 ) 2
D Dy e P P e

H* = (1.37)

2m}  2mj  Ame|F. — - 2(mf —my) 2  dmer

Here m? and mj are the effective masses of the electron and hole, respectively. Mean-
while, 7. and 7}, are their position vectors, P is the momentum of the exciton conjugated to

the center-of-mass coordinate R.

%o % =
MeTe + My T

R=—c°"_h (1.38)
me +my,
7' =T, — 7, and p* is the reduced effective mass given by
1 1 1
—=—+ — (1.39)

—

iE'R, where u(7) obeys

In this way, the envelope wavefunction must be of the form u(7)e

2 2

D e
— =F 1.40
(g~ gy () = Bu(?) (1.40)
The total energy is then,
h?k?
E,=FE+ ———0 (1.41)
2(m¢ +my)
Equation [1.40] is the hydrogenic wave equation and consequently
2 4 2
E, = _(62/77“) (1.42)
212 )2
where n is an integer and the envelope wavefunction takes the hydrogenic form
un(r) = R (F)Y;" (0, ) (1.43)

Here, R,;(7) is the radial function, Y;"(6, ¢) are the spherical harmonics and [ and m
are the orbital and magnetic quantum numbers, respectively. Compared with the hydrogen
atom the radius of the ground state is generally large because € > ¢y and pu* < mpy. The

effective Bohr radius is given by,
me

A =
B e

(1.44)

Here, A\p is the Bohr radius and is equal to h?/(me?/4mey) = 0.528 A. The factor
multiplying Ap in equation is about 200 for bulk GaAs and the ground state binding
energy is about 5 meV. For small binding energies typical of excitons in bulk semiconductors

the oscillator strength of free excitons is usually of the order of 1074,
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1.3 Macroscopic observables

From the macroscopic point of view, the interaction of a highly energetic particle with a scin-
tillating crystal leads to the emission of a bunch of less energetic particles: optical photons.
In a very simplistic way, the scintillator could be understood as a high dynamic range “wave-
length shifter” which converts high energetic ionizing particles into light that is commonly
readout with photodetector. This exact property is what allows to use scintillators as particle
detectors, especially when operated in the linear regime where the optical signal is propor-
tional to the deposited energy in the crystal. Some inorganic materials are usually also rather
dense, they are able to stop most of the electromagnetic radiation, giving the possibility of
not only detecting the passage of ionizing particles but also to measure their total energy.
Measuring the total energy of high energetic particles, a technique known as calorimetry,
finds plenty of application in society, mainly for national security, industry, monitoring of
sealed containers used in nuclear reactors, medical imaging devices for cancer diagnostic and

research facilities all around the world.

LIGHT YIELD
(ph/MeV)

Tdecay

Figure 1.6: Basic components of a scintillator-based particle detector. The crystal acts as the producer
and transporter of the light towards the readout face which is eventually coupled to a photodetector,
in this case a photomultiplier tube. The main characteristics of the optical scintillating signal are
displayed next to the crystal, i.e. light yield (ph/MeV), rise- (7,) and decay-time (74) .

1.3.1 Light yield and energy resolution

A very simplistic schematic of the detection chain and its main components are shown in
Figure together with the main parameters characterizing the scintillation. Light yield is
defined as the amount of photons produced per unit of energy deposited in the scintillator.
Since access to this magnitude comes after coupling the light emitted to the photodetector,
we will define two different terms, light output and intrinsic light yield, which distinguish
respectively the light that exits the crystal and the total amount of photons created. To
have a better idea of how these two terms are related when considering the energy deposition

process we define the theoretical limit for light output:
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S-Q

LYY " iph/MeV] = LTE x ———*%
[ph/MeV] “ b Eg[MeV]

out

(1.45)

Here, the term LTE stands for the light transfer efficiency of the scintillating crystal
and depends on the transparency to its own emission, index of refraction and the crystal’s
attenuation length. Basically the LTE reflects the waveguide properties of the scintillator
to transport the light created to the photodetectors. S is a factor representing the energy
transfer efficiency from the bulk energy deposited in the medium to the luminescent centers
and Q is defined as the quantum efficiency of those centers. The denominator represents the
energy necessary to create and electron-hole (e-h) pair, which is the bang gap energy (E¢)
corrected by the phonon losses in the thermalization stage (b). As an example, we can take
the figure of merit among scintillators used for medical imaging application, lutetium oxy-
orthosilicate LusSiO5 doped with Ce?, which has Eg=7.2 eV and b=2 [33]. If we substitute
these values into the formula and assume a perfect scintillator with S x Q x LTE = 1,
the theoretical upper limit for the light output is 70’000 e-h pairs/MeV.

In a real scenario, S x Q x LTE ~ 0.3 for a 2x2x20 mm? LYSO crystal coupled to a
photodetector using the 2x2 mm? face, grease coupling and teflon wrapping. For this amount
of light detected ~ 20’000 ph/MeV, the energy resolution of a scintillating LSO crystal
(defined as the full width half maximum of the total energy peak in pulse height spectra
divided by the mean energy of that peak), would be around 2% assuming 662 keV energy
deposition. However, when looking at the energy resolution of few inorganic scintillators,
i.e. halides, oxides, garnets, (see Figure we find that the maximum energy resolution is
achieved by LaBrs:Ce with R=3%, which presents a light yield two times larger compared
to LSO. It is clear that some energy is being dissipated by non-radiative channels. This
constitutes the principal cause of the non-proportionality seen in scintillators. The red stars
in the energy resolution line of Figure represent the limit set by photon statistics for both
Srlz:Fu and LaBrs:Ce which are the scintillators with the highest light yield known so far.

Ultimate energy resolution

BGO LSO:Ce LUAG:Pr SrIZ:Eu
Nal:Tl LaCl Gl

R, %

Csl:Tl LaBr,:Ce HPGe

Figure 1.7: Energy resolution (R,%) of inorganic scintillators and of a HPGe detector for the detection
of 662 keV gamma photons as reported in [34].
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1.3. MACROSCOPIC OBSERVABLES

Non-proportionality in inorganic scintillators has been widely studied and described by
the scientific community with a successful experimental validation of the theory for almost
every type of crystal [35, [36, [37]. The model uses coupled rates and transport equations
describing both the movement and the linear and non-linear interactions of the charge carriers
deposited along an ionized track. Asthe “hot” electron slows down, it produces e-h pairs with
higher density near the end of the track, ultimately reaching values as high as 10%° i;l—g As
represented in Figure[1.8] e-h pairs will be created almost in a straight line at the very end of
the track. In this way, the carriers will undergo track-dilution either by diffusion or thermal
quenching. The non-proportionality is explained as a competition of whether excitation will
move more quickly reducing their initial concentration by the quenching itself (a loss of light
emission) or by diffusion to larger radius (preserving the possibility of light emission later at

lower concentration).

Considering n(7,t) as the excitation density distribution with ng = 102° i%’f’ the second

order transport equation is given by:

on(7,t
”g;’) = Doy V2n(7,t) — Kon(F, 1) (1.46)
K.
Doy V2n(7,t) — Kon?(F,t) o WT;L(dE/da;)Q (1.47)

where x is the line defining the ionization track as shown in Figure|1.8

Ionization track

Diffusion

Quenching — <

Figure 1.8: Sketch of an ionization track formed by a primary electron starting from the left creating
free electrons and holes that diffuse radially away from the track, as reported in [34].

This model of ambipolar diffusion of electrons and holes (D.s¢) and second order thermal
quenching (K3) is enough to explain the carrier recombination process happening in oxides
scintillators and most semiconductors. However, it changes to a third order model for thermal
quenching present in monovalent and multivalent halides. One physical phenomenon affecting
halides more than oxides and semiconductors is spatial charge separation when the electron
and hole mobilities are widely unequal, especially due to the presence of self-trapped holes

and differences regarding the hot-electron thermalization range.
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Experimental measurements of the radius of the region of non-linear quenching (NLQ)
near the end of the track report that ryrg ~ 3 nm in Nal:T1 [35], which is also taken as
the radius for self-trapped holes spatial distribution. In contrast to this tight radius of hole
concentration, calculations of the thermalization range of conduction electrons in the heavier
halides (mostly iodides) indicate that some of the hot electrons should travel much farther
radially, of the order of 100 nm in Csl and Nal [38, 39]. Roughly half of the hot electrons
were found to interact promptly with self-trapped holes in their 3-nm radius track, however
the other half showed a larger distribution in Csl and Nal. The electron thermalization time
increases roughly inversely with the optical phonon frequency, and was found to be about
7 ps in Csl, 2 ps in Nal, and 0.5 ps in CaFq [39].

It is clear that the carrier recombination process leading to scintillation is a complex prob-
lem with many variables, where light yield and timing profile of the signal are the macroscopic

parameters commonly used to characterize the material.

1.3.2 Rise- and decay-time of the scintillating pulse

Concerning the rise- (7;:) and decay-time 7, characterizing the scintillating pulse, we might
think intuitively that these correspond to the time constants of a positive and a negative
exponential functions, respectively, since the light emission comes as a result of the recom-
bination of electrons and holes populating specific states. However, the full picture that is
needed to understand these parameters is a lot more complicated and differs from intrinsic
to doped scintillators, having sometimes not even an exponential parametrization. A general
description of how the thermalization process of “hot” carriers occurs and how they migrate
through the crystal populating the energetic bands along time is shown in Figure (as
published in [40]). Basically the whole process can be described in three main steps: (1)
creation of electronic excitations (from 10716-10710 seconds in Figure , (2) transfer to lu-
minescent centers (from 107191078 seconds in Figure and (3) e-h recombination leading
to scintillation emission (last stage in Figure .

A gamma of 511 keV which interacts with the material through either photoelectric ef-
fect or Coulomb scattering (pair production is energetically forbidden). This interaction will
produce a “hot” highly energetic electron taken from the core band of the material. In the
very first 0.1-10 fs after the interaction, this “hot” electron and hole will start a multipli-
cation process through inelastic electron-electron scattering and Auger process, causing the
ionization of the medium until the energy of each electron is just above the e™-e™ scattering
threshold and the energy of the holes is below the Auger relaxation threshold. After this,
the thermalization of carriers happens mostly through phonon interaction in a time range
from 10 fs to 1 ps, where each electron in the conduction band moves towards the minimum
energetic level and the holes localize at the top of the valence band. Once the momentum of
each carrier is near zero and in dependence on the kind of scintillator (intrinsic or activated),

the localization of excitations may arise with formation of self- trapped excitons and self-
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Figure 1.9: General scheme of relaxation of electronic excitation in an insulating material as published
in [40].

trapped holes, capture of electrons and holes by traps and similar events. As a result, these
centers have localized states located in the band gap. After interaction and recombination of

localized excitations (7 ~ 1-100 ps), the luminescent centers will emit photons ( 74 >10 ns).

A slightly different process happens for scintillators which are doped with rare earths
ions RE3t as Ce3T, Eu?t or Pr3*t, just to mention an example. The luminescence in this
kind of materials comes after a specific transition localized in the 5d-4f orbitals. In this way,
the 4f band of the activator is localized within the band gap of the scintillator which in this
case acts as a transparent host for the 5d-4f transition. For this particular case, there could
be two ways of exciting the RE3T centers. The first one is a direct excitation from “hot”
electrons with energies between the threshold for e-e and e-RE scattering as shown in the first
multiplication stage in Figure [1.10] The emission centers will be populated without having
to wait for the thermalization process and this will give rise to a very fast 7,.. The second
way follows the process already explained before, where the thermalization occurs through
phonon interaction, followed by the localization of the excitation (self-trapped electrons and
holes, capture, etc.) and eventually light emission. This doping technique not only provides
with a very strong luminescence of the RE3T centers which show a relatively short decay- and
rise-time but usually shows a large thermal stability of the light output and high transparency

in a wider spectral range.
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The stage introducing the longest delay in the scintillation mechanism is the one where
charge carriers are recaptured at trapping levels in the material’s forbidden gap. This stage
is the least predictable because material point defects, flaws, surfaces and interfaces can
introduce energy levels within the forbidden gap and strongly modify and/or degrade the

otherwise high intrinsic scintillation performance [3].

Another interesting case is cross-luminescent crystals. Cross-luminescence is due to a
radiative electronic transition from the valence band to the uppermost core band, providing
the Auger relaxation of the uppermost core band hole is strictly forbidden. This situation
occurs when the energy difference between the uppermost core level and the valence band
is less than the band gap so that re-absorption processes can be avoided. The archetype
of cross-luminescent crystals is BaFo. Such crystals give rise to very short sub-nanosecond
luminescence decays which can be of interest for fast timing applications. Unfortunately, the
light yield is relatively weak because usually only a few number of excitations created in the
crystal are useful to produce cross- luminescence and the light emitted is in the deep UV. To
describe the relaxation of excitations, it is therefore necessary to involve the uppermost core

band in the scheme shown in Figure [1.10

Cross-Luminescence

e
g l’J(‘ECOVG < Eg

Core band

Figure 1.10: Top: Relaxation of electronic excitations in RE3* activated crystals as published in [40].
Bottom: The cross-luminescence mechanism between the core and valence band is illustrated within
its time of emission.
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In general, if the scintillation process happens mostly through radiative transitions, i.e.
quenching is suppressed, the light pulse can be parametrized using a sum over all the expo-

nential components [12].

f(t) = Z L e<'rd,i _ Z % e i (1.48)

Each parameter A; is divided by the total amount of photons emitted under their cor-
responding timing characteristics, so that at the end the factor multiplying the exponential
function is the number of photons emitted under their rise and/or decay constants. Here, 6
takes into account any possible delay between the energy absorption and light emission. A
typical time-resolved photoluminescence spectrum of a LSO:Ce co-doped with Ca?t crystal
taken under 372 nm laser excitation is shown in Figure together with the fit parameters
for the rise and decay times. In the case of laser excitation, its energy is only capable to
populate the Ce3T centers so we can measure the intrinsic recombination time of the lumi-
nescence. In this case, we have a decay time of nearly 32 ns (Figure left) and a rise time
near zero (Figure right), which confirms the fact that the thermalization process of hot

carriers is not occurring.

— & =
— A= 45+-16 — A= 6273 +-172
E Background = 0.009 +/- 0.003 E Background = 0.079 +/- 0.002
— t_decay = 31.8 +/- 0.1 E t_decay = 4905 +/- 82
E t_rise = 1.73 +/- 0.05 — t_rise= 0+-1
- theta = 13.80 +/- 0.03 = theta = 13 +/-2
100 200 300 400 500 I t‘( ‘)5
ns

t (ns)

Figure 1.11: Time-resolved photoluminescence measured under laser excitation using a LSO:Ce Ca?*
co-doped crystal.

The crystal in question is not only doped with Ce?* but co-doped with Ca?t, which
is responsible for a second and faster decay time as it can be seen in Figure right.
This technique of co-doping with another aliovalent ion(s) which do(es) not participate in
the energy transfer and storage processes is usually applied to mitigate the intrinsic defects
of the scintillator. Due to the mismatch between their charge state and that of the original
substituted lattice ion, the Coulombic equilibrium in the lattice is changed and this usually
induces changes in the concentration of intrinsic point defects as well [3]. In the process of
material optimization, the minimization or inactivation of such defects is one of the main
goals. This can be done either by changing the carrier dynamic which populates the trapping

centers or by material purification and optimization of the technological process.
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1.4 Fast radiative transitions

A review [41] of common and fast radiative transitions which are present in scintillating
materials are presented in Table

Table 1.1: Review of fast radiative transitions present in scintillating materials.

Material Process Lifetime Theory
1 4é? -
o —15 _ 3 2
Any CX—raif trf.msmon ~ 107" s o= %wm\Mgl\
ross-luminescence
BaF, Fap—Basp 880 ps core-valence, 220 nm
1 1 1
PbWO, Thermal ~ 10 ns S —
Quenching T T Tpr
1 4e? -
Ce?t:LaF3  Activator ion RE3T (5d—4f) > 16 ns - = We?)wgﬂMm\Q
T c
Hot-Intraband 1 9 A9
CaWO, Luminescence 0-1-10ps T E(w)" [ L 1M1
Zn0:D°X Bound exciton 50-300 ps
ZnO Exciton ~ 400 ps Giant oscillator strength
CdSe Biexciton stable at RT ~ 100 ps . .
Nanocrystals Multiexciton < 100 ps Giant oscillator strength

Looking at the radiative transition rate for spontaneous emission:

2

% = ?f%w;l%ﬂ? (1.49)

We can find extremely short recombination times as the ones exhibited by an X-ray
transition, if the energy (frequency-w) of the transition is high enough. For optical tran-
sitions from atoms, molecules and bulk materials the typical recombination time following
the previous equation is of the order of 1077 s. An accepted standard of fast timing among
scintillators is Auger-free cross-luminescence in BaFs, where the Babp-F2p core-valence tran-
sition at ~ 220 nm has a lifetime of 880 ps [42]. An optical transition between activator ions,
specifically between 5d-4f orbitals, will yield a minimum decay time of ~ 16 ns. This number
could decrease to less than 10 ns if the crystal present some quenching, as suggested by the

following equation:

11 1
S — (1.50)

T Tr Tnr

where 7, is the radiative decay time and 7, is the non-radiative one. However, this will
lead to a decrease of the total number of photons, as in PbWO, where the light yield is as
low as 200 ph/MeV.
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Figure 1.12: Hot intraband luminescence relaxation scheme as published in [43].
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Figure 1.13: Cherenkov versus hot intraband luminescence prompt emission seen in LuAG:Pr

A prompt emission, within 0.1-10 ps, could be obtained from “hot” electrons which
recombine during the thermalization process as presented in Figure[I.12] This emission known
as hot intraband luminescence (IBL) has proven to present a light yield of maximum 3 to 5
order of magnitude less compared to Ce?* doped scintillators and is also distributed along a
broad spectral range. Recent studies [44] have shown hot intraband luminescence monitored
under low-power X-ray excitation, which confirmed the absence of a power threshold of its
mechanism and completely ruled out the role of excitation density effects in IBL formation.
Whether this prompt emission could contribute to lower the state-of-the-art of coincidence
time resolution values is still under investigation. However, time-resolved measurements of
LuAG:Pr scintillator performed with 511 keV excitation and pulsed X-rays confirmed that

the efficiency of this process is much less when comparing to prompt Cherenkov photons as
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shown in Figure [1.13] The prompt peak emission seen for 511 keV excitation disappears
when changing to X-ray irradiation, which indicates that all the prompt emission seen in the

first plot is due to Cherenkov.

The remaining radiative transitions appearing in Table[I.I]with a sub-nanosecond timescale
have an excitonic origin. Since this transition looks promising for fast timing research and
there is no intrinsic limit for the light yield, the following Chapter [2| will be dedicated to

materials which exhibit a giant oscillator strength.

1.5 Applications

Among inorganic scintillating crystals, we can find a quite large diversity regarding crystal
growth techniques and sample preparation specialized for the different applications. They
can be grown in the form of powders, optical ceramics, microstructured materials and single
bulk crystals, being the last one the figure of merit for calorimetry and PET scanners. The

most important characteristics for bulk scintillators are the following;:

—_

. Light yield, usually in the range of few hundreds to few thousand photons per MeV.
2. Stopping power, given by the density and the thickness of the material.

3. Time response: rise time is usually in the sub-nanosecond scale however the decay time

varies widely with the scintillator type.

4. Transparency, highly dependent on the Stokes shift of the crystals and the attenuation
length.

5. Chemical stability and radiation hardness.
6. Linearity of light response and energy resolution.

7. Spectral matching between light emission and photodetector quantum efficiency.

Table summarizes the main properties of significant materials which have been or
are widely applied in different fields. They all show excellent energy resolution at 662 keV,
except PbWOy which has a very low light yield, however its radiation hardness makes it an

excellent candidate for harsh environments.

As shown in the previous list, choosing the right scintillator for electromagnetic calorime-
ters is highly application dependent, when considering the broad energy regime, count rate,
radiation environment and the most recent feature, coincidence time resolution. The time-of-
flight (TOF) technique using inorganic scintillating crystals has been studied and developed
for the last 20 to 30 years, especially in the field of positron emission tomography with the
replacement of Nal:T1, CsI:Tl and BGO by lutetium oxy-orthosilicate and garnet families.
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Table 1.2: Review of single crystal inorganic scintillators commonly used in medical imag-
ing devices, high-energy physics and industrial applications as reviewed in [3].

Crystal Density Light yield Decay time — Aoz AE/E
(g/cm3)  (ph/MeV) (ns) (nm)  at 662 keV (%)
CsI:TI 4.51 66 000 800 550 6.6
Nal:T1 3.67 41 000 230 410 5.6
LaBrs:Ce 5.3 61 000 35 358 2.9
KsLals:Ce 44 55 000 24 420 4.5
Balz (only cross ) g 1500 0.6-0.8  180-220 7.7
luminescence)

BigGes0q2 7.1 8 600 300 480 9.0
PbWO, 8.28 300 2-3 410 30-40

CdWO4 7.9 20 000 5 000 495 6.8
YAIO3:Ce 5.6 21 000 20-30 360 4.6
LuAlO3:Ce 8.34 12 000 18 365 ~15
Y3Al5012:Ce 4.56 24 000 90-120 550 7.3
LuzAl5042:Ce 6.67 12 500 55 530 11
Gd2SiO5:Ce 6.7 8 000 60 420 7.8

LuySiO5:Ce 7.4 26 000 30 420 7.9

Basically, the TOF technique uses the time-of-flight information of the particles interacting
with the detector to identify and reconstruct the particle vertexes. The time resolution, i.e.
FWHM or sigma of the distribution built from ts-t; when measuring in coincidence, defines
the spatial resolution along the line of response. This technique can be extrapolated to ba-
sically any calorimeter system either for measuring back-to-back 511 keV gammas from the
et-e~ annihilation or detecting the jets created by p-p, p-Pb collision in big accelerators.
Figure E] illustrates the inorganic scintillating crystal’s main applications in two different
energetic regimes, at low energy < 1 MeV and higher energies of the order of hundreds of
GeV. The TOF technique is applied in a PET ring or to identify pileup events when the pro-
ton bunches are crossing and colliding at the LHC. For the low energetic regime, applications
are mainly in the field of medical imaging devices like Computed Tomography (CT), Single
Photon Emission Computed Tomography (SPECT) and positron emission tomography, with

the last one holding the best values in terms of sensitivity per dose received by the patient.

For high energy physics the clearest examples are the electromagnetic calorimeters sur-
rounding the collision point. As an example, let’s take ECAL (Figure , the electromag-
netic calorimeter from the CMS experiment at the LHC. ECAL is formed by 75’000 PbWOQO4
22 cm long crystals, which is equivalent to 24Xy, being Xy the radiation length. The crystals
are arranged in a central barrel and two endcaps almost closing the 47 space around the
collision point. The scintillation decay time of the crystals is comparable to the LHC bunch
crossing interval of 25 ns, and about 80% of the light is emitted in 25 ns. Time resolution

evaluated during test beam using electrons was estimated to be lower than 20 ps sigma for

2Courtesy of EndoTOFPET-US and CMS collaborations
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Figure 1.14: Main applications of inorganic scintillating crystals in different energetic regimes. a)
Endoscopic time-of-flight PET device from the EndoTOFPET project which uses a time resolution of
200 ps to reject background events from a 3 cm diameter region. b) The electromagnetic calorimeter
of the CMS experiment at the LHC contains more than 75°000 PWO crystals. Bottom: The time-
of-flight technique used for vertex identification. ¢) e*-e~ annihilation along the line of response of a
PET ring. d) Pileup events per bunch crossing in proton-proton collisions at the LHC with around
20 interactions distributed along 6 cm.

energies > 50 GeV, however this resolution deteriorates to around 150 ps when the data are
taken during the actual runs of the LHC [4]. The new experimental phases in HEP at future
accelerators foresee a large increase in luminosity, i.e. >10%°cm™2s~! at extreme collision
frequencies, to explore and elucidate new phenomena at low cross section. Bunch separation
can then be as small as 500 ps, and the bunches themselves carry such a high density of
particles that each bunch crossing will generate several collisions. At such beam intensities,
e.g. ~ 200 pileup events can be produced in each bunch crossing. Precise identification of
collision tracks or jets is necessary to mitigate this pileup. In this case only TOF techniques
and event tagging with a precision of <30 ps can achieve pileup suppression by more than a
factor of 10.

In the next subsection, we will focus on the time-of-flight technique as applied in positron
emission tomography giving an overview of the parameters affecting the time resolution per-

formance of the scintillator-based detectors.
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1.5.1 Time-of-flight in PET

As mentioned before, time-of-flight positron emission tomography, TOF-PET, constitutes the
figure of merit among molecular imaging devices. Its progress was limited for around a decade,
however the rapid development in the past 15 years of efficient and fast photodetectors,
i.e PMTs and analog or digital Silicon photomultipliers (SiPMs), the introduction of very
bright, relatively fast and dense scintillators as LSO, together with fast readout electronics
have pushed forward the TOF technique in the medical imaging community. A summary of
the state-of-the-art of commercially available systems from different producers is detailed in
Table [1.3| as published in [45].

Table 1.3: Specifications of commercially available and recently introduced new clinical
TOF-PET/CT systems.

Company Philips Siemens GE Philips Toshiba
Ingenuity Biograph  Discovery Vereos Celesteion
System name TF [@6] mCT [47] 690 [48]  digital [7] [49]
Scintillator LYSO LSO LYSO LYSO LYSO
Photo-detector PMT PMT PMT dSiPM PMT
Crystal size, mm?> 4x4x22  4x4x20 4.2x6.3x25 4x4x19 4x4x12
Total # crystals 28,336 32,448 13,824 23,040 30,720
Patient bore, cm 71.7 78 70 70 78
Axial length, cm 18 21.8 15.7 16.4 19.6

Resolution, mm
transazial, 1 ¢cm/10 ecm
Resolution, mm

azial, 1 em/10 cm

4.8/5.1 4.4/4.95 4.7/5.06 4.1/4.5 5.1/5.1

4.73/5.23  4.4/5.9  4.74/555  3.96/4.3  5.0/5.4

Energy resolution, % 11.1 11.5 124 11.1 NA
Sensitivity, cps/kBq 7.3 9.7 7.4 5.7 NA
Scatter fraction, % 36.7 33.2 37 30 42.7
Coincidence window, ns 4.5 4.1 4.9 4 NA
TOF resolution, ps 502 527.5 544.3 316 ~410

The principal motivation to include the time-of-flight information in the reconstruction
algorithm is the obtained improvement in signal-to-noise ratio of the image. This could lead
eventually to a reduction in acquisition time or lowering the injected dose. This gain is
difficult to quantify into one single factor, because TOF improves the imaging performance

of a PET scanner in several ways comparing to non-TOF-PET:

Increases effective sensitivity;

Increases rate of reconstruction algorithm convergence;

Makes convergence more uniform;

e Improves contrast recovery at matched noise;
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A fair approximation of the signal-to-noise ratio (SNR) gain expected is given by the

following relation [50]:

G

SNRror \/ 2D NECror (151)

~ SNRyo»10r Ve CTR _V NEC

where, D is the diameter of the patient, c is the speed of light and CTR stands for
coincidence time resolution expressed in FWHM. When substituting state-of-the-art CTR
values from commercially available scanners we get a gain of 2.9 using D=40 cm and a
CTR=316 ps. Looking at the formula, larger patients in which the probability of scattered
events is higher will benefit more than normal patients when the gain is only a factor ~ 3.
However, a CTR of 100 ps could bring a gain of a factor 5.2 in image signal-to-noise ratio,
which already represents a significant improvement for every patient. Calculations done to
determine the gain in imaging time are shown in Figure following data published in

[51], 45]. Here, NEC stands for noise equivalent counts.

Currently new research work is underway that has already achieved coincidence time
resolution (CTR) values as low as 100 ps and below [5],[12] for single channel readout. In terms
of spatial resolution, such precision corresponds to 15 mm along the LOR, now allowing to
discriminate between organs under examination (e.g. prostate, pancreas or lymph nodes) and
the background generated by other, marker-attracting organs such as the heart or the bladder
[6]. Coincidence time resolution measurements between two single scintillating pixels using
single channel readout have helped considerably to understand the main factors influencing
timing [52]. As the first approach and as an approximation for the very first detected photons,
the CTR can be parametrized as equation

Hence, the CTR is proportional to the density of photons emitted by the scintillator,
which leads to the selection of brighter and faster scintillators for TOF-PET with LYSO
as the figure of merit. Among the different factors which are directly affecting the amount
of photons coupled to the photodetector, we have the crystal attenuation length, matching
index of refraction and detection efficiency of the photodetector. From the timing point of
view, apart from the rise- and decay-time of the optical signal, there are other parameters
shuffling the time of arrival of the first emitted photons. First, the photon time spread (PTS)
within the scintillator due to multiple internal reflections increases considerably the travel
path of each photon. Second, the single photon time resolution (SPTR) of the photodetector
with state-of-the-art values around 50 ps FWHM. Both PTS and SPTR contribute to the

spread of the timing signal and the uncertainty involved in the coincidence measurement.

3 cerium-doped Luy(Y)SiO5 crystals with

Under laboratory conditions, 2 x 2 x 10 mm
nanosecond photon emission rates, coupled to modern solid state photodetectors (e.g. FBK
analog Silicon Photomultipliers, SiPMs) and fast frontend electronics, deliver CTRs of ~117 ps
for an estimation of 5’000 photoelectrons detected [§]. If instead the same scintillator was

used for the detection of minimum ionizing particles (MIPs with dE/dx ~ 1 MeV/mm), the
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Figure 1.15: TOF-PET gain in imaging time as a function of CTR expressed in FWHM for different
patient sizes. This calculation [5I] assumes analytical reconstruction and a simple uniform cylinder
of activity.

resolution improves to 60 ps with single-channel readout [9]. There is a slight improvement if
a LSO:Ce:Ca co-doped scintillators are used instead, with values of 100 ps for 511 keV using
10 mm long crystals and 34 ps using MIPs and a 5 mm long crystal [8] [9].

A different approach, using digital SiPMs and 22 x 32 x 32 mm? bulk LYSO together with
maximume-likelihood techniques to estimate the time of interaction, reaches CTR values of
147 ps for dual-side-readout [10] and 215 ps for single-side-readout [11]. Dual-side-readout is
also able to provide with a depth-of-interaction (DOI) resolution of 2.4 mm FWHM, which is
essential to decrease the parallax error. A novel method to obtain DOI information has been
achieved using an 8 x8 LYSO pixelated matrix with crystals of 1.5x1.5x15 mm? coupled to
a 4x4 multipixel photon counting (MPPC) detector from Hamamatsu. The method exploit
the light shared among different pixels together with the light attenuation over the length

of the crystals to identify the point of gamma interaction with and spatial resolution close
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to 1.5 mm (size of the individual pixels) and a DOI resolution of 2.9 mm [53]. Single-side-
readout and 4:1 crystal-photodetector coupling allow for CTRs values measured between the

matrix and a single pixel of the order of 350 ps [54].

The need for fast timing and the development of SiPMs with an excellent photodetection
efficiency in the near UV has brought back to the scene scintillators as BGO, which was widely
used in PET before LYSO became the figure of merit. BGO has a light yield of a factor 5
less when comparing to LYSO and it also quite slow, i.e. decay time of 300 ns. However, it is
an excellent Cherenkov radiator due to its high optical index and good transparency in the
UV region. CTR values measured using 2 x 2 x 3 mm?® BGO crystals present a FWHM of
270 ps [55], which could rapidly improve if the photodetection efficiency of SiPMs increases
in the UV /blue area.

A CTR of 100 ps, despite being a significant improvement over standard TOF-PET cam-
eras, is still not sufficient to allow a direct 4D reconstruction of a PET image. To ultimately
reach that level of true space points, i.e. not only in the traditional x-y coordinates but also
in z (along the LOR), calls for a CTR improvement to as high as 10 ps, equivalent to 1.5 mm
along the LOR. Only then the time consuming, iterative, or back projection algorithms could
be replaced by a fast and direct, “real time”, image reconstruction, benefiting from at least

a ten-fold increase in sensitivity.

A study of the influence of 10 ps coincidence time resolution in TOF-PET image recon-
struction carried out by Nikos Efthimiou [56] shows the incredible potential of such resolution.
For this, a complex voxelized XCAT phantom was simulated using GATE v6.2. A normal
IBR_FDG distribution was used and the simulation took place for one bed position in the
thorax area. The reconstructed images using non-TOF and TOF information with 600 ps
and 10 ps FWHM are shown in FigureE| The images from top and bottom are only
different in the number of counts recorded, which is twenty times higher for the picture in the
bottom. As expected, datasets with higher number of counts present better noise properties.
However the use of TOF, especially the 10 ps, strongly improves the image quality in low
count statistics. While the number of iteration has a positive effect on the image quality for
non-TOF and 600 ps TOF, for 10 ps the best images are acquired on the very first iteration.
More iterations increase the noise level which confirm a direct creation of the image in “real

time”.

Going down to sub-20 ps time resolution implies a major technological challenge that
could be overcome by increasing photostatistic, reducing rise and decay times or using an
intense prompt signal as a time tag in the readout chain. Assuming Poisson statistic of the
photon emission process and in the case of 74 > 7, * N}, where N, is the number of detected
photoelectrons, the CTR can be simplified as CT R o /(7:74/Npe). Hence, the photoelectron
density of the scintillating emission would need to be increased by two orders of magnitude

if a CTR of O(10)ps was to be reached. According to Cramer-Rao lower bound calculations,

3Courtesy of Nikos Efthimiou
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1e6 reconstructed events

Iteration: 1 2

Non-TOF

600ps

10ps

20e6 reconstructed events

Iteration: 1 2 3 4

Non-TOF

600ps

10ps

Figure 1.16: Reconstructed images of an anthropomorphic XCAT phantom with and without TOF,
after the first 4 iterations, for 1 million (top) and 20 millions (bottom) true events. The image includes
the lower part of the heart (two ventricles) and a portion of the upper part of the liver.
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the number of prompt photons needed along with the scintillation emission in the crystal is as
high as 500-1000 photons if a CTR of 10 ps is to be reached [12, [57]. These numbers already
assume a considerable improvement of the SPTR of state-of-the-art photodetectors as low as
the SPTR of a single SPAD (single photon avalanche diode) which is around 10 ps. Therefore,
the need for fast emitting materials or a source of sufficiently prompt photons under ionizing

radiation is essential in the research path of sub-20 ps time resolution detectors.
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Chapter 2

Scintillating Nanocrystals

2.1 Definition

Semiconductor nanocrystals (NCs) are nanometer-sized crystalline particles that contain ap-
proximately 100 to 10’000 atoms, which are characterized by the same crystal lattice structure
as the corresponding bulk semiconductor. Using chemical syntheses, they can be fabricated
with almost atomic precision as nearly spherical nanoparticles (quantum dots) [58], [59],
elongated nanosized crystals (quantum rods) [60], or nanostructures of other more complex
shapes such as tetrapods [61]. The particle size of the aforementioned crystallites is usually
in the range of the Bohr radius for a bulk semiconductor, which is typically 1-10 nm for most
materials. When the particle size is smaller or comparable to the Bohr radius, the electron-
hole pairs and/or excitons can not longer be considered as free particles, but instead due to
the quantum confinement effect the carriers are only able to occupy specific and quantized
energy levels. As a consequence the whole electronic structure of the semiconductor is mod-

ified and the energy of the band gap will increase with decreasing particle size as shown in

Figure 2.7]
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Figure 2.1: Bandgap energy of different semiconductor materials as a function of the crystallite size.
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2.2. QUANTUM CONFINEMENT EFFECT

Let’s take CdSe as example. This semiconductor has a band gap of 1.74 eV as a bulk
material. When synthesized as a nanocrystal, CdSe is not only able to emit visible light, but
the emission could be tuned from green to red by controlling the particle size from 1 nm to

5 nm, respectively.

Furthermore, by combining different materials in one nanocrystal, it is possible to
produce various types of heterostructures, including all-semiconductor hetero-nanoparticles
[62, 63, 64] or hybrid semiconductor-metal structures [65]. The ability to precisely con-
trol the composition, size, and shape of NCs provides great flexibility in the engineering of
their electronic and optical properties by directly manipulating the electronic wave functions
(wavefunction engineering). For instance, colloidal synthesis is able to provide semiconductor
nanocrystals with nearly single atomic layer precision with sizes of few tenths of nanometers

and a size dispersion under 4-5%.

This Chapter will give an overview on the quantum confinement effect and the multi-
excitonic dynamics present in nanocrystals as a consequence of a significant enhancement of
carrier-carrier Coulomb interactions in these materials. Strong carrier-carrier interactions in
NCs have a number of important spectral and dynamical implications. They result in large,
tens-of-milli-electron-volt spectral shifts of multiexciton emission bands with respect to single-
exciton transition energies [66]. They also have a strong effect on carrier dynamical behaviors.
Specifically, Auger-type e-h energy transfer mediated by Coulomb coupling becomes an ef-
ficient channel for electron intraband relaxation, which can compete with phonon-assisted
relaxation mechanisms [67, 68, [69, [70]. Furthermore, strong carrier-carrier interactions can
lead to the direct photogeneration of multiexcitons by single photons, referred here as carrier
multiplication (CM) [71]. This process is extremely efficient in quantum confined NCs and
leads to internal quantum efficiencies of converting light quanta into charge carriers that can

greatly exceed 100%.

The understanding and manipulation of both processes, Auger recombination (AR) and
carrier multiplication (CM) are key parameters in order to assess the promising application of
nanocrystals in the field of radiation detectors. The suppression of the non-radiative recombi-

nation (AR) is fundamental in order to profit from an enhanced rate of carrier multiplication.

2.2 Quantum confinement effect

As discussed in section the Bohr radius for the excitonic state in the GaAs bulk semicon-
ductor is around 5 nm. This quantity, Ar varies between 1-10 nm for most semiconductors
giving rise to a high quantum confinement for electron-hole pairs created in nanocrystals of
the same size. A “weak” quantum confinement effect is seen in wide-band gap semiconductors
when the particle size is one order of magnitude higher and the exciton state is coherent over

the particle volume.
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2.2. QUANTUM CONFINEMENT EFFECT

The quantum confinement effect can be better understood when solving the problem of
the particle in a box, where the walls are represented as an infinite potential and the particle
moves freely within the boundaries of the well. The schematic of the quantum well problem
is shown in Figure Solving the Schrédinger equation in one dimension simplifies the

calculations, having the following boundary conditions:

V(CL‘):{O for 0<x<a

oo otherwise
Substituting the Hamiltonian operator by p2/2m+V (7) = —%VQ—H/(W in the left-hand
side of the equation leads to:

—h? d*y
— =F 2.1
Equation [2.1]in and outside the well takes the following form:

for 0>x>a V(z) =00—=9Y(z)=0 (2.2)

which refers to the zero probability of finding the particle out of the well/box, whereas
equation defines the wavefunctions inside the box.

for 0<z< V(x) 0—>_h2d21/’ Ev (2.3)
or r<a z) = — = ]
2m dz?
Defining k = QZ@E > 0, equation will then look like:
d*
— =k 2.4
= Ry (24)
which has a general oscillatory solution,
Y(x) = Asin(kz) + Beos(kx); (2.5)

To find A and B we match the solutions at the boundaries x = 0 and x = a by imposing
continuity:

$(0) = ¢(a) =0 (2.6)
So ¢¥(0) = 0 — B=0, and ¢(a) = 0 — Asin(ka) = 0 with ka = nm, which implies the

following set of solutions:

Apsin(*7%)  for 0<z<a
n(z) = (%2%)
0 for 0>x>a

Normalizing the eigenfunctions according to equation [2.7]leads to the values of A,, in equation

2.8
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2.2. QUANTUM CONFINEMENT EFFECT

o0 a An 2
/ |1/Jn|2da: = |An|2/0 sinz(naﬂ)dx = |2]a -1 (2.7)

2
[Aal==, ¥ . (2.8)

Hence the energy eigenfunctions of the infinite square well are a discrete series of sine
functions labeled by n (Figure [2.2). An eigenfunction labeled by n has n-1 zero crossings,

called nodes.

Since n is a discrete spectrum, a quantum particle inside an infinite square well can only

take specific, quantized values of E, unlike classical mechanics. The energy levels are found

2mE
FLQ

until n=4 on the right hand side of Figure

by substituting k,, = n7/a in equation k = . The discrete energy levels are represented

2 232
n°mh
E, = or n=1,2,3... 2.9
" 2ma? / (29)
Bulk semiconductor NCs semiconductor
g ~1-10nm a~ig
B
I a
Ground state Excited state

Figure 2.2: Main differences between electron-hole space separation in bulk and nano-semiconductors.
Left: Spatial coherence of the excitonic state in bulk semiconductors (not to scale) Right: Schematic
representation of a particle confined in a crystallite of the size of the Bohr radius with its consequent
discrete energy levels.

Notice that the smaller the dimension of the quantum well, i.e. higher quantum con-
finement, the larger will be the separation between energetic levels. This property is directly
correlated with the light emission observed in nanocrystals. There is a blue shift of the

emission wavelength of smaller particles and a red shift for bigger ones.
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Figure 2.3: Schematics of the main differences in the electronic structure of bulk and semiconductor
nanocrystals and subsequent interband transitions as published in [72] [73]. The reduced phonon
recombination rate and Coulomb carriers interactions give rise to carrier multiplication (CM) and
Auger recombination (AR).

Quantum confinement is not only responsible for a larger band gap but also for the
discretization of the energy levels in the conduction and valence band, which is usually a con-
tinuum spectrum for bulk semiconductors. One of the main implications of this atomic-like
conduction and valence band is the suppression of the phonon-assisted relaxation of the elec-
trons thermalizing within the conduction band, since not all phonon transitions are allowed.
Basically, the energy between different levels of the same band is larger than the thermal
energy of the crystal ~ 25 meV. This property promotes two very interesting processes: car-
rier multiplication (CM) through impact ionization and Auger recombination (AR). Both
processes are represented in Figure 2.3 and they are basically the main source of open decay

channels and non-radiative transitions within nanocrystals under high energy excitation.

Previous experimental [74] [75] and theoretical studies [76] indicate that in zero dimen-
sional (0D) NCs, Auger recombination is a three-particle decay process, which is a result
of the fact that Coulombic e-h interaction energies in NCs are much smaller than carrier
confinement energies, and hence, electron and hole motions in these NCs are not correlated.
The electron-hole pair binding energy in bulk PbSe is 0.6 meV, while confinement energies

in the NCs under investigation are 1 eV.
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Figure 2.4: Main differences between Auger recombination processes in bulk and nano-semiconductors.
(a) Low energy carriers in a bulk semiconductor with energy gap E4 can not undergo Auger recombi-
nation (AR) due to requirements that energy (E) and momentum (p) are conserved simultaneously.
(b) Higher energy carriers can undergo AR in a bulk semiconductor. (c) Low-energy carriers in a
semiconductor NC can undergo AR due to the discrete character of the energy levels, which results
in relaxation of translational momentum conservation.

The constraints imposed upon AR by momentum conservation in the bulk are expected
to be relaxed in nanocrystals [76]. Carriers contained within NCs reside in discrete, atomic-
like levels (see Figure , which are classified according to angular momentum (J) but not
translational momentum [77]. Thus, it is expected that AR in NCs must conserve total
carrier energy and angular momentum but not translational momentum. In this case, AR
should occur without an energetic barrier because carrier energy and M are not directly re-
lated, and hence, the carrier that is re-excited can easily access an energy-conserving state
with an appropriate value of J [78]. This difference from bulk semiconductors has several
implications. The lack of a barrier to AR in NCs means that (i) low-energy e-h pairs are avail-
able for Auger recombination whereas in the bulk they are not (compare Figure a) and
(c)), (ii) temperature does not influence the Auger recombination rates, (iii) the nanocrys-
tal’s size (which defines Coulomb coupling) and wave function overlap determine AR rates
rather than the energy gap, and (iv) the inverse-AR process of impact ionization may also

be barrierless.
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2.3. DENSITY OF STATES AND ENERGY STRUCTURE

Another main difference between bulk and semiconductor nanocrystals is given by the
number of electron-hole pairs which are created as a function of the excitation density. Table
summarizes the density of carriers for low, moderate and high excitation. We can see
that creating one e-h pair per nanocrystal is enough to reach a very high carrier density. If
the number of electron-hole pairs reaches a mean value of two per each crystallite the regime

of population inversion can be reached, where the system may exhibit optical gain.

Table 2.1: Number of electron-hole pairs created as a function of excitation density in
bulk and semiconductor nanocrystals.

Excitation Bulk Nanocrystal
10?2 atoms/cm? ~ 1000 atoms
low Nep, < 1016 ¢cm—3 <Nep, Zdor K 1

<Nep >dot = 1
nep, ~ 1019 cm™3
very high nep > 10 cm™3 <Nep >dot = 2

moderate  n., =106 — 107 cm ™3

2.3 Density of states and energy structure

The density of states p(F)is defined as the number of states per energy per volume unit of
real space and determines the energy and momentum distribution of a particular number of

electrons (holes) within a subband. It follows the expression:

AN

p(E) = (2.10)

In the /;—space, the total number of states N is equal to the volume of a sphere of radius \E\,
divided by the volume occupied by one state and divided by the volume of the real space:
Ark® 1 1 Ak

N=2"" — =2 2.11
3 2R3 R 3(2rm)? (2.11)

The term ﬁ is obtained after imposing the periodicity condition of the envelope function
when calculated for a vector from the Bravais lattice R. The factor 2 has been introduced to
allow for double occupancy of each state by different carrier spins. The density of states can

be expressed as following:

dN  dN dk
P(E)=GE = @ dB (2.12)
dN 4rk? k.o
. —9 = (= 2.1
dk (2m)3 (7'(') (2.13)



2.3. DENSITY OF STATES AND ENERGY STRUCTURE

In addition, the parabolic bands of the effective mass approximation give:

2m*E
k= ,/7272 (2.14)

1 1
dk 2m*\2 E™2
— = — 2.15
dE ( h? ) 2 (2.15)
which finally gives the density of states for a bulk semiconductor:
1 (2m*\? B3
m 2
EYy=—|— ] — 2.1
o) =5 (5 ) (2.16)

Thus, the density of states within a band and around a minimum where the energy can
be represented as a parabolic function of the momentum, is a continuous function and is

proportional to the square root of the energy.

If we do the same analysis for 1D, 2D and 3D highly confined systems, i.e. quantum wells

(nanoplatelets), wires and dots, we obtain the density of states summarized in the following
Table 2.21

Table 2.2: The density of states for reduced-dimensionality systems.

Dimension of confinement p(E)
3D series of J functions

1 1
1 (2m*\2 E_2
2D = ()" 5

A1
1D 2 (%) E°
3

*\ 2
oD o ()5

If there are many (n) confined states within the quantum wire with subband minima F;,
then the density of states at any particular energy is the sum over all the subbands below

that point, which can be written as:

2 2
=1 g h 2

n 1 _1

1 /2m*\2 (F—FE;)" 2
e =35 (%) E ) ew - 6 (2.17)
The situation for quantum dots as reflected in Table[2.2]is very different. As the particles
are confined in all directions, then there are no dispersion curves, and thus the density of
states is just dependent upon the number of confined levels. One single isolated dot would
therefore offers just two (spin-degenerate) states at the energy of each confined level, the plot

of the density of states versus energy would be a series of d-functions.
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Figure 2.5: Schematic of density of states as the system dimensionality is reduced. The density of
states in different confinement configurations: (a) bulk; (b) quantum well or nanoplatelet; (c¢) quantum
wire; (d) quantum dot. Adopted from [79]. Not to scale.

Figure illustrates the density of states for bulk and semiconductor nanocrystals with
different degrees of confinement. The conduction and valence bands split into overlapping
subbands that become successively narrower as the electron motion is restricted in more
dimensions. As illustrated for the quantum wire and quantum dots, these confined systems
can present different heterostructures like a core/shell fabrication. However the curves of
density of states presented in Figure are representative of an ideal nanocrystal with one

layer or core, as illustrated for the nanoplatelets or quantum wells.

One way to experimentally visualize the density of states for a quantum dot system is
to look at the absorption or excitation spectrum of these materials. For instance, a better
understanding of the valence subbands is necessary. Basically, the formulations developed in
the previous section are enough to understand the electronic states of the conduction band.
However, because of the complex, multi-subband character of the valence band typical for
many semiconductors, one can only explain the NC valence-band structure by considering
confinement-induced mixing between different subbands [80]. In the case of a quantum dot,
the valence-band Hamiltonian contains both the crystal-lattice and NC-confinement poten-
tials. For this situation, the true quantum number is the total angular momentum, ﬁ, which
is a sum of the Bloch-function angular momentum, f, and the orbital momentum of the hole
envelope function, E, hence F = J + L. Usually, the valence band states will be denoted

by nLp. Calculations of the size-dependent hole energies in CdSe quantum dots taking into
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2.4. MULTIEXCITONIC DYNAMICS

Figure 2.6: Interband optical transitions of colloidal CdSe nanocrystals a) The arrows indicate the
allowed transitions between conduction and valence subbands. (b) A linear (ground-state) absorption
spectrum of CdSe NCs with a mean radius of 4.1 nm. Arrows mark the positions of four well-resolved
transitions that involve either the 1S or 1P electron states. As published in [72]

account the mixing between heavy, light, and spin-orbit split-off valence subbands present
the levels 1S3/9, 1P3/9, and 2S5/, as the three lowest states. Optical transitions that involves
these states are well resolved in a linear absorption spectrum of colloidal CdSe NCs as shown

in Figure |2.6

2.4 Multiexcitonic dynamics

The creation of multiexcitons and its subsequent radiative recombination increase the quan-
tum efficiency of the NC and reduce the emission time due to the creation of many decay
channels. However, it is not a condition strictly necessary to achieve fast recombination time.
Another way would be to increase the oscillator strength of the radiative transition since de-
cay time (7) and oscillator strength are both inversely proportional as stated in the following

equation:

1 2ne’w
1 231f21 (2.18)

T me
A fast emission due to the giant oscillator strength has been experimentally observed in
excitons weakly bound to impurities and defects. Since the matrix element of the transition

is a volumetric weighted integral along all possible states, the localization of the exciton in a
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2.4. MULTIEXCITONIC DYNAMICS

region of the lattice which involves several unit cells contributes to a significant increase of the
oscillator strength. This spatial coherence of the excitation can be achieved either by a defect-
bound e-h pairs or by reducing the size of the semiconductor in the form of nanocrystals. Up
to a limited particle size, the exciton wavefunction is assumed to be coherent over the whole
particle, so particle size replaces the range of the exciton and the coherent phasing of dipoles
over many unit cells results in a dipole matrix element much larger than that achieved by a

single atom.

The giant oscillator strength is manifested by the fast single-exciton photoluminescence
decay kinetics present in CdSe nanoplatelets and quantum dots in the order of a few hundreds
of picoseconds. Furthermore, single-exciton binding energies in the order of ~100 meV for
these systems guarantee a stable excitonic population at room temperature which contributes

considerably to the high quantum efficiency of fast emission under laser excitation.

The dynamics of the multicarrier interaction and eventual recombination exhibited in
nanocrystals will be analyzed on the basis of Auger recombination (AR) and carrier multi-
plication (CM) as reviewed in [72] [73].

2.4.1 Carrier multiplication

In a conventional gamma absorption scenario, a photon with an energy hiw > E; results
in a single electron-hole pair, whereas the photon energy in excess is dissipated through
phonon relaxation in the lattice. Strong carrier-carrier interactions can in principle open a
new relaxation channel, in which the excess energy does not dissipate via electron-phonon
scattering, but it is instead transferred to a valence band electron, exciting it across the
band gap in a collision-like, impact ionization event. As result, a gamma absorption ends up
with the creation of two electron-hole pairs instead of one, if energy conservation allows it.
This process is usually known as carrier multiplication and finds plenty of application in the

photovoltaic technology to increase the power conversion efficiency of solar cells.
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Figure 2.7: A sequence of events leading to carrier multiplication. Left: Absorption of a high-energy
photon producing a hot conduction-band electron. Middle: this electron transfer its excess energy to
a valence band electron via an impact-ionization-like event, exciting it across the band gap. Right:
photogeneration of two electron-hole pairs.
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The ideal case for carrier multiplication yield is described by a staircase in which each
increment of the incident photon energy by the band gap results in a new e-h pair, which
increases the quantum efficiency (QE) by 100%. QE is defined as the number of photons
emitted product of a radiative recombination of electron-hole pairs. This ideal behavior is
shown in Figure together with the real scenario obtained using bulk semiconductors. In
contrast to the theoretical limit where the threshold energy to create two e-h pairs is exactly
two times the band gap energy, bulk semiconductors exhibit a hwy, > 4FE, and the linear
growth is much slower. The inverse slope of this dependence represents a measure of the e-h
pair creation energy, i.e. €., is the energy required to generate a new e-h pair at spectral

energies above hwy,. According to a large body of experimental data we can conclude in,

heown = on + B, (2.19)

For the ideal case (dashed line in Figure , hwin=2E, and €., = E4. However, due
to momentum conservation a new e-h pair produced through impact ionization must carry
non-zero kinetic energy. This means €., increases by the value of the kinetic energy Ej, which
in the free carrier approximation can be expressed as E; = 1.8E;. Phonon losses (E,) also
increase the realistic €., approximately between 0.5-1 eV. In conclusions, we have that at
least €., = Ey + Ej, + Ep), ~ 3L, instead of the ideal value of E,. Respectively, the carrier
multiplication threshold is at least 4E, as shown by the solid black line in Figure @7 starting
at 4.5 and finishing at 8 hw/E,.

| .

Ideal €en=Eq l

| .
.

Figure 2.8: Theoretical and experimental quantum efficiency (QE) of photon absorption to e-h pair
conversion as a function of pump-photon energy normalized by the energy gap. The black dashed
line represents the energy-conservation-defined-limit which assumes all the excess energy above the
band gap could be used to create of a new e-h pair. The black solid line is the typical dependence
observed for bulk semiconductors which contrasts with experimental QEs measured for PbSe (blue
solid squares) and PbS (red open circles) nanocrystals. As published in [72] and [73].
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Having analyzed the bulk semiconductor case, let’s have a look at semiconductor nanocrys-
tals. Here, the phonon losses are highly reduced due to a discrete energy levels in the conduc-
tion band. These discrete, atomic-like levels are classified according to angular momentum
but not translational momentum so there is a relaxation of translational momentum, con-
servation rules which also reduces Ej. In this way, measurements done using PbSe and PbS
quantum dots have proven to considerably decrease fiwy, to 3 times E; as shown in Figure
2.8, with the outstanding result of 700% QE for a gamma absorption. In this case, there is
not Auger recombination taking place and all the e-h pairs created by CM are able to decay

radiatively.

A Dbiexciton (XX) created via CM in a neutral nanocrystal could decay radiatively or
through Auger recombination (AR), in which case the overall decay rate will be faster but
the quantum efficiency will decrease considerably. If we assume only radiative decay, looking
at the probability of recombination (P, = %) of two electron-hole pairs, we find that the
biexciton radiative recombination time (i.e. 7,_,, as shown in Figure is 4 times faster
than that of the radiative exciton (7,_,). Each electron will be able to recombine with 2 holes,
so that will open 4 different channels. This factor 4 is characteristic of quantum dots where
the confinement is high in 3D dimensions, however studies suggest a factor 2 for nanoplatelets
where the confinement is 1 dimensional and the electron-hole pairs are allowed to move in
a plane. The distance between e-h pairs will allow each electron just to recombine with one
hole, opening 2 channels instead of 4. This fact has been experimentally confirmed in [75]
where a series of CdSe elongated NCs (nanoplatelets) were used to study the effect of the 0D

to 1D transition of non-radiative Auger recombination.

Tr xx~ 1/4Tr x Tr x

|:> Tr xx<<Tr x
. Tr xx ~ 1/100Tr_x
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Figure 2.9: Sequence of recombination events in the case of carrier multiplication in a neutral (top)
and charged (bottom) nanocrystal.
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In this way, the comparison between the single-excitonic (X) and biexcitonic (XX) decay

times offers a quantitative path to determine if carrier multiplication is happening in an
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efficient way or whether Auger recombination is dominating. Single-excitonic decay time
Tx is usually determined under low excitation density, where the number of e-h pairs per
nanocrystal is much less than one. Incrementing the excitation density will usually shorten
the decay rate with the consequent spectral shift in the wavelength of emission by the value

of the binding energy of the multiexcitons created.

One of the most direct approaches of determining the biexciton binding energy is based
on the analysis of relative spectral positions of the biexciton and single-exciton emission lines.
Radiative recombination of a biexciton (XX) produces a photon (hwx x) and an exciton (X):
XX — X 4 hwxx. Because the final exciton can be in either its ground or excited state,
the shift of the biexciton emission band with respect to the single-exciton peak, in addition to
being affected by the exciton-exciton interaction energy, can also be contributed by the excess
energy of the surviving exciton with respect to the ground-state single-exciton level (Eg)()
If we assume that the biexcitons preferentially decay into ground-state excitons, the shift of
the biexciton line (hwxyxy = Eg){ + Axx) with respect to the single-exciton band (hwx = E}){)

provides a direct measure of the exciton-exciton binding energy: Axx = hwx — hwxx.

When the excitation density increases, the probability of having a charged e-h pair, i.e.
trion, X1, 1 electron and 2 holes or viceversa X, 2 electrons and 1 hole also increases.
This can lead to a shortening in the decay rate of the charged biexciton 7y y+ due to a
different number of channels which will be open, as illustrated at the bottom of Figure [2.9
In this case, a factor of 6 between single-excitonic and biexcitonic recombination decay times
is characteristic of a charged biexciton population. As a conclusion, a factor of 100 between
biexcitonic and single-excitonic emission is usually accepted as a signal of prominent Auger

recombination in the dynamic of the multiexcitonic population [81].

2.4.2 Auger recombination

Auger recombination is a process in which the e-h recombination energy is not emitted as a
photon but is transferred to a third carrier instead, usually another e™. This third carrier
is then promoted to a higher-energy level, which can be within or outside the nanocrystal
(Auger photoionization). Basically, we are talking of two-electron process collision in which a
substantial energy change occurs. The efficiency of Auger processes, which are mediated by
Coulomb electron-electron interactions differ greatly between the atomic and bulk semicon-
ductor cases. In atomic systems, for which the electron-electron coupling is much stronger
than the electron-photon coupling, the rates of Auger transitions are significantly greater
than the rates of the radiative transitions. As a result, the decay of the multi-electron states
in atomic systems is dominated by Auger processes. In bulk semiconductors, Auger recombi-
nation is inhibited by kinematic restrictions imposed by energy and translational-momentum
conservation. However, because of relaxation of momentum conservation and the spatial
proximity of the carriers, Auger recombination rates increases dramatically in nanocrystals,

especially in quantum dots where the confinement is in 3D.
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2.4. MULTIEXCITONIC DYNAMICS

The five basic processes of Auger recombination are shown in Figure In process 1
two electrons collide in the vicinity of a hole, resulting in the e-h recombination and the excess
energy absorbed by the other electron. Process 2 involves a phonon whose momentum helps
to relax conditions in the energy and momentum of the colliding particles. In process 3 and 4
a localized state is involved and process 5 describes an internal transition in a donor-acceptor

pair.

——0— _o o _T_._ —e— ——
1. Direct 2. Phonon-assisted 3 & 4. Trapping 5. Donor-acceptor

Figure 2.10: Five basic Auger processes. Five more exits in which a hole carries away the energy. The
reverse of these processes lead to ten basic processes of impact ionization.

The rate for the direct Auger effect is closely related to the electron-electron scattering
rate with the only difference that one of the electrons have its final state in another band.

The rate will be given by the familiar equation of first-order perturbation theory:

2
Wrecomb = /f %‘MIQ(S(EJI - El)dsf (220)

where, f and ¢ refer to the final and initial states, the integral is over all final states
S, and the time dependence is subsumed in the delta function conserving energy. M is the

matrix element of the transition.

In order to calculate the Auger recombination rate, let’s assume that the incident electron
in the conduction band, which has a wavevector El and a defined spin, collides with a second
electron in the conduction band, which has a wavevector Eg and either an identical spin or its
opposite. Assuming the wavevector E’l refers to the valence band state and the wavevector
E’Q refers to the high-energy state in the conduction band. The matrix element for process 1,

the direct collision of two electrons of identical spin, is:

Mg = 1 u - (F)@*ikﬁ/l"r1 u* - (77)67“%'F2 X —62 e el u - (F)(fﬂaf1 u - (Tﬂ)efik;'radrﬂ-drﬂ
TS vk oRy\ 2 drelri — 13| e cky 2 v
(2.21)

Therefore, determining the matrix element for all the different processes can be a very
long and tedious calculation. So, let’s just apply some basic statistic in order to get the

feeling about the recombination rate for the Auger effect.
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2.4. MULTIEXCITONIC DYNAMICS

Let’s assume that state |ko) is full (electron in the conduction band before being trans-
ferred to a more energetic level), |k}) is empty (occupied by a hole since it is in the valence
band) and |k}) is empty (electron in the more energetic level). Assuming non-degenerated
statistics, we can calculate the following weighting factor as the probability of having an

electron with wavevector ks and a hole with wavevector ]‘?1 ,
P(ko, ki) = f(ka)(1 — f(k})) (2.22)

where for near thermal equilibrium,

n _ B
flke) = e FoT (2.23)
c
, P _Eyko
L= f(k)) = 1e "5 (2.24)

v
Here, n and p are the electron and hole densities, N. and N, are the effective densities of

states in the conduction and valence bands, respectively.

The recombination rate will be proportional to the density of electron-hole pairs created
in the material which makes it an important loss process in semiconductors in which carriers
densities are of the order of 10'® e-h/cm3, particularly at room temperature or above. Due to
the high carrier density exhibited in nanocrystals ~ 101 e-h/cm?®, when there is an average
of 1 e-h pair per crystallite, Auger recombination is one of the main non-radiative processes.
This has been experimentally proven by [74] where CdSe quantum dots of different sizes
were used to study confinement-induced modifications in Auger-type interactions during the
transformation from bulk crystalline to atomic regimes. Experimental data for the Auger
effect in QDs were analyzed within a bulk semiconductor approach by introducing an effective
carrier concentration in the nanocrystal (nep, = % where N is the number of e-h pairs per
dot and Vj is the dot volume) and a cubic carrier decay rate CAngh (with C'4 the Auger

constant).

Experimental data of multiexcitonic recombination were successfully found to follow the
model proposed and the time-constant ratios predicted by the bulk semiconductor model
held for all QDs sizes. Simple bulk material reasoning would suggest that the enhancement
in the Auger decay in smaller particles is caused by an effective increase in carrier concen-
trations resulting from the increased spatial confinement. However, the R? size dependence
of relaxation times measured experimentally was different from the R® dependence predicted
by the bulk semiconductor model, which shows that in QDs, the Auger constant depends on

the particle size. This is also indicated by calculations of QD Auger ionization.

Previous studies [75] have shown a transition from cubic to quadratic Auger recombi-
nation decay from quantum dots to nanoplatelets, especially as the nanocrystal aspect ratio
is increased above 8. This observation indicates that in long quasi-1D nanoplatelet, Auger

decay occurs as a result of bimolecular, exciton-exciton interactions. The effect of sample
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2.4. MULTIEXCITONIC DYNAMICS

dimensionality on its optical-gain performance was also observed, concluding that the use of
elongated NCs allows to reduce non-radiative carrier losses arising from Auger recombina-
tion compared to spherical NC emitting at the same wavelength. This reduction leads to an

increased optical-gain lifetime and an extended gain spectral range.

2.4.3 Heterostructures

As explained in the previous section, the multiexciton Auger recombination rate is linearly
proportional to the particle volume, which is sometimes known as V-scaling. Although Auger
lifetimes exhibit a quick increase with quantum dot size, they are still in the sub-nanosecond
timescale, even in large QDs, with sizes reaching that of a bulk exciton. An alternative
approach to reduce Auger decay rate is to delocalize the electron-hole pair inducing its spatial
separation. This reduces the wavefunction overlap for the ground-state electron and hole
participating in the transition. This approach involves the growth of core/shell structures,
known as type II quantum dots [82] and dot-in-rod nanostructures. Figure illustrates
the difference between type I and II showing the spatial distributions of electron (p.) and
hole (pp) charge densities, which are nearly identical in type-I NCs. In type-1I core/shell
NCs, electrons are primarily localized in the core, while holes reside in the shell, which lead

to a significant difference in radial distributions of p. and pp,.

CB

| o |

Eg (core) Eg (shell) Eg (alloy)

] e

Figure 2.11: Spatial distribution of the charge densities of electrons and holes in quantum dots Top:
QDs of type I (calculated for R=1.6 nm) and type II (core/shell heterostructure with R=1.6 nm and
H=2.0 nm) as published in [82]. Bottom: Schematic of the band energy diagram for the core/shell
and core/alloy/shell heterostructures.

Reduced e-h overlap is one of the main reasons for the suppression of Auger recombi-
nation in core/shell heterostructures. However, increasing the shell thickness produces an

unexpected and very rapid lengthening of the Auger time constant not explained by the
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V-scaling nor the e-h delocalization. This observation suggests that other structural charac-
teristic of the QDs, such as the properties of its interface might play an important role in
the decay rate of AR. Theoretical calculations have proven that the shape of the confinement
potential has a significant effect in the Auger recombination rate, which was experimentally
evaluated by smoothing the potential with the use of alloys between core and shell. This
fabrication modifies the shape of the potential from a sharp step-like to a more parabolic
profile as shown at the bottom of Figure Core/shell heterostructures not only have a
significant impact in Auger recombination rate but are widely used to gain in photostability

since reduce the blinking considerably [83], i.e. photoluminescence intermittency.

2.5 Applications

Nanocrystals have proven to be an emerging technological platform which offer cheap, ver-
satile production for many optoelectronic components. Their size-dependent electronic band
structure together with recent advances in controlling their size, shape, core/shell heterostruc-
ture, and surface chemistry have enabled their use in a wide range of photonic applications.
Their unique multicarrier dynamic based on wavefunction manipulation and engineering
brings the possibility of controlling the properties of semiconductors materials almost at

the atomic level.

Industrial applications are new digital plasma displays and white LEDs [84], optical
filters, laser modulators [85], electro-optical modulators [86] and further fundamental research
developed for quantum computation. Nanocrystals have been applied in the field of bio-
labeling [87], low-threshold lasing [I5] [16l [17] using colloidal solutions, photovoltaics cells
[18], direct-injection LED [88], photodetectors [89], and single photon sources for quantum
information [19, 20]. Furthermore they are extensively used as sensors in the nanoplasmonic
field, which brings an enhancement of the nanocrystal performance and allows to increase

their sensitivity to the molecular level [90].

The high quantum yields (QYs) of NC quantum dots (QDs) and fast recombination times
under laser excitation have also generated interest in their use as low-cost, high-resolution
scintillators for radiation detection [2I, 22]. Towards this end, the response of QDs un-
der alpha [91], soft X-ray [92] and ~-ray [25] irradiation has been investigated. Previous
studies have lead to the identification of the main bottlenecks when applying semiconductor
nanocrystals as radiation detectors such as low stopping power, low transparency due to small
Stokes shift and in particular low quantum efficiencies providing an ultrafast but inefficient

response under ionizing radiation.

One of the first studies under time-resolved electron excitation [26] has found that highly
energetic excitation of CdSe/ZnS core/shell quantum dots produces high yields of weakly
emissive multiexcitons and trions, suggesting significant roles of processes such as CM, and

scattering-type or Auger-assisted ionization in energy relaxation. These processes result in an
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Figure 2.12: Application of nanocrystals in dissimilar fields.

excited-state population that presents a heretofore under-appreciated and in fact dominant
channel for loss of absorbed energy in previously reported NC-based gamma-ray scintilla-
tion experiments. In this way, its conclusion points towards the possible improvement of
future NC-based detectors performance not by using materials with large Stokes shift (as is
the prevailing view), but rather through the use of a specific, emerging class of engineered

nanomaterials exhibiting suppressed Auger recombination.

As a follow-up of the previous studies, in this thesis we will identify Auger suppressed
nanocrystals under laser excitation and determine whether this suppression holds true under
ionizing irradiation. The present research will extend to different types of nanocrystals syn-
thesized either in a wet solution or by irradiation methods in the form of dry nanopowders.

But first, we need to have a look to the properties of conventional scintillating materials.
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Chapter 3

Light transport in scintillating

crystals

3.1 Introduction

In this chapter, light output measurements are performed using a set of LYSO crystals with

2 cross section. In this way, the attenuation length

lengths between 5 and 30 mm and 2 X 2 mm
of the LYSO will be evaluated as a function of crystal size using different masking, coupling
and wrapping configurations. Light yield experimental data is used to validate the light ray
tracing Monte Carlo code based on Geant4 classes and libraries. The comparison is done for
most configurations showing good agreement with the experiment. This “validation” allows

us to use the simulations as a modeling framework in the study of three particular cases:

1. The estimation of the light transfer efficiency for different coupling configurations is
done in order to indirectly determine the intrinsic light yield of LYSO crystals. The study
uses both analytical and Geant4-based simulation approaches, yielding error bars of 13%
around an average value of 39’000 ph/MeV. This result will be experimentally confirmed in
the next chapter as a very accurate approximation. Knowledge of the intrinsic light yield
sets a quantitative limit to the maximum gain that can be obtained after light extraction

optimization.

2. Light output optimization will be considered for geometrically modified crystals in
which the readout face is shaped accordingly to Monte-Carlo based simulations. The modi-
fication introduced breaks the symmetry for the angle of total internal reflection and allows
a maximum gain in light extraction of 30%, which is experimentally confirmed for some

samples.
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3.2. LIGHT OUTPUT

3. Light sharing among different crystals conforming a highly pixelated matrix will be
evaluated in order to increase the spatial resolution by changing the crystal-photodetector
coupling factor from 1:1 to 4:1. The possibility of obtaining DOI information is also inves-
tigated using the same light-sharing guide. One configuration is found to be a promising
module candidate for PET systems with encoded DOI information and a spatial resolution

about 1.5 mm.

3.2 Light output

The determination of the crystal light output is usually the conventional method to charac-
terize and quantify the scintillators’ performance in terms of photons per MeV and energy
resolution [93]. Once the photodetector response has been calibrated, i.e. single electron and
quantum efficiency, the photopeak signal is used to calculate the number of photons emitted
per energy deposited in the crystal. The standard procedure uses a PMT to measure the
energy spectrum together with a gamma source, usually '37Cs or 22 Na. One of the faces
of the crystal is placed with dry or grease contact on the PMT window. For a single LYSO

crystal, 2x2x20 mm? with all faces polished, the energy spectrum looks like shown in Figure

B
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X I ndf 4603 /345
10000 A 1.0886+04 + 1.894e+01
mean 2705+ 0.3
8000 sigma 1799+ 0.3
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Figure 3.1: Energy spectrum of 137C's measured with an LYSO scintillator coupled to a PMT. From left
to right: noise peak, backscattered peak, the Compton continuous, Compton shoulder and photopeak.

Furthermore, light output measurements under different wrapping and coupling condi-
tions for several crystal lengths allow us to understand deeper the light transport efficiency
(LTE). When modeled correctly, LTE is also able to provide information about the scintil-
lator intrinsic light yield (the initial amount of photons emitted in the crystal) following the
equation:

LYout = LY;nt x LTE (31)

where LTE can take values from 0 to 1.
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A complete understanding of the photon dynamic from creation to absorption is funda-
mental in order to quantify the LTE upper limits. This sets a maximum value for the amount
of light that can be extracted if loss processes were minimized or if the light within total in-
ternal reflection could be untrapped. To tackle this task, a light transport code that uses
Geant4 libraries and classes [94] will be implemented as model for the tracking and transport

of optical photons in the crystal in order to estimate LTE values.

3.2.1 Experimental bench

Figure [3.2] shows the main components of the light yield bench. The whole setup is placed
inside a temperature controlled light tight box. The PMT used is a Hamamatsu R2059, with
a 30 mm diameter fused silica window operated at 2200 V. The charge pulse created is send
to the multichannel analyzer which in this case is a 4 channel CAEN Digitizer DT5720D
(12 bit 250 MS/s ADC). The trigger is set on the negative edge of the signal and the charge

pulse is recorded in a gate as long as ten times the decay time of the scintillator.

137CS
,,,,,,,,,,,,,,,,,,,, ~ Wrapping
j\ Scintillator
Mask + e . Coupling
|
Power | HvOn i(t) Multichannel PC
Supply Analyser
PMT

i ()

Figure 3.2: Schematic view of the experimental setup used to measure the light output of scintillating
crystals.

The light output (expressed in ph/MeV) is calculated using the following equation:

LYo — Npe _Channel - 10Atten/20 (3.2)
T QEpur-E, SEpur-QEputT - E
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3.2. LIGHT OUTPUT

Here, the channel used is the one corresponding to the photopeak. SFEp;r refers to the
single photo-electron signal of the PMT and QQEpy/r stands for its quantum efficiency. E,

is the energy of the gamma source used, in this case 662 keV.

PMT Single Photoelectron Response

The signal arising from one single photoelectron is analyzed in order to calibrate the multi-
channel digitizer response. The PMT is operated with the high voltage on and no source of
light reaching the window. The spectrum is shown in Figure (left) and the mean of the
Gaussian fit corresponds to the channel of one photoelectron. After this, the energy spectrum
of a gamma source is acquired by coupling the crystal to a PMT and the photopeak channel
is divided by the single photoelectron channel. The next step, uses the quantum efficiency of
the system to convert from photoelectrons to number of photons. The stability of the PMT
is monitored by checking the photopeak position for some interval of time as shown to the
right-hand side of Figure After some minutes the PMT is ready to use.
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Figure 3.3: PMT calibration and stability. Left: PMT single photoelectron response. Right: PMT
stability measured for 10 minutes.

3.2.2 Measurements

Light output measurements were carried out using the setup explained in the previous section
and two sets of LYSO crystals from Crystal Photonics Inc.[95] between 5 and 30 mm long and
cross section of 2x2 mm?. The first configuration consisted in placing one of the 2x2 mm?
crystal face dry coupled and not wrapped in contact with the PMT window using two mask
sets: a circular holder of 3 mm diameter and a square tight mask with 2.1x2.1 mm? hole.
This configuration will be identified in the future as dry coupling and is the one which present
less statistical uncertainties. Values are reproducible within a 5% deviation, mostly arising
from the surface/edges state of different crystals. The rest of the configurations are: 2. grease
coupling using both sets of masks and no wrapping, 3. Teflon wrapping, dry coupling using
the circular holder, 4. Vikuiti [96] wrapping, dry coupling using also just the circular holder.

For all the aforementioned configurations the statistical fluctuation lays within 10% around
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the mean value.

The results of these measurements are shown in Table where each value is an average
of measurements done using two different crystals of the same length. Figure shows the
same values normalized to the dry and unwrapped configuration of 20 mm crystal length,
where the attenuation reaches a plateau after 20 mm. For the dry configuration, using circle
or squared mask, the light output deviation for 20 to 30 mm long crystals is around 3%
and 2%, respectively. The light attenuation is almost completely saturated and a waveguide
behavior is appearing. Also noticeable is a difference in light output when measuring with
the different masks, especially for very short crystals where the gamma interaction has a
bigger probability to happen at the end of the crystal. The reason for these differences will
be discussed in the next section.

Table 3.1: Light output values for LYSO CPI crystals as a function of its length using
different coupling/wrapping configurations.

No wrapping (ph/MeV) Dry coupling (ph/MeV)

Crystal Dry Grease Teflon Vikuiti
length (mm) O*  OF O O O O
5 4911 6773 14936 19582 14664 16474
10 4164 5351 13439 17341 12185 13436
15 3916 4587 13310 15820 9201 12019
20 3693 4195 12693 14100 8404 10607
25 3684 4252 13100 14538 8769 9140
30 3582 4019 11041 13628 7631 8792

* Mask used in the measurements

T T
—4—Dry, square
——Dry, circular 45} —+—No wrapping| -
—=—Grease, square —e— Vikuiti
5F —=—Grease, circular| | 4 —s—Teflon
r -
4 -\‘\/\ 7

Ligth Output (a.u.)

Ligth Output (a.u.)

. . . . . . . . . . . .
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Length (mm) Length (mm)

Figure 3.4: Normalized light output trend of LYSO crystals as a function of its length. Left: crystals
were measured unwrapped using dry and grease coupling and both set of masks. Right: crystals were
measured using dry coupling, two kind of wrapping and the circular mask.

For the wrapped configurations, one can notice the difference in light attenuation when
using different reflecting materials. Teflon, as a Lambertian reflector preserves the trend
imposed by the crystal intrinsic attenuation. However, Vikuiti with its specular reflections
among the different refractive layers is not able to keep the wave-guiding effect seen for the
crystals between 20-30 mm length. There is indeed more light lost when using longer crystals

wrapped with Vikuiti.
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3.3 Physical modeling

3.3.1 Simulations using Geant4

Geant4 simulations were performed in order to validate the Monte Carlo framework by com-
paring to experimental data. Optical photons are treated following the equations of classical
optics when A is much bigger than typical interatomic distances. The transport across ma-
terials and surfaces will depend just on the characteristics of the medium regarding index
of refraction, absorption length and Rayleigh scattering. The latter is usually unimportant,
since for A = .2um we have oRayieigh = .243 for No or O which gives a mean free path of
~ 1.7 km in air and ~ 1 m in quartz. Absorption is important for optical photons because
it determines the lower A limit in the window of transparency of the radiator. Absorption
competes with photo-ionization in producing the signal in the detector, so it must be treated

properly in the tracking of optical photons.

When a photon arrives at the boundary of a dielectric medium, its behavior depends on

the nature of the two materials which join at that boundary:

1. Case dielectric — dielectric. The photon can be transmitted (refracted ray) or re-
flected (reflected ray). In case where the photon can only be reflected, total internal reflection

takes place.

2. Case dielectric — metal. The photon can be absorbed by the metal or reflected back
into the dielectric. If the photon is absorbed it can be detected according to the photoelectron

efficiency of the metal.

3. Case dielectric — black material. A black material is a tracking medium for which the
user has not defined any optical property. In this case the photon is immediately absorbed

undetected.

With these basic rules for tracking in mind, simulations are designed shooting gammas of
few hundreds keV into a material which creates optical photons following energy conservation.
The energy deposited is converted to a certain amount of photons according to the value set
for the intrinsic light yield. Afterwards the photons are tracked until they reach the volume

declared as photodetector, deposit energy and, they are by this means, absorbed.

The simulation basic geometry includes the crystal coupled to a PMT (glass window
and the photocathode). The LYSO emission spectrum and timing properties are included
as inputs, as well as the absorption and scattering lengths [97]. The material properties
table for the PMT window and photocathode are taken from measurements reported in [98]
and [99] for fused silica and bialkali, respectively. The surfaces of the crystal and PMT are

considered as polished, as first approximation, with the selection of the unified model [94]

b =10"2* cm?
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for each interface. The histogram of hits produced by the optical photons collected in the

photodetector is shown in Figure together with the geometrical visualization presented
as inset.
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Figure 3.5: Simulated energy spectrum using a 2x2x30 mm® LYSO crystal coupled to a PMT as
shown in the inset.
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Figure 3.6: Light output for dry and grease coupled LYSO crystals obtained by experiment and
simulations. The simulated values are normalized to the 20 mm long crystal.

The light output values obtained by simulation are compared to the previous measure-
ments performed with LYSO crystals and are shown in Figure normalized to the 20 mm
long crystal. For the square mask a better agreement with the simulations is seen when
compared to the circle mask. In this way we can conclude that the absorption parameters
are able to reproduce experimental values if the contribution from the edges and/or corners is
minimized. The comparison to absolute values implies a previous knowledge of the intrinsic

light yield which gives us a reason to compare only normalized values.
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3.3.2 Light Transfer Efficiency estimations

Using just geometrical analysis of the light that can be extracted out of the crystal without

considering Fresnel reflections, a very simplistic estimation can be done [52].

2(1 — coshy) 1 — cosb

LTEg, = - = —82% (3.3)
47l — —2m{l —
LT By — 7{ 00592}47r {1 — cosb,} . (3.4)
Where,
01 = asin( lair ) (3.5)
nLyso
and
. Ngrease
02 = asin(———) (3.6)
nLyso

This approximation, however does not consider Fresnel reflections which will increase
the values for the LTE and does not include either light losses due to the diffusion through
the edges/corners. In this way, it can be considered as a LTE minimum value and constitutes
an underestimation of 25% compared to the maximum value of LTE that can be obtained,

assuming crystals perfectly polished when running Geant4 simulations.

microfacets

AAAAAA

Figure 3.7: Schematic of the rough surfaces declared for the crystal vertical edges using the unified
model.

The main difficulty for simulations to accurately estimate the scintillators light output
is the modeling of surface/edge defects [I00]. When mathematically considering a totally
polished crystal, photons impinging at the edges will be reflected as if they were impinging in
one of the two perfect surfaces that coincide in space. Randomizing the normal vector that
corresponds to the photons reflected back at the edges would give a more realistic situation

and it could account for light diffusion.
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After a careful examination of the crystal edges with a microscope, we have defined a
100 pum rough interface at the 4 vertical edges of the crystal with different depolishing levels
defined by « standard deviation (0,) (unified model established in [94], where a constitutes
the angle defined by the microfacets and the polished surface). The schematic representation
of the new surface declaration is shown in Figure The different cases are 1. completely
polished, 2. etched corners, where the degree of depolishing is very small with o, = 1.8°
and 3. ground corners, where the vertical edges are defined with o, = 12°. This correlation
between o, and surface roughness is taken from [101]. We have found that even declaring
the 4 vertical edges as completely unpolished, the simulated LTE still lies within the analytic
estimation (that does not consider any Fresnel or internal reflections) and the perfect polished

case.

In this way, we will set a 25% error bar as first approximation for the LTE estimation,
going from 8.2-11% for the dry coupled configuration and from 29-38% for the grease coupled
case with no wrapping. LTE values are presented in Table The ratio between the
LTEs calculated for grease and dry coupling using the analytic and simulations approaches
is around 3.45. This value is in very good agreement with the factor seen for the light output
using grease and dry coupling as it can be inferred from Table and Figure which is

also around 3.5 for the 20 mm long crystal.

Table 3.2: Estimations of Light Transfer Efficiency (%) for dry and grease coupling case
using different approaches.

LTE % /Coupling Dry Grease Ratio
Analytic (no Fresnel) 8.2 29.0 3.5

Sim. (polished crystal) 11.2 38.3 3.4
Sim. (etched corners)  10.6 36.8 3.5
Sim. (ground corners) 9.0 30.6 3.4

Comparing with the light output measurements < LY,,; > for crystals between 20-30
mm where the attenuation shows saturation, estimations of the LYSO intrinsic light yield

can be done and are shown in Figure |3.8

Estimations of the LTE using different approaches and combined with light output mea-
surements show that the LYj,; has to be within a range of 34°000-44’000 ph/MeV. Looking
at the trend that LTE proposes for the treatment of the crystal edges, the experimental value
is reproduced where the crystal edges are defined as ground surfaces within 100 gm. Simula-
tions using Geant4 have shown good comparative results for the 5-30 mm long crystals. Light
output measurements have proven to be highly dependent on the amount of light exiting the
crystals by the lateral faces, especially for crystals shorter than 10 mm. The way to mask
this light in the naked configuration or reflect it using Teflon or Vikuiti wrapping is crucial

in order to reproduce experimental data.
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Figure 3.8: Intrinsic light yield estimations using dry and grease coupling LTE calculations.

3.4 Increasing light output

3.4.1 Conceptual idea

Scintillating light produced in the crystal impinges on the exit face with an angular distri-
bution as shown in Figure (left). Due to the reference system used in the simulations
where the gamma particles are flying towards z-negative, the photons reaching the exit face
will have an impinging angle between 7 /2 and 7 radians. Considering a LSO:Ce crystal with
1.82 as index of refraction and depending on the refractive index of the coupling medium, the
critical angle for total internal reflection usually varies between 33.3° —60°. This angle defines
the amount of light being extracted. Light arriving to the exit face with an impinging angle
bigger than the critical angle will bounce back and forth, trapped in the crystal, contributing
to the photon time spread and eventually being absorbed after multiple reflections. These
photons are represented in the angular distribution plot (Figure to the left of the arrow
representing the critical angle for the air coupling case, and as the area indicates, those are the
majority of the total number of photons. Changing the critical angle or reducing the amount
of light trapped in the scintillator improves the scintillator light extraction, consequently the

number of photoelectrons created.

Several methods have previously been proposed in order to increase light extraction
by recuperating these trapped modes. Among others, there are techniques such as micro-
structuration [102], photonic crystals [I03] and nanostructures. Gains up to a 100% have
been reported for air coupling in those studies. These structures are complex and often need
specialized equipment to implement. Furthermore, most of the previously referred methods
offer a clear enhancement of light extraction only with air coupling whereas experiments,
which could potentially benefit from an increased light extraction tend to employ a coupling

medium such as silicone grease which significantly reduces the effect of the observed gain.
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Figure 3.9: Angular distribution of the light impinging on LSO:Ce exit face when coupled to air for
a crystal with a rectangular shape and 2 x 2 x 15 mm? size.

But, what if we could benefit from the light which is untrapped when changing the
reference plane of the exit face as represented in Figure (top)?
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Figure 3.10: Angular distribution and readout face coupling for a non cuboid crystal. Top left:
Schematics and cutting angle of the readout face of a shaped crystal. Top right: Crystal coupled to
a PMT using the shaped face as described in the front configuration. Bottom: Angular distribution
for a cuboid and a shaped crystal, where the exit face is cut from side to side with a 30° angle.
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If the angular distribution is calculated for this new shaped crystal, the critical angle
will be, of course the same, but due to the new asymmetric geometry, the bouncing angle
will not be preserved and a fraction of the trapped photons will have some chance to arrive
to the exit face with an angle of incidence 6 < 6., managing to escape. If one superposes the
angular distribution of the cuboid and the shaped crystal, which have been built with the
same amount of photons, the number of photons which are trapped (to the left of the critical
angle arrow) is significantly bigger for the cuboid crystal, meanwhile the distribution to the

right of the critical angle is smaller when compared to the shaped configuration.

3.4.2 Simulations

Simulations are run in order to determine the optimum cutting angle which could provide
the highest gain for light extraction. The geometrical representation of the cutting angle
as a function of crystal axis is presented in Figure [3.10] left. Due to space constraints on
crystal-SiPM coupling area, the simulations were carried out using both faces, front and
back, preserving the cross section of the crystal as the coupling area. In this way, the front
configuration will not have the whole shaped surface in contact with the photodetector but
instead, it is placed with the longest axis perpendicular to the PMT. The results are shown
in Figure where for the dry coupling non-wrapping case, the expected gain has its
maximum when the cutting angle reaches 30°. Simulations predict a top of 20% gain for the
back configuration and maximum 40% for the front configuration. Cutting one of the faces
of the crystal with a 30° plane could be done easily in our workshop either from edge to edge
or from corner to corner. The former will be called wedge-cut and the latter, diamond-cut.
Both shapes are shown to the left-hand side of Figure [3.12] whereas the final cut crystals are
shown to the right.

¢ Back face

= Front face

095 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Cutting angle (degrees)

Figure 3.11: Gain in light extraction when shaping the coupling face of the crystal for different angles
as obtained by Geant4 simulations.
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Measurements of the crystal light output were carried out in the light yield bench de-
scribed in section [3.2]and they are subsequently compared to simulations. Both configurations
are taken into consideration: back and front, when the coupling face is unshaped and shaped,
respectively. The gain is reported comparing to the reference cuboid crystal of 2x 2 x 15 mm?3.
Grease and dry coupling, together with Vikuiti (specular reflector [96]) and Teflon wrapping
are the configurations used for measurements. However, simulations will only be run using
Teflon, declared as a material with a Lambertian reflection. The gain values obtained from
simulations are summarized in Table together with the values obtained for the reference

cuboid crystal.

Figure 3.12: Shaped crystals with two different exit face modification [I04]. Left: Schematic setup
used in the simulations. Right: Pictures taken of the two types of crystals after cutting.

Table 3.3: Light output gain for shaped crystals according to Geant4 simulations for
different coupling and wrapping configurations.

Light output Gain (%)
Air coupling Glue coupling

Sample Coupled face Naked Teflon Naked Teflon
o 1 Back 20 37 3 12
iamon Front 37 40 21 17
Back 16 38 1 13
Wedge Front 34 15 10 10

Light Output (ph/MeV)

Reference crystal 4470 13810 15120 22840

From the simulation point of view, there is not a big difference between the gain reported
for a diamond-cut shape nor a wedge-cut shape. However, the diamond configuration shows
gain as high as 40% for the Teflon wrapped configuration with no glue coupling. In general,
a factor 10-17% is reported as total gain for the wrapped, glue coupled configuration, which

offers the maximum light output values.
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3.4.3 Light output measurements

Light output measurements performed with the cut crystals are summarized in Table
Two samples were produced with the diamond-cut shape and only one for the wedge-cut
crystal. Diamond-cut geometry showed an increase in light extraction for most configurations.
Between 20% and 40% gain was measured for air coupling and between 10% and 34% gain
for glue coupling for most wrapped configurations in the case of the diamond-cut geometry.
Diamond-cut crystal sample 2 however showed a lowered light output when coupled with the
back face and wrapped with Vikuiti ESR. The measured improvements in the light output

are lower than the values predicted by simulations.

Table 3.4: Measurements of the light output gain for shaped crystals.

Light output Gain (%)

Air couplin Glue couplin,

Sample Coupled face Naked Teflon V?kuitiTM Naked Teflon Vi%:uitiTM
Diamond 1 Back 0 26 33 -19 19 27
Front 30 40 43 -7 10 34
Diamond 2 Back -1 22 25 -12 25 -6
Front 34 32 22 -7 15 12
Back 17 -20 -12 -14 -9 11
Wedge Front 5 1 13 7 9 -6

Simulations of Geant4 predicted an improved light output also for the wedge-cut geom-
etry but first, this depends on the configuration (front or back), and second, the percentage
increase is lower in comparison with the ‘diamond-cut’ geometry. Measurements on the
‘wedge-cut’ geometry do not show an increase in the light extraction for most of the config-
urations as illustrated in Table We attribute this discrepancy, at least in part, to the
measurement uncertainties and the limitations of crystal machining. While simulations are
performed under controlled settings, the samples prepared and polished in the laboratory
could deviate from the ideal geometry in ways we do not fully understand yet. Studying
more samples can offer us an insight into this. Non-uniformity of crystal wrapping and op-
tical coupling affect the measurement and this can be overcome by utilizing a precise glue

dispenser and a standardized wrapping procedure through pre-fabricated Vikuiti ESR boxes.

3.5 High resolution crystal matrix

As presented in section scintillating crystals are widely used as the sensitive detector
in electromagnetic calorimeters and PET scanners, which are usually quite compact. From
high to low energy applications, the detector area covers a considerable amount of space

in order to increase the detection efficiency of the system. Specifically for PET scanners,
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scintillating crystals can be used as a bulk material or in a pixelated configuration in the form
of matrices. Single crystals are placed next to each other, usually separated by a reflector foil,
which reduces cross talk and allows to identify the point of interaction. Therefore, the spatial
resolution of the whole system will be proportional to the size of the pixelated array which

2

is usually 4 x 4 with pixels of 3 x 3 mm* since it can be coupled to commercially available

SiPM matrices also with a 4 x 4 array and the same pixel cross section.
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Figure 3.13: Scintillating crystals matrices for radiation detector system and their performance in
terms of light output and energy resolution.

SiPM matrices, known as multipixel photon counter, MPPC, combines the fast response
of SiPMs with a compact solution for multichannel readout. Each SiPM in the matrix is a
square of 3.0x3.0 mm? with 3464 active SPADs (50x50 ym? each). The distance between two
adjacent SiPMs in the matrix (center to center) is 3.6 mm. These SiPMs exploit the Through
Silicon Via (TSV) technology, leading to less dead space and a reduced connection length
as compared to conventional wire-bonded SiPMs. This specific readout of 4 x 4 pixelated
matrix coupled to 4 x 4 MPPC has been used in the external plate of the EndoTOPPET-US
system [0] as shown in the left of Figure The scintillating matrix should fulfill some
requirements in order to guarantee good homogeneity among different channels. The energy
resolution of the matrix as a block detector is one of the parameters which can be used to
check for an inhomogeneous response. The matrix will usually presents larger values for
energy resolution compared to single crystals , i.e. ~ 20% as shown in the right of Figure

.13} however a clear Compton edge followed by a single peak should be features to maintain.

3.5.1 Light sharing to achieve higher spatial resolution

A simulation study was done in order to evaluate the performance of a new module, i.e.
scintillating matrix coupled to MPPC, where the coupling factor has changed from 1:1 to 4:1.
In this case, the simulation includes a 8 x8 matrix with 1.5x1.5 mm? pixels coupled to a 4x4
photodetector matrix with 3x3 mm? pixels as shown in Figure A glass slab of 1 mm is
placed in two different positions, either between the matrix and the MPPC or at the back of
the matrix. This glass will share the light between different pixels which constitute the basic

strategy to reconstruct the point of interaction.
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Figure 3.14: High pixelated matrix new module as built in the simulations. The 8x8 crystal matrix
with 1.5x1.5 mm? pixels is coupled to a 4x4 photodetector matrix with 3x3 mm? pixels. The light
sharing glass slab is located in two positions: 1. at the back of the matrix as the ‘Module’ schematic
(bottom left) or 2. between the matrix and the photodetector as the ‘Coupling’ cross section (bottom
right).

The reconstruction of the crystal position where the gamma interaction takes place is
based on the Anger logic, which uses the ratio of the number of hits in each MPPC cell p;
by the total number of hits. Hits are photons depositing energy in the photodetector so they
are the analog to photoelectrons in a real system. The reconstruction shown in Figure

can be obtained following the relation:

T = %sz‘Xi & y= %ZMYZ (3.7)

where P = Zf\i 1 pi (i=1,..8) and X; and Y; correspond to the physical coordinates of
each MPPC pixel.

Simulations are run using an isotropic point source placed at some distance from the front
face of the scintillating matrices and the Anger logic is applied using the two configurations
mentioned above. A reflecting surface is defined to account for the matrix wrapping. The
reconstructed image is shown in Figure [3.15|where the identification of the point of interaction
for each single pixel is clear. Differences in the shape of the reconstructed matrix is seen when
comparing both configurations. Even though the configuration with the glass at the back
of the matrices shows a less accurate reconstruction for the outer pixels, the crystals at the

corner can be still identified.
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Figure 3.15: Reconstructed hits following the Anger logic for two different configurations. a) glass
slab between the scintillating crystal matrix and the photodetector and b) light sharing glass slab
placed at the back of the matrix.

3.5.2 Light sharing to extract DOI information

DOI (depth of interaction) resolution constitutes one of the main methods to avoid the
parallax error in PET reconstruction. One of the first techniques was based on a phoswich
detector where different scintillating materials are connected to build a single pixel. The
difference in pulse shape is then used to identify in which half of the detector the interaction
actually took place. Another solution is to use dual-side-readout, however this increases
the number of channels and therefore complicates the electronic readout scheme and also

magnifies the cost.

One novel way is to use the light spread among neighbor pixels to evaluate the sharing
factor called RO and find a correlation with the gamma interaction point. In this way,
simulations will be used to evaluate the correlation between RO and the DOI as defined at
the top of Figure [3.16] The correlation between these two variables is plotted and shown in
Figure for one quarter of the scintillating matrix, which is representative for the rest
of the pixels. From the two glass configurations simulated in the previous section, only the
one with the glass placed at the back of the matrix is able to show some correlation between
RO and the DOI. Notice that RO is analogous to the Anger logic shown previously but the
weighted factor extends only to the adjacent pixels and not to the totality of the channels. A
change of 10% for RO might be not at all representative at the level of a real measurement,

however this RO vs. DOI correlation can be shaped by de-polishing the pixel faces.
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Figure 3.16: Extraction of DOI information by looking at the correlation of the light sharing RO factor
and the interaction point in the crystal. The simulations are done for the first quarter of the matrix
which involves four MPPC channels using the configuration with the glass slab in the back.

3.6 Conclusions

In this chapter, the simulation framework used to track optical photons in the scintillator has
been validated for LYSO with length between 5 and 30 millimeters. The comparison with
experimental data is successful only for the tight square mask which minimizes the effect of

edges and corners.
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Estimations of the LTE using different approaches and combined with light output mea-
surements show that the LY;,; has to be within a range of 34°000-44’000 ph/MeV. Looking
at the trend that LTE proposes for the treatment of the crystal edges, the experimental value
is reproduced where the crystals edges are defined as ground surfaces within 100 pm. Light
output measurements have proven to be highly dependent on the amount of light exiting the
crystals by the lateral faces, especially for crystals shorter than 10 mm. The way to mask
this light in the naked configuration or reflect it using Teflon/Vikuiti wrapping is crucial in

order to reproduce experimental data [105].

When the crystal extraction face with a simple cuboid geometry is modified into various
alternative geometries the simulations predict a clear improvement in the light collection.
Measurements with the shaped crystals published in [I04] show an improvement for one of
the two tested geometries. The improvements seen are not uniform among the two samples
from the same geometry. The observed increase in light output for shaped crystals both from
simulations and measurements is due to the introduction of an asymmetry into the cuboid
crystal geometry. Such an asymmetry disrupts the propagation of trapped modes of light
and causes them to exit with a finite probability while preserving the portion of generated
light that reaches the exit face at an angle less than the critical angle for the pair of media
at the extraction face. Since a part of trapped light will be extracted, this implies that the
light output for a shaped crystal will be higher than the reference crystal. We arrive at this
conclusion through simulations and measurements of the light angular distribution. However,
the coupling configuration when the shaped face is at the back does not necessarily preserve
the portion of light that would arrive at the exit face within the critical angle, and therefore

does not necessarily have a positive value of gain.

The evaluation of a new highly pixelated module for higher spatial resolution and DOI
encoding information done by means of simulations has been followed-up with a successful

experimental corroboration and is published in [53] 54].
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Chapter 4

LY SO intrinsic light yield

4.1 Introduction

The performance of scintillating crystal in terms of light output constitutes the basis in
order to improve the energy and time resolution of radiation detector systems, especially
in the low energy regime of medical imaging [106]. Increasing the light output in order to
improve the photostatistic has been proven as an effective way to increase coincidence time
resolution which scales with the square root of it. In this way, a coincidence time resolution
(CTR) improvement of one order of magnitude would need and increase in the number of
photoelectron detected in a factor of 100, if the photodetector single photon time resolution
is kept as a constant. One way to increase the photostatistic will be to optimize the light
transfer efficiency of the scintillator, theoretically up to 100%, which implies there is no light
loss processes in the crystal and the totality of light created is transmitted out of the crystal.
Henceforth, the photostatistical improvement limit will be given by the intrinsic light yield

of the scintillator.

Usually, when estimating or measuring the intrinsic light yield of a scintillating crystal,
LY.+, a deep understanding and characterization of the photon dynamics in the scintillating
crystal is needed. Measurements of this quantity remain in the literature as a wide approxi-
mation based on Light Transfer Efficiency (LTE) simulations [107], as presented in Chapter
or underestimate light absorption for certain geometries [I08]. Another method relies on
long calibration processes [109], [I10] in order to account for all the factors that contribute
to light losses. However, these calibration methods are highly dependent on the surface state
and geometry of the crystal and so far, they do not report values for LYSO scintillators,

which represent our main interest because of their high light yield and relatively fast decay.
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In the present chapter, we will focus on the determination of LY;,; and LTE by means of
experimental measurements. A bench has been set up in order to have a direct measurement
of the LY;,: using electron excitation and restricting the light extracted in a narrow cone

that allows a simple analytic relation between LY;,; and the measured values.

4.2 Conceptual idea

The idea consists in minimizing all the factors that contribute to light losses when optical
photons are transported in the crystal and correcting only for a very simple Fresnel transmis-
sion through a polished surface and a pure geometrical factor. Light will be emitted within a
determined area and not all along in the crystal, creating a cloud of optical photon emission
which will spread isotropically in a 47 solid angle. However, the photons that will be de-
tected are the ones traveling forward and exiting the crystal within a pre-defined solid angle
set by two pinholes, one at the crystal exit face and a second one placed at the PMT window.
To avoid the multiple reflection effect present in crystals with a high aspect ratio, a 1 cm?
LYSO crystal has been chosen and the crystal is measured in dry coupling and no wrapping.
Decreasing the solid angle and the size of the emission cloud will increase the accuracy of
the experiment which is only limited by the photodetector used. The 10 mm long cube has
been chosen in order to minimize the losses through attenuation since the optical photons
will travel for 20 mm as maximum. Processes like absorption or Rayleigh scattering have an
almost negligible contribution for distances around 20 mm since the minimum value reported
is 138 mm for p [111]. The geometrical factor will be just a weighted ratio between the solid
angle of light extraction, analog to the measured light output, and 4, related to the intrinsic
light yield. A more explanatory drawing is shown as the inset of Figure The following

relation is the basic idea followed in this measurement:

LY’out ds)
o —
LYint — 4m

(4.1)
The scintillation emission is confined approximately within a volume of 1x1x0.5 mm?, ac-
cording to the energy deposition tracking of the electron excitation. For this, an electron
beam of 1 mm diameter and 1.5 MeV was used to excite a cubic LYSO crystal at the center
of one of its faces. An excitation energy > 1 MeV has been chosen in order to have minimum
ionizing particles which yield a number of photons similar to the gamma interaction. In
this way, quenching due to high density excitation is minimized. Following this line, a test
is carried out in order to have maximum count rate of electrons, since a signal above the
LYSO background is needed. However, having a penetration range of 0.5 mm will enlarge

the systematic uncertainties.

The experimental bench which schematic is presented in Figure consists of a custom
made electron monochromator that uses a magnetic field to bend the electrons coming from
a 89r /Y| 34.22 MBq source with energies up to 2.3 MeV. The curvature radius is fixed to
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Figure 4.1: Schematic view of the experimental setup for the intrinsic light yield measurements. The
geometrical solid angles defining the light extraction are shown as inset where the electron excitation
point is marked with a red start. (Not to scale.)

45 mm and the energy of the electrons is chosen according to the coil current. The monochro-
mator shielding plates are made of 10 mm thick aluminum, to guarantee only electrons with
the desired energy can pass through the 1 mm hole. A black-non reflective crystal holder is
attached to the electron exit plate, ensuring that scintillating photons escaping through the
lateral and top faces are not reflected back by the aluminum plate. The 1 mm hole of the
shielding plate is aligned with the center of the light extraction pinhole. The PMT R2059
used is enclosed in a set of iron tubes shielding the magnetic field created in the coils. The
PMT together with its pinhole is placed at a distance which preserves the extraction solid

angle.

The formula to reconstruct the total number of photons per energy deposited based on

the amount of photoelectrons detected N is the following,

LY;nt = LYVout X Fgeom (42)
Where,
N. Ch l. 10Atten/20
LYout = = = anmne (43)
QFEpyvr - Fee  SEpyur - QEput - Eoe
and )
Fyeom = =170 (4.4)

-1 (% + R
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Here, SEpyr refers to the single photo-electron signal of the PMT and QEpysr stands
for its quantum efficiency. F._ is the energy of the electron beam. R, is the Fresnel reflection

coeflicient for the light impinging at back and front surfaces of the crystal. The terms % and

% correspond to the solid angle defined by 61 and 6s, respectively as shown in the inset of
Figure 0 is defined as atan””"%, where h is determined using Geant4 simulations of the
electron deposition within the crystal. Accounting for the fraction of photons reflected back
at the top face of the crystal and exiting within solid angle 6;, the factor d{2s is determined
using f». These two angles will depend on the size of the cubic crystal, the energy of the
electron beam and the pinhole radius. For a 1 cubic centimeter LYSO, an energy ~ 1.5 MeV

and a pinhole radius of 3 mm, 6; is equal to 14° and 65 is calculated to be 13.6°.

4.3 Simulations

Simulations are set in order to recreate the experiment features, identify the main source of
uncertainties and minimize them. Figure [£.2] shows the geometry visualization of the whole
system, 1 mm diameter source represented by a yellow star, a cubic LYSO crystal (in red)
and two set of pinholes (in blue) in order to maintain the solid angle seen by the PMT (green

glass window and a red photocathode).

Using low energy electromagnetic libraries in Geant4d we are able to track the energy
deposited by electrons inside the LYSO crystal in function of the penetration depth as shown
in Figure [£.33] After 0.5 mm the electron has deposited all its energy and light will be
emitted then from this zone in the crystal. We are basically simulating the Bragg peak for an
electron beam of exactly 1.46 MeV (~ 1.5 MeV), since electrons are not heavy particles they
will deposit energy in a broader peak compared to ions but narrow enough to being able to
confine the light in a 0.5 mm depth region. Figure [£-3| right shows the histogram of energy
deposited vs. depth (Z) inside the crystal, so after 0.5 mm from the edge of the crystal, the

amount of energy deposited is negligible.

The ionization distribution is used to define the solid angle vertex given by 6 (see Figure
and its dispersion allows us to calculate the uncertainties on the determination of the
solid angle. This gives results of 8.7% when doing the error propagation of the arctangent
function with two variables. Following the energy deposition profile, h in the arctangent
function is defined as the crystal length minus 0.1 mm (taken from Figure , the region
where most of the energy is released. A geometrical representation of both solid angles used
to build the geometric correcting factor is shown to the right of Figure where 0 is
responsible for the light traveling forward and 65 for light reflected back and still able to exit.
The light detected is collimated within a 14.0° cone of extraction using a black non-reflective
pinhole, which assures the bouncing of optical photons under 65, to contribute less than 20%.
Processes like absorption or Rayleigh scattering, despite the very different values reported

in literature concerning absorption length (u,) and scattering length (us), have an almost
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negligible contribution for distances around 20 mm since the minimum value reported for p
is 138 mm [111].

e -source 1x1 mm 2

LYSO crystals 1x1x1cm?3

Pinhole 1

Pinhole 2

PMT glass window

PMT photocathode

Figure 4.2: Geant4 geometrical visualization of the experimental setup conformed by the cubic crystal,
the two set of pinholes and the PMT.
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Figure 4.3: Ionization cloud created by the electron track along the crystal length as obtained by
simulations.

The optimum pinhole radius is determined applying the equation to the number of
photons detected in the simulations and comparing to the real number of photons created
in the scintillating crystal. The results are shown to the left of Figure [4.4] where the error
bars correspond to the peak energy resolution. For pinhole radius between 2 and 3 mm the
intrinsic light yield is accurately reproduced within a 3% with respect to the real value. When
simulating the step number of the photons that manage to reach the photodetector with the
conditions described in the experimental setup, one can see to the right of Figure a first
peak related to photons traveling straight (the ones corrected under ;) and a peak with a
step number which is 2 times bigger, reflected on the back and exiting, with a height < 20%

as compared to the ones traveling straight, which are corrected under 6,.
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Figure 4.4: Simulation study to determine the optimum pinhole radius. Left: Calculation of the num-
ber of photons created by using the equation [£.4] with the photoelectrons detected in the simulations
for different pinhole radius. Right: Step number coming from the tracking of optical photons that are
transported through the pinhole set (pinhole 1 with radius of 3 mm) before reaching the photodetector

4.4 Electron beam calibration

The electron beam diameter of 1 mm was chosen to minimize the energy resolution of the
monochromator to 2.2%. The curvature radius was set to 45 mm in order to maximize the
count rate of the source for energies around 1-1.5 MeV which are minimum ionizing energies
for electrons. The 9Sr/°Y electron source is placed with the output aligned with the input
hole as shown in Figure [4.5] and the electron beam is obtained from the output slit, where
the non-reflective holder is placed to position the cubic crystal. The first test is to check
the linearity of the readout system when measuring with the electron source. For this, the
energy spectrum of a ?2Na source is taken with a GaGG pixel crystal of 2 x 2 x 8 mm? in
order to avoid the intrinsic background of the LYSO. The energy spectrum of the electron
source is superposed and the linearity is check to be correct, giving a 2274 keV energy for
the last channel which correspond with the 2.3 MeV energy of the °Sr/?0Y. The spectra of
both sources is plotted using the energy calibration and shown to the left of Figure [£.6] The

energy resolution of the 511 keV peak is around 20%.

Figure 4.5: Electron monochromator and its main features.
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A study of the PMT response with respect to the current applied to the monochromator
coils was made using a '37C's source, increasing and decreasing the current and checking the
displacement in the photopeak [112]. A magnetic hysteresis effect can be observed to the
right of Figure For this reason the monochromator is always set with a current of 1 A,
ramping up direct to this value. When applying the magnetic field, the photopeak position is
moved by a maximum of 6% to the smaller energies, which is part of the calibration factors

of our system.

Figure 4.6: Electron beam energy calibration [112]. Left: °Sr/?9Y and ??Na energy spectra measured
using a PMT and a GaGG:Ce crystal. Right: Effect of the magnetic field in the displacement of the
photopeak position when decreasing (blue dots) or increasing (green dots) the current.

Measurements of the angular distribution of the light output using either gamma or
electron excitation reported the same isotropic distributions. This avoids corrections for the
distance between the crystal and the PMT.

Due to the dependency of the light output as a function of the interaction point and
different crystal geometries, the electron beam energy calibration is not a straightforward
process. At first, a linear ADC (analog-to-digital converter) calibration is made using a
set of gamma sources (°"Co0,'37 Cs,22 Na), and the electron energy is given by a linear fit.
However, this procedure consider a homogeneous interaction all along the crystal, meanwhile
for electrons, the interactions are concentrated in the upper central part of the crystal. To
account for this effect, simulations were run with the same experimental features in order
to calculate a depth of interaction (DOI) factor given by photopeak position divided by
electron peak position when gammas and electrons have the same energy. For crystals with
dimensions of 2x2x10 mm? and using a tight square mask this factor is 1 so we can measure
the energy of the electron beam using this configuration, which gives a result of 1.46 MeV. In
principle, a lower energy for the electron beam is desirable since the beam penetration would

be considerably reduced.
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Figure 4.7: Set of measurements performed to find the magnetic field correction factor and the energy
calibration done for the electron beam.

The magnetic field correction factor to be applied is found by direct comparison of the
137C's 662 keV photopeak measured with and without current passing thorough the coils as
shown in Figure [£.7 top. The bottom part of the Figure [£.7] shows a typical energy spectrum
taken with the LYSO cubic crystal in place using the monochromator with a current of 1 A
with and without pinhole. Dividing the e- channel by the photopeak channel when the current
is 1 A yields an electron energy of around 1.3 MeV. However, there is a DOI correction factor
of around 0.9 for a cubic LYSO crystal when comparing electron and gamma excitation,
which sets the energy back to 1.46 MeV.

4.5 Results

Measurements of the intrinsic light yield (LY;,;) taken with 5 different 10x10x 10 mm? LYSO
crystals have been done in dry coupling and non wrapping configurations, using the pinhole
that collimates the light exiting within the defined solid angle. The electron peak is fitted
as shown in Figure We calibrated the single photoelectron response and calculated the
convolution of the LYSO emission spectrum with the PMT quantum efficiency to a value of
0.21. The final results for the intrinsic light yield are calculated according to equation
and are shown in Table together with the measured light output.
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Figure 4.8: Electron peak spectrum using a black non-reflective 3 mm diameter pinhole in front of
cubic LYSO crystal and a second pinhole in front of the PMT window.

Table 4.1: Values of intrinsic light yield and light output for LYSO cubic crystals.

Crystal ID LYo (ph/MeV) LYin (ph/MeV)

1 574 39045

2 595 41437

3 561 39044

4 576 39757

5) 530 40125
Average 568 40000
STD 24 1153

STD/Average 3%

The main contribution to the uncertainties arises from the quadratic error propagation

of the geometric factor that, in a simplified way follows this function:

F = cos(atang) (4.5)

Where x is the pinhole diameter and y is the distance from the light emission point
to the crystal exit face. Basically we are propagating the error of a solid angle where the
vertex is not a point in the space but a cloud of probability. Using electrons of 1.5 MeV
creates an ionization cloud that extends for 0.5 mm inside the crystal with a denser zone
at 0.1 mm from the crystal upper face as already shown in the previous section. When
propagating and substituting the uncertainties for x (0.08 mm, instrumental precision on the
pinhole production) and y (0.4 mm), the relative error for the geometric factor is 8.7% ~ 9%.
Basically, the main source of uncertainty is coming due to the energy of the electron beam,
smaller the energy, shorter the range of penetration, the accuracy on determining the solid

angle increases considerably.
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The light output measurements of the same cubic crystals we used for measuring the
intrinsic light yield LYj,; were carried out following the method reported in the previous
chapter. The measured face is the entire 10 x 10 mm?, dry coupled to the PMT. Light output
results for the five different cubes have an average of 4820 ph/MeV and a standard deviation
of 8%.

It is noteworthy that the statistical uncertainties for the intrinsic light yield setup have
been reduced to basically the fluctuations of the PMT and the bench itself (3%). Meanwhile,
the light output values of one entire face for the same crystals are showing a bigger statistical
error (8%) arising from the surface state of different crystals. This confirms our method to

determine an intrinsic magnitude independently of the surface state of the crystals.

4.6 Conclusions

The intrinsic light yield of LYSO crystals has been measured with results of 40’000 ph/MeV
+ 9% (syst) £ 3% (stat) by means of electron excitation using a beam of 1 mm diameter
and an energy of around 1.5 MeV [105]. This value is still pending to the PMT QE precise
measurements. The systematic uncertainties can be considerably reduced when using a lower
energy electron beam, which is especially suitable for crystals with no intrinsic background.
Reducing the electron range from 0.5 mm to 0.1 mm decreases the geometric factor uncer-
tainty to 5.5%, which could be feasible even for LYSO using a higher electron count rate. In

this specific case, we are limited by the activity of the %0Sr/?°Y source.

However, the method previously described can be extended to every single type of scin-
tillating crystal and the uncertainties could be reduced by using different pinhole apertures
and a stronger electron source. The presence of intrinsic background radiation is another

factor which deteriorates the systematics of the experiment.

Measurements of 2x2x10 mm? crystals with all polished faces using optical grease and
Teflon wrapping show light output values of around 28’000 ph/MeV, giving LTE values of
70%. In general around 20-30% of the light created in a 10 mm long crystal is trapped, which
gives some room for light extraction optimization. Alternative methods such as readout
face shaping or photonic crystals coatings could be used for this purpose as proposed in the
sectionor as previously published in [113,[1T4]. However, even though some effort could be
dedicated to increase the light output of a crystal there is an intrinsic limit in the maximum
number of photons that are available for extraction. If we chose crystals of 20 mm, as the
ones used in PET scanners, the LTE is around 50%, which could bring an increase in a factor
of two if all the photons were extracted. Increasing the photon detection efficiency of the
SiPM could also deliver another factor two in the number of photoelectrons detected. These
two properties, light extraction and photodetection efficiency, have a limiting optimization
factor of 4, which translates to an improvement in CTR of 0.5. We could reduce CTR to half

of its present value however this will not bring a CTR of 10 ps.
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Looking for materials with a faster decay- and rise-time is needed to open new ways in
the optimization path of the scintillating crystal’s performance in terms of time resolution.
We have shown in this chapter that improving the light transfer efficiency will not bring an

order of magnitude change in coincidence time resolution.
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Chapter 5

Spectral-time resolved single

photon counting system

5.1 Introduction

The measurement of the timing kinematics of radiative transitions is one way to characterize
the carrier excitation and recombination processes which have taken place in the scintillator
under different kinds of excitation. The time profile of the light emitted is not only related to
the de-excitation of emission centers but carries the information related to the energy transfer
efficiency between the host and the luminescent centers in the case when the excitation energy
is much higher than the band gap of the scintillating material. In this way, the rise time will
be the time constant signature of an fast (efficient) or delayed population of the recombination
centers. Meanwhile, the decay time will be ruled by an exponential function describing the
depopulation of the excited centers. A typical way to characterize the decay of luminescent
centers located within the band gap of an inorganic scintillator is to perform time-resolved
photoluminescence, where the sample is excited by a laser. The rise time, since it is usually
excitation-dependent will vary from zero in the case of laser excitation to O(1)ns values which

are typical of ionizing excitation.

The situation described before could vary considerably for the recombination processes
happening within the discrete-like energy levels characteristic of scintillating nanocrystals.
Having a system able to measure the aforementioned timing kinematics is essential in the

R&D process involved in the characterization of new scintillating materials.

Coming back to conventional inorganic scintillators, their intrinsic rise time under ioniz-
ing radiation shows still some controversy among literature. One of the first studies made by
Derenzo et. al., [115] have shown two components for the rise time of LYSO crystals: the first
one at the level of the impulse response function of the system and a second one at around

350 ps. However, there is not a follow-up study of these two rise time components with dif-
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ferent crystals, neither discussion regarding the slow component. More recent measurements
using also X-ray excitation [I16] showed only one rise time component and no significant dif-
ference between Ca?* co-doped or non co-doped crystals. However, rise time measurements
made using time-correlated single photon counting technique and 511 keV gammas [12] show
remarkable differences between Ca?* co-doped and non co-doped crystals not only for LYSO
but also when measuring LuAG:Ce and LuAG:Pr samples. These differences in rise time are
able to explain the enhancement in coincide time resolution values of co-doped crystals as

previously reported in [§].

The main source of discrepancy regarding the rise time measured under X-ray excitation
comes as a result of a poor description of the impulse response function (IRF) of the photode-
tection system which is usually due to the impossibility to measure the time profile of the
X-ray excitation pulse. For some time-resolved single photon counting systems using either
MCPs (multi-chamber plates) or other X-ray sensitive photodetector, the determination of
the excitation source time profile is a straightforward measurement, as simple as measuring
background. For other systems which are insensitive to X-rays, the measurement of the IRF
needs to be done using a material that converts the X-rays into light with a decay time
constant much shorter than the full width half maximum (FWHM) of the excitation pulse.
Finding a material with a monoexponential decay component of few picoseconds is not an

easy task which leaves the IRF measurement as a bare approximation.

This chapter describes the technicalities of the spectral-time resolved single photon count-
ing system used to perform rise and decay time measurements along the second part of this
manuscript. The system is a Hamamatsu C10910 universal streak camera which handles a
repetition rate of 4 MHz and has an intrinsic time resolution of 18 ps FWHM when operated
using the slow single sweeping unit M10913-11. The system is built to perform time-resolved
measurements under optical and ionizing excitation and the light from the excited sample is
detected in transmission mode. The laser is a 372 nm picosecond pulsed diode from PiLAS
with a FWHM of 51 ps when operated at 70% intensity. It is used to perform time-resolved
photoluminescence and to trigger an N5084 X-ray tube which generates X-rays pulses fol-
lowing the laser temporal shape. The pulsed X-ray tube has a tungsten photocathode with
an energy spectrum up to 40 keV and an intrinsic time resolution of around 50 ps FWHM.
The IRF of the system is determined by experimental measurements up to the first decay

component and by modeling in order to approximate the possible second decay component.

In section the time resolved measurements of the energy transfer arising from X-ray
irradiation of scintillating crystals, i.e. rise time, together with time resolved photolumi-
nescence to characterize the decay time will be presented. Eight different lutetium oxy-
orthosilicate Ce3™ doped crystals with and without Ca?t co-doping were tested, together
with a LGSO and LFS samples. A set of garnets (YAG, GaGG and LuAG) with and without
Mg?* co-doping were also analyzed using the same IRF model presented in this chapter.
However due to the preliminary nature of the results, the measurements are summarized in

the annexed section [Al
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5.2 Model for the intrinsic rise- and decay-time

Data analysis under laser excitation is the easiest one to perform since the impulse response
function (IRF) is a symmetric Gaussian where the only important parameter is sigma. This
allows us to analytically solve the convolution integral and the fit is carried out using the

following formula which was previously obtained in [12]:
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Here, 6 stands for the time zero of gamma/X-ray detection. Each parameter A; is
divided by the timing constants difference, which yield the total amount of photons emitted
under their corresponding timing characteristics. An extra term was added to account for
the background coming from the MCP (multichannel plate) noise. The sum stands for the

number of components characterizing rise- and decay-time.

When analyzing X-ray excited data the fit can not be done analytically since the IRF is
not a symmetric function either a Gaussian. The convolution is done by using a fast Fourier
transformation where the functions are both built as probability density functions (p.d.f.).
Therefore, the p.d.f. defining the impulse response function is the key factor in the fitting
procedure. The function used to convolve with the asymmetric impulse response function
(IRF) is the following;:

N (0-t)
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Parameter errors are calculated using the MINOS algorithm which has been designed
to calculate the correct errors in all cases, especially when the functions are non-linear. The
theory underlaying the ‘non-parabolic log-likelihood” method used is described in [I17] (pp.
204-205). MINOS actually follows the function out from the minimum to find where it crosses
the function value (minimum + UP), instead of using the curvature at the minimum and as-
suming a parabolic shape. This method not only yields errors which may be different from
those of HESSE, but in general also different positive and negative errors (asymmetric error
interval). Indeed the most frequent result for most physical problems is that the (symmet-
ric) HESSE error lies between the positive and negative errors of MINOS. The difference
between these three numbers is one measure of the non-linearity of the problem (or rather

of its formulation). In practice, MINOS errors usually turn out to be close to, or somewhat
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larger than errors derived from the error matrix, although in cases of very bad behavior
(very little data or ill-posed model) anything can happen. In particular, it is often not true
in MINOS that two-standard-deviation errors (UP=4) and three-standard-deviation errors
(UP=9) are respectively two and three times as big as one-standard-deviation errors, as is
true by definition for errors derived from the error matrix (MIGRAD or HESSE).

5.3 Streak camera

5.3.1 Description

The schematic of the experimental setup used to measure time-resolved laser and X-ray ex-
cited emission is shown in Figure a), where the spectral-time resolution is modulated by a
system of horizontal and vertical slits. The time resolution of the camera under femtosecond
laser excitation is 18 ps and the repetition rate can go up to 4 MHz. Pulsed X-rays with
energies up to 40 keV are triggered by a picosecond diode laser PiLAS at 372 nm. Sam-
ples are mounted at few millimeters from the X-ray window of a Hamamatsu N5084 X-ray
tube. The resulting photoluminescence or radioluminescence is spectrally dispersed with a 50
g/mm-150g/mm-300g/mm grating in a spectrograph 2300i spectrometer and strikes into a
few micrometer thin photocathode. These photons are subsequently converted to photoelec-
trons and deflected in a C10910 Hamamatsu streak camera tube, which is operated in single
photon counting mode by setting the MCP gain to maximum and counting only the signal
above threshold. This readout procedure guarantees that the source of noise of the system is
not coming from the CCD but only from thermal electrons amplified by the MCP. The single
photon counting mode is guarantee if the number of pixels fired in one shot is less than 5%
of the total amount of pixels. This is of course calculated for an area representative of the
measurement in question and not for the totality of pixels available. The maximum aperture
for the spectrograph slit is 3000 um and 200 pm is the width of the photocathode itself.

A delay generator (represented by the clock in Figure a) provides the trigger signal
for the laser and the sweeping unit in order to synchronize the light time of arrival and the
ramping edge of the voltage between sweeping plates. The dynamical range goes from 1 ns
gate to 1 ms gate, however the time resolution is limited to the constant number of bins
available in the CCD that is placed after the phosphor screen, which is 508. This implies a

bin as short as 2 ps for the 1 ns gate or as long as 2 us for the 1 ms gate.

A typical streak image obtained when exciting a CdSe nanoplatelets (NPLs) thin film
with X-rays is shown in Figure b), with time increasing downward along the vertical axis
and photon energy increasing to the right along the horizontal axis. The emission centered
at 380 nm is the laser stray light which bounces around and reaches the spectrograph slit
multiple times (I RFjgser). The X-ray excited CdSe NPLs is the signal centered at 530 nm,

which first decay component characterizes the setup IRFx _;qys for the 5 ns sweeping range.
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SPECTROGRAPH

Figure 5.1: a) Schematic view of the instrumental setup main components. b) Streak camera image
of CdSe nanoplatelets sample on a glass substrate excited by X-rays and sweeping at 5 ns.

Measuring with the streak camera requires three main steps:

1. Alignment — in order to focus the light created near the X-ray tube window into the
spectrograph slit. The protocol to follow is explained in the Annex section and
basically is a 2 lenses-2 mirrors of 2 inches diameter system. Maximizing the amount of
light reaching the spectrograph slit at a height equal to the photocathode slit determines
the signal-to-noise ratio of the measurement and for the case of X-ray excitation it might

even define whether the measurement can be done or not.

2. Background calibration — in order to correct for the spectral-time response of the

CCD and the sweeping range used. Basically, the background time response is not a
flat function and furthermore is wavelength dependent as shown in Figure [5.2] This
means that a specific calibration file needs to be acquired for each type of crystal by de-
synchronizing the light emitted under continuous wave (c.w.) laser or LED excitation
from the triggering signal provided by the streak camera. The aperture of both slits
needs to be also the same since the spectral-time resolution is slit dependent. These
calibration files can be directly stored in the streak camera software as shading and
background corrections. The files should contain more than 10’000 counts per bin in a

significant spectral region so that the statistical error is less than 1%.
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Figure 5.2: Spectral-time resolved background measured for different sweeping ranges and emission
wavelengths.

3. Laser IRF calibration — in order to know the time resolution of the measurement in

question. This calibration will be dependent on the sweeping range, the photocathode
slit aperture and the optical path followed by the light. To correct for the optical path
the laser is reflected by a layer of Teflon from the same spot that the crystal is placed
later on. The drift associated with long measurements of 12 or more hours is negligible
as demonstrated in Figure where the difference in the sigma of the distribution is

less than 1 picosecond.

The main source of uncertainty is the photocathode slit aperture which is manually
controlled and has steps of 5 pm which can introduce a maximum error of 10 ps. The
systematic uncertainty in the determination of the laser IRF measured along different
days has a standard deviation of 4 ps. To avoid the apparition of second peaks next
to the main laser peak, the intensity is always set to 70%, so that the system can be
triggered at 1-4 MHz. The laser IRF is not dependent on the triggering mode chosen,
i.e. internal for a repetition rate f < 1 MHz or external TTL for f > 1 MHz.

Once the crystal has been aligned and the slits aperture and sweeping range are set, the
measurement is carried out by integrating over a long number of exposures when using X-ray
excitation. Signal-to-noise-ratio when using laser excitation can be 3 order of magnitude
meanwhile for the case of X-ray irradiation is reduced to 1 order of magnitude. Estimations
of the background over the whole spectral range resolved by the 50 g/mm grating is around

60 counts per hour for the 5 ns gate.
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Figure 5.3: Laser IRF measured during 20 minutes and 18 hours using 1 ns and 5 ns gate and different
slits aperture of 5 ym and 10 pm.

5.3.2 Impulse response function

The impulse response function (IRF) of the system has been determined using two different
models: 1. a simplistic function describing the X-ray tube time profile which follows the
information found in the data-sheet and 2. fitting the experimental data taken with a Hama-
matsu X-ray streak camera and a 180 fs laser of a X-ray tube, type N5084 as the one we use
in the lab. Both IRF models include different assumptions and are by no means a perfect
representation of the actual IRF. However, the values obtained for the rise time of different
scintillators are in good agreement with values measured using a different and well calibrated
time-correlated single photon counting system [12]. For the nanocrystal case where the time
profile already decays within the 5 ns gate, the influence of the model chosen for the IRF is
negligible.

Models

The procedure starts by measuring the temporal profile of the laser under same measurement
settings, sweeping range, optical path and photocathode slit aperture. Multiple reflections
time spread contribution within the crystal is considered by measuring the laser light scattered
by a LuAG undoped crystal positioned at the entrance of the X-ray tube window. Table
shows the values of FWHM for the laser measured under several configurations. For example,
using 100 pm slit aperture and a 5 ns sweeping range, the laser shape is a Gaussian of 129 ps
FWHM that is then convolved with the asymmetric X-ray tube time response. Due to the
low signal-to-noise ratio characteristic of the X-ray excitation the photocathode slit can not
be used with minimum aperture. The determination of the X-ray tube time profile is essential
for the full characterization of the final IRF of the system.
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Table 5.1: Time resolution of the streak camera system expressed in FWHM when using
laser excitation for different sweeping ranges and slits apertures.

Sweeping range Slit aperture FWHM (ps)

1 ns 5 pm 54.5 £ 1
5 ns 5 pm 65.3 + 2
200 ns 5 pm 700 £ 10
2 ns 100 pm 63 £ 3
5 ns 100 pm 129 £ 4

The first and simplest approach is to build the time response of the X-ray tube as
an analytic non-continuous function with a first exponential rising component and a second
monoexponential decay component. The X-ray tube time response is known to be asymmetric
so a parameter 6 can be used to define this asymmetry as suggested by the following function,
which will be called fit I:

1 t/Tar
for t<4 flt)= o € + background (5.3)
for t>86 f(t) = eV 4 packground (5.4)
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Figure 5.4: Instrumental response function of the system for 100 um photocathode aperture and 5 ns
sweeping range overlapping with the first component decay of the CdSe dynamic. The time profile of
the tube is built analytically following the equations

This function is represented by the black line function shown as inset of the Figure [5.4
which is convolved with the red line Gaussian function. The 7, and 7,4 constant are defined
using the FWHM information of the tube specifications and the final IRF obtained by the

convolution of the laser and X-ray IRF is the blue line curve (shown also in the referenced
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figure). As can be seen in the CdSe decay of Figure (these data are taken from the
measurement shown in Figure b), the first component of the CdSe NPL decay is limited

to the time resolution of the tube when using 7., = 17 ps and 7,4= 40 ps.

This method seems to reproduce correctly the CdSe NPLs time profile up to its first fast
component. However, if the actual IRF of the X-ray tube presents a second low amplitude
decaying component we will not be able to see it using this approach. For that reason
a complementary study is done of the experimental data taken with a N5084 X-ray tube
excited by a 180 femtosecond FWHM laser. Figure [5.5] shows the actual IRF of the X-ray
tube which it is not exactly monoexponential in the rise or decay parts. These data have
been provided by Hamamatsu in a private communication and have been measured using
the C5680 X-ray special specification streak camera which has a golden photocathode which

converts X-rays in photoelectrons.

The experimental data have been fit using the set of equations (fit I in Table
and two other set of functions with biexponential rise and decay components (fit II and III
in Table in order to find the optimal scenario. Since the pedestal of the measurement is

unknown the fit will include a free parameter in order to account for the background.

Fit I.T includes a monoexponential rise and decay times as in equations however
the continuity for x=6 is not imposed as in the case of fit I but parameters A and B are left

free.

Fit II is defined with two rising components and one decaying parameter as described

by the following equations:

for t<4# f(t) = Aet/Ts 4 Bet/™er2 4 background (5.5)

for t>40 F(t) = Ce0=D/ar 1 background (5.6)

Fit III is including two rising and decaying parameters as described by the equations:

for t<86 f(t) = Aet/Tm 1 Bet/™er2 4 background (5.7)

for t>86 f(t) = Ce¥=D/mar o pe0=1)/meaz 4 packground (5.8)

These functions are then convolved with a Gaussian to account for the intrinsic time
resolution of the streak camera used to measure the IRF. The sigma of this Gaussian is left
as a free parameter and the fit value of 10 ps is in some agreement with the 13 ps time
resolution reported for the streak camera. The values of the different parameters obtained
when using the equations |5.315.8| are summarized in Table where the fit is performed for

the different cases.
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C= 619 +- 10

al= 550+/-8

a2 = 0.00049 +/- 0.00002
adl = 22613 +/- 78

ad2 = 954 +/- 11

delay = 115.3 +/- 0.9
taul= 45.3 +/-0.4

tau2 = 6.41 +/- 0.02
taudl= 48.7 +/-0.1

¢ = 0.0534 +/- 0.0003
delay = 116.81 +/- 0.10
sg= 5.2+/-0.2

taul= 20.1+/-0.1 4000
tau2 = 50.4 +/- 0.2
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Figure 5.5: Time response of the X-ray tube as measured by Hamamatsu using a X-ray streak camera
in a 440 ps gate. The data is fitted to a monoexponential (left, fit I) and biexponential (right, fit IIT)

non-continuous functions following equations and respectively.

Table 5.2: Fits parameters for the X-ray tube time response under femtosecond laser
excitation after convolution with a Gaussian of 10 ps sigma.

Fit Tzrl (pS) Txr2 (ps) Txdl (pS) Txd2 (pS) back. X2

I 20.1 + 0.1 - 50.4 4+ 0.2 - free 3.6

LI 27.0 £ 0.1 (A) - 50.4 £ 0.2 (B) - free 2.0

11 27.4 £+ 0.6 (64.2%) 27 £ 1 51.2 £ 0.2 - free 1.8

II1 45.3 £ 04 (99@%) 6.41 £ 0.02 48.7 £ 0.1 (960%) 498 £ 11 free 1.2
IIT.upper 30.5 £ 0.1 (999%) 3.97 £ 0.02 48.25 £ 0.06 (97.2%) 240 + 2 fixed 1.6
III.lower 76 + 4 (99.9%) 9.05 +£0.09 49.0 + 0.3 (93.6%) 1074 + 114 0 1.6

The main differences between fit I, II, III are the value of x? and the fitting time which
is obviously longer for the function with more parameters. Version IIl.lower seems to be
unrealistic due to the value of 1 ns long decaying component (7,42). Looking at the x? values,
fit IT and III seem to be the best approximation, however this will need to be evaluated by
fitting experimental data taken of representative cases. Furthermore for all the fits, when
leaving the background as a free parameter or assuming the pedestal is at the level of the
10 first bins seem to underestimate the number of counts of the very last bins (look at the
residual distribution for t>400 ps). When plotting the IRF data in log scale, the values
are slowly rising for the time after 400 ps, which points towards a non-flat background as
shown to the left of Figure If we use the fit III which seems to give the best x? values
to reproduce the IRF experimental data when a linear fit has been applied to subtract the
background, the long decay 7,42 is found to be zero (Figure right). In this way, we can
understand the diversity of values reported in Table where the background seems to play
the key factor.
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Figure 5.6: Left: IRF experimental data of a Hamamatsu N5084 pulsed X-rays tube with a non-flat
background assumption. Right: Experimental data for which the background has been subtracted
following the linear fit shown to the left and fit using equations 5.8

Decay time of scintillating nanocrystals

When fitting the CdSe NPLs data previously presented in Figure b), using as IRF the
parameters from the very extreme cases of fit I and III, the values for the second decay time
are different by 100 ps as shown in Figure[5.7 and summarized in Table Even though fit I
seems to have a very high x? compared to fit III, the differences in decay times and abundances
are not dramatic. In fact, the fit performed using the IRF information from the data-sheet
seems to work quite nicely as an upper estimation of the decay components of a very fast
decaying material. In this way, we justify the use of the simplest model when measuring

time-resolved data of nanocrystals under X-ray excitation in the following chapters.

A= 862 +-27

B = 460 +/- 22

Background = 1.88 +/- 0.03
t_decayl = 415 +/- 18
t_decay2= 0+/-1

t_rise= 1+/-65

theta = 1269 +/- 6

A= 474 +-29

B = 358 +/- 22
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t_decayl = 310 +/- 16
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Figure 5.7: Fit of the CdSe NPLs X-ray excited data in the 5 ns gate using different IRF functions.
Left: IRF fit using monoexponentials functions following equations [5.3 Right: IRF fit using
biexponentials functions following equations 5.8
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Table 5.3: Fit parameters for the time profile of CdSe NPLs using different IRF functions
from the data-sheet or actual data.

Fit Parameters Ta1 (ps) Ta2 (ps)
data-sheet Tar =17 ps 0=+ 1(32%) 387 =+ 27 (68%)
T+d=40 ps
Tor=20 ps
I e 0+ 1(35%) 415 =+ 18 (65%)
111 Tt =45 DS Ter2=0 DS | o 30ty 310 4 16 (57%)

Taed1=49 Ps T42=498 ps

Rise time of inorganic scintillating crystals

Now, the question of how much the IRF fit under I, II and III equations is able to influence
the value of the rise time of conventional scintillators measured under X-ray excitation, is still
open. To compare, we evaluate the experimental data taken with the same LY SO scintillating
crystals whose rise time values has been already measured and previously reported [12].
Taking the LYSO crystal CPI 2544 as an example, the rise time measured under 511 keV is
58 ps using a single photon time correlated setup with a Gaussian IRF of 63 ps sigma. One
of the main differences between 511 keV and X-ray excitation is the presence of Cherenkov
photons, which will modify the rise time reported. In principle, and as already explained
[12], the absence of prompt photons in the rise time model will deliver slightly shorter values
compared to the rise time which takes into account a very small fraction of prompt photons
as it is the case of LYSO crystals. In this way, we expect that the rise time under X-ray
excitation should be smaller than 58 ps when considering a model with only one rise time
component. The laser IRF for the measurement of LYSO CPI 2544 was 54 ps sigma, which
roughly convolved with a 21 ps sigma X-ray tube delivers a final IRF of around 58 ps sigma.

The different fits for the IRF were used to define the impulse response function and the
data obtained when measuring the LYSO CPI 2544 under X-ray excitation were fit for several
cases as shown in Figure The values oscillates between 89 ps obtained with the fit I and
0 ps when using the fit III. The errors shown in each plot are just statistical uncertainties
given by the MINOS algorithm which underestimates considerably the systematic errors.
Comparing to the 58 ps rise time measured under 511 keV excitation, seems like the most
appropriate value comes from the fit performed following I.I and IT with results of 24 4+ 5 ps

and 53 £ 11 ps, respectively.

One way to confirm that fit III is an incorrect approach is to use it as IRF of a mea-
surement performed using LSO:Ce:Ca co-doped scintillating crystal. This crystal has a rise
time of the order of 20 ps measured under 511 keV excitation. 20 ps is also at the level of
the systematic uncertainties arising from the time correlated single photon counting setup,

so we could use it as a reference of zero or nearly zero rise time. Figure |5.9| shows several
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Fit LI FitII Fit 11T

A= 489 +-108
Background = 0.0017 +/- 0.0004

A= 479 +/-10
Background = 0.00164 +/- 0.00004

A= 385+-10
Background = 0.00219 +/- 0.00006
t decay = 22444 +/- 386

t_decay = 40000 +/- 255
trise= 2445
theta = 0.00 +/-0.10

t decay = 40000 +/- 786
trise= 53 +- 11
theta= 15+-8

Figure 5.8: Rise time measured under X-ray excitation using a LYSO CPI 2 x 2 x 10 mm? crystal and
fit using different approximations of the IRF.
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Figure 5.9: Rise time measured under X-ray excitation using a LSO:Ce Ca co-doped 2 x 2 x 10 mm3
crystal using fit IT and III for the IRF de-convolution.

fits performed with the data obtained by measuring LSO:Ce:Ca co-doped crystal in the 2 ns
gate using different fits for the IRF. The laser IRF has a sigma of around 26 ps. The best fit
is obtained with fit IT (x?=1.5) which is shown at the left-hand side of Figure zooming
in the first 800 ps of the signal. Fit III using a long decay of around 200 ps (center) has a
x2=1.7. Fit III using 500 ps tail has a x? >2 so we rule it out from this study.

Fitting the data obtained with LSO:Ce:Ca co-doped crystal in the 5 ns gate using fit 11
and fit IIT with 200 ps tail shows a x2=1.08 and 1.04, respectively. This points towards an
actual presence of a long second tail different from 51 ps, however the decay constant and
amplitude of this tail is not 246 ps and 4% as assumed from fit IIl.upper. In fact, the only
way to get a x2 <1.5 when using fit IT and III.upper is to make the rise time of the IRF zero.
If we do this, both fits II and IIl.upper are able to reproduce the experimental data taken
with a LSO:Ce:Ca co-doped with a y? ~1.2. This points towards a tube time profile, which
rises very fast following the laser and then decays either with a component of around 51 ps

or two components of 51 ps and around 200 ps with an amplitude of less than 2%.

If we fit with the modified IRF which has a rise time near zero and either one or two
decay components, the x? of the fit is the same. We can go even further and fit using the

amplitude of the second component as a free parameter and the value will decrease to less
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than 2% compared to the amplitude of the 51 ps component. If we use both IRF's to fit the
experimental data obtained with a LYSO CPI 2544 crystal taken at 5 ns, the determination
of the two rise components has similar values, however the uncertainty in the determination
of the second component is almost 80% as shown in Figure

Fitll — a1 =0 Fit IIl —> 11 = 0 & Txd2 = 246 ps
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A=92+\-6%
B=8+-6%
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B=155+-21%
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T2 =287 +\-73 ps
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Figure 5.10: Rise time measured under X-ray excitation with a LYSO CPI crystal using a two com-
ponents rise time model.
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Figure 5.11: Rise time measured under X-ray excitation with a LSO CTT crystal using a two compo-
nents rise time model.

The previous analysis show that using either the simplest fit approach or the one which
assumes a possible extra long decay component as the fit IIl.upper, yields approximately the
same results. However, the uncertainty in the determination of the second rise component is
rather large when using fit IIT.upper. This is understood by looking at the correlation matrix
which yields a very high value for the correlation between the second long component of the
IRF and the second long component in the rise time. Measuring the crystals using a slit
aperture of 50 pm which reduces the laser IRF to 34 ps sigma, the uncertainty related to the
second rise time component decreases to a 25%, which is shown in Figure
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For simplicity we will work in the future chapters with the simplest first model, taking
into account that the uncertainty of the second component in the two rise time model is very
high.

5.3.3 Energy spectrum of the pulsed X-ray tube

The X-ray tube has a Tungsten photocathode with characteristic lines around 9 and 11 keV.
The maximum voltage is 40 kV which defines the X-rays energy spectrum as shown in Figure
This spectrum is obtained by Geant4 simulations using a Beryllium window of 250 um
as reported in the data-sheet. If the tube has extra filters it is possible that the low energy
region below 5 keV is actually different. X-rays are created and emitted in 27 exiting through
a 30 mm diameter window. The operation current is around 2 pA when integrating the

number of electrons triggered by the 372 nm picosecond laser with 4 MHz repetition rate.

1
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Figure 5.12: Energy spectrum of the tungsten X-ray tube used to excite the scintillating crystals.

The peak power of the laser is of the order of 107 photons per pulse, which reduces to 10°
electrons per pulse due to the quantum efficiency of the X-ray tube photocathode. Integrating
this amount of electrons per pulse in 1 second gives approximately a current of the order of
pA. The lifetime of the tube, i.e. initial current reduced to 10% is around 1000 hours when
setting the current at 50 pA. This gives us a factor of 25, so the tube could last 25’000 hours

if operated at 2 pA, i.e. continuous operation for 2.85 years.

5.4 Rise- and decay-time of scintillating crystals

5.4.1 Laser excitation

The scintillating crystals were characterized using 372 nm laser excitation which gives in-
formation regarding Ce3* intrinsic emission dynamics. The rise time under laser excitation
is checked to be zero for all the crystals, which points towards sub-picosecond excitation
time of the Ce3* centers. Therefore, Table is only reporting the decay time of several

lutetium-based oxy-orthosilicates from different producers.
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Table 5.4: Decay time of lutetium oxy-orthosilicates Ce** doped scintillators using laser
excitation.

79 — IRF = 700 ps
Crystal T4l T

33.7 + 0.2 ns 9.2 + 0.8 ns
LS0:Ce Ca 0.4% 943 4+ 0.7% 5.7 + 0.7%

LSO:Ce CTI 1802 35.2£ 0.1 ns -

LSO:Ce PML 1126 36.4+ 0.04 ns -

LYSO:Ce CPI 3051 37.7£ 0.1 ns -

405+ 0.1ns 229 £ 0.1 ns
8324+ 14% 168 +£0.2%
409 £ 0.1 ns 228 &+ 0.5 ns

85.2 + 6% 14.8 + 1.9%

LYSO:Ce Sipat 2443 39.24+ 1 ns -

LYSO:Ce CPI 2544

LYSO:Ce Proteus 2483

40.3 £ 0.2 ns 24.1 £ 0.5 ns
83 + 6% 17 + 2%

LFS:Ce 2798 36.5+ 0.1 ns -

LGSO:Ce 2626

5.4.2 X-ray excitation

Lutetium oxy-orthosilicates

A summary of all measurements is present in Table The rise time values reported were
obtained by using the simplest fit approach to describe the X-ray IRF where the decay time
constant is around 50 ps. Using this fit the rise time of LSO:Ce Ca?* co-doped crystals
yields zero for either 2 ns or 5 ns sweeping range. The numbers reported can be considered
as relative values to LSO:Ce Ca co-doped crystals. As demonstrated in the previous section
the second rise time component seen for non co-doped crystals presents an underestimated
error bar. The first rise time component which has usually values of 0 £+ 1 ps is at the level

of the IRF, so it is completely unresolved.

The second rise time component seen for lutetium oxy-orthosilicate non co-doped crystals
could be an indication of a trapped population which eventually populates the activator
levels with a decay time of ~ 300 ps. If light emission comes as a result of this process, the

scintillating pulse should follow the relation:

F(t) = ax*scint(t) + (1 — «) x scint(t) @ excit(t) (5.9)
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where 1-a gives the population amplitude decaying at 300 ps which is represented as
excit(t). The function scint(t) stands for the direct excitation and emission from the Ce3*
centers. This mathematical model is indeed able to fit the experimental data when 1-«

coincide with the amplitude of the second rise time component.

Table 5.5: Rise time of lutetium oxy-orthosilicates Ce3T doped scintillators with and with-
out Ca’?t co-doping using pulsed X-ray excitation.

X-rays

Crystal IRF Trl Tr2

LSO:Ce Ca 0.2% 63 ps 0 ps -

LSO:Ce Ca 0.4% 134 ps 0 ps -
) 0£2 296 £ 59 ps
LSO:Ce CTI 1802 80 ps 83 + 2.0% 17 + 2.1%
) 0+ 2 ps 376 £+ 70 ps
LSO:Ce PML 1126 134 ps g6 0 4 90%  13.2 + 3.5%
) 0+ 2ps 400 + 95 ps
LYSO:Ce CPI 2745 134 ps 82.0 £ 49% 17.1 + 5%
] 0+£1ps 276 £ 33 ps
LYSO:Ce CPI 3051 134 ps 824 + 18% 17.6 + 2.8%
) 0=+ 2ps 227 £+ 22 ps
LYSO:Ce CPI 2544 134 ps 8.7 + 1.6% 17.3 + 2.0%
) 0+ 2ps 337 £ 41 ps
LYSO:Ce Proteus 2483 134 ps 815 + 1.6% 185 + 2.0%

LGSO:Ce 2626 134 ps 2417 ps -
) 0=+ 2ps 202 £+ 29 ps
LES:Ce 2798 BAPS o304 15% 168+ 1.7%

5.5 Conclusions

In this chapter we have shown the potential of the streak camera to perform decay time
measurements of fast scintillating nano-materials. Despite the impulse response function has
not been measured accurately the model applied to describe the time profile of the X-ray
tube allows us to estimate the rise time of conventional scintillating materials and to measure

the timing kinematics of scintillating nanocrystals.

The rise time of a large set of lutetium oxy-orthosilicate Ce3* crystals was measured using
X-ray pulsed excitation and an impulse response function of 60-134 ps FWHM. Comparative
measurements between doped and co-doped systems are able to confirm the existence of
a second rise time component in non co-doped scintillators, except for the LGSO sample.

These two rise time components could corresponds to a direct (7.1 ~ O(10)ps) and delayed
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(102 ~ O(100)ps) excitation of the activator centers. The study also included a set of garnets
(YAG, GaGG, LuAG) with and without Mg?* co-doping. Due to the preliminary nature of
the rise time values obtained for the garnets study, their values are reported in the annex
section [Al

The dynamical range of the streak camera is suitable for time-resolved photoluminescence
measurements. However the signal-to-noise ratio which corresponds to the time-resolved
radio-luminescence measurements is very poor and the intrinsic time resolution of the system
of 18 ps FWHM is highly deteriorated due to the low collection efficiency provided by optical

devices. The spectral resolution is also deteriorated from 1 nm to 10 nm for the laser line.

Measuring the impulse response function (IRF) of the pulsed X-ray tube is absolutely
necessary and essential in order to perform accurate rise time measurements. For this, the
installation of an ID-quantique photodetector in front of the X-ray tube window is foreseen.
The ID-quantique could also contribute to increase the signal-to-noise ratio of the radio-
luminescence signal. As fast scintillator we could use a material known as malachite green
used in [I18] with an expected decay time of the order of 30-40 ps. Research of the time
performance of ultrafast emitting materials could also serve for this purpose as we will see in

the next chapter.
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Chapter 6

Nanocrystals under optical and

ionizing excitation

6.1 Introduction

Ultimate time resolution, one order of magnitude better than state-of-the-art values when
using 511 keV gamma excitation [§], constitutes a major technological challenge among radia-
tion detector systems. Sub-20 ps coincidence time resolution (CTR) in time-of-flight systems
translates directly into a vertex identification area of a few millimeters which could highly
impact medical imaging devices and high-energy physics detectors. In this way, producing a
prompt photon signal [12] to the passage of ionizing radiation has become an essential feature
for next generation scintillators used in high energy physics (HEP) and time-of-flight positron
emission tomography (TOF-PET).

State-of-the-art CTR values on the order of 117 £ 3 ps have been achieved for 20 mm long
LSO:Ce Ca co-doped crystals using 511 keV [§] ~-rays, which translates into a background
rejection area of the order of a few centimeters. Reaching the millimeter level for vertex
identification, however, necessitates CTR values of 10 ps or less. Lowering CTR values can
be achieved via increasing the light yield, shortening scintillation signal rise and decay times,
or introducing a strong prompt signal [I2]. In the search for faster materials, co-doping with
Ca?* [119] or Mg?* [120] species has proven to improve rise and decay time of the scintillating
signal. However, this method finds poor impact on CTR measurements [§]. The intrinsic
light yield measured for LYSO crystals is 40’000 ph/MeV + 9% (syst) + 3% (stat) under
minimum ionizing electron excitation [105] and the decay times in cerium doped systems are
limited to 16 ns [I21I]. This sets a limit to the improvement that photostatistic can bring
to CTR measurements, requiring that new approaches to achieving a prompt photo-response

must be explored.
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Figure[6.1] presents Cramer-Rao lower bound calculations for CTR values as a function of
the single photon time resolution (SPTR expressed in sigma) and number of prompt photons
produced along with the scintillation emission in the crystal (as published in [57]). For the
calculations shown, we used the time profile of LSO:Ce, i.e. scintillation rise time of 7. = 70 ps
and decay time of 74 = 40 ns, and crystals of 3 mm and 20 mm lengths with different light
transfer efficiencies (LTEs). As shown in reference [12] and Figure a coincidence time
resolution of 10 ps FWHM can be achieved with a prompt signal of several hundreds of
photons produced, providing that the SPTR of the SiPM is of the order of 10 ps sigma.
Commercially available SiPMs do not provide this value. However, measurements performed
on free standing single photon avalanche diodes of the SiPM showed SPTR values below
10 ps sigma. Consequently, the SiPM engineering has to be improved together with light

production mechanisms to reach CTR values of 10 ps.

a) b)

Figure 6.1: Cramer-Rao lower bound calculations for CTR using a LSO:Ce scintillator of (a) 3 mm
and (b) 20 mm length as function of SPTR and number of prompt photons. As reported in [12| [57].

Processes such as the Cherenkov effect [122, 123 [106] and hot intraband emission
[124] 143] have been investigated for this purpose, though both suffer from poor light yield.
This motivates research not only towards ultrafast sub-nanosecond performance but also to
materials that have the potential to produce prompt photons with sufficiently high yield

under ionizing irradiation.

In this chapter the ultrafast emission dynamics of colloidal semiconductor nanocrystals
(NCs) as a new approach for prompt photon generation is presented. In Figure the
fast rise and decay for CdSe nanoplatelets (NPLs) and CdSe/CdS giant shell quantum dots
(GS QDs) contrasted with the slower dynamics of LSO:Ce under pulsed X-ray excitation
provides clear motivation for this work. CdSe NPLs are solution-processed quantum wells that
are characterized by strong quantum confinement in only one dimension. Weak confinement
in the lateral dimensions has two important consequences. First, in contrast to spherical
NCs, momentum conservation rules apply more strictly, which reduces accessible states for
Auger transitions. Second, a collective phasing of dipoles over many unit cells permits a giant
oscillator strength transition (GOST) [13] 14} 15], resulting in ultrafast emission rates. We
have also investigated spherical GS QDs. In addition to better photostability compared to
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the core-only CdSe NPLs, their reduced emission/absorption band overlap (see Figure[6.3|(b))
would be advantageous in real devices where light has to potentially travel through at least

20 mm of material before it is detected.
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Figure 6.2: (a) Time-resolved photoluminescence and (b) steady-state spectra for LSO:Ce, CdSe/CdS
GS QDs, and CdSe NPLs under pulsed X-ray excitation.

The tunable optoelectronic properties of NCs combined with recent advances in control-
ling their size, shape, core/shell heterostructure, and surface chemistry have enabled their
use in a wide range of photonic applications. They have shown particular promise for bio-
labeling [87], low-threshold lasing [16], (15, [I7], photovoltaics [18], and single photon sources for
quantum information [19, 20]. The high quantum yields (QYs) of NC quantum dots (QDs)
has also generated interest in their use as low-cost, high-resolution scintillators for radiation
detection [21], 22 23]. Toward this end, the response of QDs under high energy electron
[26], alpha [91], soft X-ray [92] and ~-ray [25] irradiation has been investigated. Initial high
energy excitation studies have highlighted several important challenges that all degrade the
light emitting properties of NCs, notably non-radiative Auger recombination [26], photo-
instability [24], and losses due to the re-absorption of emitted light [25]. These challenges
arise from the nature of NCs as small (<100 nm) semiconductors. On this size scale, strong
carrier confinement results in efficient Auger recombination, high surface to volume ratios
makes them sensitive to the external environment and damage, and small Stokes shifts result
in significant re-absorption of emitted light. All of these issues degrade the performance of
scintillators. For instance, nonlinear quenching such as Auger recombination that occurs at
the high carrier densities created at electron track ends has been identified as a major cause

of scintillator non-proportionality [125, B35 121], and therefore degraded energy resolution.

Fortunately, significant effort has been devoted to overcoming these barriers to advance
the development of NCs for the photonic applications mentioned above. Auger recombination,
for example, has been mitigated with 2D NPLs [126], [15] and heterostructured core/shell NCs
[127]. Similarly, CdSe/CdS core/shell and particularly core/giant shell quantum dots (GS
QDs) have improved photostability due to reduced charge transfer to deep, non-radiative
surface traps. Further, re-absorption can be circumvented by engineering large Stokes shifts
in GS QDs, where emission from a CdSe QD core and absorption from the larger band gap
CdS shell are well-separated [18, [127].
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6.2. LASER EXCITATION

6.2 Laser excitation

6.2.1 Auger suppressed CdSe-based nanocrystals
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Figure 6.3: Structural and optical properties for (a) CdSe NPLs and (b) CdSe/CdS GS QDs (Left).
Center: Absorption (black) and steady-state photoluminescence (green and red) spectra for both
systems. Right: Nanocrystals TEM images as published in reference [I5] and [27].

Auger recombination rates in nanocrystals are inversely proportional to the exciton vol-
ume and directly proportional to the electron-hole wavefunction overlap, and are therefore
suppressed in nanocrystal heterostructures that allow for electron delocalization [127]. Elec-
tron delocalization can be reached either by engineering the band gap of the heterostructure
with a smooth confinement potential between core and shell or by allowing for confinement
in specific directions leaving one or two dimensions for the carriers to move freely. In this
way, we will study two different systems whose both present high suppression of Auger re-
combination rate: CdSe nanoplatelets (NPLs) and CdSe/CdS giant shell quantum dots (GS

QDs).

Details of the synthesis for the NPLs and GS QDs can be found in reference [15] and [27],
respectively. The colloidal solutions used for all the measurements presented in this thesis
were produced in the group of Iwan Moreels at Istituto Italiano di Tecnologia, Genova, Italy.
The absorption and emission spectra and illustrations of the CdSe NPLs and CdSe/CdS
GS QDs used in this section are shown in Figure These spectra are typical of these NCs,

and depict several of the characteristic features discussed above.
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For the CdSe nanoplatelets, the 2.41 eV or ~ 515 nm photoluminescence peak (Figure
(a) center) corresponds to a thickness of 1.5 nm, equivalent to five CdSe monolayers (ML)
according to Achtstein and co-authors [I28]. The lateral dimensions of 8.5x35.3 nm? imply
that excitons only experience strong confinement in the z direction. The emission and ab-
sorption spectra in Figure a) center reveals a Stokes shift of 24 meV. Excitonic transitions
associated with the heavy holes (HH) and light holes (LH) are also visible at 2.43 eV and
2.57 eV, respectively. Figure a) right presents a transmission electron microscope (TEM)
image of the quantum wells. The quantum efficiency of these NPLs has been measured to be
25% under laser excitation. The timing characteristics are 400 ps decay time for the excitonic
emission (X) centered at 515 nm with a binding energy of 132 meV and around 100 ps decay
time for the biexciton (XX) which presents a binding energy of 32 meV and it is centered at
520 nm. These two very high binding energies allow excitons and biexcitons to co-exist at
room temperature and decrease the stimulated emission threshold to one of the lowest values

so far of 6 pymJ/cm?

. The stimulated emission peak is centered at 530 nm and shows sub-
picosecond recombination times. Together with the sub-nanosecond emission of X and XX,
a long tail of few nanoseconds which is characteristic of traps at the surface of the material

is seen for CdSe NPLs (see Figure [6.4)).

CdSe NPLs \ CdSe/CdS GS QDs

Figure 6.4: CdSe nanoplatelets (left) and CdSe/CdS giant shell quantum dots (right) characteristic
excitonic photoluminescence emission measured with a gate of 200 ns. The NPLs emission overlaps
with the IRF of the system for this sweeping range. The blue-shifted biexcitonic emission (centered
at 620 nm) characteristic of the GS QDs dominates the signal for the first 10 ns.

Giant shell quantum dots were synthesized using a fast injection route which allows to
epitaxially grow the shell in a nearly-free defect heterostructure. Both core and shell have a
wurtzite structure and the quantum efficiency for these nanocrystals is reported to be close
to 90%. The core is about 4-5 nm in diameter meanwhile the shell can grow up to 18 nm

which is equivalent to around 18-20 CdS monolayers. The global Stokes shift is approximately
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6.2. LASER EXCITATION

170 nm with the main excitonic emission centered at 640 nm as shown in Figure (right)
for the slowest emission. The lifetime of the biexcitonic emission has been reported as 15 ns
with a quantum efficiency of 11%. In contrast to the CdSe NPLs, the biexcitonic population
appears as a blue-shifted emission centered at around 620 nm. The blue-shift is characteristic
from electron-hole pair bound states which repel each other as a result of the high degree
of quantum confinement in every direction. The quantum dots used in this chapter have a
CdSe core of 3.7 nm and a shell of 15 monolayers (MLs).

For both CdSe NPLs and CdSe/CdS GS QDs, thin films were prepared by drop-casting
from O.D. (optical density) 30 toluene solutions. The deposition is done on microscope slips
with thicknesses between 80-100 ym. There is no emission from this glass which makes the

measurement background purely the thermal noise of the streak photocathode.

A near-UV 372 nm picosecond diode laser is used to trigger the X-rays and to directly
excite the NCs films when deposited on a glass substrate. The features of the spectral-time
resolved photon counting system was described in the previous chapter. The sweeping range
for the laser excited measurements has been chosen to be the same that for X-rays excitation,
together with slit aperture and laser settings. This guarantees the same laser IRF for both
sets of measurements which allows us to make comparisons between laser and X-ray excited
emission dynamics. A 2 ns gate is chosen for the CdSe NPLs for better resolution of the fast
components. Meanwhile for GS QDs, the gate is open up to 5 ns since they present slower

emission rates.
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Figure 6.5: Nanocrystals timing performance under laser excitation measured under the same setup
conditions used for X-ray excitation. a) CdSe nanoplatelets within a 2 ns gate. b) CdSe/CdS quantum
dots giant shells within a 5 ns gate.

Timing performance under laser excitation from NPLs and QDs is shown in Figure [6.5
The results for NPLs point towards excitonic emission, consistent with laser excitation studies
performed using similar materials as in reference [I5]. Measurements of GS QDs PL within
100 ns gate are shown as inset of Figure b), where two decay components with lifetimes
of 15 ns and 64 ns, respectively, are required to fit the data. The 15 ns decay dominates the
signal when a smaller window of 5 ns is used (Figure b). These slow and fast components

are consistent with the exciton and biexciton emission demonstrated in reference [27].
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6.2.2 Core/shell CdSe nanoplatelets

While the absorption cross section and photostability of GS QDs are important features for
high energy detection, the reduced oscillator strength due to electron delocalization in the
shell leads to longer emission lifetimes as demonstrated in the previous section. On the other
hand, CdSe NPLs are two-dimensional nanocrystals with both fast radiative emission and
slow non-radiative emission rates. In this way, it seems natural to think in a system that
combines both features, i.e. fast radiative emission and photostability. Growing shells to
passivate emissive NC cores is a common strategy, and here we grow a ZnS shell on CdSe
NPL cores. As shown in Figure [6.6] there is both a spectral shift and reduction in emission
rate following ZnS shell growth. For both materials, the results were obtained by drop
casting a thin film on a glass microscope slip and measuring in transmission mode using the
streak camera. Although the emission rate slows down with shell growth, the fast component

remains around 500 ps.

515 nm 570 nm

Figure 6.6: Photoluminescence spectra and spectrally-integrated decay from thin films of CdSe and
CdSe/ZnS NPLs under picosecond laser excitation.

We present spectral-time resolved measurements (see Figure of two different films
composed by the same nanocrystals, CdSe/ZnS. However one of the solutions has been pro-
cessed in order to remove the ligands and it is what we called “washed”. The measurements
presented here were performed in 2015 and 2016 with exactly one entire year in between. Sig-
nificant differences in emission spectral and timing performance points towards an unstable
syntheses of CdSe/ZnS NPLs that degrades with time.

In the measurements taken during 2015, a fast component of around 500 ps with an
abundance of 10% is present in the film with less organic ligands. Meanwhile the normal film
present a fast component of 600 ps with an abundance of 8% as shown in Figure The

long component between 7 to 8 nanoseconds can be even slower for both materials.

Figure shows the time-integrated spectral profile of both films when measured in
2015 and 2016. A clear degradation is present in the samples measured in 2016, where the
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CdSe/ZnS NPLs CdSe/ZnS washed NPLs
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Figure 6.7: Time-spectral resolved photoluminescence of CdSe/ZnS nanoplatelets measured in the 10
ns gate in 2015.
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Figure 6.8: CdSe/ZnS NPLs timing performance under laser excitation measured in 2015 using the
10 ns sweeping range and an IRF of 50 ps. Left: CdSe/ZnS, Right: CdSe/ZnS with washed ligands.

luminescence spreads to the blue region and the main peak of emission is also broader. The
degradation also affects the timing performance of the samples, showing a faster component
at the level of 25 and 47 ps for the CdSe/ZnS and CdSe/ZnS “washed” films, respectively.

The possibility of synthesizing stable core/shell nanoplatelets would open a line of re-
search oriented to the production of a proof of concept device using nanocrystals and scin-
tillators in an integrated structure. However, they have not achieved good performance
within the timeline of this thesis and therefore they will be considered as a very promising

heterostructure to implement in the future.
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Figure 6.9: Emission spectra under 372 nm laser excitation of CdSe/ZnS core/shell nanoplatelets
measured in different years. Left: CdSe/ZnS, Right: CdSe/ZnS with washed ligands.
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Figure 6.10: CdSe/ZnS NPLs timing performance under laser excitation measured in 2016 using the
5 ns sweeping range and an IRF of 36.5 ps. Left: CdSe/ZnS, Right: CdSe/ZnS with washed ligands.

6.3 X-ray excitation of NC thin films

The excitation of nanocrystals using ionizing radiation has been poorly studied so far. Re-
cent studies developed in 2013 [26] using pulsed electron excitation and films of CdSe/ZnS
core/shell quantum dots concluded in an ultrafast blue-shifted light emission with very low
quantum efficiencies. The outcome of this work pointed towards materials with a high sup-
pression of the Auger recombination rate to avoid the weak ultrafast emission. Therefore, we
find the study of newly developed Auger suppressed nanocrystals under ionizing radiation a
key step in the characterization and exploration of these materials for their future applica-
tion in the radiation detector field. The time performance of NPLs and GS QDs thin films
under pulsed X-ray excitation and measured in transmission mode will be presented in the
following sections. The emission of CdSe/ZnS core/shell nanoplatelets excited by X-rays was
under the photodetection limit of the streak camera which is at the level of 200 ph/MeV for

a transparent and dense material.
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6.3.1 CdSe nanoplatelets

Y, =25%
Y,=75%
T, =24ps
290 ps

Time (ns)

480 500 520 540 560 580 16 48 20 22 24 28 28
Emission wavelength (nm) Time (ns)

—_
O
~
—_
o
-
-

1.0F 8
— laser exc. 6 — laser exc.
; ® X-ray exc. = 4 ® X-ray exc.
= 8
2
i ‘g )
g 3 0.1
= 0.5 3 o
N N 6
® @
- : :
S S .
Z Z ) _ ]
040 1 1 1 1 001 1 1 1 1 1 i 1 ” 1
480 500 520 540 560 580 16 18 20 22 24 26 28
Emission wavelength (nm) Time (ns)

Figure 6.11: X-ray excitation of a CdSe NPL film on glass. (a) Streak image showing the X-ray
excited CdSe NPL time-resolved emission spectrum. (b) Spectral integration of the full signal shown
in panel (a). (¢) X-ray excited spectrum compared to the spectrum obtained under low intensity laser
excitation. Spectra were obtained by temporal integration of the respective streak camera images.
A 500 pm spectrometer entrance slit was used in both cases. (d) Comparison of the X-ray and
laser excited PL time dynamics. Together, (¢) and (d) indicate significant biexciton or multiexciton
emission under X-ray excitation.

As described in the section above, close-packed NC thin films were prepared by sequential
drops from toluene onto 100 um glass cover-slips The CdSe NPL film thickness was roughly
11 pm, determined from the solution concentration, volume deposited, and film area. The
streak image in Figure [6.11](a) shows the time-resolved emission spectrum centered at about
530 nm of CdSe NPLs under X-ray excitation. Figure (c) shows that this spectrum is red-
shifted compared to low-intensity laser excitation, which is consistent with biexciton (XX)
or multiexciton (MX) emission. Both spectra are broad compared to the spectrum shown in
Figure since they were taken with a 500 pym spectrometer entrance slit to improve light

collection.

Further evidence of XX/MX emission is provided by comparing the X-ray and laser
excited emission rates in Figure [6.11fc). Under low-intensity laser excitation, the effective

lifetime of 520 ps is indicative of purely excitonic emission. Conversely, a significant portion of
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the energy from 40 keV X-ray excitation will be deposited in dense clusters, exciting multiple

carriers in each NPL, which results in the observed fast, spectrally shifted XX/MX emission.

It is interesting to notice that the NPLs spectral emission under X-ray excitation is
centered at 530 nm which is exactly the wavelength of the stimulated emission peak seen in
the NPLs under femtosecond and c.w. pumped excitation. The question if ionizing radiation
could create enough localized energy density for the NPLs to reach population inversion seems

to come as a natural extrapolation of the previous measurements.

The excitation threshold to obtain stimulated emission when pumping CdSe NPLs us-
ing a femtosecond laser is about 6 uJ/cm?.  Converted to electron-volts will be around
4x10' eV /em?. On the other hand, we know that “hot” electrons when thermalizing along
a semiconductor can create, by the end of the track, a number of electron hole pairs as high
as 10?0 eh/cm?®. Converted to electron-volts, this give around 2-3x10?° eV/cm3. As one can
see, we will need the stimulated emission threshold expressed as a volumetric density in order

to have an exact comparison.

6.3.2 CdSe/CdS giant shell quantum dots

As mentioned above, GS QDs have several features that make them a promising material
class for radiation detection. Importantly, the large CdS shell reduces carrier losses due to
defect trapping by passivating traps on the CdSe surface and providing separation from the
external environment. This results in both high quantum yields and enhanced photostability
compared to core-only or thin shell QDs. An undesirable consequence of the CdS shell for
the present work is a reduced oscillator strength due to electron delocalization in the CdS
shell and hole confinement in the CdSe core. This results in the radiative lifetime increasing
with shell thickness [27], and longer lifetimes than CdSe NPLs (see Figure [6.5).

However, similar to the CdSe NPLs above, the results shown in Figure demonstrate
faster emission dynamics under X-ray excitation than under low intensity laser excitation.
Possible sources of these faster dynamics can be excited state [129] and MX recombination,
both of which are characteristically blue shifted for QDs. Auger recombination in the XX
population could also play a role in shortening the lifetime. Examining the streak image in
Figure (a) confirms these possibilities, with the faster dynamics occurring on the blue
side of the emission spectrum (Figure (d) The blue shift also excludes the possibility
that the fast lifetimes in GS QDs are due to sample heating, which would be characterized
by a red-shifted spectrum. Further, the 82 meV blue shift of the early time spectrum points
towards higher order MX generation beyond biexcitons [130].

When looking into the multiexcitonic dynamics under laser excitation we find that in the
5 ns gate there is just biexcitonic emission which is centered at around 620 nm as confirmed
in Figure [6.5] section [6.2] This overlaps with the blue-shifted emission seen in the 5 ns gate
X-ray excite data when integrating for only the first 200 ps as shown in Figure (left).
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Figure 6.12: X-ray excitation of CdSe/CdS GS QDs film. (a) Streak image showing the GS
QDs time-resolved emission spectrum. (b) Spectral integration of the full signal shown in panel (a).
(c) Early time (0-0.2 ns) and later time (0.5-5 ns) spectra reveals a blue-shifted spectrum at early
times. (d) Spectral integration of narrower slices on the red and blue side of GS QDs emission peak
in panel (a). Together, (c¢) and (d) point towards multiexciton generation under X-ray excitation.
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Figure 6.13: Early time (0-0.2ns) and later time (0.2-5ns) integrated data of GS QDs film under X-
ray excitation (Figure c)) as compared to excitonic (X—20-200ns) and biexcitonic (XX—0-5ns)
emission under laser excitation.
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So it seems that the blue shifted emission under X-ray excitation is mainly XX emission,
however due to the low signal-to-noise ratio, this is not enough to confirm it. The rest of the
emission under X-ray excitation between 200 ps and 5 ns seems to overlap with the excitonic
emission seen under laser excitation between 20-200 ns. They are both centered at 640 nm
as shown in Figure (right). The rising edge for longer wavelength seen for the X-ray
excited data in Figure (right) is the second harmonic of the laser excitation centered at
744 nm.

6.3.3 Discussion

The lifetimes, component yields, and fraction of light emitted in the first 10 ps and 100 ps
for CdSe NPLs and CdSe/CdS GS QDs are summarized in Table where both the NPLs
and GS QDs have components in the lower sub-ns region. Under X-ray excitation, these fast
components have larger relative amplitudes than under low-intensity laser excitation (see
Figure . The analysis done for the red and blue shifted emission coming from GS QDs
is done using the laser IRF due to reduced signal-to-noise in the narrower spectral slices.
Since the fit using the laser IRF is done analytically instead of by numerical methods, it will
introduce a better error estimation for low signal-to-noise data. Apart from the normalized
yields for each decay component, an effective lifetime, 7.5y = > A; - 73/ A;, is calculated for

the different configurations using the amplitude of each component.

Table 6.1: Summary of the laser and X-ray excited photoluminescence lifetimes with
corresponding integrated photon yield fractions for NC thin films on glass substrates.
The effective lifetimes, 7oy = > A; - 7;/A; were calculated using the respective amplitudes of each
component. The GS QD results include lifetimes obtained for the slower red and faster blue sides of
the spectrum, integrated over the spectral ranges shown in Figure

laser IRF total IRF
NCs Fits NCslaser NC'sy /™
NPLs T 187 + 1073 ps 24 + 8 ps
Y; 26% 25%
T 1392 + 10~ *ps 290 + 11 ps
Ys 74% 75%
Teff 520 ps 77 ps
Yield 10 ps 1.3% 7.6%
Yield 100 ps 15% 44%
NCs Fits NCs; ;"™ NCsy, /™  NCsp /™
GS QDs 51 445 £ 45 ps 281 £ 18 ps 263 £ 25 ps
Y; 18% 100% 25%
P 3490 + 321 ps - 3301 + 631 ps
Y 82% - 75%
Teff 1564 ps 281 ps 849 ps
Yield 10 ps 0.7% 3.5% 0.8%
Yield 100 ps 8.5% 30% 10%
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For CdSe NPLs, taking 7.7 = 520 ps from low intensity laser excitation and 7.7y = 77 ps
from X-ray excitation (Table , the ratio of the slower laser excited emission to the faster
X-ray excited emission is 6.7. Considering that Auger recombination will typically lead to
an order of magnitude or higher lifetime shortening [81], this indicates that it may not play

a significant role in the fast emission dynamics of CdSe NPLs under X-ray excitation.

For GS QDs the 7.y under laser excitation is around 30 ns considering a 100 ns window
where we can measure X and XX emission. Comparing the 7.;; under laser and X-ray
excitation we get a factor 34 difference between them. If the blue-shifted emission seen under
ionizing radiation is due to the creation of MX a factor 30 might not be a strong indicator to
arrive to conclusions concerning the degree of Auger suppression. However, if the blue shifted
emission is only XX we could derive that the Auger recombination rate increases considerably
when using ionizing radiation. A higher signal-to-noise ratio to precisely characterize possible

long components is absolutely necessary at this stage.

6.4 Transmission measurements

The transmission of the NPLs and GS QDs films was measured using a commercial Lambda
650 UV /Vis PerkinElmer spectrophotometer and the results are shown in Figure The
measurement included the transmission of the glass where the films of few micrometer thick-
ness were deposited and a LYSO cubic crystal so that we have a comparative scenario. The
absolute values of transmission will change for different film thickness but the qualitative
information regarding cut-off and transmission plateau can be extracted. The NPLs and GS
QDs photoluminescence main emission is highlighted in the wavelength axis together with
the cut-off characteristic of the glass around 300 nm. The intrinsic problem of these nanoma-
terials regarding their transparency is clearly shown in Figure especially for the CdSe
NPLs where the 515 nm emission under laser excitation coincide with the cut-off edge of the
transmission curve. GS QDs show better results due to their higher Stokes shift with the

640 nm photoluminescence main emission in the middle of the edge of the transmission curve.

The different nature of multiexcitonic dynamic exhibited by NPLs and QDs will change
the transmission for the light emitted under ionizing radiation. For example, we have seen in
the previous section that CdSe NPLs have a biexcitonic and multiexcitonic (XX/MX) emis-
sion centered, not at 515 nm which is the typical emission for the excitons, but is red-shifted
to 530 nm. The transmission curve at 530 nm is already at the plateau which contributes
with the very small Stokes shift that CdSe NPLs present. However, for GS QDs due to a
blue-shifted multiexcitonic population, even though the Stokes shift is higher than that for
NPLs, the transmission for 620 nm is indeed very low. In this way, the 1D-quantum confined

system seems to be more in line with the requirements of a radiation detector system.

The light output of GS QDs films was measured using samples with different thickness
and a Hamamatsu high gain, low cross-talk 3 x 3 mm? SiPM. The goal of this test is to
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Figure 6.14: Transmission measured for NPLs and GS QDs films together with the glass were the
nanocrystals where deposited and a cubic LYSO crystal.

check for light emission linearity as a function of film thickness. This will allow us to find the
optimum film thickness where re-absorption is not limiting the amount of light transmitted.
The SiPM is placed at the back of the microscope slips where the nanocrystals are deposited
as shown to the left-hand side of Figure [6.15] The breakdown voltage is set to 52.5 V and
the trigger is provided by the streak camera which also triggers the laser and therefore the
X-ray tube. The SiPM is connected to an oscilloscope where the distribution of the charge
integration is acquired forming what is known as ‘finger plots’, which can be observed at the
right-hand side of Figure [6.15] The gate is open for 20 ns after the X-rays are triggered with

the objective of measuring mainly the GS QDs fast component.

Npe

Figure 6.15: Left: Setup to measure the light output of CdSe/CdS films with different thickness using
a SiPM placed at the back of the glass substrate. The film is situated in front of the X-ray tube.
Right: ‘Finger plot’ representing the number of photoelectrons detected when irradiating the GS QDs

films using pulsed X-rays with a 4 MHz repetition rate.
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The finger plots are analyzed using Poisson statistic in order to find the mean number
of photoelectrons detected. For this, we use the probability of detecting zero photoelectrons

which relates to the mean value following the simple relation:

A=A Neounts (Opeak) Y Neounts (Opeak)
P(k) = = P(0) = = oA = —log{ =) (61)
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Figure 6.16: Mean number of photoelectrons measured with a Hamamatsu 3 x 3 mm? SiPM as a
function of CdSe/CdS GS QDs volume for five different samples using pulsed X-ray excitation.

In this way, the mean number of photoelectrons, i.e. A, was calculated for five different
films which were deposited approximately covering the same area as shown in Figure [6.16
The volume of solution used to prepare the films was 6, 12, 25, 50 pL for the first four films.
The last film was done by depositing 21 drops which is around 130 puL. assuming each drop
is around 6uL.

The value reported for a film of 0 uL in Figure [6.16| represents the background level
of our measurements. The background includes contributions from the X-rays which are
able to trigger the avalanche somewhere deep in the SPAD. There is also some contribution
coming from the laser triggering the X-rays which bounces around in the bench. To set the

background, we measure it by placing the SiPM at the back of a microscope slip without
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film. The procedure is repeated every time before a film is measured so that we have control

over the laser contribution.

3 Background <Npe> = 0.19
——— GS QDs 20 ML shell 10 drops <Npe> = 0.58
GS QDs 15 ML shell 21 drops <Npe> = 0.37

Npe

Figure 6.17: Mean number of photoelectrons measured above background with a Hamamatsu
3 x 3 mm? SiPM for two different CdSe/CdS GS QDs samples using pulsed X-ray excitation.

Together with the sample of CdSe/CdS (core: 3.7 nm, shell: 15 ML) GS QDs, we
performed the same SiPM test with a second sample whose shell was 20 ML. The results are
shown in Figure [6.17] The higher quantum efficiency of the second sample is attributed to
the presence of a thicker shell, probably around 18 nm. The quality of the film is also higher

for the latter due to a better homogeneity.

6.5 Nanoplasmonics

A complementary strategy to tailor the emission dynamics of nanocrystals is by modifying
their electromagnetic environment with plasmonics. The use of silver nanoparticles deposited
in the vicinity or surrounding CdSe-based nanocrystals could be used to enhance the pho-
toluminescence recombination times and the quantum efficiency even further. We use silver
because the surface plasmon of these metallic nanoparticles can be tuned between 500-700 nm.
In this way, the radiative modes centered at 515 nm and 640 nm for NPLs and GS QDs, re-
spectively can be coupled to the plasmonic modes of the silver. This effect can be classically
understood as the Purcell effect but instead of a cavity, the modes available will have a plas-
monic nature. The two silver nanoparticles used in this section are shown in Figure|6.18, The
former one has a decahedral shape, a diameter of around 100 nm (Figure top left) and
its surface plasmon resonance matches the CdSe NPLs emission. The particles are suspended
in a colloidal solution which can be used to form thin films of CdSe NPLs+Ag. The second
one, is more like a 3D structure of coral silver (Figure right) and they will be used as
a matrix to deposit GS QDs. Its porous shape may allow NCs to permeate the structure,

where they are surrounded by the strong electric fields of localized surface plasmons.
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Figure 6.18: Silver decahedral nanoparticles (a) and 3D coral structure (b) used to enhance the

photoluminescence recombination time by coupling their plasmonic modes to the excitonic emission
of CdSe NPLs and CdSe/CdS GS QDs, respectively. In collaboration with Joel Grim [I3T].

The enhancement of a fast emission component is clear when looking at Figure [6.19} To
the left we see the spectral-time resolved image taken with the streak camera in the 1 ns
gate when measuring CdSe NPLs under laser excitation. The time profile follows the values
reported in section where we report 26% of the photons emitted with a decay time of
around 200 ps and a second long component where 74% of the photons decays with a 1.4 ns
constant (Figure a)). The same measurement is repeated with a film made by drop-
casting 20 times from a CdSe NPLs colloidal solution and 10 times from Ag nanoparticles
colloidal solution. As a result, the pulse shrinks in time and the new decay components can
be seen to the left in Figure[6.20] Both images in Figure [6.19]are taken under the same setup
characteristics, so time and spectral resolution are identical as it can be inferred from the
width of the laser pulse which is around 40 ps FWHM (centered at 375 nm).

The new timing characteristics of the film composed by CdSe NPLs and silver nanopar-
ticles are shown to the left in Figure [6.20f There is one first component as fast as the laser
IRF, which is highlighted in green as 71 = 0 + 5 ps with an abundance of 26%. The rest of
the components follow the timing properties of the CdSe NPLs pure film with a first decay

of 145 ps and a long second one of 1.4 ns.
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CdSe NPLs CdSe NPLs+Ag
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Figure 6.19: Spectral-time resolved photoluminescence of two CdSe NPLs films in 1 ns gate. Left:
CdSe NPLs. Right: CdSe NPLs film mixed with Ag nanoparticles with a plasmon resonance between
505-625 nm.
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Figure 6.20: Enhanced time-resolved photoluminescence using nanoplasmonics. Left: CdSe NPLs
close-packed film where Ag nanoparticles have been deposited. Right: CdSe/CdS GS QDs deposited
in an Ag coral matrix.

A similar effect is seen for the long recombination times exhibited by GS QDs, i.e.
a monoexponential decay time of 15 ns in the 5 ns gate. Coupling the 640 nm excitonic
emission to the coral Ag plasmonic modes results in a fast decay component of around 600 ps
as shown to the right-hand side of Figure [6.20] The fast component can change from point
to point in the same sample due to the inhomogeneities of Ag and QDs distribution. The
nanoplasmonic enhancement is also distance dependent, so it will reach a maximum for certain
values of quantum dot-Ag nanoparticle separation. Balancing radiative enhancement with
loss is a persistent challenge in the field of plasmonics, particularly for short emitter-metal
distances. GS QDs provide a facile means of reaching this balance, with the CdS shell creating
a separation between the emitting CdSe core and the Ag surface. The random distribution
of particles in the film guarantees the appearance of the effect, however this is far for being

a controlled process.
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The X-ray excitation of these nanoplasmonic samples has been limited due to the low
transparency of the films. The optical alignment between sample and streak camera is bet-
ter achieved in transmission mode and this configuration is not possible for the Ag coral
sample. The streak camera alignment was changed to reflection mode just to have an idea
of the recombination times under X-ray excitation of the QDs film with and without silver.
Unfortunately, the time resolution for this configuration is rather bad and the comparison
can only be done qualitatively. The spectra and time profiles of pure and Ag GS QDs film
are shown in Figure The Ag coral matrix seems to enhance what is known as p-states,
which is usually a very fast emission centered at 570 nm. If the (average) plasmon resonance
is closer to 570 nm than 650 nm, the emission rate from the excited state population could

be enhanced.

T1~IRF
T2~14 ns

Figure 6.21: X-ray excitation of a GS QD pure film compared to a film deposited on an Ag coral. In
collaboration with Joel Grim [I31].

6.6 Conclusions

As shown in this chapter, CdSe NPLs and CdSe/CdS GS QDs are promising candidates for
prompt photon emission under ionizing radiation. We have demonstrated that the emission
rates of these NCs under pulsed X-ray excitation are much faster than traditional mechanisms
in bulk scintillators, i.e. 5d-4f transitions. CdSe NPLs have a sub-100 ps effective decay time
of 77 ps and CdSe/CdS GS QDs exhibit a sub-ns value of 849 ps. Further, the respective CdSe
NPL and CdSe/CdS GS QD X-ray excited photoluminescence have the emission character-
istics of excitons (X) and multiexcitons (MX), with the MXs providing additional prospects
for fast timing with substantially shorter lifetimes. The CdSe nanoplatelets and giant shell
quantum dots studied here overcome many of the challenges that earlier generations of NCs
faced under ionizing radiation. Notably, non-radiative Auger recombination, which also de-
teriorates bulk scintillator performance, is suppressed in both systems. Further, the large

shell of the CdSe/CdS GS QDs overcomes several other challenges, such as re-absorption of

126



6.6. CONCLUSIONS

emitted light by separating emission and absorption bands. However its blue-shifted emis-
sion under ionizing radiation makes them a less transparent system compared to CdSe NPLs.
These features can in principle also be extended to NPLs via the growth of a larger bandgap
shell such as CdS or ZnS.

CdSe nanoplatelets with a ZnS shell show high instability with respect to their spectral
and timing characteristics which deteriorate and change in time. Spectral-time resolved
measurements performed with a lapse time of one year, are able to proof so. However,
this particular system encloses the best characteristics of both CdSe NPLs and CdSe/CdS
GS QDs, so it should be kept in mind for future studies.

Transmission measurements performed with the NPLs and the GS QDs point towards
CdSe NPLs as a better material to apply to radiation detectors systems due to their red-shift
emission under ionizing radiation. However, the quality of the film obtained by drop-casting
straight from its solution is not comparable with the film obtained with CdSe/CdS giant
shell quantum dots, where an almost homogeneous layer is created when depositing on a
glass substrate. This prevents us to measure the light output response as a function of film
thickness as it was done for the CdSe/CdS giant shells.

The light output of the quantum dots under X-ray excitation increases when increasing
the thickness of the shell. This result can be inferred from an increase in the quantum
efficiency of the material under laser excitation when thicker shells are grown. However,
the thicker the shell the longer the recombinations times exhibit by these materials so a
compromise should be found for future applications. CdSe/CdS GS QDs with a core of
3.75 nm and a shell of 15 monolayers show a re-absorption of light when the thickness of
the film starts to be larger than 100 ym. For this reason, we will work with films of around

10 pm in the next chapter.

Plasmonics offers a promising route to enhance emission rates of NCs. It also provides
a means to compensate for the reduced oscillator strengths that result from growth of passi-
vating shell layers, which are necessary to ensure stable, bright NCs. The results presented
above confirm the feasibility of this approach under both laser and X-ray excitation. How-
ever, the disadvantage regarding the transparency of metallic nanoparticles is clear when
measurements in transmission mode are no longer possible. Optimizing the overlap between
the localized plasmon resonance and NC emission frequencies is an obvious future direction,
together with the study of organized systems in which the light can be manipulated as in a

photonic crystal array.
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Chapter 7

Nanocrystal-based scintillators

7.1 Introduction

The feasibility to bring nanocrystals’ localized high-performance properties into bulk mate-
rials suitable for radiation detectors, remains still as the main question, especially for timing
measurements. Important features of a radiation detector, i.e. its stopping power and trans-
parency, are still major challenges to overcome when using nanocrystal-based scintillator

materials.

To address the technical implications and ultimately give proof of concept of an actual
high-time-resolution system with nanocrystal-based scintillators, i.e. for both low (511 keV)
and high energy radiation detection constitutes the main bottleneck in the application of
these materials in a macroscopic system. This chapter deals with typical detector issues,
such as e.g. overall detector density and its stopping power, using conventional scintillators
and dense substances, like nanocomposite hosts or inactive layers, in combination with the
fast emitting NCs. Such a detector could be constructed from nanocomposites, either bulk or
as thin layers, or from stacks of thin wafers of bulk scintillators with NC-films coated on their
surfaces. Another issue is the efficient transport of prompt photons to the photodetector.
This requires high transparency or the design and fabrication of a light guiding system. For
this purpose, a dense and transparent stopper could be envisaged that acts as a light-sharing

waveguide coupled to a lateral readout photodetector.

In this chapter the aforementioned bottleneck of transferring the nanocrystal vast poten-
tial to the bulk material domain will be addressed following two main lines: (1) nanocrystals
as part of a heterostructure and (2) nanocomposites, where the nanocrystals are embedded

in a matrix host.
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7.2 Colloidal nanocrystals and bulk scintillator heterostruc-

tures

Building up the thickness of nanocrystal films to fully stop high energy particles is challenging.
One solution is to construct hybrid NC-bulk materials. In this approach, NCs can be used
for the specialized task of fast timing while the bulk scintillator provides stopping power
and scintillation light for tasks such as resolving particle energy. Such a detector could be
constructed from stacks of thin wafers of bulk scintillators with films of NCs coating their
surfaces. The design of this heterostructure for fast y-ray tagging, for example, could be
accomplished by making the dense bulk scintillator layer thinner than the recoil electron

range, allowing energy transfer to the nanocrystal thin film [132].

In the following sections, we investigate this concept by depositing CdSe NPL films and
GS QD films on the surfaces of LSO:Ce and LuAG:Ce, respectively. In this way, photo-
luminescence coming from NCs and conventional scintillators can be spectrally resolved in
one streak image, which allows the efficiency of the NCs to be estimated by comparing to
known light yield values of the bulk scintillators. A schematic view of the measurement can
be seen in Figure together with a streak image taken under laser excitation with the NPL

heterostructure.

a b) 0

)
|

372 nm laser 2.5
7 5
— LSO Streak
~ N 2mm Camera

t(ns) 10

Figure 7.1: (a) Schematic view of the setup used to measure the heterostructure emission using
laser and X-ray excitation. (b) Photoluminescence of the NPLs/LSO:Ce heterostructure under laser
excitation.

7.2.1 CdSe NPLs deposited on LSO:Ce

A thin film of CdSe NPLs was deposited on one of the large faces of a 2 x 6 x 8 mm? LSO:Ce
crystal. X-rays directly excite the NPLs film and the energy that has not been deposited
in the NCs then reaches the scintillator along the 2 mm long axis. Light imaged from a
500 x 100 pm? spot is shown in Figure a), where ultrafast CdSe NPL emission is seen
between 505-550 nm, spectrally shifted from the LSO:Ce photoluminescence. The sweeping
range was set to 2 ns, which allows us to resolve the first NPL decay component and directly

compare to the intrinsic dynamics of NPLs presented in the previous section. A long tail
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which follows the LSO:Ce decay time characteristics is also present due to LSO:Ce blue light
absorbed and re-emitted as green light from the CdSe NPLs. However, the majority of the
CdSe NPL emission occurs during the LSO:Ce rise time.

(a) 10 (b)
CdSe NPLs
15 2
o 3
Q
E I
= £ 6 — LSO
S 4 — CdSe NPLs
z
2
" SR - a 001 1 ! 1 1 1 1 1
350 400 450 500 550 14 16 18 20 22 24 26 28
Emission wavelength (nm) Time (ns)

Figure 7.2: X-ray excitation of CdSe NPLs film deposited on a 2 x 6 x 8 mm3 LSO:Ce scintillating
crystal. (a) Spectrally resolved streak image sweeping at 2 ns. (b) Spectral integration of the streak
image to yield the decay traces for LSO:Ce and CdSe NPLs.

7.2.2 CdSe/CdS GS QDs deposited on LuAG:Ce
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Figure 7.3: X-ray excitation of CdSe/CdS GS QDs film deposited on 1x5x5 mm? LuAG:Ce scin-
tillating crystal. a). Spectrally resolved streak image sweeping at 5 ns. b) Timing performance of
LuAG:Ce and GS QDs emission.

A CdSe/CdS GS QDs film was deposited on the large face of a 1x5x5 mm3 LuAG:Ce
crystal. The film was placed in front of the X-ray tube window and the sample was measured
in transmission mode through the 1 mm long axis. Light was collected from a 500 x 100 pm?
spot and both scintillation (LuAG:Ce) and ultrafast (QDs) emission are produced, which is
shown in Figure a). There is a very fast QD component that occurs during the 500 ps
rise time of the LuAG:Ce scintillation and a long tail which can be due to either the slow
component seen in CdSe/CdS GS QDs [27], or absorption of LuAG:Ce light which is re-
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emitted with the typical LuAG:Ce decay characteristics. The LuAG emission does not stop
rising in the 3.5 ns gate as shown in Figure b), which corroborates the non-absorption of
green light by the QDs in the very first nanoseconds of the scintillating pulse.

7.2.3 NCs Light yield estimations

The light yield of the NC films under X-ray excitation can be estimated by comparing to the
LSO:Ce and LuAG:Ce emission in Figure a) and Figure a), respectively. Simulations
using Geant4 [94] were used to determine the X-ray energy spectrum of the tungsten tube
as well as the total energy deposited in the NC layer and scintillator after X-ray irradiation.
Since the thickness of the heterostructure layer is unknown, simulations were run for thick-
nesses ranging from 100 nm to 100 gm. In the simulations, the NC films are declared using
a filling factor of 50% to account for the presence of organic surface ligands, which decreases
the overall density of the film. The total amount of photons emitted by the heterostructure

is proportional to the energy deposited in each material and follows the relation:

anNPL Ej°
LYNpLs = > X LYLsoli=15ns = o= 7.1
* " Yaoops li=1.5ns Eprts (7.1)
agp E£UAG
LYgps = = * LYLuAG|t=3.5ns% (7.2)
300ps dep

Here, « is the ratio between the total number of photons emitted by the NCs and the
bulk scintillator. This ratio is taken from the integrated time profile. Since a rigorous
calculation will have to account for the amount of light reabsorbed and emitted by the NCs,
the estimations are done by taking the number of photons emitted at early times of 0 to
200 ps for NPLs and 0 to 300 ps for GS QDs where no re-absorption seems to take place.
Using the time characteristics of NPLs and GS QDs under X-ray excitation obtained in the
previous chapter we can estimate the percentage of photons emitted at time 200 ps and
300 ps, respectively. This factor is represented in the formula by Y3qg,s which is equal to
0.61 and Y3qqps that has a value of 0.23. The relative wavelength dependence of the streak
photocathode quantum efficiency and the efficiency of the spectrograph grating are also taken
into account. Doing a background correction and comparing integrals of blue and green light,
we calculate anyprs = 0.1 for the green photons emitted between 0 and 200 ps. In the case
of QDs/LuAG,we have agps = 1 for red photons emitted between 0 and 300 ps.

Considering the LSO intrinsic light yield as 40’000 ph/MeV, the amount of light emitted
in the first 1.5 ns will be ~ 1500 ph/MeV, represented by the term LY750[i=1.5ns. In the
case of GS QDs/LuAG, we have taken an intrinsic light yield of 23’000 ph/MeV based on
comparative light yield measurements [§]. Since LuAG:Ce has a second decay tail up to 1063
ns and the repetition rate is 250 ns, the LY, 4¢|¢ for t<3.5 ns is approximately 500 ph/MeV.
This calculation considers a rise time of 535 ps, and 2 decay components with different yields:
70 ns (44%) and 1063 ns (56%) as reported in [12].
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The values of mean energy deposited are computed and presented as normalized values
for the 100 pm thickness in Figure|7.4|c) and d). The ratio between both curves will give the

energy weighted factor and increases by an order of magnitude with decreasing thickness.
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Figure 7.4: NC light yield estimations under 40 keV X-ray excitation as a function of film thickness.
(a) Simulated spectrum of the energy deposited on NPLs/LSO heterostructure for each material
when the film thickness is 1 pm. (b) Simulated spectrum of the energy deposited on QDs/LuAG
heterostructure for each material when the film thickness is 100 pym. ¢) and d) Values of mean energy
deposited on NPLs/LSO and QDs/LuAG heterostructure for different film thickness, respectively.

Measuring the light yield for NC films under X-ray excitation is a challenging task,
and it is part of ongoing work. Some of the crucial requirements for this measurement are
constant thickness of the films and a known packing density. In the present work, NC films
were prepared by drop-casting from toluene solutions since this technique enables building up
relatively thick films with sequential and concentrated drops. However, the NC films prepared
for this work had considerable variation in thickness. We estimated an average thickness on
the order of 10 um, determined from the solution concentration, volume deposited, and film
area. This is a rough estimate, and does not account for the variation in film thickness.
Given this uncertainty and the assumed 50% packing density, we calculated the light yield
for a range of both NPL and QD film thicknesses, with the results summarized in Table
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Table 7.1: Inferred light yield (ph/MeV) for CdSe NPLs and GS QDs, calculated for a
range of film thicknesses. The estimated average thickness for the NC films used in this work was
10 pm, shown in bold (k=1000).

Thickness LYnprs (ph/MeV) LYgops (ph/MeV)

1 pm 25k 220k
5 pm 5k 44k
10pum 2.5k 22k
15 pm 1.7k 14.7k

7.2.4 Discussion

It is evident from the heterostructure results shown in Figure [7.2] and [7.3] that an additional
longer decay component emerges due to absorption of the bulk scintillator light by the NC
films. This is shown in Figure[7.5|for CdSe NPLs, where a long tail with a lifetime characteris-
tic of the LSO:Ce decay time is present. However, the relative weights of the first and second
decay components are now different by a factor of two (1 and 2% in the heterostructure)
instead of a factor of three (25 and 75%). This indicates negligible absorption/re-emission
at early times (0-300 ps) of the scintillating pulse. Fitting the LSO:Ce rise time (Figure
b), the first two NPL decay components occur within the same timescale as the direct and
delayed excitation of the C'e3t luminescent centers, represented by 7,1 and 7,9, respectively.
Similarly, a long decay component following the LuAG emission lifetime appears for the GS
QDs/LuAG heterostructure. In both cases, the secondary excitation by the bulk scintillator
and the intrinsic longer lifetime components of the NCs can be reduced by isolating the fast
MX emission via spectral filtering. This may serve as an important strategy when consider-
ing practical devices in which repeated layers of NC/bulk scintillators are involved. In such

devices, eliminating longer lifetime components will enable faster cycle times (or frame rates).
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Figure 7.5: a) Timing performance of the NPLs film when deposited on top of LSO:Ce. b) Timing
performance of a conventional scintillator, i.e. LSO:Ce in the first 1.5 ns.
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7.2.5 Sampling calorimeter simulations

The following section is dedicated to calculate the feasibility of having a crystal of 10-20
mm length sampled with LYSO and CdSe NPLs layers to detect a 511 keV gamma. This
geometry implies a lateral photodetector readout since as seen in the previous section there
is absorption of blue light by the CdSe NPLs. The main idea is to use the energy carried by
the electron coming from the photoeffect or Compton interaction as the source of excitation
for the fast emission. In this way, the LYSO scintillating light could be used to measure the
energy and the fast CdSe NPLs emission could be used as a time tag of the gamma event.
This implies to have energy deposition in both systems, i.e. LYSO and CdSe NPLs, for each
gamma event. To guarantee the recoil electron reaches the adjacent layer, the LYSO has to be
sampled with a thickness of at least the order of the range of the recoil electron characteristic
of the Compton edge which is about 340 keV. If we look in the NIST database the range for
electrons of about 350 keV calculated by continuous slowing down approximation is around
240 pm. So as a maximum, the LYSO layers have to be 200 pym thick so that there is some
energy transfer to the CdSe NPLs layers. This will be 100% the case for the electron coming

from the photoeffect and from the recoil electrons which are close to the Compton edge.
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Figure 7.6: Left: Crystal sampled with 50 LYSO layers of 200 pym and 50 CdSe NPLs film layers of
100 pm. Right: Energy deposited in both systems when shooting 511 keV gammas.

In this way, a sampled crystal has been built using the Geant4 framework by stacking
layers of LYSO coated with CdSe NPLs as shown in Figure|7.6] Since the LYSO layers need
to be 200 pum thick and the stopping power will be carried mainly by the LYSO, we stack
50 of these layers which is equivalent to 10 mm long crystal and do a run using CdSe NPLs
layers of 100 pm, so a 15 mm long crystal in total. The CdSe layers are defined using a 50%

filling between nanoplatelets and ligands giving a final mean density of 3.55 g/cm?.
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The energies deposited in both systems are plotted to the right-hand side of Figure
where the energy spectrum of a homogeneous crystal can be seen when the energy deposited
in the NPLs film is zero. For this configuration there is three times more events which
deposit energy in the LYSO compared to the ones which are counted in the NPLs films.
When counting all the events which deposit some energy in one of two systems the mean
energy deposited in the NPLs is as low as 48.59 keV. However, if we do the weighted sum
only taking into account the number of events which are actually interacting in the NPLs
film, the mean energy moves towards 145 keV as shown in Figure a). If we assume a
light yield with an estimated value of 2500 ph/MeV (Table , this configuration will give

a mean value of 360 photons.

If instead the simulations are done for a crystal with 50 layers of 200 pm LYSO and
200 um CdSe NPLs film, the number of events detected in the NPLs film is 50% of the total
number of gamma detected. The mean energy deposited moves to 175 keV and the spectrum
will look like Figure b). For this case, there is already few events that are able to deposit
511 keV which will emit around 1200 photons in total.
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Figure 7.7: Spectra of energy deposited in the CdSe NPLs layers counting only events interacting in
those layers for two different sampled crystals. a) 50 layers of 200 um LYSO and 100 pym CdSe NPLs
film and b) 50 layers of 200 pm LYSO and 200 gum CdSe NPLs film.

The idea of sampling a crystal using multilayers of LYSO coated with NCs films seems
technologically very challenging without mentioning that the whole photodetector readout
concept will need to change probably to a lateral configuration. To reach 100% of the photons
detected by both systems we need either to decrease the thickness of the LYSO layers or to
increase the thickness of the non-transparent CdSe NCs film larger than 200 pm. With
these ideas in mind, we move the attention to nanocomposites, where the nanocrystals are

embedded in a matrix which acts as the energy transfer medium.
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7.3 Zn0O:Ga nanocomposites

7.3.1 Introduction

Moving to wide-gap semiconductors, ZnO has proven to present excitonic radiative recombi-
nation on the sub-nanosecond scale [41]. However, the density of emitting centers is temper-
ature dependent showing multi-exponential decay components and low light yield at room
temperature [I33]. New ways to fabricate this material making use of ZnO:Ga nanopowder
and following the method reported in [2I] combine excellent scintillating characteristics in
terms of radioluminescence intensity (comparable to BGO light yield if co-doped with lan-
thanum) and a superfast monoexponential time response (photoluminescence with 400 ps

decay time) at room temperature.

In the following sections we present spectral-time resolved measurements of ZnO:Ga
composites under pulsed X-ray excitation and CTR measurements under gamma and MIPs
irradiation. Two different approaches for preparing the nanocomposites were followed in
order to provide higher light yield and better transparency (nanopowder layer deposited
on a substrate) or increase the energy deposition via ionization in the scintillating material

(nanopowder embedded in a host).

The ZnO:Ga nanopowder used to produce the composites presents a crystallite size of
80-100 nm, which agglomerates to create particles of size about 1 pym as it has been re-
ported in [2I] and shown in Figure (inset). The nanocrystallite size determined from
XRPD measurements gives the idea about the single nanocrystal volume available for the
coherent exciton state and is within the range where the oscillator strength finds a maximum
in the weak quantum confinement regime [41]. For the first sample, ZnO:Ga nanopowder
was deposited by spin coating on a SiO2 substrate and annealed at 400°C in air as the last
preparative step, according to [I34]. Here the scintillation will be produced in a submicromet-
ric non-homogeneous thin layer. The thickness is determined using a profilometer yielding a
mean value of 600 nm. This method of producing a nanocomposite compromises the stopping
power of the sample, however, it guarantees the scintillation efficiency of the emitting centers.
A second sample uses the same ZnO:Ga nanopowder dispersed within a Polystyrene (PS) host
matrix, following the procedure previously reported [23]. This ZnO:Ga@PS nanocomposite
consists of 10% weight ZnO:Ga with an average density of 1.5 g/cm?
yield reported is 20% of BGO, i.e. 4-5% of LYSO [23]. A picture of the sample produced
with different thicknesses is shown in Figure (bottom). The transparency of the sample

is clearly deteriorated for the 1 mm thick sample.

. However, the light

Samples were spectral-time characterized using pulsed X-rays up to 40 keV and a Hama-
matsu C10910 streak camera with an intrinsic time resolution of 18 ps. A Hamamatsu N5084
X-ray tube is triggered by a picosecond diode laser PiLAS with a repetition rate of 4 MHz.
Light is collected in transmission mode and focused into a spectrograph 2300i. The spectral

resolution is determined using a 150 g/mm grating and a 500 pum open slit which result in a
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Figure 7.8: Top left: SEM image of ZnO:Ga nanopowder after two-step annealing process which
causes the agglomeration of the single nanocrystals in particles of 1 ym diameter size. The SEM zoom
of a typical nanocrystallite agglomeration is shown as inset. Top right: ZnO:Ga@PS spectral-time
resolved radioluminescence measurement using 2 ns sweeping range. The laser IRF is shown to the
right of the ZnO:Ga@PS emission. Bottom: ZnO:Ga@PS 1 mm thick sample (A) is shown next to a
0.1 mm thick sample (B).

broadened spectrum of around 10 nm for the laser line as shown in Figure The photo-
electrons are swept within 2 ns or 5 ns gate, every 250 ns, and the signal is recorded in single

photon counting mode.

The impulse response function (IRF) of the system has been determined measuring the
laser time profile using the same settings as for the X-ray measurements, i.e. optical path,
photocathode slit aperture and sweeping range. The result for 50 pum slit aperture and 5 ns
gate is a Gaussian of 80 ps FWHM, which is then convolved with the X-ray tube asymmetric
time profile, resulting in a final IRF of 90 ps FWHM. The 2 ns gate streak image taken for
the ZnO:Ga@PS sample is shown in Figure together with the laser IRF (FWHM equals
to 63 ps) which results in a total IRF of 75 ps.

Coincidence time resolution (CTR) measurements using 511 keV were performed with a
Zn0:Ga@PS 3 x 3 x 1 mm? thick sample. CTR measurements follow the method reported
in [5] and [8]. Both samples were brought to test beam in order to characterize their perfor-
mance under minimum ionizing excitation provided by a 150 GeV pion beam. Concerning
the Zn0:Ga@SiOy sample, negligible energy deposition within the scintillating layer under
gamma irradiation was found, which prevents the realization of the CTR test under 511 keV

gamma for this sample.
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7.3.2 Spectral-time resolved measurements using X-ray excitation

Spectrally integrated data obtained by pulsed X-ray excitation is shown in Figure (left)
for both samples, together with the system IRF. Time profiles were analyzed for several
wavelength ranges, showing no differences in timing. Light is emitted between 380-420 nm
with no presence of the polystyrene host radio-luminescence emission between 300-350 nm
as already reported in [23]. A higher signal-to-background ratio (factor 2), is seen for the
Zn0:Ga@PS sample. However, the total energy deposition for the ZnO:Ga@PS is a factor of
30 higher compared to ZnO:Ga@SiO-, when considering a homogeneous submicrometric layer
with a thickness of 600 nm. Even though the transparency of both samples is not similar,
the light output of the ZnO:Ga@SiOy can be expected to be one order of magnitude higher
as compared to ZnO:Ga@PS, if the energy deposition is taken into account. Both samples
present similar mono-exponential decay time, showing an agreement within 8%, independent
of the preparation method. A separate measurement, sweeping at 2 ns, was done to discard
any fast components which could bring a bi-exponential behavior at early times. The results

measured with 75 ps IRF present a mono-exponential decay time of 541 4+ 5 ps and is shown

in Figure (right).
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Figure 7.9: Left: ZnO:Ga nanocomposites timing performance under pulsed X-ray excitation plotted
alongside with the system IRF using 5 ns sweeping range. Right: Spectrally integrated time profile of
Zn0:Ga@PS sample under X-ray excitation using 2 ns sweeping range and an IRF of 75 ps FWHM.

7.3.3 CTR measurements in test beam

The timing performance when measuring two ZnO:Ga@PS 3 x 3 x 1 mm? plates in coincidence
is determined under 150 GeV pion excitation. The high energetic particles passed through the
samples depositing energy uniformly along the 1 mm thick axis of the polystyrene and 5 mm
thick axis of SiOy. The procedure for these measurements is reported in [9]. Since Cherenkov
photons will be created in the Zn0O:Ga@SiOy sample, the coincidence measurements were
also performed for a SiOg bare sample, in order to distinguish any contribution coming from
the ZnO:Ga thin layer.
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For small detectors, 150 GeV pions will interact as minimum ionizing particles with a
mean energy deposition of 250 £ 87 keV for the ZnO:Ga@PS sample specifications. The data
presented in Figure were measured coupling each 3 x 3 x 1 mm? ZnO:Ga@PS plate to
a HPK Hamamatsu 3 x 3 mm? SiPM with an amplification coupling of 3.3 pF, bias voltage
of 58 V and SiPM coupling of 100 pF. The corrected CTR of 50 ps sigma contrasts with
25 ps sigma obtained when using LYSO:Ce under the same irradiation conditions and SiPM

readout.
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Figure 7.10: Time resolution of two ZnO:Ga@PS 3 x 3 x 1 mm? plates coupled to a HPK 3 x 3 mm?
SiPM, measured in coincidence under 150 GeV pions excitation.
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Figure 7.11: Coincidence time resolution measured for a 6 x 6 x 5 mm?® SiO, sample (left) and a
6 x 6 x 5 mm?® Zn0:Ga@SiOz (right) under pion beam excitation using LSO:Ce:Ca as the reference
crystal.

For the ZnO:Ga deposited as a layer on a 6 x 6 x5 mm? SiO9 substrate, the measurements
were carried out comparing CTR values of ZnO:Ga@SiOs and SiOs in coincidence with a
2 x 2 x 5 mm? LSO:Ce:Ca reference crystal. The similarities among CTR values obtained
for both samples shown in Figure allow us to arrive to the conclusion that there is no

significant energy deposition in the 10 pm thick layer not even by minimum ionizing particles.
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The energy spectrum measured for both samples under pion excitation is shown in Figure
The difference in pulse shape is negligible and most of the photons created and detected

are Cherenkov photons.
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Figure 7.12: Energy spectrum measured for a 6 x 6 x 5 mm? SiOs and a 6 x 6 x 5 mm?® Zn0:Ga@SiO,
samples under pion beam excitation.

7.3.4 CTR measurements with 511 keV

The Zn0O:Ga@PS 3 x 3 x 1 mm? sample was coupled to a FBK NUV-HD 4 x 4 mm? SiPM
using Meltmount glue and Teflon wrapping. The calibration of the SiPM single photoelectron
response has been performed, correcting for the optical crosstalk probability of the SiPM.
Gamma interactions of few hundreds of keV will deposit energy mainly through Compton
scattering while photoelectric events will appear as a smeared out distribution with poor
energy resolution. Geant4 simulations of 511 keV gamma interactions show a very low prob-

ability of photoelectric absorption as illustrated in the inset of Figure [7.13

CTR measurements were done using a 2?Na source and a 2x2x10 mm? LSO:Ce (0.4% Ca)
reference crystal coupled to a NUV-HD FBK SiPM in coincidence with the ZnO:Ga@PS sam-
ple. Stated CTR values are corrected for the time resolution of the reference detector (70 ps
FWHM) in order to obtain a CTR value as if two identical ZnO:Ga@PS detectors were oper-
ated in coincidence [12]. It should be noted that the single time resolution of one ZnO:Ga@PS
would be the stated CTR value divided by v/2. The bias voltage was set to 33 V and the
NINO leading edge threshold to 80 mV corresponding to 1 photoelectron equivalent signal
amplitude. CTR values were calculated applying different photoelectron cuts with a binning
of around 1.4 pe in the ZnO:Ga@PS energy spectrum. Figure |[7.13| shows the CTR values
as a function of the number of photoelectrons used as cut. The CTR dependency with the
square root of the number of photoelectrons (or photoelectron density) has been previously
studied and understood [12] and it writes as CTRoc /7 74/Npe. In this way, data shown in
Figure follows the parametrization of such formula.
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Figure 7.13: Coincidence time resolution of ZnO:Ga@PS 3 x 3 x 1 mm? coupled to a NUV-HD
4 x 4 mm? FBK SiPM as a function of number of photoelectrons detected. The simulations done for
511 keV energy deposition are shown as inset.

7.3.5 Discussion and outlook

The poor photoelectron signal due to low light yield and low transparency counteracts the
fast decay time of the sample when performing CTR measurements. However, the potential
of the material as a new generation scintillator to reach sub-20 ps time resolution is clear
when comparing the nanopowder’s light distribution properties with the figure of merit among
scintillators. LuySiO5:Ce 0.4% Ca co-doped constitutes one of the best materials for timing
applications nowadays with a rise time reported as 20 ps, an effective decay time of 30 ns [12]
and a light output of around 18’000 ph/MeV when using Teflon wrapping and grease coupling
for a 2 x 2 x 10 mm? all faces polished crystal. CTR values achieved for this configuration
using FBK NUV-HD devices are of the order of 100 ps [§].

The comparison of ZnO:Ga@PS versus LuySiO5:Ce 0.4% Ca co-doped is done by cal-
culating the photoelectron cumulative distribution functions along the first 500 ps of the
scintillating pulse, as shown in Figure[7.14] In this way, we determine at what time, after the
scintillating pulse starts, the number of photoelectrons detected reaches the same probability.
Calculations are done for the actual performance of the ZnO:Ga@QPS and LSO:Ce:Ca samples
and a hypothetical ZnO:Ga sample with a number of photoelectron detected of the order of
1000, which reaches the 10 pe line at the very first 15 ps. The 10 pe ‘probability threshold’
line is crossed at a time similar to the CTR measured for LSO:Ce and ZnO:Ga@PS samples.
A factor 80 higher photon density for ZnO:Ga due to its fast decay time, as compared to
LSO:Ce Ca co-doped, could bring the CTR down to sub-20 ps values if the amount of pho-
toelectrons detected would be on the order of 1’000 as proven to be the radioluminescence
yield of ZnO:Ga:La nanopowders when not yet embedded in a host matrix. Extrapolating to
this amount of photoelectrons when using the equation obtained in Figure [7.13] corroborates

the potential of reaching sub-20 ps CTR values using ZnO:Ga nanopowder.
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Figure 7.14: ZnO:Ga nanocrystal’s potential to improve coincidence time resolution to sub-20 ps
values.

Looking at the formula that defines the light yield theoretical limit for scintillators, we
can determine the parameters that need future improvement.

S-Q

LYY [ph/MeV) = LTE - ———%
[ph/Mev] b- Eg[MeV]

out

(7.3)

Here, LTE stands for light transfer efficiency of the material and depends on the trans-
parency, index of refraction and the crystal’s attenuation length. S and Q represent the
transfer and quantum efficiencies of the scintillating process. The denominator represents
the energy necessary to create and electron-hole (eh) pair, which multiplies the phonon losses
in the thermalization stage (b) and the band gap energy. With an E.;, of 9.75 eV for ZnO
(Eg=3.25 eV and b=3 [33]) and 14.4 eV for LSO (Eg=7.2 eV and b=2 [33]), these val-
ues translate to a maximum of 100’000 eh/MeV for the ZnO and 70’000 eh/MeV for LSO,
having almost a factor of 1.5 different compared to the theoretical limit. Assuming that
33 photoelectrons correspond to 511 keV energy deposition and considering a photon detec-
tion efficiency of 0.3 (SiPM and Meltmount transmission for 390 nm) the estimated light
output for the ZnO:Ga@PS sample is around 200 ph/MeV. From this calculation, it is clear
that the energy transfer and quantum efficiency of the ZnO:Ga@PS needs further develop-
ment together with the light transfer efficiency (LTE).

As it follows from temperature dependence of UV excitonic emission in ZnO:Ga,La
nanopowder, [2I] the quantum efficiency of this kind of materials around 300 K is much less
than 1. One of the most common strategies to increase the quantum efficiency of nanocrystals
is to passivate surface traps through core/shell heterostructures [27], [127]. Photo-instability
effects and quenching at the surface of the materials come as a result of the high surface

to volume ratios present in materials grown in the nano-scale and from the fact that we

143



7.4. CONCLUSIONS

are dealing with a Wannier-like emitting state, which is in its nature migrating inside the
nanocrystal within its lifetime. In this direction, the synthesis of ZnO:Ga nanocrystals with
a shell of ZnMgO could highly increase the photoluminescence efficiency when embedding
free-standing nanopowders in a polystyrene host. Equally important will be to avoid agglom-
eration of nanopowders. High opacity of the presently studied ZnO:Ga@PS, see transmission
spectra in [23], is due to aggregation of ZnO:Ga nanocrystals into submicrometric-sized ob-
jects. Better dispersion of the nanopowder dramatically decreases the light scattering effects
and sample transparency [I35], which improves considerably the scintillation light collec-
tion. Regarding the improvements needed for the energy transfer efficiency, the possibility
of creating a chemical bond between the nanocrystals and the host, in order to channel
efficiently carrier mobility from the PS host towards ZnO:Ga nanocrystals, should be also
investigated. Such concepts of chemically bonded organic-inorganic scintillation nanocompos-
ite systems have been already reported in literature [136], [I37]. The introduction of a host
which presents higher density is also important to analyze in order to increase the stopping
power of the sample for TOF-PET applications. Reaching the particle size that maximize
the oscillator strength and limits light scattering while retaining all the luminescence and

scintillation properties is one of the challenges for this technology.

7.4 Conclusions

We have demonstrated that a new generation of colloidal nanocrystals holds significant poten-
tial as a material class to generate a prompt photo-response to ionizing particles. The study
of NCs film deposited on conventional scintillators confirmed the simultaneous emission from
both scintillating systems. However, as shown in section there is indeed a re-absorption
of the scintillating light by the nanocrystals especially for the long components. Assuming a
light yield of 2500 ph/MeV for the CdSe NPLs, we conclude that a 511 keV gamma energy
deposition will bring around 95 prompt photons in the first 10 ps and around 500 photons
distributed between 0 and 100 ps. Doing the calculations for the GS QDs, their intrinsically
slower recombination time yields a very few prompt photons in the first 10 ps (around 8).
However, due to its higher light yield there will be around 1000 photons emitted in the first
100 ps after a 511 keV deposition.

Simulations performed in order to evaluate the possibility of a sampling calorimeter
approach have shown the intrinsic challenge of this idea, where the layers will need to be

extremely thin and energy fluctuations will dominate.

Decay- and rise-time have been measured for two ZnO:Ga nanopowder-based composites
showing very similar results for both samples independent of the host. For ZnO:Ga on a SiOq
substrate, we observe a negligible energy deposition within the submicrometric scintillating
layer both for 511 keV and minimum ionizing particles. For the polystyrene sample, CTR

measurements using 511 keV excitation present a minimum FWHM of 200 4+ 30 ps for events
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with maximum energy deposition. When comparing to the timing performance of LSO:Ce:Ca,
the ZnO:Ga@PS shows a time resolution deteriorated by a factor 2, which is well understood
due to the poor light output of the sample combined with a low stopping power and no energy
resolution. The presented nanocomposite timing performance could pave the research path
towards sub-20 ps time resolution as shown in this contribution. Already, a material with just
33 photoelectrons detected is able to deliver a CTR of 200 ps FWHM. However, an efficiency
and transparency boost when placing nanopowders in a denser host still constitutes the main

challenge in order to benefit from sub-nanosecond recombination times [138].
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Conclusions and Perspective

This thesis investigated the technical feasibility of reaching a sub-20 ps time resolution using
scintillator-based radiation detectors. The implications of such time resolution in the med-
ical imaging and high energy physics fields are outstanding. For TOF-PET studies, 10 ps
coincidence time resolution would provide with a direct imaging without reconstruction and
at least a ten-fold increase in sensitivity. In the high energetic regime reached at the LHC, it
would bring a considerable pile-up rejection factor which is needed for event reconstruction
in the future high luminosity colliders. We have characterized the limits of state-of-the-art
scintillating crystals and investigated a novel class of materials able to produce a prompt

photon response to the passage of ionizing particles.

The study started with the validation of the simulation framework used to track opti-
cal photons produced and transported in the scintillating crystals. After comparison with
experimental data, simulations were used to estimate the light transfer efficiency of 20 mm
long LYSO crystals using different coupling configurations. This sets the intrinsic light yield
of LYSO crystals in a range between 34’000-44’000 ph/MeV. As a second study, the light ex-
traction maximum gain obtained by shaping the readout face of cuboid scintillating crystals
was calculated. The crystals were cut according to the parameters tested in the simulations
and the light output measurements were able to confirm a light output gain of 30%. The po-
tential of a new highly pixelated PET module for higher spatial resolution and DOI encoding

information was also evaluated, yielding positive results for one configuration.

Following these studies, the LY SO intrinsic light yield was measured in a dedicated setup.
The intrinsic light yield sets a limit to the value that Ny, could theoretically reach using state-
of-the-art photodetectors. The results are 40’000 + 3% (stat) = 9% (syst) ph/MeV, which
indicate that around 50% of the photons are lost in a 20 mm long crystal. This implies a factor
of 0.7 in CTR improvement if all the light produced will be extracted. Dedicated efforts to
increase the photon detection efficiency (PDE) of SiPMs to the maximum value could provide
another factor of two in Ny, which converts to a factor of 0.5 in CTR improvement. Hence,
both optimizations in light extraction and PDE are unable to provide an order of magnitude
leap in the time resolution. In this way, the identification of potential materials for prompt

photon emission is carried out by looking into Auger suppressed nanocrystals (NCs).
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On the other hand, the rise time of a large set of scintillating crystals was also measured
using X-ray pulsed excitation and an impulse response function of 60-134 ps. The study
included lutetium based scintillating crystals, with and without Ca?* co-doping, and a set of
garnets (YAG, GaGG, LuAG) with and without Mg?* co-doping. Two rise time components
have been identified for most of the non co-doped crystals except for LGSO, which could
be an indication of direct (7,1 ~ O(10)ps) and delayed (7,2 ~ O(100)ps) excitation of the
activator centers. Co-doping with Ca?* [T19] or Mg?* [120] species was proven to improve rise
and decay time of the scintillating signal, especially for the garnets. However, this method
finds poor impact on coincidence time resolution (CTR) measurements (a maximum factor
0.5 for the garnets) as long as a similar improvement on the SPTR of SiPMs is not achieved
[8]. Regarding the decay time and as reported in [121], 16 ns features as a limiting value for

lutetium based cerium doped scintillators.

Thus, as proven along the Chapters 3 to 5, traditional scintillators with their associated
light production and their limitations in photon-extraction and -transfer, build an intrinsic
barrier to attaining the sub-20 ps domain in time resolution when using 511 keV gamma
excitation, requiring that new approaches to achieving a prompt photo-response must be

explored.

Processes such as Cherenkov radiation [122, 123, I06] and hot intraband emission [124]
43] have been investigated for this purpose, though both suffer from poor light yield. Exploit-
ing the Cherenkov prompt emission has lead to CTR values of 270 ps using 2 x 2 x 3 mm?
BGO crystals (74=300 ns). According to Cramer-Rao lower bound calculations, the number
of prompt photons needed, along with the scintillation emission, is as high as 500-1000 pho-
tons if a CTR of 10 ps is to be reached [12,[57]. These numbers already assume a considerable
improvement of the SPTR of state-of-the-art photodetectors as low as the SPTR of a single
SPAD (single photon avalanche diode), which is around 10 ps. Therefore, the need for fast
emitting materials or a source of sufficiently ‘prompt’ photons under ionizing radiation is

essential in the research path of sub-20 ps time resolution detectors.

This motivates research not only towards ultrafast sub-nanosecond performance but also
to materials that have the potential to produce prompt photons with sufficiently high yield
under ionizing irradiation. A new class of materials, with unparalleled energy conversion
efficiency has been found to be a proliferating source of prompt photons under ionizing

radiation: nanocrystals.

Nanocrystals (NCs), i.e. semiconductors grown at the nano-scale (<100 nm) with a size-
dependent band-gap structure, are capable of meeting many of the challenges in the current
R&D of scintillating detectors. Their tunable optoelectronic properties, combined with recent
advances in controlling their size, shape, heterostructure and surface chemistry have enabled
their use in a wide range of photonic applications, such as low-threshold lasing [15], pho-
tovoltaic cells [18], single photon sources for quantum information [I9, 20] and bio-labeling

[87]. Their high quantum yields and ultrafast recombination time at the sub-ns level have
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already generated interest in their use as low-cost, high-performance scintillators for radiation
detection. Earlier high energy excitation studies [91], 25] have identified several important
issues and deficiencies that degrade the light emitting properties of NCs, predominantly non-
radiative Auger recombination [26], photo-instability [24], and losses due to the re-absorption
of emitted light. However, significant progress has been made to overcome these barriers and
to advance this technology for applications outlined above. Auger recombination, for ex-
ample, has been considerably suppressed with the appearance of 2D-nanoplatelets [16], [15]
and heterostructured core/shell quantum dots [127, 27]. Further improvements were made
by embedding ZnO:Ga nanoparticles [21] in a host material leading to efficient synthesis of

composites using dry nanopowders [23] [134].

The response of NCs to ionizing radiation was characterized using a Hamamatsu streak
camera C10910 and a pulsed X-ray tube with an impulse response function of 60-134 ps
FWHM (depending on sweeping range). We investigated three classes of colloidal NCs: two-
dimensional CdSe nanoplatelets (NPLs), spherical CdSe/CdS core/giant shell quantum dots
(GS QDs) and two-dimensional core/shell CdSe/ZnS nanoplatelets. We demonstrated that
the emission rates of the first two NCs under pulsed X-ray excitation are much faster than tra-
ditional mechanisms in bulk scintillators, i.e. 5d-4f transitions characteristic of Ce3T. CdSe
NPLs have a sub-100 ps effective decay time of 77 ps (25% of the photons with a 74, of 24 ps
and 75% with a 749 of 290 ps). CdSe/CdS GS QDs exhibit a sub-ns effective decay time
of 849 ps (25% of the photons with a 741 of 263 ps and 75% with a 740 of 3.3 ns). Further,
the respective CdSe NPL and CdSe/CdS GS QD X-ray excited photoluminescence have the
emission characteristics of excitons (X) and multiexcitons (MX), with the MXs providing
additional prospects for fast timing with substantially shorter lifetimes. The different multi-
excitonic dynamics seen for both types of NCs under ionizing excitation, makes CdSe NPL the
best performing material due to its red-shifted MX population. The study using CdSe/ZnS
core shell NPLs showed spectral and timing deteriorated properties along the timeline of
this thesis. Further optimization will be needed to guarantee long term stability of this very

promising type of nanocrystal.

The implementation of nanocrystal-based scintillators as a new generation of ultrafast
particle detectors was explored using two main lines: (1) nanocrystals as part of a heterostruc-
ture and (2) nanocomposites, where the nanocrystals are embedded in a host matrix. Initial
studies comprised colloidal CdSe NPLs film of ~ 10 pm thickness deposited on the back of
a LSO scintillator and CdSe/CdS GS QDs film of ~ 10 pm deposited on LuAG:Ce. The
measurements revealed the NCs ultrafast emission under pulsed X-ray excitation along with
the LYSO/LuAG scintillation emission. The study confirmed the presence of an additional
longer decay component due to absorption of the bulk scintillator light by the NC film. In
both cases, the secondary excitation by the bulk scintillator and the intrinsic longer lifetime
components of the NCs can be reduced by isolating the fast MX emission via spectral filter-
ing. Figure left plot, shows a spectral time-resolved image of the light emitted from the
CdSe-NPLs-LSO heterostructure generated by pulsed X-rays up to 40 keV. The black line
denotes the time-integrated profile for the first 100 ps. After normalizing to the total energy

149



CONCLUSIONS AND PERSPECTIVE

deposited in both materials, the NPLs photoelectron density is one order of magnitude higher
as compared to LSO. Estimated light yield values for these two materials are of the order of
103 and 10* ph/MeV for NPLs and GS QDs, respectively. Assuming an energy deposition of
511 keV, CdSe NPLs have a prompt emission of 95 photons for the first 10 ps and around
500 photons for the first 100 ps. For the GS QDs case, CdSe/CdS presents around 8 prompt
photons emitted within 10 ps and of the order of 1000 photons emitted in the first 100 ps.
This feature defines them as a potential material class to generate a prompt photo-response
at the level of O(10)ps.

1.0
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| | | |
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Figure 7.15: Ultrafast performance of colloidal CdSe NPLs deposited on LSO crystals (left) and a
Zn0:Ga-polystyrene nanocomposite (right) under ionizing radiation.

In an attempt to fabricate a feasible detector, ZnO:Ga nanopowder embedded in a
polystyrene (PS) matrix was used, where the plastic (polystyrene) scintillator acted as host,
transferring non-radiative energy to the nanoparticles. This nanocomposite shows a single-
exponential decay time of 518 ps and a rise time of <18 ps (see Figure right plot).

The calculations shown in Figure [7.16] give evidence that photon emission in a 1 mm
thick ZnO:Ga@PS sample (first-generation nanocomposite production), albeit its significantly
lower photoelectron (pe) yield of 33 pe for 511 keV gammas, reaches the probability threshold
of 10 detected pe at a time of 200 ps, only a factor of two inferior than LSO:Ce:Ca (0.4%),
as was also confirmed experimentally [I38]. The green curve defining the Np. cumulative
density function for CdSe NPLs, which crosses the 10 pe line as early as 7 ps, assumes a bulk
material with time and light yield characteristics given in Table The upper of the two
calculated ZnO:Ga-curves (dashed black) assumes a Ny, comparable the radioluminescence
yield by ZnO:Ga:La nanopowders when not yet embedded in a matrix, which is equivalent
to BGO. Basically, the ultrafast emission seen in nanocrystals needs to be transported to a
bulk, transparent material able to stop 511 keV. This would be possible for very few events
when a crystal is sampled using LYSO and CdSe NPLs layers of around 200 pgm each. In this
case, the photodetector read out would need to be changed. Concerning the development
of nanocomposites, a core/shell structure is needed in order to isolate the nanocrystals from
the host which could bring significant changes in the lifetime of core-only materials. The
technology of nanopowder production that avoid the crystallite agglomeration is another

challenge of the composite production.
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OUTLOOK

——LS0:Ce:Ca T1=20 ps Td ef=30 ns Npe =4000
——CdSe NPLs T=5ps Td ef=77 ps Npe = 300
——7n0:Ga@PS 1=18 ps 174=0.5 ns Npe =33

- = ZnO:Ga@PS 1=18 ps 1¢=0.5ns  Npe = 1000

—————
—-— -
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Figure 7.16: The nanocrystals’ photoelectron density reaches values of 10 detected photoelectrons in
the first 20 ps of the scintillating signal. This proof the NCs capacity to improve the time resolution to
sub-20 ps values assuming that their potential would be transferred to a bulk, transparent material.

In conclusion, we have demonstrated that a new generation of nanocrystals hold signifi-
cant potential as a material class to generate a prompt photo-response to ionizing particles.
NC radiative emission lifetimes are shown to be significantly shorter than traditional scin-
tillation mechanisms. The CdSe nanoplatelets and giant shell quantum dots studied here
overcome many of the challenges that earlier generations of NCs faced under ionizing radi-
ation. Notably, non-radiative Auger recombination, which also deteriorates bulk scintillator

performance, is suppressed in both systems.

The large shell of the CdSe/CdS GS QDs overcomes several other challenges, such as
re-absorption of emitted light by separating emission and absorption bands. However its blue-
shifted emission under ionizing radiation makes them a less transparent system compared to
CdSe NPLs. These features can in principle also be extended to NPLs via the growth of a
larger bandgap shell such as CdS or ZnS. Although a stable syntheses method needs to be
developed.

Outlook

We have shown that nanocrystal-based scintillators are a promising approach to fast timing
detectors and provide a feasible path towards sub-20 ps time resolution. Future lines of
research will be directed towards NCs as part of an efficient heterostructure which provides
high stopping power, energy transfer to the nano-emitters and light-guiding system to the
photodetector. For this, a periodic arrangement of the nanocrystals, preferably nanoplatelets
with a shell, will have to be implemented in order to guarantee maximum transparency in

some preferential direction in line with the photodetector readout axis.
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Plasmonics offer a promising route to enhance emission rates of NCs. It also provides a
mean to compensate for the reduced oscillator strength that result from growth of passivating
shell layers, which are necessary to ensure stable and bright NCs. The results presented above
confirm the feasibility of this approach under both laser and X-ray excitation. However, the
disadvantage regarding the transparency of metallic nanoparticles is clear when measurements
in transmission mode are no longer possible. Optimizing the overlap between the localized
plasmon resonance and the NC emission frequencies is an obvious future direction, together
with the study of organized systems in which the light can be manipulated as in a photonic

crystal array.

These studies demonstrate the large development potential of NC technology and justify
the rigorous research in this field to make NCs a viable option for superfast timing in many

domains such as HEP and medical imaging.
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Glossary

PET Positron Emission Tomography

HEP High Energy Physics

TOF-PET Time-Of-Flight Positron Emission Tomography
FWHM Full Width Half Maximum

CTR Coincidence Time Resolution
LOR Line Of Response

Nye Number of Photoelectrons
HL-LHC High Luminosity Large Hadron Collider
FLC Future Linear Collider

SiPMs Silicons PhotoMultipliers
FBK Fondazione Bruno Kessler
NCs Nanocrystals

NPLs Nanoplatelets

GS QDs Giant Shell Quantum Dots
PTS Photon Travel Spread

SPTR Single Photon Time Resolution
GOST Giant Oscillator Strength Transition
LTE Light Transfer Efficiency

SPE Single Photoelectron

QE Quantum Efficiency

IBL Intra-Band Luminescence
ECAL Electromagnetic Calorimeter
IRF Impulse Response Function
CM Carrier Multiplication

AR Auger Recombination

X Exciton

XX Biexciton

MX Multiexciton
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Appendix A

Rise time measurements of the
garnet’s family

The measurements performed with the following crystals are considered as preliminary results.
The calibration file used for fitting the data is not specific for each crystal emission and a
generic calibration file which integrates white light is used instead. For this reason, some of the
values related to different rise time components might change making the abundance of each
component not relevant. However, the improvement seen in the rise time of Mg?* co-doped
samples is remarkable. Scintillating crystals as LuAG, GaGG and YAG have a very slow rise
time of the order of few nanoseconds, which is dependent on the Ce3t concentration. Co-
doping with Mg?* reduces the slowest rise time components from O(1)ns to O(100)ps leading
to a time response as fast the one presented in LSO:Ce Ca?*t crystals. Figure illustrates
the difference in time profile of a YAG:Ce(0.5%) (left) and a YAG:Ce(0.5%) co-doped with
Mg?* (3000 ppm) (right) crystals, where the 7,1 is reduced from 272 ps to 21 ps and 7,2 from
2.7 ns to 146 ps.

A= 4107 +/- 1072
B = 6445 +/- 1346
Background = 0.053 +/- 0.009
t_decay1 = 86719 +/- 19044
t_decay2 = 94011 +/- 15428
t_rise1l = 272 +/- 50
t_rise2 = 2763 +/- 670

theta = 47 +/- 15
L n n Il n n n n

A = 14633 +/- 1317
B = 7276 +/- 1483
Background = 0.038 +/- 0.002
t_decay1 = 100000 +/- 3681
t_decay2 = 100000 +/- 15010
t_risel= 21 +/-5
t_rise2 = 146 +/- 13

theta= 100 +/- 3
L n Il n n n n

1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
t (ps) t (ps)

Figure A.1: Time-resolved scintillating signal in the 5 ns gate measured for a YAG:Ce(0.5%) (left)
and a YAG:Ce(0.5%) co-doped with Mg+ (3000 ppm) (right)
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A summary of the results is present in Table The measurements with an IRF of
600 ps were measured with a gate of 20 ns in order to resolve the long component. The two
measurements with IRF of 134 ps (5 ns gate) and 600 ps (20 ns gate) should be taken as
complementary. The first one to resolve 7.1 and the second one to determine 7,.5. The IRF
dependence with the sweeping range is one of the weakness of the streak camera.

Table A.1: Rise time of different garnets Ce3t doped scintillators with and without Mg?
co-doping.

Crystal IRF Trl Tro
LuAG:Ce (0.3%) 128 134ps 82421 ps 835 & 106 ps
LuAG:Ce (0.3%) 128 600 ps 0= 150 ps 713 + 245 ps
LuAG:Ce (0.5%) 2052 134 ps  292+48 ps 2757 + 801 ps
LuAG:Ce (0.5%) 2952 600 ps 479+ 87 ps 5020 = 100 ps
LuAG:Ce (0.5%) Mg (3000 ppm) 2953 134 ps i%iz(%s Qé% i 27%ps
LuAG:Ce (0.5%) Mg (6000 ppm) 2963 134 ps 2;152{); 15;2 i 16?%’8
YAG:Ce (0.5%) 2954 134 ps 2?7)3 i _??8%’5 27@? i f;% ps
YAG:Ce (0.5%) 2954 600 ps 4i3gi589%ps 4015511?:’)’% ps
YAG:Ce (0.5%) Mg (3000 ppm) 2955 134 ps 2617156508 14??31 17?%1’8
YAG:Ce (0.5%) Mg (6000 ppm) 2964 134 ps 3872177(25 2(13;’ i fg(;gs
GaGG:Ce 2586 134 ps 15621158(%’5 2122 i %% ps
GaGG:Ce 2975 134 ps 323(111‘15%1)8 524561 11%(;3 bs
GaGG:Ce 2975 600 ps f;ili 6"% 684528123;0 ps
GaGG:Ce Mg 2978 134ps  04+8ps 219+ 14 ps
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Appendix B

Spectral-time resolved
measurements using the C10910
Universal streak camera.

B.1 Protocol to align the 2 lenses-2 mirrors optical system
and operate the X-ray tube.

1. Place the sample (preferably a scintillating crystal with dimensions of 2x2x10 mm?)
in front of the X-ray windows, as close as possible to the tube. The axis defining the
shortest dimension, 2 mm in this case, should be placed in the direction of collection of
the first lens.

2. Put safety goggles on.
3. Make sure the flipping mirror is up before turning on the laser.

4. Mlluminate the sample with the laser. The laser beam should pass through the center
of a 10 cm focal length biconvex lens and reach the sample in a point near the center
of the X-ray window.

5. Check the height of the system by placing the reference laser in the box and confirming
both laser points coincide in the same spot of the sample. Remove pointer laser. The
photocathode of the streak camera is placed at 16 cm from the table floor.

6. Project the image coming from the sample into the spectrograph slit, guiding the light
through 2 lenses and 2 mirrors:

e Place the 6 cm focal length lens in front of the point illuminated by the laser.
Project the parallel beam created by the lens at the center of the first mirror.

e Make the first mirror parallel to the second mirror, in a way that the parallel beam
pass through the center of the 15 cm focal length lens.

e If placed in line with the spectrograph slit, the 15 cm focal length lens will focus
down the parallel beam into the streak camera.

e Use the streak camera focus mode to optimize the signal, finding precisely the
focal spot and moving it into the first slit. A bigger signal will be visible at the
display. Reduce spectrograph and streak camera slit if needed.
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B.2. SAFETY ISSUES CONCERNING THE STREAK CAMERA OPERATION

10.

If the system is already aligned, when changing samples, just find the focal spot by
moving back and forth one of the translating stages.

After the optimization of the signal, make sure the laser is off, flip down the mirror and
turn laser on. Make sure the photocathode of the tube is homogeneously illuminated
and remove the laser filter if needed.

Close the box and start acquiring data.

When measurement is over, turn off the laser and the X-ray tube. Put MCP gain down
to zero and close both slits before opening the box.

B.2 Safety issues concerning the streak camera operation

10.

. Do not remove the filter laser. If you have to measure UV emission please be completely

aware that if the laser shines into the spectrograph slit and you have wide open slits
you can burn the photocathode of the streak camera. The laser is so intense that you
might see it even with when the manual slit is at the zero um position.

. Do not open the box intermediately after turning OFF the X-ray tube. Remember

to press F8 to automatically close the shutter or close the slit manually. The X-ray
measurements are usually done with wide open slits (spectrograph and streak camera).
If you open the box with wide open slits, the streak camera photocathode will saturate
intermediately. If the light source if too bright you can burn the photocathode.

The X-ray tube Beryllium window is placed at around 1 cm from the output window.
Therefore, placing crystals or any other sample in front of the X-ray tube has to be
done with extreme precaution.

. The X-ray tube photocathode is placed very close to the lens used to dis-focus the laser

beam. The manipulation of this lens has to be done with extreme caution, making sure
is always fixed to the optical table. The use of screwdrivers and/or any other tool near
the photocathode zone should be avoided unless the lens needs to be changed.

. Do not use the X-ray tube unnecessarily, its a has a finite lifetime.

The laser spot reaching the X-ray tube photocathode should be of the same than the
active area (~ 1 cm in diameter). If the laser spot is not defocus properly the photo-
cathode will age in-homogeneously.

When doing the warm-up of the tube, please make sure there is some light shining into
the photocathode.

The use of safety goggles is mandatory meanwhile aligning and/or the laser is ON

The laser box should be placed at a height where is always visible whether is ON or
OFF.

The streak camera slit should remain closed if the system is not in operation. From
time to time the images taken with 5 pum slit aperture will show up with a line pattern
characteristic of dust particles in the slit. If this happens the slit should be cleaned
following this procedure:
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B.2. SAFETY ISSUES CONCERNING THE STREAK CAMERA OPERATION

e Make sure the streak camera is off (shutter closed). All the manipulations ex-
plained below must be done very carefully. The pieces should not be dropped or
hit by any means.

e Loosen up the wheel connecting the spectrograph with the streak camera slit
as shown in the picture by the solid arrow. Unscrew all the way to the left and
disconnect the spectrograph from the rest by pulling softly the black rings towards
the spectrograph. A gap will open in the position marked by the dashed arrow.

SPECTROGRAPH

e Unscrew the fours screws marked in the picture. Remove all the central piece and
place it in a safe surface.

e Now, loosen up 3 screws as the ones marked in the following picture. It is very
important that the screws that will be loosen up are the ones closer to the slit.
The screws marked with the DO NOT TOUCH label are the ones aligning the
optics between slit and the photocathode streak. If by any chance these screws
are loosen up the streak camera must be send to Hamamatsu. Loosen up the
screws to the left of the picture will disconnect the slit piece from the rest. Handle
with careful both pieces.

e Take the slit central piece and use paper for optical lenses with some alcohol to
clean the sharp blades of the slit. Do not touch the slit with your fingers or any
metallic device.

179



UNSCREW

e Once everything is clean, proceed to put everything back together in the right
order. Do not connect the spectrograph with the central piece yet.

e First, you should fix the entire central piece to the streak camera and make sure
the photocathode and the slit are horizontally aligned. You should turn on the
streak camera and in Focus mode align the emission with a horizontal line placed
in the middle image.

e Once the emission is horizontal you can tighten up the 3 screws which are closer
to the streak and put back the spectrograph in its original position.

11. Do not remove any box and/or tool from the streak camera room. The spectrograph

and the streak camera need the original packaging to be send back to the producers if
calibration and/or reparation is required.
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