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Abstract

Inorganic scintillating crystals have been very successful in a variety of applications, such
as high energy physics, medical physics, home land security and others. Next to the
energy information these detectors deliver, also their potential to achieve precise timing
information has become of increasing importance. Already today, recent developments
in time-of-flight detectors based on scintillating crystals have reached coincidence time
resolutions as high as ∼100 ps FWHM for 20 mm long crystals. The goal of this thesis
is to pave the road towards the 10 ps regime, to make high energy physics cope with the
future extreme luminosity and ultrashort bunch crossing intervals (as low as 500 ps) at
the next generation of colliding beam accelerators. It may also serve to make medical
physics benefit from simpler reconstruction algorithms, leading to higher image resolution
and shorter imaging time in, e.g., PET. To reach this ambitious goal, an interdisciplinary
approach in the domain of photodetection in general is needed. Therefore, this work must
go hand in hand with advancements in the fields of scintillators, photodetectors and ul-
trafast electronics. Among these, this thesis focuses on the fields of scintillators and light
transport.

One aspect investigated in this thesis, is light transport inside- and light extraction
from the crystal, based on the knowledge of the photon propagation modes in the crystal.
Owing to the fact that scintillation light is emitted isotropically, the high refractive index of
the crystal makes light rays undergo multiple reflections at the crystal surfaces, preventing
an efficient and fast light extraction. To overcome the time spread generated by this
effect, which ultimately limits the time resolution, photonic crystals slabs applied at the
scintillator readout face might be a promising method to improve light extraction at the
crystal-photodetector interface.

The work in this thesis starts with with a study on improving imaging quality of an
existing, breast-dedicated, scanner by introducing photonic crystals on the readout sur-
faces of the existing large monolithic LYSO crystals, of order 50x50 mm2, already in use in
the device. For that purpose, the author, in collaboration with partners of the TurboPET
project, developed production methods for photonic crystals that were then applied and
tested on the large LYSO crystals for the purpose of selecting the best method for a new
prototype of this PET scanner. The best results were obtained with a sol-gel lithography
process, that has produced a pattern of TiO2 cones (RI=2.4) with a 1.17 times increase
in light output and a 1.3 times increase in energy resolution (at the single-crystal level).
In total 10 such large crystals were produced with this pattern, which then led to an av-
erage increase in light output by a factor of 1.16 and an average improvement in energy
resolution by a factor of 1.3. Following their implementation in the existing PET scanner,
phantom tests were run to evaluate the overall performance of the device. These tests
showed that the modified PET scanner benefited from an increase in signal-to-noise ratio
of only ∼6%, nonetheless a promising result taken the fact that this was a first attempt
of improving an existing PET scanner.
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The second part of the thesis entailed a dedicated investigation of photonic crystals,
applied to smaller crystals, to search for an improvement in light output and in addition
an improvement in the timing behavior in terms of coincidence time resolution (CTR).
The focal point was a comparison between two photonic patterns, one with TiO2 pil-
lars (RI=2.4) and the other with polymer cones (RI=1.82), both in a square lattice and
imprinted on 10 mm LYSO cubes. It turns out from this comparison that the polymer
cone pattern is superior in both light output (x1.7 over unpatterned) and CTR (x1.5 over
unpatterned) than the TiO2 pillar pattern (x1.5 and 1.2, respectively).

Additional tests addressed the question how the classical methods of improving light
output, i.e. wrapping and optical coupling of the crystals, would compare to the results
obtained with the results derived from photonic patterning.

The third subject investigated in this thesis is related to exploring intrinsically fast
scintillation mechanisms. The reason for this is that the determining factor for the time
resolution of a scintillator is the initial photon density upon gamma conversion in the
crystal. To first approximation, this initial photon density is given by the light output
of the crystal divided by its decay time. As such, a high light output and a short decay
time are crucial ingredients for fast timing. To break the CTR bench mark of 58 ps
FWHM, obtained with classical, 3 mm long, LSO:Ce:0.4%Ca crystals, BaF2 was chosen
as a promising candidate owing to its sub-nanosecond scintillation process due to cross-
luminescence in this crystal.

A true challenge coming from using cross-luminescence stems from the very short
emission wavelengths, usually in the deep UV, like e.g. 210 nm and 195 nm in BaF2. This
imposes significant constraints on the use of photodetectors, as well as optical coupling
agents and reflective wrapping materials, to cope with this short wavelength region. This
limits the choice of fast UV-sensitive SiPMs, and in the long run only two producers
were found to manufacture adequate SiPMs, i.e. Fondazione Bruno Kessler (FBK) and
Hamamatsu, albeit with still relatively low photon detection efficiencies of around 20%.
Comparing the two different producers it was found that, while both deliver adequate
results, FBK clearly outperforms the Hamamatsu devices.

As to the BaF2 crystals themselves, two different producers for their manufacture
were chosen: Epic and Proteus. Among the two tested candidates, Epic and Proteus, the
Epic crystal delivered consistently better results owing to its higher transparency at the
cross-luminescence wavelengths.

In first instance, the CTR measurements were made with air-coupling only. As such,
from the arguments above an Epic crystal in conjunction with a Hamamatsu device de-
livered a CTR of 98±5 ps FWHM. In the case of coupling the same crystal to an FBK
device, a clearly superior CTR of 54±6 ps FWHM was reached.

Further to this, different optical coupling agents were tested in an attempt to see if
the already very promising air-coupling results could still be improved. After initial selec-
tion tests, only glycerine and Viscasil remained as promising candidates for an eventual
improvement in the CTR. While the behaviour of the two coupling agents, in particular
glycerine, in terms of their potential improvement in CTR, is still debatable, the best re-
sult obtained with BaF2 coupled to a FBK SiPM with glycerine sets a new record in CTR
of 51±6 ps FWHM, despite the FBK’s significantly inferior photon detection efficiency in
the deep UV.

This thesis has shown that exploiting cross-luminescence in crystals like BaF2 is a
promising road to further research in the domain of ultra-high time resolution with pho-
tons.
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Abstrakt

Anorganische Kristallen finden Gebrauch als Szintillatoren in zahlreichen Gebieten wie z.B.
in der Hochenergiephysik, im medizinischen Physik, sowie im alltäglichen Heimatschutz.
Im Allgemeinen bauen diese Anwendungen auf die Energieinformation, die diese Detek-
toren beim Durchgang von geladenen Teilchen oder der Absorption von hochenergetischen
Photonen, i.e. X-Rays und Gammas, in Form von Licht abgeben. Zunehmend gewinnt
auch ihre Eigenschaft, zusätzlich zur Energie ebenso präzise Zeitinformationen der reg-
istrierten Ereignisse zu liefern, an Bedeutung. Eine bedeutende Rolle spielt dabei die
Zeitauflösung coinzidenter Ereignisse (coincident time resolution) auch CTR genannt, die
in solchen Kristallen von z.B. 20 mm Länge annähernd 100 ps FWHM (Halbwertsbreite)
erreichen kann.
Ziel dieser Arbeit ist es, mit Fotodetektoren neue Wege in der Flugzeitmessung von hoch-
energetischen Teilchen und Lichtquanten zu betreten, um CTR-Auflösungen bis hinab
zu 10 ps FWHM zu erreichen. Auflösungen dieser Größenordnung sind von größter Be-
deutung für die Teilchenphysik an Beschleunigern der nächsten Generation ausgerüstet
mit extremen Strahlintensitäten und ultra-kurzen Paket-Intervallen (≤ 500 ps). Auch
die Bildrekonstruktion in der Nuklearmedizin, insbesondere PET, profitiert von höchsten
Zeitauflösungen, die dann durch Verwendung einfacherer Algorithmen schnellere und zu-
gleich höherwertige (zuverlässigere) Diagnosen ermöglichen.
Ein solch ehrgeiziges Ziel ist nur mit einer interdisziplinären Vorgehensweise in der Pho-
ton Messung allgemein zu erreichen. Daher geht diese Arbeit Hand in Hand mit grundle-
genden, neuen Entwicklungen im Bereich von Szintillatoren, Fotodetektoren, und super-
schneller Elektronik einher. Der Fokus dieser Doktorarbeit liegt dabei auf der Forschung
an Szintillatoren und deren Lichttransport zum Fotodetektor.
Ein weiterer wichtiger Aspekt dieser Forschungsarbeit ist, unter Berücksichtigung der spez-
ifischen Photonen-Ausbreitungsmoden im Kristall, den Lichttransports im Kristall und
die Lichtextraktion vom Kristall zum Fotodetektor zu optimisieren. Unter der Vorgabe,
dass Szintillationslicht isotropisch emittiert wird, bewirkt der hohe Brechungsindex (B.I.)
des Kristalls Mehrfachreflexionen der Photonen an den Kristallwänden und unterbindet
damit eine effiziente und schnelle Lichtentnahme vom Szintillator. Dieser Effekt verur-
sacht eine Zeitverschmierung (time spread) des Signals, die damit auch letzten Endes die
Zeitauflösung des Systems (bestimmt) limitiert. Eine vielversprechende Methode, diesen
Effekt zu umgehen und die Lichtausbeute zu verstärken, sind sogenannte photonische
Kristalle, die als Nanostrukturen auf der Lichtaustrittsseite des Kristalls aufgetragen wer-
den.

Der erste Teil der Doktorarbeit befasst sich mit einer Studie zur Bildverbesserung eines
existierenden Brust-PET-Scanners, durch die Auftragung einer photonischen Kristallschicht
auf die vorhandenen monolithischen LYSO-Kristalle von 50x50 mm2 Fläche. Die Auf-
gabe des Verfassers dieser Doktorarbeit bestand darin, in Kollaboration mit Partnern
des TurboPET Projekts, neue Produktionsverfahren für photonische Kristalle zu entwick-
eln, um diese dann an den vorhandenen LYSO-Monolithen zu testen, mit dem Zweck
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die besten herauszufiltern und, im Rahmen eines neuen PET-Prototyps, am existieren-
den PET-Scanner zu evaluieren. Beste Resultate wurden mit der “SolGel” Lithografie
erzielt, bei der eine regelmäßige Struktur (Muster) aus TiO2-Kegeln (cones) mit B.I.=2.4
auf die Oberfläche der Originalkristalle aufgetragen wurde. Die Lichtausbeute verbesserte
sich dadurch um 17%, und die Energieauflösung der einzelnen Kristalle um 30%. Nach
der Fertigstellung zehn solcher Kristalle mit dieser Nanostruktur und Tests des Ensem-
bles zeichnete sich im Durchschnitt eine Verbesserung des Lichtoutputs um 17% und der
Energieauflösung um 30% ab. Nach der Implementierung der modifizierten Kristalle im
Prototyp-Scanner wurden Testreihen mit Phantomen im Scanner unternommen, um den
Benefiz dieser Methode unter realen Bedingungen zu demonstrieren. Es zeigte sich jedoch
nur eine Verbesserung von 6% im Signal-zu-Untergrund Verhältnis (S/N), was für einen
ersten Versuch am realen Apparat des TurboPET als durchaus positiv zu bewerten ist.

Der zweite Zeitabschnitt der Doktorarbeit beschäftigt sich mit einer dedizierten Studie
der photonischen Kristallstrukturen, die im Gegensatz zu den Arbeiten an den oben
beschriebenen monolithischen Szintillatoren hier auf kleinere Szintillatoren (10x10 mm2)
angebracht werden. Ziel dieser Studie war einerseits eine Verbesserung der Lichtaus-
beute und andererseits der Einfluss der Methode auf die Zeitauflösung der Detektoren mit
Blick auf die Koinzidenz-Zeitauflösung (CTR). Im Vordergrund stand dabei ein Vergleich
zwischen zwei konkurrierenden photonischen Kristallstrukturen: auf der einen Seite ein
quadratisches Gitter aus TiO2-“Säulen” mit einem B.I. von 2.4, und auf der anderen ein
ähnliches Muster jedoch aus polymeren “Kegeln” mit B.I.=1.82. Beide Schichten wur-
den auf 10 mm LYSO “Würfel” (Kubus) aufgetragen und das Ensemble auf Lichtoutput
und CTR getestet. Dabei zeigte sich, dass die polymere Kegelstruktur in beiden Kate-
gorien bessere Resultate als die Titan-Dioxyd Säulen lieferte: nämlich 70% vs. 50% mehr
Lichtausbeute, und eine um 50% vs. 20% höhere Koinzidenz-Zeitauflösung (CTR); diese
signifikanten Verbesserungen beziehen sich auf Werte, die am nackten Kristall, d.h. ohne
photonische Schichten, vorab gemessen wurden.
Ein Seitenaspekt dieser Studie war, wie sich die bekannten “klassischen” Methoden zur
Verbesserung der Lichtausbeute, d.h. die Verwendung von sogenannten “optischen Kop-
plungssubstanzen” (coupling greases) zwischen Kristall und Fotodetektor sowie die Umwick-
lung des Szintillators mit reflektierendemMaterial (wrapping), mit denen der photonischen
Kristalle vergleichen würden.

Der dritte Teil dieser Arbeit beinhaltet eine Erkundung von inhärent schnellen Szintillations-
Mechanismen, die von Natur aus sehr viel schneller sind als die herkömmliche Lichtemis-
sion. Dies resultiert aus der Tatsache, dass die intrinsische Zeitauflösung eines Kristalls von
der initialen Photondichte, entstanden aus der Gammakonvertierung im Kristall, bestimmt
wird. In erster Näherung lässt sich die Photondichte aus dem Lichtoutput des Kristalls, di-
vidiert durch ihre Abfallszeit, herleiten. Das bedeutet, dass, zur Erreichung einer möglichst
hohen Zeitauflösung, hoher Lichtoutput und kurze Licht-Abfallzeiten vom Kristall ver-
langt werden. Die gegenwärtige Referenzmarke in koinzidenter Zeitauflösung, gemessen
mit “klassischen”, 3 mm langen, LSO:Ce:0.4%Ca Kristallen liegt bei 58 ps FWHM. Um
diese Marke übertreffen zu können, wurde BaF2 als vielversprechender Kandidat ob seiner
typischen “Cross”-Lumineszenz, die zu sub-nano-Sekunden-Szintillationsprozessen führt,
gewählt.
Diese hat jedoch zum Nachteil, dass die Emissionswellenlängen im tief-ultravioletten Bere-
ich liegen, d.h. in BaF2 bei 195nm und 210nm. Das hat beträchtliche Einschränkungen
bei der Wahl von geeigneten Fotodetektoren, optischen Koppelsubstanzen (greases), sowie
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von Reflektoren (wrapping), zur Folge. Betroffen davon sind in erster Linie schnelle, UV-
empfindliche Silizium-Fotodetektoren (SiPMs), unter denen nur zwei Hersteller adäquate
Detektoren liefern konnten: Fondazione Bruno Kessler (FBK) und Hamamatsu, allerdings
beide mit geringer Photonen-Nachweis-Effizienz (photon detection efficiency / PDE) von
nur 20%. Im direkten Vergleich beider Hersteller zeigte sich jedoch eine deutlich höhere
Leistungsfähigkeit der FBK SiPM Komponenten als bei Hamamatsu.
Bei der Wahl der BaF2 Kristalle standen zwei Hersteller zur Verfügung: Epic und Proteus.
Auch hier zeichnete sich im direkten Vergleich beider Hersteller ein klarer Vorteil zugun-
sten eines von ihnen ab, d.h. hier von Epic, deren Kristall durchgehend bessere Resultate
lieferte als der Proteus-Kristall. Erklärbar ist dieses Ergebnis durch die deutlich höhere
Transparenz des Epic-Kristalls im Cross-Lumineszenz Wellenlängenbereich. So erreichte
dieser Kristall in direkter Kopplung (in Luft) mit dem Hamamatsu SiPM eine Koinzidenz-
Zeitauflösung (CTR) von 98±5 ps FWHM. Im Verbund mit dem FBK-SiPM erzielte der
Epic-Kristall sogar eine CTR von 54±6 ps FWHM.
Obwohl schon mit dieser Konfiguration (=Luftkopplung) beste Resultate erreicht wurden,
wurde die Testreihe mit verschiedenen Kopplungssubstanzen fortgesetzt, um eventuell
noch höhere Zeitauflösungen mit BaF2 zu entdecken. Von den verschiedenen Kopplungssub-
stanzen, die vorab auf Transparenz im UV-Bereich getestet wurden, blieben nur Glyz-
erin und Viscasil als mögliche Probanden übrig. Während die Verwendung von Glyzerin,
insbesondere dessen Einfluss auf die CTR, nicht schlüssig ist, brach die Kombination
aus Viscasil-Kopplung von BaF2 mit dem FBK SiPM die alte “konventionelle” CTR-
Richtgröße von 58 ps und erzielte einen neuen Rekord in KoinzidenzZeitauflösung von
51±6 ps FWHM. Dieses Resultat ist umso spektakulärer angesichts einer PhotonNachweis-
Effizienz (PDE) des SiPM im DUV von nur ∼20%.
Diese Arbeit demonstriert, dass die Exploration anderer, superschneller Szintillations-
mechanismen, wie der Cross-Lumineszenz in BaF2, ein vielversprechender Weg zu ultra-
schnellen und höchst-zeitauflösenden Anwendungen ist.
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Chapter 1

Preface

Inorganic scintillating crystals have been very successful in a variety of applications, such
as high energy physics, medical physics, home land security and others. Next to the
energy information these detectors deliver, also their potential to achieve precise timing
information has become of increasing importance. Already today, recent developments in
time-of-flight detectors based on scintillating crystals have reached coincidence time res-
olutions as low as ∼100 ps FWHM for 20 mm long crystals. The goal of this thesis is to
pave the road towards the 10 ps regime, to make high energy physics cope with the future
extreme luminosities and ultrashort bunch crossing intervals (as low as 500 ps) at the
next generation of colliding beam accelerators, and to make medical physics benefit from
simpler reconstruction algorithms, leading to higher image resolution and shorter imaging
time in, e.g., PET. Also, very high timing precision has the additional potential of hadron
therapy benefiting from fast online monitoring of the dose delivered by fast reconstruction
of spontaneous β+ emitting isotopes produced by target spallation during particle therapy.
To reach this ultimate goal, an interdisciplinary approach in the domain of photodetection
in general is needed. Therefore, this work must go hand in hand with advancements in the
fields of scintillators, photodetectors and ultrafast electronics. Among these, this thesis
focuses on the field of scintillators and light transport.
A determining factor for the time resolution of a scintillator is the initial photon density
upon gamma conversion in the crystal. In first approximation, this initial photon density
is given by the light output of the crystal divided by its decay time. As such, a high
light output and a short decay time are key requirements for fast timing. However, even
evaluating the timing potential with short (3 mm) crystals of a relatively fast and bright
scintillator such as LSO:Ce co-doped with 0.4% calcium (light yield of 32 kph/MeV, decay
time of ∼28 ns), using the best photodetectors and fastest readout electronics, leads to a
coincidence time resolution of 58 ps FWHM. In order to break this timing record and make
a significant step towards 10 ps, different, sub-nanosecond, scintillation processes need to
be investigated, such as quantum confinement as observed in quantum dots and nanopar-
ticles and the exploitation of cross-luminescence in suitable scintillators, e.g. BaF2. Also
Cherenkov radiation, i.e. prompt photons generated by particles traveling faster than the
speed of light in the medium of the crystal bulk, would be an option for the investigation
of ultrafast timing. This work focuses on the phenomenon of cross-luminescence in BaF2,
potentially leading to a break through towards the 10 ps time time domain.
Another important aspect, investigated in this thesis, is light transport inside- and light
extraction from the crystal, based on the knowledge of the photon propagation modes in
the crystal. Owing to the fact that scintillation light is emitted isotropically, the high
refractive index of the crystal makes light rays undergo multiple reflections in the crystal,
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preventing an efficient light extraction. To overcome the time spread generated by this
effect, which ultimately limits the time resolution, photonic crystal slabs applied at the
scintillator readout face could be a suitable method to improve the light extraction at
the crystal-photodetector interface. Photonic crystals are nano-structures that enable the
matching of light propagation modes inside the crystal to those outside. More standard
methods to improve light extraction, like coupling greases, are also investigated in this
context.
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Chapter 2

Inorganic scintillators for gamma
detection

Scintillators are materials that absorb the energy of ionizing radiation and transfer this
energy into an amount of light proportional to this energy [1]. While there are several types
of scintillators, this thesis restricts itself to inorganic scintillators, also called scintillating
crystals.

Several steps are involved in the detection of ionizing radiation, from the moment that
radiation traverses a scintillating crystal up to the moment that the produced scintillation
photons are detected by a photodetector:

1. Ionizing radiation deposits energy in the scintillator: this occurs via specific
different physical interactions with the inorganic crystal.

2. Creation and thermalization of electron-hole pairs.

3. Recombination of electron-hole pairs, leading to the emission of scintillation
light inside the crystal.

4. Transportation of the scintillation light to the photodetector.

5. Production of a signal by a photodetector upon detection of the scintillation
light.

This chapter gives a comprehensive overview of the important aspects involved in the
different steps. It also shortly describes some applications for which scintillators are used,
like e.g. positron emission tomography (PET) and gamma- and particle detection in high
energy physics (HEP).

2.1 Interaction of photons with inorganic scintillators

While inorganic scintillators are often used for the detection of photons, electrons (and
positrons) and, depending on the scintillator material, neutrons, this work only focuses on
the detection of photons. Note, photons in this work is the general term used for visible
photons, X-rays and gamma-rays. The interactions of X- and gamma-rays in scintillators
are described in the following section and follow the explanation from [2]. For the inter-
action of particles with scintillating crystals, the reader is referred to [2], [3] and [4].

3
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As written above, the first step of radiation detection with scintillators is the loss of
energy in the scintillator material. This energy loss is caused by the photons interacting
with the electrons of the scintillating crystal. How well the photons interact with these
electrons is described by the cross section of their interaction σe. The photon can interact
in four different ways with the material, i.e. photoelectric effect, Compton scattering, pair
production and Rayleigh scattering. Since the latter of the four is an elastic scattering
process where the incoming photon merely changes direction and does not lose any of its
energy to the material [5], it will not be further discussed in this thesis. Therefore, σe can
be written as follows:

σe = σph + σcompt + σpair (2.1)

2.1.1 Photoelectric effect

Described as the photoelectric effect, an incoming photon is completely absorbed by a
bound electron, consequently liberating it from its shell and ionizing the atom. After the
electron’s ejection, the energy Ee of this so-called photoelectron is given by:

Ee = Eγ − Eb (2.2)

where Eγ is the energy of the photon and Eb the original binding energy of the electron
in the atom, usually several tens of keVs. Therefore, the energy of the electron freed by
the photoelectric effect is directly related to the energy of the original photon. After its
liberation, it is quickly replaced by reconfiguration of the electron cloud of the atom via
emission of X-rays or Auger electrons [4]. Thereafter the freed electron loses its energy
by ionizing the surrounding scintillating material for as long as its energy is above the
ionization threshold.
The cross section σph increases with effective atomic number Zeff of the scintillator ma-
terial, but decreases with the energy of the photon:

σph ∝
Z5
eff

E
7/2
γ

(2.3)

2.1.2 Compton scattering

Compton scattering is inelastic scattering of a photon with a nearly “free” electron from
an atom in the scintillating material. As such, the photon transfers part of its energy to
the electron, while being scattered over an angle θ. The photon energy after scattering
E′

γ is determined by conservation of energy and momentum. As such, it depends on its
original energy Eγ and its scattered angle:

E′
γ =

Eγ

1 +
Eγ

m0c2
(1− cosθ)

(2.4)

where m0 is the rest mass of the electron and c the speed of light. The hit electron, on
the other hand, has received an energy of Ee = Eγ −E′

γ , which it will lose by ionizing the
scintillating material until its energy also falls below the ionization threshold.
The scattered photon can also lose its remaining energy by interacting again for instance
via the photoelectric effect, therefore losing in total all its energy to the scintillator. It
may, however, also escape the scintillator, as such its remaining energy is not deposited
in the scintillating material. Therefore, the total amount of energy deposited into the
scintillator due to Compton scattering can range from practically 0 to the maximum
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Figure 2.1: Relative importance of the three major types of γ-ray interaction. The con-
tinuous lines σ = τ and σ = κ denote the boundaries between two adjacent zones, along
these lines the neighboring effects are equally dominant. [6]

energy (at θ ≈ 180◦) depending on Eγ . As a result, Compton scattering shows up in an
energy spectrum over a range of energies, all the way up to the so-called Compton edge,
where the maximum energy is transferred.
The cross section of a photon to interact with one of the electrons in the scintillator is:

σcompt ∝
Zeff

Eγ
(2.5)

meaning that the interaction probability increases with atomic number of the scintillating
material, however less pronounced as that of the photoelectric effect, see equation 2.3. On
the other hand, its dependence on the photon energy is significantly less than that of the
interaction through photoelectric effect.

2.1.3 Pair production

When the γ-particle has an energy of at least 2m0c
2 = 1.02 MeV, it has sufficient energy

to create an electron-positron pair; this process is called pair production. Since it is not
possible to fulfill both conservation of energy and conservation of momentum in free space,
pair-production can only take place in the presence of an external field. While the process
is possible both in the Coulomb field of the nuclei and the electron fields of the atoms of the
scintillating material, the pair production in the electron fields only starts at Eγ > 4m0c

2

and is approximately a thousand times weaker than pair production in the nuclear field.
Therefore, the process is dominated by pair production in the nuclear fields.
The cross section of pair production is given by the following expression:

σpair ∝ Z2
eff ln (2Eγ) (2.6)

It increases rapidly with the square of the effective atomic number, but rather moderately
with increasing photon energy.
For applications in medical imaging, such as PET, SPECT and gamma cameras, the
energy of the detected photons is far below 1.02 MeV, usually around 511 keV (in the case
of PET) or lower. Therefore, in this domain pair productions does not play a role in the
energy loss mechanisms in the scintillator.

5



CHAPTER 2. INORGANIC SCINTILLATORS FOR GAMMA DETECTION

Figure 2.2: Attenuation coefficient of BaF2 for different photon energies (green) and con-
tributions of photoelectric effect (yellow), Compton scattering (red) and pair production
(blue). Data from [7], using 4.89 g/cm3 as BaF2 density.

2.1.4 Interaction domains and attenuation in the scintillator

When γ-radiation with an initial intensity I0 is traversing a scintillator, it loses intensity
following an exponential distribution:

I(x) = I0 exp(−µx) (2.7)

where I(x) is the intensity of the radiation after traversing a distance x in the scintillator
with a material-specific attenuation coefficient µ. Therefore, this attenuation coefficient
determines how fast the material absorbs the γ-radiation and hence plays an important
role as to the sensitivity of the final detector in which it is used. It is linked to the cross
section σe as follows:

µ =
neσe
Zeff

(2.8)

where ne is the electron density of the material. While µ depends on the total gamma-
electron interaction cross section in the material, the contribution of the photoelectric
effect to this cross section plays an important role, for it carries directly the original photon
energy information. This property is particularly important in e.g. PET imaging, where
only photopeak events are selected for image reconstruction. This property is represented
by the photofraction dependent on the scintillator material, i.e. σph/(σph+σcompton+σpair)
(note σpair in most cases can be neglected since the incoming gamma energy is far below
the pair production threshold). Figure 2.1 illustrates the three interaction domains, i.e.
photoelectric, Compton and pair production, as a function of Zeff and the gamma-ray
energy. Figure 2.2 shows the attenuation coefficient as a function of energy for the three
different interaction types, with the example of BaF2 having a density of 4.89 g/cm3. The
cross section of gammas interacting through the photoelectric effect always peaks around
energies comparable to the binding energy of an electron on its atomic shell [4]. This
manifests itself as a peak in the corresponding attenuation plot of figure 2.2 (yellow line),
which in the case of barium corresponds to a K-shell electron of 37 keV.
The attenuation length corresponding to equation 2.8 is given by L = 1/µ. In the case
of BaF2 and gammas with an energy of 511 keV, as is common e.g. in PET applications,
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Figure 2.3: Relaxation and thermalization of electrons and holes in a crystal. Modified
from [9]

this leads to an attenuation length of:

L =
1

µ
≈ 1

0.467 cm−1
≈ 2.14 cm (2.9)

where the value for µ has been taken from figure 2.2. In the case of LSO, a heavier and
commonly used scintillator, this attenuation length is intrinsically smaller, i.e. ∼1.18 cm
[8].

2.2 Scintillation mechanism: creation and recombination of
electron-hole pairs

In the previous section, the different interactions of γ-particles with the scintillator ma-
terial were explained. Following these interactions, atoms in the material are ionized, i.e.
electrons are freed from their bound state. These electrons are generally called “hot”
electrons as they still have substantial kinetic energy. They generally lose their energy by
creating electron-hole pairs in the material, a process called “cool down”. Since this leaves
the electrons in an excited state, the electrons and holes will eventually recombine and a
fraction of it thereby produces the scintillation light.
These two steps, creation and thermalization, and recombination of electron-hole pairs
leading to the emission of scintillation light, will be explained in detail in this section,
based on theoretical work in [2], [10] and [11].
The ability of scintillating crystals to produce light stems from the band-structure with
only certain energy levels being allowed in the crystal. Due to its crystalline structure, the
scintillator has a core band, a valence band and a conduction band, each with correspond-
ing sub-bands. Between the conduction- and valence band there is a bandgap with energy
Eg, the so-called forbidden gap. Recombination of an electron above and a hole below
this bandgap can result in the emission of scintillation light. The previously mentioned
hot electrons are created in the conduction band, the “holes” that they leave behind are
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created in the core- and the valence band. Figure 2.3 gives a schematic overview of the
scintillation process in a simple ionic crystal scintillator. The hot electrons in the scintil-
lator first lose their energy inside the material by inelastic scattering with other electrons.
As such, a new electron-hole pair is created at every scattering event, thus multiplying the
amount of electric excitations in the scintillator. This process continues until the energy
of the electrons falls below the threshold of inelastic electron-electron scattering, which is
generally about twice to three times the bandgap energy, after which the electron cannot
create new electron-hole pairs. The holes in the core band will move towards the valence
band through, e.g., Auger processes, until the energy of the hole passes the Auger thresh-
old.
In the next stage, both the electrons and holes thermalize via interactions with phonons
(ph), being effectively lattice vibrations. The energy that they lose in this process does not
contribute to the final production of scintillation light in the crystal and is in that sense
lost. The thermalization process continues until the electrons and holes are at the bottom
of the conduction band and the top of the valence band, respectively. Then, localization of
electrons and holes takes place by interactions with defects and impurities in the crystal.
As a result, electrons and holes are trapped by different types of traps or by self-trapping.
An example is the creation of a self-trapped exciton that is formed by an electron in the
conduction band and a hole in the valence band or a deep hole in the core band (Vk

center). Depending on the trap, the excitations can stay “trapped” for a relatively long
time, i.e. of order hundreds of nanoseconds or even long, before recombination takes place.
However, in the end the electrons and holes will recombine, either non-radiatively or ra-
diatively. The latter leads to the emission of scintillation light of which the wavelength
then corresponds to the bandgap of the crystal. Non-radiative recombination also occurs
in the crystal and consequently leads to losses.
This simple scenario describes the scintillation process in an ionic crystal. However, there
are two different important groups of scintillators, one that contains rare earths, such as
LSO and LYSO being doped with Cerium, and the other that exhibits the so-called core-
valence luminescence, such as BaF2. The corresponding scintillation processes for the two
cases are shown in appendix B.
In the first case, e.g., Ce3+ ions present in LSO introduce an extra set of bands within
the bandgap of the crystal: the 5d level just below the conduction band and the 4f level
just above the valence band. The effect of cerium ions is twofold. First, they make it
possible for the hot electrons not only to scatter with electrons of the crystal but also with
electrons of the cerium until the energy of the electrons is below the corresponding scat-
tering threshold. Since this threshold generally lies below the electron-electron scattering
threshold, the multiplication process in these types of scintillators continues longer, to the
extend that more excitations take place and more scintillation photons can be produced.
A second effect is that the electrons and holes thermalize into the 5d and 4f bands, re-
spectively, which facilitates their fast recombination.
In the case of cross-luminescence, the crystal has an energy difference between the top
core band and the bottom of the valence band that is less than the forbidden bandgap.
In this case, Auger processes in the core band are energetically forbidden for the holes.
As such, core holes can relax towards the top of the core band instead and recombine
with electrons from the valence band, leading to the emission of scintillation light called
cross-luminescence. Since the valence band is full of electrons, holes easily localize near an
electron. As such, cross-luminescence is a very fast, sub-nanosecond, scintillation process.
One should note that every recombination of a core hole and valence electron leads to
a new valence hole. This hole can again take part in the “normal” scintillation process
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between the conduction- and valence band.

2.3 Characteristics of scintillating crystals

During the scintillation process, as discussed in the previous section, light is produced
inside the crystal. This process determines its intrinsic light yield (LY), one of the funda-
mental characteristics of a scintillator, as well as the rise- and decay time of the light pulse.
The produced scintillation light subsequently travels inside the crystal until it leaves the
crystal or gets absorbed at some point. The amount of light that is transferred to the
outside of the crystal via its readout face can then be detected by a photodetector with
certain efficiency and time resolution. All processes involved from the moment that the
scintillation light is produced until the return of a signal from the photodetector determine
the overall light output (LO) and coincidence time resolution (CTR). This section explains
light output of the crystal (subsection 2.3.1), its timing properties (subsection 2.3.2) and
light transport in the crystal (subsection 2.3.3).

2.3.1 Light yield and energy resolution

The total amount of electron-hole pairs Neh that participate in the recombination process
depends not only on the deposited energy, but also on the characteristics of scintillation
material:

Neh =
Edep

Eeh
=

Edep

βEg
(2.10)

where Edep is the energy deposited in the crystal, Eeh denotes the average energy to
produce an electron-hole pair in the material and Eg is the bandgap of the material. The
factor β in the equation is typically between 1 and 4 for most cases, but can also be much
larger for specific cases, e.g., for cross-luminescence. The intrinsic light yield (LY) is a
material property that determines the amount of photons produced Nph when a certain
amount of energy Edep is deposited in the crystal and is only limited by the scintillation
efficiency ηscint of the material:

LY = Nph = Neh · S ·Q =
Edep

βEg
S ·Q = ηscint

Edep

Eg
(2.11)

where S is the transfer efficiency of the electron-hole pairs to the recombination point and
Q the luminescence quantum yield [11]. S and Q are generally assumed to be close to 1,
making β the most determining factor in the scintillation balance [11]; this includes all the
losses discussed in section 2.2. The scintillation efficiency of a relatively bright scintillator,
like LSO, for which the emission wavelength is 420 nm (corresponding to 2.95 eV) and the
LY is ∼ 40, 000ph/MeV, can be calculated easily from equation 2.11:

ηscint =
LY Eg

Edep
=

40 · 103 × 2.95 eV

106 eV
= 11.7% (2.12)

Therefore, even in one of the brighter crystals, only ∼ 12% of the deposited energy in
the scintillator is actually converted into light. Still, the net amount of photons that is
extracted from the scintillator, i.e. the light output LO, is lower:

LO = LTE × LY (2.13)

where the LTE is the light transfer efficiency, being further explained in section 2.3.3.
As outlined in section 2.1, only the electron-hole pairs created through the photoelectric
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effect carry the information of the energy of the original particle. As such, the resulting
photopeak, see section 3.2, is to be used for the determination of the energy of that particle.
While the energy deposited in the crystal through the photoelectric effect should be delta-
shaped, i.e. at the original energy of the incoming photon, the produced scintillation light
signal is broadened by several processes, resulting in a peak with a (almost) Gaussian
shape. The full width at half maximum (FWHM) of the peak is the energy resolution
Eres of the system. The system’s energy resolution is the quadratic sum of the individual
contributions [12]:

• from non-proportionality between deposited energy and number of produced visible
photons in the crystal (Enon−prop);

• from light transport effects owing to e.g. inhomogeneities inside the crystal and
crystal surface imperfections (Etransport);

• from photoelectron statistics (Estat);

• from noise in the photodetector (Edet);

In other words:

E2
res = E2

non−prop + E2
transport + E2

stat + E2
det (2.14)

Enon−prop and Etransport are often taken together as the intrinsic energy resolution of the
crystal Eintr. It should be noted that Enon−prop can give a non-Gaussian broadening, as
it can induce a tail on the left side of the photopeak due to a lower light production in
some crystals when the photopeak event was cause by one or multiple Compton events,
depositing a lower energy each, before full absorption of the gamma-particle [13] [14]. The
statistical component takes only into account the statistics of the measured photoelectrons
and as such follows Poisson statistics [13]:

Estat ∝
1

√

Nphe

(2.15)

with Nphe the number of photoelectrons created in the detector, assuming a perfect de-
tector. The energy resolution is an important characteristic in e.g. PET detectors, as
explained in section 2.6.1.

2.3.2 Timing properties

The intrinsic timing properties of the scintillator are of great importance as they effectively
limit the overall time resolution of the final detector. The dominant intrinsic characteristics
of scintillating crystals are the rise time (τr) and the decay time (τd) of the light production
inside the crystal, also called kinematics of the scintillator. The rise time is determined
by the thermalization and localization of the electron-hole pairs (see figure 2.3) and is
typically small (order of tens of picoseconds) [8]. The decay time(s), on the other hand,
describes the recombination process from the luminescent centers [8], and is of the order
of tens to hundreds of nanoseconds, if not longer. If, in general, one assumes only one
rise time and several N decay times τd,i , the total pulse shape is described by a sum of
exponential functions in the following way [15]:

f(t) =

N
∑

i=1

Ai

τd,i − τr

(

exp

(

Θ− t

τd,i

)

− exp

(

Θ− t

τr

))

(2.16)
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Figure 2.4: CTR measured of both polished and a depolished (all sides accept for the
readout surface) crystals of different lengths, with a readout surface of 3.1x3.1 mm2.

with Ai the amount of photons emitted during the scintillation process with decay time
τd,i. Θ is the origin of the gamma conversion.
The rise- and decay time also contribute to the coincident time resolution (CTR), a

measurable quantity that is one of the most important features of scintillating crystals
when used in time-of-flight applications. A third contribution to this CTR [16] is the
amount of scintillation photons i.e. the light output (LO):

CTR ∝
√

τd τr
LO

(2.17)

In case of multiple decay times that are of the same order of magnitude, τd in equation 2.17
is the effective decay time. However, in case of large differences between decay times, the
shorter ones dominate since the photon density at the beginning of the scintillation pulse
is determinant for the CTR. The CTR is furthermore dependent on the light transport
in the crystal, for it contributes to the light travel time spread in the crystal. As such, it
introduces an extra time-jitter which is shown in figure 2.4. A final contribution to the
timing is given by the photodetector as discussed in section 2.4.2.
Apart from its contribution to the CTR, a short decay time is also an important re-
quirement for detectors used in high-rate applications. To avoid pile-up effects inside
the crystal, the total scintillation pulse must be sufficiently fast. Therefore, if there are
multiple decay times of different orders of magnitudes, then also the larger ones become
significant in those applications.
For further reading on timing properties of inorganic scintillators, the reader is referred
to [8] and [15].

2.3.3 Light transport in the crystal

The scintillation light that is produced in the crystal is emitted isotropically. Even con-
sidering a perfect crystal, only part of the generated light will reach the readout surface
of the crystal. This light can only be extracted if it is in the so-called extraction cone, as
illustrated in the left hand part of figure 2.5. To facilitate the extraction of light usually
an optical coupling between the readout surface and the photodetector is applied, such
that it reduces the difference of the indices of refraction between the scintillator (high RI)
and its ambient environment, e.g. air (low RI). The right-hand side of figure 2.5 shows
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Figure 2.5: The extraction of light from a crystal with index of refraction of n = 1.82,
coupled to air. The extraction angles can be calculated from Snell’s law. Left: crystal is
not wrapped and no optical coupling is used. Right: crystal is not wrapped, an optical
coupling with n=1.41 has been applied to the readout surfaces. Both figures are repro-
ductions of [8].

Figure 2.6: Two scintillating crystals with different lengths, in both cases scintillation
light is produced in the center (red spot) of the crystal. The left crystal is a short crystal,
comparable to a geometry of for instance 3x3x2 mm3, the right is a slightly longer crystal,
comparable to a geometry of for instance 3x3x5 mm3.

the effect of such coupling. To further increase the light output, a reflector can be used
on all faces of the crystal but the readout face. A perfect specular reflector ensures that
the light emitted opposite to the readout face is reflected and ultimately read out from
the readout face. On the other hand, light emitted towards the side walls of the crystal
stays outside the extraction cone and will therefore be trapped in the crystal. When using
a (partially) Lambertian reflector, i.e. one that also diffuses the reflected light, part of
this light can be reflected into the extraction cone and will thereby be extracted at the
readout face as well.
Unfortunately, in reality the scintillating crystal is not a perfect crystal. Even if not sub-
stantial, absorption processes occur inside the crystal due to imperfections at its surface
and its edges. Also imperfections in the crystal lattice, such as color centers, can play a
certain part in the absorption of light. Depending on the crystal geometry, a small amount
of the generated light travels directly towards the readout face and into the photodetec-
tor, whereas the majority of light actually travels a much longer path before it reaches
the readout face. Taking the extreme example of a crystal being a plate, i.e. its length
<< crystal cross section, most of the produced light directly hits both the readout- and
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Figure 2.7: Schematic drawing of a photomultiplier tube, with its principle components.
[17]

the back face of the plate, and light coming back form the opposite face will subsequently
reach the readout face. In this scenario very little light will be reflected by the side faces
before it reaches the readout surface, too. In other words, the longer the crystal the more
reflections on the side faces will take place before the light reaches the readout face. This
effect is shown in figure 2.6 for an almost flat crystal and a short pixel.
The more reflections in the crystal take place the more one increases the chance of light
absorption due to the previously mentioned edge- and surface imperfections, but also ow-
ing to some absorption effects in the crystal bulk. A way to quantify this effect on the net
light output (LO) is to define the light transfer efficiency (LTE) as:

LY = LTE × LO, (2.18)

where LY is the intrinsic light yield of the crystal. Therefore, the LTE takes into account
all the possible light losses during the transport of light. As mentioned before, the LTE
can be enhanced by e.g. the use of reflective wrapping around the crystal and an optical
coupling grease on the readout surface. Furthermore, the light output, and as such also the
LTE, influence the coincidence time resolution of the crystal (see section 2.3.2). The light
transport in the crystal also directly influences the time resolution because of the photon
travel time spread in the crystal. Therefore, multiple reflections are also responsible for a
deterioration in time resolution as they increase the photon travel time spread, as shown
in figure 2.4.

2.4 Photodetectors

The photodetector is the other important component in this detection system as it converts
light into an electric signal. In this section two types of photodetectors are discussed, i.e.
the classical photomultiplier tube (PMT), a type of vacuum photodetector, and the silicon
photomultiplier (SiPM), also called a multi-pixel photon counter (MPPC), a solid state
photodetector.

2.4.1 Photomultiplier tube

Photomultiplier tubes (PMTs) are the original photodetectors for high sensitivity, high
speed and high amplification applications. They have been in use since the thirties of
last century [17] and have become the work horse for many types of experiments in many
branches of physics. Figure 2.7 shows the drawing of a typical PMT. It consists of a vac-
uum tube with an entry window covered with a photosensitive layer on the inside called
the photocathode and focusing electrodes, dynodes and an anode as the final stage. A high
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Figure 2.8: Schematic drawing of a hybrid-photomultiplier tube, with its principle com-
ponents. [17]

voltage between the photocathode and the anode, and intermediately subdivided by the
dynodes, acts as an accelerating field for electrons being liberated from each of the stages.
When light illuminates the photocathode, it frees primary electrons into the vacuum of
the tube via the photoelectric effect. Each of the freed electrons, called photoelectrons, is
focused and accelerated towards the first dynode via the applied electric field in the PMT.
By hitting the first dynode, each electron liberates other secondary electrons from that
dynode stage. This process repeats itself for each of the subsequent dynodes, freeing and
multiplying more and more electrons in a cascade until they reach the anode, collecting
the final amount of electrons, large enough to produce an electrical signal. At the end
of the multiplication chain, the total gain can be of the order of 106 − 107 [17]. The
detection efficiency of the PMT depends mainly on the quantum efficiency (QE) of the
photocathode, i.e. the probability of one incoming photon to free a photoelectron from
the photocathode. The QE of a PMT at peak sensitivity generally ranges between 15 and
40% [17]. Furthermore, the QE is strongly dependent on the wavelength of the incoming
light. The great advantage of PMTs is their excellent linearity from low to high light lev-
els. They generally maintain this linearity from a single photon all the way up to a light
signal of thousands of photons. As such, they serve as perfect devices for making energy
histograms over a wide dynamic range. Originally PMTs were the fastest photodetectors
on the market and are still relatively fast today with a time jitter of 1-5 ns FWHM or
even exceeding 500 ps FWHM for dedicated fast timing applications. A well known dis-
advantage is that PMTs are rather bulky owing to their numerous multiplication stages
to achieve sufficient pulse height.

A special type of PMT is the hybrid-PMT or H-PMT, as illustrated in figure 2.8.
Instead of a chain of dynodes, the primary photoelectrons are only accelerated in one stage
towards a so-called avalanche photodiode, a medium-gain semiconductor photodetector
and a precursor to the high-gain silicon photomultiplier, to be discussed in the next section.
The device is operated at a rather high voltage (compared to the classical PMT) of around
10 kV [17]. On the other hand, it has an excellent time resolution and also provides
higher energy resolution making it possible to distinguish between single- and multiple
photoelectron peaks.

2.4.2 Silicon photomultiplier

This subsection is based on the comprehensive work by S. Gundacker [18]. The silicon
photomultiplier (SiPM) is a solid state photodetector, the photosensitive surface of which
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Figure 2.9: (a) An electron-hole pare produced in the p-n junction is separated by the
applied field, the graph shows the different operation regimes. (b) In the APD regime
only the electrons multiply, i.e. create new electron-hole pairs, in the SiPM regime both
electrons and holes can multiply. [18]

is subdivided into a large number of single cells, the so-called single-photon avalanche
diodes (SPADs). As the name says, the SPAD is a diode, or p-n junction, across which a
bias voltage is applied. As such, an incoming photon can create an electron-hole pair in
the junction, which is then separated by the applied electric field, as shown in figure 2.9. If
the voltage applied is below a certain threshold, no multiplication of the signal takes place.
If the field is increased such that the electron is sufficiently accelerated to produce new
electron-hole pairs in the material, one reaches the regime of the avalanche photodiode
(APD), where the original signal is amplified. Since the mobility of the holes is much lower
than that of the electrons, they do not gain enough energy in this regime to create new
electron-hole pairs and therefore do not contribute to the signal gain of the device. This is
shown on the left hand side of figure 2.9b. Therefore, the the so-called electron avalanche
merely flows in one direction and does not need an external circuit to be stopped. When
the applied voltage is increased even further, i.e. above the so-called breakdown voltage,
the device is then operated in the so-called SiPM regime. In this case, also the holes gain
enough energy to create new electron-hole pairs themselves, as shown on the right hand
of figure 2.9b. This makes it possible that already one photon can create a self-sustained
avalanche that, however, needs to be quenched by an external current-limiting circuit.
Since the created signal from this avalanche rises very fast, the SiPM currently is the
perfect device to determine the arrival time of each photon impacting on a SPAD.
The SiPM is an array of SPADs, all coupled in parallel, where each SPAD fires individually
when hit by a photon. The pulse height of the SiPM is then proportional to the number
of SPADs fired, as such counting the amount of detected photons. The SPAD only detects
one photon at a time, being limited only by the number of consecutive photons due to
its intrinsic dead time. Therefore, it cannot respond linearly to high light intensity. This
deficiency, though, can be calibrated and corrected for to a certain extent. Today, the
SiPM, by nature, is so fast that it is an excellent detector for highest time resolution,
even outperforming the best PMTs. This is also due to the fact that today’s SiPMs have
a single photon time resolution (SPTR) of the order of 100 ps FWHM. Another reason
to use SiPMs is their relatively high photon detection efficiency (PDE), being as large as
∼50-60% when operated at the optimum voltage.
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2.5 State-of-the-art coincident time resolution and how to
improve it

From a timing point of view, the currently best performing inorganic scintillator is LSO:Ce,
co-doped with calcium. Despite slight absorption of light inside this crystal type, the co-
doping with calcium effectively reduces the scintillation decay time, thereby improving
the timing performance of this crystal. The best coincidence time resolution (CTR), mea-
sured with a 2x2x3 mm3 LSO:Ce:0.4%Ca crystal coupled with Meltmount to a Fondazione
Bruno Kessler (FBK) NUV-HD 4x4 mm2 SiPM with 40 µm SPAD-size, resulted in a state-
of-the-art value of 58±2 ps FWHM [16]. Note, a distinctive feature of this SiPM is that its
entrance window is free of a protective resin that could give cause to UV-light absorption.
If a longer crystal, of 2x2x20 mm3 crystal, is used, the content of calcium was reduced to
0.2 % in order to reduce the light absorption effects. Notwithstanding the longer crystal,
this configuration led to a sub-100 ps CTR of 98±2 ps FWHM [16].
At this time, LSO:Ce:Ca crystals are not commercially available and therefore not used in
full scintillation detector systems. Also the new cutting-edge FBK SiPMs of the type de-
scribed above are not on the market yet either. Therefore, to put the above-mentioned re-
sults into context with commercially available products, like LYSO:Ce crystals and Hama-
matsu HPK S13360-3050PE SiPMs of 3x3 mm2 and 50 µm SPAD-size, the best achievable
results in CTR are 86±2 ps and 135±2 ps FWHM for 2x2x3 mm3 and 2x2x20 mm3 crys-
tals, respectively [18].

The above-mentioned performances are already very impressive and raise the question
if and how one could further improve this CTR. An obvious way to go is to make improve-
ments in the entire detector chain, from light emission to light detection, all the way up
to light detection, including ultrafast signal processing.
As to light generation, one could develop different scintillators, that are both faster and
brighter. A good example of an intrinsically fast scintillator is BaF2, which benefits from
its fast cross-luminescence. An comprehensive investigation of this promising crystal is
presented in chapter 7.
Another goal is to preserve light that has been generated in the crystal, which requires
an understanding and improvement of the transportation of the scintillation light in the
crystal up to the photodetector. Common procedures in this direction are, e.g., changing
the crystal geometry, wrapping the crystal and using optical coupling between the scin-
tillator and the photodetector (see chapter 7.5). Another promising method to facilitate
light extraction is the use of photonic crystal slabs on the readout face of the scintillator.
This technology is investigated and discussed in depth in chapters 4-6.
The third objective in this context is to see whether photodetectors, the development of
which is usually in the hands of commercial producers, can be further advanced in partic-
ular in terms of their photodetection efficiency (for short wavelengths) and single photon
time resolution (see chapter 7).

2.6 Applications of scintillators

Scintillation-based detectors for ionizing radiation are used in many fields, such as high
energy physics, medical physics, homeland security, material research and thermal neutron
detection. The different fields of application also have their specific detector demands.
In this thesis, the focus is on applications in medical physics, especially for positron emis-
sion tomography (PET). The principle of PET is explained in the next section. The
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(a) The “Headshrinker” [19] (b) The “Positome” [20]

Figure 2.10: Two of the first PET scanners in history, from the seventies of the last
century.

second field of interest in the application of scintillators is particle and photon detection
in high energy physics, an application that is also being investigated by the Crystal Clear
group at CERN. The specific crystal demands with an example of a high energy physics
scintillation-based detector are discussed in section 2.6.2.

2.6.1 Scintillation-based detection in PET

Research on positron emission tomography started immediately after the discovery of
the positron in 1932 [21]. The experimental basis for the first PET scanners registering
photons in coincidence originating from electron-positron annihilation, was laid down in
the fifties with the development of a scanner called the “Head Shrinker” (figure 2.10a).
An improved version of this device was developed in the sixties of the last century at
the Brookhaven National Laboratoy (BNL) [22], with further improvements made at the
Montreal Neurological Institute (MNI) [20] [23]. The new device was renamed “Positome”
and is illustrated in figure 2.10b.

As the name says, PET makes use of spontaneous positron emission by a radioactive
tracer in the patients body. This tracer, the most common of which is 18F-fluorodeoxyglucose
(FDG), is effectively a sugar molecule doped with a radioactive 18F isotope, which is a
β+ emitter. The positrons emitted by the fluorine, within a millimeter range (on average
0.6 mm in this case [24]), will recombine with an electron in the surrounding tissue, the
result of which are two photons emitted back-to-back (neglecting the momentum of the
emitted β+), each with an energy of 511 keV, corresponding to the mass of an electron.
FDG, being effectively a sugar, is preferentially absorbed in cells with a high glucose
consumption, such as tumor cells. As such, the highest photon activity will necessarily
originate from such cells in the human body. If a patient is positioned inside a ring, or
rather a sequence of rings, of scintillation-based detectors one can detect the two co-linear
photons, originating from the tumor cells, in coincidence, as illustrated in figure 2.11 left.
Upon response by the respective detector, a line can be drawn between the two impacts.
This is called a line of response (LOR). The intersection of all LORs determine the point
from which the photons are emitted. In reality, one does not want to identify one sin-
gle point of positron emission in the body, but rather create a functional image of it, as
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Figure 2.11: Left: positrons emitted from the patients tumor recombine with an electron
in the body emitting two photons back-to-back, each with an energy of 511keV . When
the detector ring detects the two photons, a line, a so-called LOR, can be drawn between
them. The intersection of all the LORs, give the point from which they are emitted. Right:
The actual image coming directly from the PET scanner is called a sinogram and has to
be reconstructed with specific algorithms in order to obtain the final image. Image from
[21].

illustrated on the right hand side of figure 2.11. The obtained intermediate image is the so-
called sinogram, as depicted in figure 2.11, necessitating further reconstruction algorithms
to obtain the actual image. Note, in order to physically attach the PET “hot spots”, in
other words the tumors with their increased positron activity, to the morphology of the
body, the PET scan is usually overlaid with either a CT scan or an MRI session.
Among the registered events, there are also contributions that correspond to false lines of
response (a) caused by scattered coincident photons, (b) random noise hits or (c) where
two gammas from two different true conversions are measured in coincidence but belong-
ing to two different events. This is illustrated in figure 2.12 left and right. In the case
where a scattered photon leads to a (false) LOR, its energy will not be the same as that
of the other photon with its full energy of 511 keV. Therefore, in order to filter out these
events, next to the position of the photons, it is necessary to register also the energy of
the detected gammas. Likewise, events due to random incidences, i.e. two non-correlated
photons, can be substantially suppressed by selecting only events resulting from photons
with an energy of 511 keV. This illustrates the importance of high energy resolution in
PET.

In view of the high-speed- and high-time-resolution-photodetectors on the market,
time-of-flight (TOF) PET has become a point of particular interest in PET. The principle
of TOF imaging is illustrated in figure 2.13. In conventional PET the constraints for
reconstruction of the image are only the co-linearity and the energy of the photons; in
other words, along the entire line of response the probability of gamma emission is taken
the same. Knowing the flight time of the two co-linear photons in addition, allows one
to narrow down the emission point along the LOR and thereby to define a weighted
probability distribution for the location of this point in the reconstruction. This is shown
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Figure 2.12: Scattered- and random events can introduce noise in the PET image. Left:
one of the two back-to-back emitted photons is scattered in the body and therefore changed
direction. As such, the registered position is not the same as the projected one from the
moment of emission, therefore creating a false LOR. The energy of this scattered photon is
then less than the original 511 keV. Right: A random incidence, where two non-correlated
photons are detected at the same time “by chance”, creates a random LOR.

in figure 2.13. As such, time-of-flight information of the arrival time of the photons can
significantly improve the signal-to-noise (SNR) ratio [25]:

SNRtof

SNRnon−tof
=

√

2D

c · CTR
(2.19)

where D is the diameter of the imaged object and c the speed of light. We are currently
in the position to produce, under laboratory conditions, coincidence time resolutions in
the sub-100ps regime with conventional crystals and photodetectors, leading, according
to equation 2.19, to a substantial improvement in image contrast owing to time-of-flight.
On the commercial side, the current state-of-the-art PET scanner, the Siemens Biograph
Vision [28], runs at a CTR of 210 ps FWHM [29]. The improvement in image quality from
this device, owing to its TOF information, is shown in figure 2.14. This underlines the
importance of the continuous advancements in time resolution, for all possible parts of a
scintillation-based detector. It is conceivable that in the near future, research will lead us
to a coincidence time resolution of the order of 10-30 ps, in which case the reconstruction
algorithms could be reduced to the simple determination of pure space points along the
LOR.
Apart from the importance of the energy resolution and the coincidence time resolution,
also the density of the crystal and its photofraction are important characteristics for PET
and imaging in general. These features are a determinant factor for the sensitivity of the
scanners.
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Figure 2.13: While in conventional PET the probability of the location of the annihilation
point is constant over the LOR, in TOF-PET the timing information enables to make a
probability distribution along the LOR. [26]

Figure 2.14: “ Transaxial slices of an image quality phantom, reconstructed with high-
resolution iterative reconstruction with resolution recovery. The scans were performed on
a Siemens Biograph mCT PET/CT scanner (527 ps coincidence time resolution) and the
new Siemens Biograph Vision (210 ps coincidence time resolution). From left to right: (a)
non TOF image from mCT, (b) TOF image from Biograph mCT, and (c) TOF image from
Biograph Vision. The phantom had six hot spheres (5, 8, 10, 13, 17, 22 mm diameter)
with a contrast of about 4:1, and a total activity in the background of about 50 MBq of
18F.” [27]
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2.6.2 Scintillation-based detection in High Energy Physics

While in PET applications energies are typically of the order of half an MeV, energies
generated in high energy physics events are typically more than a thousand times higher.
Therefore, the demands on crystals and photodetectors used in electromagnetic calorime-
try in high energy physics are not the same as those in medical applications. First of all,
the density of these crystals needs to be even higher than in medical physics. A density of
> 5 g/cm3 [1] is deemed essential in order to contain the high energy showers produced
by high energetic electrons (and positrons) and gammas. Another distinctive feature is
the demand for these crystals to be radiation hard as they are exposed to very high levels
of radiation, predominantly from high energetic hadrons. Particularly in view of experi-
ments running at very high luminosity, e.g. the Large Hadron Collider (LHC) at CERN,
crystals are prone to coloring, an effect that gradually decreases the light output of the
crystal and thereby crucially affects the linearity of the calorimeter. On the other hand,
the overall light output of the crystal is less crucial than in medical applications, since
sufficient amounts of light are produced by the large energies deposited in the crystal.

2.6.2.1 The CMS electromagnetic calorimeter

The Compact Muon Solenoid (CMS) is one of the main experiments at the Large Hadron
Collider (LHC) at CERN [30]. The LHC accelerates protons up to an energy of about
two times 7 TeV at a luminosity of L ∼ 1034cm−2s−1, as such producing large amounts
of particles in every collision occurring at an interval of 25 ns. This easily leads to pileup
effects in detectors running in such harsh environments.
The electromagnetic calorimeter (called ECAL) is the detector part of CMS that measures
the energy of the electromagnetic particles produced in the p-p collisions. A schematic
drawing of ECAL is shown in figure 2.15; it is the largest crystal calorimeter ever built,
made entirely of more than 75.000 scintillating crystals. It measures 3.2 m in diameter
and 6 m in length and weighs 92 t.
The crystals of ECAL are made of lead-tungstate (PbWO4), which has a density of
8.28 g/cm3, resulting in a radiation length of only 0.85 cm [1]. This property allowed
one to build the calorimeter very compact and with high granularity. The crystals in
the barrel part of the detector measure 22 × 22 × 230 mm3 and those of the endcap
29× 29× 220 mm3.
Compared to the light yield found in the previously discussed medical-type crystals,
PbWO4 produces only 0.25% of the light yield of those crystals, i.e. ∼100 photons/MeV
[31]. However, given the very high energies of the particles converting in the PbWO4,
sufficient light is produced within the required dynamic range. Furthermore, PbWO4 has
a comparatively short decay time of only 6 ns (40 ns for LSO), an important requirement
to cope with the high-rate environment when running at high luminosity and short bunch
crossing interval of the LHC.
The main objective of this calorimeter was to detect the γ-γ decay channel of the Higgs
Boson, this being about the cleanest signature among the other Higgs’ decay channels.
Especially in view of this decay channel, crystal calorimetry was deemed to be the best
choice over conventional sampling calorimeters, for it offers the highest energy resolution
among all other calorimeter types. It is widely known that the discovery of the Higgs
Boson, both by CMS [33] and ATLAS [34], was a success.
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Figure 2.15: Schematic overview of the Electromagnetic Calorimeter (ECAL) of CMS.
Modified from [32].

Bibliography

[1] P. Lecoq, A. Gektin, and M. Korzhik, Scintillation and Inorganic Scintillators, pp. 1–
42. Particle Acceleration and Detection, 2017.

[2] P. A. Rodnyi, Physical Processes in Inorganic Scintillators. CRC Press LLC, 1997.
Chapter 1.

[3] H. Bichsel and H. Schindler, The Interaction of Radiation with Matter, pp. 5–44.
Cham: Springer International Publishing, 2020.

[4] P. Lecoq, Scintillation Detectors for Charged Particles and Photons, pp. 45–89.
Gewerbestrasse 11, 6330 Cham, Switzerland: Springer International Publishing, 2020.

[5] G. F. Knoll, Radiation Detectibn and Measurement. John Wiley Sons, Inc., 2000.
Chapter 2.

[6] R. Evans, The Atomic Nucleus. Tata McGraw-Hill publishing company LTD., 1955.

[7] M. Berger, J. Hubbell, S. Seltzer, J. Chang, J. Coursey, R. Sukumar, D. Zucker,
and K. Olsen, XCOM: Photon Cross Sections Database, NIST Standard Reference
Database 8 (XGAM). National Institute of Standards and Technology, Gaithersburg,
MD, November 2010.

[8] S. Gundacker, Time resolution in scintillator based detectors for positron emission
tomography. PhD thesis, Technische Universität Wien, 2014.

[9] A. Vasile’ev, “Relaxation of hot electronic excitations in scintillators: account for
scattering, track effects, complicated electronic structure,” Proceedings of the fifth
conference on Inorganic Scintillators and Their Applications, pp. 43–52, August 1999.

[10] C. Pedrini, “Scintillation mechanisms and limiting factors on each step of relaxation
of electronic excitations,” Fizika Tverdogo Tela, vol. 47, Aug 2005.

[11] P. Lecoq, A. Gektin, and M. Korzhik, Scintillation mechanisms in Inorganic Scintil-
lators, pp. 125–174. Particle Acceleration and Detection, 2017.

22
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Chapter 3

Instrumentation and methods for
the characterization of scintillators

In study various techniques are used to characterize either the scintillator itself or the
treatment applied to the scintillator to improve its performance. Furthermore scanning
electron microscopy (SEM) imaging was used to verify the photonic structure produced on
scintillator surfaces. Chapter 3 gives an overview of the different apparatus and techniques
used in the course of this study.

3.1 Transmission Setup

The transmission of samples is measured with a Perkin Elmer LAMBDA 650 UV/VIS
spectrophotometer [1], shown in figure 3.1. Appendix G shows the schematics of the de-
vice. The setup allows to measure the transmission of light over a wavelength range of
190-900 nm, with 1 nm steps. It has a tungsten-halogen and a deuterium light source
the light of which passes through optical gratings to select the desired wavelength for the
transmission measurement. Then the light beam is split into two, where one beam, the
reference beam, goes directly to the photodetector and the second through the sample and
then to the photodetector. The ratio of the reference and sample beam, having taken into
account the calibration of the beams at the used wavelength, determines the transmis-
sion of the sample for that particular wavelength. Doing this measurement over the entire
wavelength range, produces the transmission spectrum. It is important to understand that
only light that passes straight through the sample can be measured by the photodetector.
Therefore, if part of the light is only slightly refracted, for instance by imperfections on
the surface of the sample (e.g. due to depolishing of the sample) or by imperfections inside
the sample (e.g. due to small bubbles in the material), this amount of light is interpreted
as a loss in transmission. Also effects from misaligning the sample, with its surface not
perfectly perpendicular to the beam, can lead to a loss in measured transmission. This
implies that the sample’s surface needs to be flat, necessitating a proper holder when doing
measurements with liquids or greases.
When samples with a refractive index different from that of air are measured, Fresnel
reflection occurs at the air/sample-interfaces. This also leads to losses in light, appearing
as a constant absorption in the transmission spectrum. The Fresnel effect is explained in
detail in appendix E.
Although the cross section of the light beam can be reduced to ∼1 mm, it is nonethe-
less preferable to use samples with a minimum diameter of 2 mm or a square surface of
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Figure 3.1: Picture of the Perkin Elmer LAMBDA 650 UV/VIS used for transmission
measurements. The position of the incoming light beams, the sample holder and photode-
tector are indicated. Part of the optical mirrors are visible.

2x2mm2, to prevent losses from light passing outside the sample.

3.2 Light Output (LO) Setup

One of the standard characterization methods for scintillating crystals is the light output
(LO) measurement made to determine the extracted amount of light from the scintillator.
This information is used to compare the performance of different types of scintillators or
to analyze the effects of, e.g. the crystal geometry, its surface treatment and wrapping,
and optical greases (if applied), on the scintillator performance. The LO can further be
taken to calculate the crystal’s intrinsic light yield (discussed in chapter 2.3.1) for which
the light transport efficiency (LTE) of the specific crystal should be known as well. After
all, the intrinsic light yield is a material property.

To measure the LO of a scintillating crystal, one has to excite it with a radioactive
source. This excitation causes the crystal to produce its characteristic scintillation light,
which is consequently detected by a photomultiplier tube (PMT) and converted to an elec-
tric signal. The functioning of the PMT is described in more detail in section 2.4.1. The
electric output is then digitized for computational processing and analyzed by producing
an energy spectrum.

The setup used in this thesis is placed in a light-tight and temperature-controlled box
at a constant temperature of 18±0.5 °C.
For each measurement, the crystal is placed vertically on the entry window of the PMT,
with a black, non-reflective, cover over it to prevent scattered scintillation light from en-
tering the PMT. The radioactive source is then mounted on top of the crystal. This setup
is shown in figure 3.2a.
To prevent unwanted afterglow of the crystal during the measurement and avoid excitation
of the PMT photo-cathode, the light tight box was illuminated with red light during the
necessary handling and manipulations of the apparatus prior to the actual measurement.
The anode signal of the PMT is amplified and digitized by a DT5720A Caen digitizer
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(a)

(b)

Figure 3.2: (a) A PMT in a light yield characterization setup. On top of the PMT a large
trapezoidal crystal is placed, of which the central positioning is ensured by a holder. The
small cylinder on top of the crystal is the Cs radioactive source used in the experiment.
The red light is to ensure lighting without exciting the photo-cathode. (b) A typical light
yield spectrum measured with an LYSO crystal excited by a Cs-137 radioactive source.
In the figure the photo-peak and the compton-edge are shown, as well as the backscatter
peak.

located outside the box. The computer allows to set a threshold and an integration
gate, individually optimized for the various measurements. Software also determines the
pedestal of the signal and subtracts it from the produced energy histogram, which is then
analyzed offline.
Figure 3.2b shows an example of such a histogram, from a light output measurement with
an LYSO crystal.

Among the multiple radioactive sources used for light output measurements, this the-
sis worked only with a 137Cs gamma source for the light output measurements. As the
decay diagram in figure 3.3 shows, the gamma is actually emitted by the excited barium
nucleus, following the β-decay of cesium. The electrons resulting from the β-decay of
cesium are absorbed by the metal casing of the source and are not detected by the scintil-
lator. Radioactive sources are chosen and mounted in such a way so as to avoid pile-up,
predominately observed in measurements with larger crystals.

Figure 3.3: Decay diagram of the Cs-137 isotope.
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Figure 3.4: Measurement (black) and fit (red) of a single photo-electron measurement of a
Hamamatsu R10755 PMT. The single photo-electron peak is assumed to be Gaussian, on
top of an exponential decay from electronic noise. Also the two photo-electron and three
photo-electron peaks are taken into account in the fit.

To get a true account of the light output from a scintillator, it is important that
photodetectors with good linearity are used. This is the reason why typically PMTs are
used for these types of measurements (unlike silicon photomultipliers, known to suffer from
saturation effects). In order to be sure that one eliminates temperature-induced effects,
these measurements are always performed in a temperature controlled environment.

The prominent peak in the histogram shown in figure 3.2b is the so-called photopeak,
characteristic for the mono-energetic gamma emitted by the source. Hence, the center
of the photopeak corresponds to the emitted gamma energy deposited in the crystal. To
convert the number of ADC channels corresponding to the position of the photopeak into
numbers of photons collected, the spectrum needs to be normalized to photons per ADC
channel. There are two approaches to perform this calibration. One way is to use a
reference crystal with its known light output and the second is to determine the single
photoelectron signal, both of which will be discussed below.

The single photoelectron signal is the PMT’s response to one electron that is thermally
liberated from the photocathode and then detected by the anode of the PMT. This method
requires to protect the PMT against any stray light and to use a very low threshold. Figure
3.4 shows an example of such a single photoelectron measurement. Thereafter, the light
output per energy deposited in the scintillator is calculated by [2][3]:

LO =
Npe

QE · Eγ
=

CH

CHspe ·QE · Eγ
(3.1)

where Npe is the number of photoelectrons, QE is the effective quantum efficiency of
the PMT for the produced scintillation light and Eγ the energy of the emitted gamma
(662 keV in the case of 137Cs). CH is the ADC channel of the photopeak position, CHspe

is the ADC channel of the single photoelectron peak position.
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Figure 3.5: Drawing of the time correlated single photon counting (TCSPC) setup, using
an X-ray tube excited by a picosecond laser, hybrid-PMT and a fast TDC. Filters can be
placed in front of the hybrid-PMT.

If, on the other hand, a reference crystal with its known light output is used, first
the photopeak position of the reference crystal and then that of the sample crystal are
measured. In that case, the light output is calculated from:

LO = LOref ·
CH ·QEref · Eγ

ref

CHref ·QE · Eγ
(3.2)

where LOref is the light output of the reference crystal, QEref is the effective quantum
efficiency of the PMT for the scintillation light produced by the reference crystal and Eγ

ref

the energy of the source used for the reference measurement.

When one wants to determine the intrinsic light yield (LYintr) of a scintillator, one
also has to know the light transfer efficiency (LTE) [3], where:

LO = LTE · LYintr (3.3)

There are various ways to determine the LTE, one is by simulating the photon transport
in the crystals. The other method, stemming from the work by Turtos et al. [3], uses
electrons for excitation of the crystal. In this case, the energy deposition of the electrons
is well determined at the entry point of the crystal, contrary to the photons converting
within a certain range inside the crystal.

The light output measurements also allow to determine the energy resolution of the
crystal from the full width at half maximum (FWHM) of the photopeak. It is usually
reported as the percentage of the photopeak position (CH):

Eres =
FWHM

CH
· 100 (3.4)

3.3 Time-correlated single photon counting (TCSPC) setup
with X-ray excitation

The time-correlated single photon counting (TCSPC) measurements are used to determine
the kinetics of the scintillation emission. They show the different decay components and
their abundances in the emission and also provide the rise time of the scintillation signal.
The setup for the TCSPC measurements in this work is shown in figure 3.5. A pulsed laser
excites a Hamamatsu N5085 X-ray tube and simultaneously produces a “start” signal for
a fast 8-ps time resolution time-to-digital converter (TDC), a Cronologic xTDC4. The
resulting X-ray pulses, with an energy of up to 40 keV and a pulse width of ∼50 ps, then
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Figure 3.6: Left: IRF of the Hamamatsu N5084 pulsed x-ray measured with a streak
camera [4]. Right: IRF of the entire TCSPC setup, a convolution of the IRF of the
Hamamatsu N5084 pulsed x-ray and the IRF of the hybrid-PMT measured with a laser.
The IRF of the total system has a FWHM of 162 ps.

excite the scintillator. The produced scintillation light is then detected by a Becker&Hickl
HPK-100-07 hybrid PMT, which serves as the “stop” signal for the TDC. Therefore, ev-
ery time a pulse is generated in the X-ray tube, a time measurement starts and the time
delays of the detected single photon signals in the hybrid PMT are recorded. In this way
the scintillation pulse produced by the scintillator is basically sampled one photon at a
time (see figure A.1 of appendix A). At the end, the measurements produce a time delay
spectrum, resulting from the differences between the laser start signal and the detection of
the first photon by the Hybrid PMT (stop signal). To ensure that only individual photons
are counted, the crystal should be placed sufficiently far away from the hybrid-PMT.
The overall impulse response function (IRF) of the setup, i.e. the intrinsic time response
of the used apparatus, is then a convolution of the measured IRF of both the X-ray tube
and the hybrid-PMT. The IRF of the X-ray tube was measured beforehand with a streak
camera [4], the measurement of which is shown in figure 3.6 left. The IRF of the hybrid-
PMT was measured with the pulsed laser from the TCSPC setup. Both together lead to
a total impulse response function of 162 ps, as shown in figure 3.6 right.
An example of the delay spectrum obtained with this setup was fitted with an exponential
decay function and is shown in figure 3.7. Depending on the sample under investigation,
one determines whether one or more rise- and decay time components need to be used for
the fit.
Since the setup cannot resolve wavelengths of the measured light, the different kinetic
components can only be distinguished by the different decay times. The emission within
certain spectral ranges can however be measured by introducing filters between the scin-
tillator and the hybrid-PMT. The quantum efficiency of the hybrid-PMT HPM-100-07 is
shown by the red curve in figure 3.8. The figure clearly shows that the quantum effi-
ciency is not constant over the hybrid-PMT’s sensitive wavelength range. Since there is
no wavelength information for the different decay components contributing to the emis-
sion kinetics, the abundances of the different components cannot be corrected for their
respective quantum efficiencies. Therefore, when different decay components result from
different wavelength emissions, their abundances could be grossly under- or overestimated.
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Figure 3.7: Example of a TCSPC measurement (blue) of a BaF2 crystal, fitted with triple
exponential decay function (red). The IRF is shown in black and is the same as shown in
figure 3.6 right. The plot on the bottom shows the residual signal after subtraction of the
fit.

Figure 3.8: Quantum efficiency of the Becker&Hickl HPK-100-06 and HPK-100-07 hybrid
PMTs, of which the latter was used for the TCSPC measurements.

31



CHAPTER 3. INSTRUMENTATION AND METHODS

Figure 3.9: Top: General schematics of a CTR setup, based on [6]. Bottom left: Photopeak
selection of the measured events, for both arms of the setup. Bottom right: Gaussian fit
to the delays spectrum, where its full width at half maximum (FWHM) gives the CTR.

3.4 Coincident Time Resolution (CTR) Setup

For timing applications, the coincidence time resolution (CTR) is one of the most impor-
tant characteristics of a crystal. Not only is it intrinsic to the scintillating material itself,
but also influenced by other factors such as crystal geometry and crystal wrapping.
As the name suggests, the CTR is measured with two crystals in coincidence, i.e. opposite
to each other, with the radioactive source between them. To measure coincident back-to-
back mono-energetic photons, typically a 22Na source is used. Owing to their high timing
performance, SiPMs are used to measure the scintillation light for these CTR evaluations.
For best results in terms of both energy resolution and timing, the SiPM output signal
is split into two parts. The first is amplified by an analog operational amplifier to ob-
tain the energy with high precision, as shown in the top part of figure 3.9. The other is
converted to a time stamp of very high precision, read out by the NINO chip [5] or by
a High-Frequency (HF) readout circuit [6]. Both methods are explained in sections 3.4.1
and 3.4.2, respectively. The difference between the time stamps of the two crystals in
coincidence produces a time delay spectrum from which the coincidence time resolution
of the crystals can be derived.

The energies and time delays are analyzed offline. The energies are used to create
an energy spectrum and then select only events from the photopeak for both detector
arms. To do that, the photopeak is fitted with a Gaussian function, as shown in figure 3.9
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Figure 3.10: A histogram with the delays of a CTR measurement of a 2x2x3 mm3 LYSO:Ce
pixel air-coupled to a HPK S13360 SiPM (left) using all the measured events yielding 240 ps
FWHM; and (right) using only photopeak events (between −1.5σ and +2.0σ around the
median of the Gaussian fit to the photopeak) yielding 129 ps FWHM.

bottom left, and the appropriate cuts are applied. The resulting delay spectrum is also
fitted with a Gaussian, as shown in figure 3.9 bottom right, where the full width at half
maximum (FWHM) is commonly defined as the coincidence time resolution (CTR), unlike
the terminology in high energy physics, where the CTR is usually reported in terms of σ.
To convert from FWHM to σ, the expression 2

√

2ln(2) ·σ ≈ 2.355σ is used. Constraining
events to the photopeak region has the advantage of selecting events with most of the
energy deposited inside the crystal and therefore producing the optimum amount of light,
which in turn leads to higher photon statistics and less noise, both being beneficial to high
time resolution. Furthermore, the difference in produced light has an effect on the skew
of the time signal [7] and as such the introduces a jitter in the time stamp determination,
the so-called time walk. This effect can be partly corrected for. The effect of photopeak
selection on the CTR is demonstrated in figure 3.10 for the two cases, both time walk
corrected, where one either takes all the measured events into account (left), leading in
that case to a CTR of 240 ps FWHM, or if one only selects photopeak events (right),
then significantly improving the CTR to less than 130 ps FWHM. Photopeak selection is
particularly important in PET, since the selection of genuine photo-electric events reduces
noise from random and scattered gamma incidences, and as such improves the image qual-
ity.

Typically CTR measurements are done at the lowest possible threshold to be sensitive
to the first arriving photons from the gamma conversion. To asses the optimum threshold,
the CTR is measured within a range of threshold values and plotted as shown in figure
3.11. As the figure shows, the CTR reaches a minimum towards low thresholds until it
deteriorates due to noise. Although the increased CTR value towards higher thresholds
is minimal for measurements with high photostatistics, as is the case in figure 3.11, this
increase can be much steeper in cases where the photostatistics is so low that it has a
significant influence on the CTR. To finally obtain the optimum CTR, the CTR spectrum
is fitted with the following function:

CTRfit(x) =

√

p1xp4 +
p2
xp5

+ p3 (3.5)

where x is the threshold and pn are the fitting parameters. The minimum of this fit gives
the (optimum) CTR. Equation 3.5 is a modification, and as such a refinement, of the
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Figure 3.11: CTR measurement of a 3x3x20 mm3 crystal glycerine coupled to a HPK
S13360-3050 SiPM read out with NINO.

original function 3.6, as it shows better agreement with the data.

CTR(x) =

√

p1x+
p2
x2

+ p3 (3.6)

In both cases the first term represents the jitter in arrival time as a function of threshold,
the second term describes the sensitivity of the CTR to the electronic- and dark noise
when reaching very low threshold values, while p3 is a global offset of the function.

The CTR also improves with a higher bias voltage applied to the SiPM, or rather
overvoltage, i.e. the difference between the nominal bias and the breakdown voltage. The
effect stems from an increase in both the PDE and signal-to-noise ratio of the SiPM in
that regime. The best CTR values are therefore obtained slightly below the regime where
the dark current begins to diverge due to spontaneous breakdowns in the avalanche region
of the SiPMs.
To maintain an acceptable dark count rate in the SiPMs, the CTR is measured in a light-
tight and temperature-controlled box held at a constant temperature of 18 °C±0.5 °C.

3.4.1 NINO Readout

The NINO chip [8] is an ultrafast amplifier-discriminator developed for the ALICE [9]
experiment at CERN. Feeding the analog SiPM signal into the chip, the amplifying stages
saturate and create a square wave when the signal exceeds a threshold determined by the
user; owing to the time-over-threshold method the pulse width then contains information
on the amplitude (and energy) of the signal. However, due to the non-linearity of the
NINO chip, this method of encoding both the energy- and timing information in the same
signal leads to an unwanted degradation of energy resolution at large input signals [5].
This results in a poor photopeak measurement and thereby deteriorates the CTR. To
overcome this drawback, a special readout board was developed by Gundacker [5]. This
board splits the signal from the SiPM into two parts: first, a linear part to be read out
by a high speed operational amplifier to obtain the energy information of the event, and
second the digital path where the signal is fed into the NINO chip to extract the time
stamp. A LeCroy DDA735Zi oscilloscope serves as the data acquisition bench for both
signals. The delay spectrum is derived from the two time stamps after prior selection of
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Figure 3.12: A picture of a CTR setup using NINO boards to read out the SiPMs.

the photoelectric events derived from the analog part.

3.4.2 High-Frequency Readout

The High-frequency (HF) readout was developed by Cates et al. [10] and refined by Gun-
dacker [6] in our group. The high bandwidth of 1.5 GHz of this apparatus allows for higher
signal slew rates [6], being particularly useful for the accurate measurement of the leading
edge position of the pulse and thus the time stamp of the signal.
Like in the NINO readout, the HF-approach also splits the SiPM signal into two parts.
One to serve as the linear analog signal for energy information and the other to deliver
the time stamp.

3.5 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is an imaging technique that uses electrons for the
visualization of the sample. The benefit of using electrons, compared to photons, is that
one can go to much shorter wavelengths and therefore resolve smaller structures in the
sample, even down to the nanometer scale. SEM uses a focused electron beam, scanning
the surface of the sample, as shown in figure 3.13 [11]. The electrons of the beam can
interact in two different ways with the atoms of the sample, i.e. either elastically or inelas-
tically [12]. If the electrons scatter elastically in the sample, they will eventually exit from
the samples’ surface, in which case they are so-called back-scattered. On the other hand,
if the scattering happens inelastically, it causes the electrons to slowly lose their energy
and thus free secondary electrons and X-rays from the sample [12]. Also these electrons
are used as a source for SEM imaging.
The electron beam scans the entire surface and dedicated detectors register the electrons,
either back-scattered or otherwise, at every point of the beam position. This then develops
the final image. It should be noted, that SEM can only image the surface of samples. Fig-
ure 3.14 shows an electron beam creating back-scattered and secondary electrons, together
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Figure 3.13: “Four major electron beam parameters are defined where the electron probe
impinges on the specimen: electron probe diameter dp, electron probe current ip, electron
probe convergence αp, and electron beam accelerating voltage V0.” [11]

Figure 3.14: “Diagram showing backscattered and secondary electron collection of these
signals by the Everhart–Thornley (E–T) detector.” [11]

with a so-called Everhart-Thornley detector collecting their signal [11].

Since the electron beam delivers more electrons than actually being back-scattered or
leaving as secondary electrons, there is a risk that the excess electrons would eventually
charge up the sample [13]. However, if the sample is of conductive material, this charge
can be drained to ground potential. For insulating materials, the accumulation of charge
can go as high as that of the impacting electron beam, giving rise to electrostatic deflection
of the beam itself [13]. These so-called charging effects lead to, among others, distortion of
the image, bright spots and dark halos in the image [13]. To mitigate these image defects,
one commonly deposits a thin conductive layer on the surface of the sample [13].

In this thesis, SEM is used to image the photonic crystal slabs produced on top of
a scintillator surface (chapter 5 and 6). The difficulty of using an electron beam is that
the scintillators, not being conductive, gradually collect charges on their surface, as dis-
cussed above, with the effect of distorting the image. What makes it worse, one cannot
deposit a conductive layer on top of the photonic crystal slab, as this would render the
crystal non-transparent and hence useless for further investigations. To overcome this
effect, conductive tape was applied on all sides of the scintillator, not reaching into the
zone of the photonic crystals. Nonetheless, SEM image quality turned out to be relatively
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poor, but still allowed sufficient inspection of the photonic crystal pattern. The images
produced in this work were taken with several different types of SEMs. All the SEM
images produced at CERN were made with a Carl Zeiss LEO 430 microscope operated by
the EN-MME-MM group of CERN [14]. Most of the images were taken with secondary
electrons detected by an Everhart-Thornley Secondary Electron detector or in some cases
with an InLens detector.
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Chapter 4

Photonic Crystals

Note, sections 4.2.4, 4.3 and 4.5 are based on the publication,“Photonic crystals applied
to inorganic scintillators” by Salomoni and the author of this thesis et al. [1].
As explained in chapter 2, the extraction of the scintillation light is intrinsically limited by
the generally high refractive index of the scintillating crystals. This limitation can partly
be overcome by the use of an optical coupling, e.g. optical grease or glue, attempting to
match, as best as possible, the refractive index of the scintillator with that of the detector
material. However, as explained in chapter 2.3, there still remains a mismatch in refractive
index even when using optical grease. Furthermore, there are situations where it might
not be possible to use a coupling agent at all. In such a scenario photonic crystals can play
an important role, as they have the potential to increase the light extraction efficiency of
inorganic crystals.
This chapter gives an introduction to the principle of photonic crystals (section 4.1) and
a basic understanding of the theoretical background, and finally how they are applied
to scintillators (section 4.2). An important aspect is to review production methods for
photonic crystals (section 4.3) and to give a detailed explanation of the patterning methods
for the produced prototypes (section 4.4). Finally, this chapter (section 4.5) discusses the
simulation algorithms used in this thesis to asses the light extraction potential for different
photonic crystal structures.

4.1 Introducing photonic crystals

Photonic crystals are periodic structures of two or more materials with different dielectric
constants for which the scale of the periodicity is of the order of the wavelength of visible
light. This creates a periodic electromagnetic field in the material that can interact with
light inside the photonic structure. The periodicity of such structures can be one-, two-
or three-dimensional, as illustrated in figure 4.1.

Figure 4.1: From left to right: examples of one-, two- and three dimensional photonic
crystals. Different colors are materials with different refractive indices. Modified from [2].
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Figure 4.2: Left: Peacock feathers show iridescent coloring due to photonc crystal struc-
tures, SEM images taken from Zi et al. [3]. Peackock photo (cut) taken by BS Thurner
Hof (GNU FDL). Right: The morpho butterfly has blue iridescent coloring on the wings
due to tree-shaped photonic crystal structures, clearly visible on TEM images [4].

Figure 4.3: The Emerald Swallowtail is a butterfly with green iridescent colors, that are
produced by photonic crystal structures allowing yellow light to be reflected from the
center and blue light from the sides of the nano-structures [4]. Photo taken by Thomas
Bresson (CC BY 2.0).

Photonic crystal structures are widely found in nature in the form of animal skins and
plant surfaces, known for their iridescent coloring. Peacock feathers are an example of
this effect and, seen under an SEM, show a typical periodic structure which is a photonic
crystal structure (left hand side figure 4.2). Other examples are the wings of Morpho
butterflies (right hand side figure 4.2), showing an even more spectacular, tree-shaped
structure, producing its bright blue iridescent color. Figure 4.3 is a good example of wings
of the Emerald Swallowtail with its microscopic, cup-like structure reflecting yellow light
from the center of the cup and blue light from its sides, adding up to green. Photonic
structures in nature are not only for the purpose of raising attention in wildlife, but also
serve as tools to increase night vision of nocturnal animals where they act as anti-reflective
layers in the case of e.g. moths (left hand side of figure 4.4), or as micro-lenses to focus
light on photosensitive tissue of animals living in dark environments (right hand side of
figure 4.4).

Artificial photonic crystals were first described in 1987 by Yablonovitch [6]. He sug-
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Figure 4.4: Left: Moths have a photonic crystal structures on their eyes, which function as
an anti-reflective layer to help them see at night. SEM images taken from [5]. Photo (cut)
from CSIRO (CC BY 3.0). Right: SEM images of a dorsal arm plate from the brittlestar
Ophiocoma wendtii showing the microlenses. The SEM of an individual lens also shows
the light paths in blue [4]. Photo (cut) from CSIRO (CC BY 3.0).

gested the use of three-dimensional photonic crystals as a means to limit spontaneous
emission in semiconductor lasers, in hetero-junction bipolar transistors and solar cells,
thus improving their performance. The same year, Sajeev published an article on using
three-dimensional photonic crystals to restrict photons from escaping from certain parts
of the photonic structure [7]. Both authors, already then, realized the connection between
the bandgap structures for electrons in semiconductors and for photons in photonic crys-
tals, which will also be discussed in the following sections.

4.2 Photonic crystals: a theoretical approach

4.2.1 The Maxwell equations

To understand the behavior of light, i.e. electromagnetic waves in photonic crystals one
must start with the general description of electromagnetic dynamics. They are described
by the Maxwell equations:

∇×E+
∂B

∂t
= 0 (4.1)

∇×H− ∂D

∂t
= J (4.2)

∇ ·B = 0 (4.3)

∇ ·D = ρ (4.4)

where E and D are the electric and the displacement field, respectively, H and B the
magnetic- and magnetic induction field, ρ the free charge density and J the free current
density. These four equations form the base of electrodynamics and are applicable in al-
most any situation.
Making specific assumptions about the system, these equations can be rewritten into
equation 4.5, the derivation of which can be found in appendix C.

∇×
(

1

ϵ(r)
∇×H(r)

)

= −
(ω

c

)2
H(r) (4.5)

where ω is the frequency of the electromagnetic wave. This equation is called the Helmholtz
equation, useful for the description of the system as an eigenvalue problem to be solved
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Figure 4.5: Square lattice in real space (left ), the corresponding lattice in reciprocal space
(center) and its irreducible Brillouin zone with corners M, K and X (right). The Brillouin
zone in the reciprocal lattice is colored pink, a1 and a2 are the lattice vectors and b1 and
b2 the corresponding reciprocal lattice vectors. Image taken from [8].

for a given dielectric constant ϵ(r):

Θ̂H(r) = −
(ω

c

)2
H(r) (4.6)

With Θ̂F = ∇ ×
(

1
ϵ(r)∇× F

)

, where F is an arbitrary function and Θ̂ a Hermitian op-

erator. The solutions to this eigenvalue problem are the eigenmodes of the system that
describe all the possible waves in the photonic crystal structure.

A similar expression can be derived for E(r), however E(r) can easily be reconstructed
by inserting the solution for H(r) into the following equation:

E (r) =
ı

ωϵ0ϵ (r)
∇×H (r) (4.7)

4.2.2 Introducing periodicity: Bloch modes and band diagrams

As stated in section 4.1, photonic crystals are periodic structures of two or more materials
with different dielectric constants for which the scale of the periodicity is of the order of
the wavelength of visible light. This periodicity can be in 1, 2 or 3 dimensions.
Let’s assume a 2-dimensional photonic crystal, with pillars in a square lattice, as shown
in figure 4.5 (left). The periodicity of the structure is described by two primitive lattice
vectors, a1 = ax̂ and a2 = aŷ, with which the entire lattice can be described. The system
is invariant over translation of any linear combination of these two lattice vectors.
The equivalent of this square lattice in k-space is depicted in figure 4.5 (center) and is
called the reciprocal lattice. As its counterpart in real space, also the reciprocal lattice
has two reciprocal lattice vectors; b1 = 2π

a x̂ and b2 = 2π
a ŷ, with ai · bj = 2πδi,j where

δi,j is the Kronecker delta. Again, the system is invariant under translation of any linear
combination of these two reciprocal lattice vectors. This also indicates that the entire
lattice can be constructed by taking only a small part of the lattice and translating it over
linear combinations of the reciprocal lattice vectors only. The smallest piece of the lattice
with which it is possible to reconstruct the entire lattice, is called the Brillouin zone and
is indicated in figure 4.5 (center) in pink. Still, there is a smaller part of the lattice that
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already contains all the information of the entire lattice, which then can reconstruct the
entire lattice by mirroring it and/or translating it over linear combinations of the recipro-
cal lattice vectors. This part of the lattice is called the irreducible Brillouin zone and is
indicated in blue in figure 4.5 center and right.

In the previous section a differential equation for a general system has been derived
without any specification for the dielectric constant ϵ(r) of the material. However, photonic
crystals introduce the following constraint:

ϵ(r) = ϵ(r+R) (4.8)

where R is a linear combination of primitive lattice vectors:

R = C1a1 + C2a2 (4.9)

with C1, C2 ∈ Z. Bloch’s theorem states that in this case, the solutions to the differential
equation 4.5 have the following shape:

Hk = uk(r)e
−ık·r (4.10)

where uk(r) is a function with the same periodicity as the dielectric constant:

uk(r+R) = uk(r) (4.11)

for any linear combination R = C1a1 + C2a2. The solutions of equation 4.10 are called
Bloch states, showing the same periodicity as the medium in which they exist. Insert-
ing equation 4.10 into the Helmholtz equation 4.5 makes the eigenvalue problem change
slightly, in the following way [9]:

∇× 1

ϵ(r)
∇× eık·ruk(r) =

(

ω(k)

c

)2

eık·ruk(r) (4.12)

(ık+∇)× 1

ϵ(r)
(ık+∇)× uk(r) =

(

ω(k)

c

)2

uk(r) (4.13)

Θ̂kuk(r) =

(

ω(k)

c

)2

uk(r) (4.14)

with Θ̂kF = (ık+∇) × 1
ϵ(r) (ık+∇) × F . Now, the eigenvalue problem has been con-

verted into one for uk. Since uk is a periodic function where the Brillouin zone contains
the information of the entire function, solving the eigenvalue problem can be restricted to
this Brillouin zone. As a consequence, the solution to the problem leads to a discrete spec-
trum of degenerate eigenvalues [9] yielding an infinite set of modes with discretely spaced
frequencies [9], for which each mode gives a continuous dispersion function dependent on
k and which can be labeled by m ∈ Z indicating its mode. For further reading on solving
the Helmholtz equation and examples, the reader is referred to [9], [10] and [11].
The ensemble of the modes for all the eigenvalues of the system defines the band struc-
ture of a photonic crystal. It can be plotted as a function of k//, with k// being the wave
vector in the two-dimensional plane that contains the periodicity. This plot then creates
the band gap diagram. The most efficient way of containing all the information in the
plot is to follow k// over the three points, Γ, M and X, of the irreducible Brillouin zone
as shown on the right hand side of figure 4.5. The left plot in figure 4.6 shows an example
with a two dimensional photonic crystal consisting of pillars in a square lattice.
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Figure 4.6: Left: Band diagram of a 2D photonic crystal of pillars in a square lattice
(lower right, in green) in air. k// lies in the plane in which the periodicity of the photonic
crystal is contained. Image taken from [9]. Right: Band diagram for a photonic crystal
slab with pillars in a square lattice (upper right corner, in green) suspended in air. The
purple shaded area represents the light cone, i.e. modes in this region propagate into the
air. Below the light cone are the modes localized in the slab. Image taken from [9].

4.2.3 Photonic crystal slabs: towards light extraction

To improve the extraction of light from inorganic scintillating crystals, this thesis in-
vestigates the potential of so-called photonic crystal slabs. These slabs are similar to
two-dimensional photonic crystal structures, however, instead of having a constant value
of the dielectric constant in the third dimension, i.e. ϵ(x, y) ẑ = constant for any
z ∈ R, their periodic structure extends only over a limited region into the z-direction,
i.e. ϵ(x, y, z) ẑ = constant but only for 0 < z < l, with l being the physical thickness of
the slab.
Because of this additional restriction to the eigenvalue problem in equation 4.14, the solu-
tions and thus the band structure of the system are different. The resulting band structure,
assuming the entire slab suspended in air, is visualized in the right plot of figure 4.6. Since
the slab has a limited thickness there is a light cone indicating the modes that can prop-
agate into air, also called “leaky” modes. It is through these modes, that light extraction
from a scintillator can be enhanced.
Now consider an inorganic scintillator with a photonic crystal slab on the readout face.
The k// component of the electromagnetic waves (light) inside the scintillator, reaching
the slab interface from outside the extraction cone, will couple to the degenerate modes
km,// = k// +mG, with mG any linear combination of reciprocal lattice vectors. From
these modes, the leaky ones still radiate into the ambient medium.

To explain the effect of a photonic crystal slab on light extraction from high refractive
index (RI) material in a more comprehensive way, first let’s consider the situation of an
inorganic scintillator, with RI=nsc, surrounded by a (ambient) material with RI=nam.
In the scintillator, an electromagnetic wave (light) with the wave vector k reaches the
scintillator readout face. When the electromagnetic wave passes the scintillator-ambient
interface, the component of its wave vector parallel to the interface, kin,//, is conserved.
Therefore:

kout,// = kin,// = k// (4.15)
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Figure 4.7: K-space diagrams of electromagnetic waves travelling inside a scintillator
(n=1.8) entering a scintillator/air interface, from inside (left) and from outside (right)
the extraction cone. The radius of the k-space half-sphere of the incoming wave is given
by its wave number |k| = nsc|k0| and the one of the outgoing wave is determined by
conservation of energy to be |k| = nam|k0|. The position of the outgoing wave on the cor-
responding half-sphere is determined by the condition that k// is conserved, in the right
diagram there is no position following this condition on the outgoing k-space half-sphere.
The red lines show the limits of the extraction cone.

The conservation of k// and the conservation of energy, expressed by:

E = ℏω = ℏ c k0 = ℏ c
|k|
n

= ℏ c

√

(k⊥)
2 + |k//|
n

(4.16)

with k0 the wave number in vacuum, lead to an expression for the transverse component
kout,⊥ of the wave vector:

kout,⊥ =

√

n2
ambω

2

c2
− |k//| (4.17)

Therefore, |k//| > n2
ambω

2/c2 leads to an imaginary value for kout,⊥, meaning that the
electromagnetic wave is evanescent as it decays exponentially into the ambient medium,
i.e. it does not effectively travel outside the crystal, but rather is reflected into the scin-
tillator; it is outside the extraction cone.
The effect of equations 4.15-4.17 is shown in figure 4.7, containing 2 two-dimensional k-
vector diagrams illustrating the available states in k-space for light from inside- (left) and
outside (right) the extraction cone. It shows the situation at the scintillator-ambient in-
terface with the two half-spheres of the available states in k-space corresponding to the
incoming and outgoing electromagnetic wave. The radius of the half-sphere of the incom-
ing wave (solid circle) is given by its wave number |k| = nsc|k0| and the one of the outgoing
wave (dashed circle) is determined by conservation of energy to be |k| = nam|k0|.
For the case of light being inside the extraction cone, and under the condition that k//

is conserved, one can easily determine the position of the k-vector on the outgoing half-
sphere, as well as its outgoing angle θout (see figure 4.7 left). On the other hand, the right
diagram in figure 4.7 shows that, for light from outside the extraction cone, there is no
state for the k-vector on the outgoing k-sphere that satisfies the above condition of k//

being conserved.
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Figure 4.8: k-space diagram of an electromagnetic wave travelling inside a scintillator
(n=1.8) and entering a scintillator-air interface with a photonic crystal structure. Left:
the transverse view of the crystal geometry, with its corresponding k-space vectors; right:
projection of the same geometry.

Figure 4.8 left shows the same situation for light outside the extraction cone, however,
this time where a photonic crystal slab, with reciprocal lattice vectors |Gx| = |Gy| = G,
is present at the interface. Without the photonic crystal layer all light from outside the
extraction cone would be back reflected into the scintillator, as illustrated in figure 4.7
right. In this case, however, the photonic crystal slab enables part of the wave with k//,
although outside the extraction cone, to couple to degenerate modes with a parallel com-
ponent of the wave vector k// + mG in the slab. Some of these modes correspond to a
state on the outgoing k-sphere and as such propagate into the ambient medium. Figure
4.8 right shows the same space-diagram from the top. The black solid circle represents
the k-space half-sphere of the incoming electromagnetic wave from the scintillator and
the green arrow is its k//. The dashed black circle corresponds to the available states
in air for the outgoing wave. The brown vector is the k// of the outgoing wave prior to
coupling to any of the degenerate modes. Since it lies outside the dashed black sphere,
it is consequently back reflected into the scintillator. As shown in figure 4.8 right, part
of this outgoing wave couples to the degenerate modes with k// +mG, some of which lie
inside the dashed black circle, i.e. they escape from the crystal.

One should be aware that, while electromagnetic waves from outside the extraction
cone can couple with harmonics from the photonic crystal slab of which some can still
propagate into air, the opposite can also happen. Waves from inside the extraction cone
that would normally be extracted completely can also couple to harmonics in the photonic
crystal slab placing them, now, outside the extraction cone. This effect decreases the light
extraction from the scintillator. Therefore, a proper balance has to be found between
an increase in mode-extraction from outside the extraction cone and a decrease of light
extraction from inside the extraction cone.

4.2.4 Conical structures: a different approach

While the photonic crystals can be used to diffract light, both inside and outside the
extraction cone, there is also another approach: the anti-reflective coating. The anti-
reflective coating does not increase extraction of light from outside the extraction cone,
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but it eliminates Fresnel reflection (appendix E) for light from inside the extraction cone,
improving the net light extraction. This anti-reflective behavior of the so called moth-eye
structures, inspired by nature, is achieved by their conical shape, with a high aspect ratio
and a sub-wavelength periodicity, creating a gradient in refractive index between the high-
and low RI medium [12]. This effectively matches the RI of both media.
Though the refractive index of scintillators is much larger than that of air, e.g. in the
case of LYSO the RI=1.8, the gain in extracted light that can be obtained by defying
Fresnel reflection is limited. When using conical structures with a periodicity larger than
the wavelength of the scintillation light, the structure will both exhibit index matching
behavior of the anti-reflective coating and diffraction behavior as described before.

4.2.5 Improved light extraction from inorganic scintillators: the impor-
tance of the refractive index

One approach to increase light extraction is to engineer the photonic structure of high
refractive index, to benefit most from its diffracting behavior [13]. In the case of index
matching, the optimum is to design an effective refractive index at the scintillator surface
that matches that of the scintillator bulk material itself. For a photonic crystal slab of
cones with a period equal to their base diameter imprinted on a LYSO scintillator with
RI=1.8, that optimal refractive index would be 2.0, see appendix D for details. In the
case that the cones’ diameter is smaller than their pitch, this leads to an increase of the
optimal refractive index.
It is also important to consider absorption in the photonic crystal material, which is ex-
pressed by the imaginary part of the refractive index. One could wonder whether the
absorption in a material whose thickness is of the scale of the wavelength of the light itself
is still important. The answer to this is found in the wave functions of the electromagnetic
waves themselves. Consider a Bloch state in a photonic crystal with complex refractive
index n′ = n+ ın′′:

Hk ∝ A0 eık·r = A0 eın
′k0·r = A0 e−ı(n+ın′′)k0·r = A0 e−n′′k0·reınk0·r (4.18)

This leads to an expression where one factorizes out the real and imaginary part of the
field Hk. Or, in other words, with a real amplitude:

A(r) = A0 e−n′′k0·r (4.19)

leading to the following expression for the amplitude of the electromagnetic wave after
traveling over a distance d:

A(d) = A0 e−n′′k0d = A0e
−2n′′πd/λ (4.20)

with λ the wavelength of the electromagnetic wave. This expression shows that the imag-
inary part of the refractive index introduces a damping factor reducing the amplitude
of the electromagnetic wave exponentially over distance. As such, the absorption of the
photonic crystal slab is significant despite its small thickness being only of the order of
the wavelength of light.

4.3 Production methods for photonic crystals

In the beginning of the sixties of the last century, the first integrated circuits were pro-
duced using contact- or imprint lithography. A so-called mask was produced by cutting a
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piece of blue-light-blocking plastic sheet to the desired shape, which was then repeatedly
exposed to a photosensitive polymer on top of a layer of chromium on a large quartz plate
[14]. Afterwards, the plate would be developed and the chromium etched away to obtain
what is called the mask. After making usable copies of these masks, they were directly
placed on top of a resist film to stamp the desired pattern. Patterns that were produced
at that time only had a resolution of the order of 10 µm [14]. Ever since, the micro- and
nano-electronics industry has been pushing the limits of these techniques, mainly invest-
ing in optical lithography for its high throughput, and electron- and laser lithography to
develop the high resolution masks needed for optical lithography. Quickly, this high-tech
industry was able to develop and improve new techniques, leading to structures at the
scale of 20 nm with high throughput.

Even though nano-patterning techniques are well established today in nano-electronics
industry, these processes generally need adjustments and further improvements to be ap-
plicable to the patterning on inorganic scintillators. The most common issues encountered
when transferring these techniques to inorganic scintillators are either intrinsic to the
scintillator material itself or simply due to technical issues linked to the handling of the
equipment. An example of such an intrinsic issue is that inorganic scintillator surfaces
easily charge up by the electron beam during the lithography process as they are highly
non-conductive in contrast to silicon wafers. This effect leads to defects and a notable
reduction in feature resolution. As described in [15], a thin conductive layer on the sur-
face of the scintillator could alleviate this problem by sufficiently reducing the charging
effect. Another common problem, though more on the technical side, is that scintillators
of half a centimeter or more in size simply do not fit into the patterning equipment usually
designed for thin silicon wafers.
There are methods that allow direct imprint of the photonic layer onto the scintillator.
On the other hand, other imprint methods use an intermediate production step, where the
material needed for the photonic structure production is deposited on top of the final layer
to be imprinted. Therefore, the intermediate pattern needs to be transferred to the final
material, usually achieved through etching techniques. Skills in transferring the pattern
are equally important as the patterning itself. The resistance of the material chosen for
the first imprinting step to the etching process and the resistance of the material where
the pattern will be transferred to, both largely decide how high the nano-structures can
be made and to what feature resolution, in all dimensions. Furthermore, if the pattern is
to be produced on thick, non-conductive, scintillating crystal material, this causes extra
challenges in terms of electrostatic distortion in the development of the etching process.
For further explanations on etching techniques the reader is referred to [16].

4.3.1 Optical Lithography

As mentioned before, optical lithography has received its main focus in the micron- and
deep submicron-electronics industry, particularly for high-density chip manufacture. This
is because of its facility to pattern large surfaces in one go and the ease of producing a
large number of surfaces using masks that can be re-used many times in this contactless
patterning method. Sometimes a mask is not even required. As a result, this is a highly
developed technology in terms of high resolution and high throughput.
There are multiple optical lithography techniques, such as optical projection lithography
and light interference lithography, all being discussed below.
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Figure 4.9: Schematic overview optical projection lithography [17].

4.3.1.1 Optical Projection Lithography

In optical projection lithography, a mask with a copy of the final pattern is used to project
light on a photosensitive resist, thus developing it. After the resist is sufficiently devel-
oped, the pattern can be transferred to another layer, whether the final or intermediate
layer, through reactive ion etching. Figure 4.9 illustrates this process. A large surface is
illuminated with the required pattern in one step, which makes this technique intrinsically
fast and attractive. The production time is mainly limited by the exposure time needed
for the resists [14]. On the other hand, the needed masks are expensive to fabricate, and
also the optical system needed for the lithography process is rather costly, therefore this
method has its merits only if large quantities of patterns are required [18].
The resolution of the pattern is mainly limited by the wavelength of the used light [14],
but also by the numerical aperture [2]. To increase the resolution, a shorter wavelength
and larger aperture can be used, while the depth of focus has to be maintained. For
this purpose, deep UV patterning techniques have already been developed in the early
’90s, where wavelengths down to 193 nm could be used. The development of immersion
lithography permitted even further increases in numerical aperture, with a maximum of
1.35 [19][18]. This led to a maximum patterning resolution of ∼36 nm [19]. More recent
developments, using extreme UV light at 13.5 nm, enabled the production of structures
with a state-of-the-art feature resolution of <20 nm [19].

4.3.1.2 Light Interference Lithography

In light interference lithography the final pattern is created by an interference pattern of
multiple coherent light beams. Depending on the desired pattern, the light beams create
the interference pattern either without the need of a mask or by passing through simple
masks, as illustrated by figure 4.10.
The masks used in this technology, if ever needed, are much simpler to fabricate than the
type of masks needed in optical projection lithography. This makes the production of the
masks much less expensive, therefore rendering this patterning technique generally more
cost effective than optical projection lithography (section 4.3.1.1), while still benefiting
from re-using the mask and illuminating large surfaces in one go. Note also that the
optics used in interference lithography systems are usually less expensive than those for
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Figure 4.10: Schematic overview optical projection lithography [20].

projection lithography.
A principal drawback of this technique, however, is that patterns are limited to periodical
structures of lines or dots [18]. Since photonic crystal patterns are effectively such periodic
structures, this patterning method could still open up cost effective solutions for producing
photonic crystal slabs, even at large quantities.

4.3.2 Scanning beam lithography

4.3.2.1 Electron-beam lithography

Electron beam (e-beam) lithography was first developed in 1960 [21] and based on the
same principle as scanning electron microscopy (SEM) (section 3.5), but using higher en-
ergies. A focused electron beam is used to expose a resist to be developed after using
chemical methods. Depending on the used tone of the resist, positive or negative, the
chemical development either washes away the areas that are exposed by the e-beam, or
those that have not been exposed, respectively. Usually reactive ion etching is used at a
third step to transfer the pattern to the final layer (note: there are also other techniques
for the transfer of the pattern, see reference [21]).
Since this lithography method uses electrons instead of light, the resolution of the pat-
terning is not limited by the wavelength of the light. Therefore, this method can produce
patterns with much higher structure resolution compared to the different types of light
lithography discussed above. Electron beam lithography provides the highest resolution
of all lithography methods, limited mainly by electron scattering in the resist layer, but
still resulting in a maximum resolution of a few nanometers [21].
Since the pattern is directly engraved into the resist by the focused e-beam, one does not
need a (expensive) mask in this process. This also gives the freedom to produce patterns
of any desired shape.
On the other hand, this patterning technique is intrinsically slow, for only one single elec-
tron beam is able to scan the entire surface to be imprinted. Even if the surface is of the
order of only 1 mm2 this process may take the order of days, depending on the desired
feature size of the pattern. Another limitation to the writing speed is Coulomb scattering
of the electrons in the resist, which effectively defocuses the e-beam and thus prohibits an
increase in applied beam currents. Also, the resists made for higher resolution and higher
aspect ratios in the final pattern, require a longer beam exposure time. In summary,
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Figure 4.11: PhCs produced with e-beam lithography in (Si3N4) on a scintillator [15].

this patterning technique is very time consuming and hence very expensive. Attempts
to circumvent some of these intrinsic limitations, such as implementing multiple e-beams,
turned out to be rather unsuccessful until now [14]. Nonetheless, e-beam lithography re-
mains an interesting technology for prototyping samples with highest required resolution.
In view of the high costs and long production times, this technique is not scalable to large
surfaces and/or large amounts of samples. It has, however, been used for the production
of the first photonic crystal slabs tested by the Crystal Clear group at CERN and in
collaboration with the Lyon Institute of Nanotechnology (INL) [22]. Figure 4.11 shows
a UV-excited photo of the various photonic slabs produced on a scintillator, denoted as
P1-P6, with their corresponding SEM images showing the details of the pattern.

4.3.2.2 Focused ion-beam lithography

The focused ion-beam (FIB) lithograph in fact can be used either as a microscope op-
erating at low energy and as a milling machine when it operates at higher energies, as
illustrated on the left hand side of figure 4.12.
Ions do not exhibit space charge effects as strongly as electrons do and therefore in prin-
ciple ion-beam lithography is capable of patterning with even higher resolution and in a
shorter time. One very significant advantage of ion-beam lithography, as compared to
e-beam lithography, is that the ion-beam can be used as a direct imprinting tool, meaning
that it can carve the pattern directly into the final photonic crystal layer. This one-step
process, called milling, makes it substantially faster and less prone to defects compared to
e-beam lithography. One should bare in mind, however, that although faster than e-beam
lithography, ion-beam lithography is still limited by low speeds and high costs, and should
therefore be reserved to prototyping at highest precision.
First samples with this production method were produced on thin LYSO slices by Mod-
rzynski et al. [23]. This thesis investigated the method after having produced a photonic
crystal slab of holes in a layer of TiO2 on the readout surface of a small LYSO pixel of
3x3x15 mm3. A first visual inspection of the crystal and the subsequent transmission- and
light yield measurements, however, revealed an unexpected loss in transparency of the
crystal with its photonic layer. Upon further investigation made with energy-dispersive
X-ray analysis during SEM, it was found that gallium ions from the ion-beam were im-
planted involuntarily in the TiO2 layer causing the high absorption of light (see right
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Figure 4.12: Left: Focused beam of gallium ions milling a small hole in the sample. The
material of the sample leaves the hole in the form of secondary ions (i+ or i-) or neutral
atoms [23]. Right: Energy-dispersive X-ray spectrum of part of the with FIB imprinted
TiO2 slab on a 3x3x15 mm3 LYSO cube, showing 5.94% presence of gallium atoms. The
top right corner shows the studied surface (two different zooms).

hand of figure 4.12). Therefore, it was concluded that, at first hand, gallium-based FIB is
not suitable for the production of photonic slabs for applications on scintillating crystals.
Instead Xenon-based FIB was suggested, however, still not guaranteeing the absence of
implantation of these ions into the substrate. More research is therefore needed to mitigate
the implantation of beam ions while maintaining an efficient milling process for optical
applications.

4.3.3 Nano-imprint lithography

Contrary to the patterning techniques discussed before, nano-imprint lithography does not
rely on radiation to imprint a pattern, but rather makes use of mechanical deformation
by pressing a stamp into a resist material. Therefore, in nano-imprint lithography a
high-resolution stamp or mask needs to be produced beforehand. The resist can be a
thermoplastic, photo- or thermally curable layer [14].
In case of a thermoplastic resist, the resist is deposited as a solid layer on the surface
of the substrate. Then the stamp is placed on this layer, with heat and high pressure
applied [14] [24]. The heat makes the resist melt, while the pressure of the stamp ensures
it to penetrate completely into the structure of the mold, which then engraves the pattern
into the resist. Thereafter, the sample is cooled to solidify the resist. In the case of a
curable resist, the layer applied to the substrate is a liquid, therefore only low pressure is
needed to imprint the pattern with the stamp. After placing the stamp in contact with
the resist, the layer is cured by heat or UV light or a combination of the two. This reduces
the mechanical stress on the stamp and also avoids high temperatures that could cause
damage to the sample.
Since the success of the nano-imprint lithography is completely dependent on the quality of
the stamp, the main limitation for the resolution of the obtained structure is the resolution
of that stamp. This is an advantage over the imprinting techniques based on radiation.
Another advantage is the possibility to fairly easily produce 3D structures like pyramids
or cones. Furthermore, the technique is very fast since it can imprint the entire surface of
several square centimeters in one step. Unlike the previous techniques using beams, this
process is scalable, in other words it is capable of imprinting large amounts of scintillator
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Figure 4.13: Illustration of the patterning process with the NanoFrazor [25], which imple-
ments thermal scanning probe lithography. It can image the produced patter during the
patterning process and as such can compensate for upcoming patterning defects.

surfaces with a single stamp without resorting to time consuming alignment processes
[14][18][24]. This type of imprinting can be used in two different ways. One possibility is
to imprint an intermediate layer to be used as a mask for etching and then to transfer the
pattern to the final material. The other possibility is to directly stamp the pattern into
the final layer [14].
Although being scalable, the production of the stamp itself is still a time consuming and
costly process, this being most likely the main drawback of this technique. Also, the
mask will eventually wear out and get damaged because of its repeated contact with the
substrates, and at some point, will have to be replaced [14] [18]. There are, however,
means to produce inexpensive replicas of a master stamp. This partly compensates the
production costs.

4.3.4 Scanning probe lithography

Scanning probe lithography is a technique where a mechanical probe is used to scan the
surface and either add or carve away material on the surface. In this way a nanopat-
tern can be created with high resolution. Yet, like scanning beam lithography techniques,
scanning probe lithography faces the challenge of throughput. The technique is limited
by the time the probe needs to interact with the material to be patterned. As a result,
the patterning speed is comparable to that of e.g. an ion-beam. It is possible however to
produce 3D structures with this technique. This would make it interesting for prototyping
and also research on more complex photonic crystal structures.
An example of a commercially available scanning probe lithography device is the NanoFra-
zor, developed by SwissLitho and now in possession of Heidelberg Instruments [26]. This
is a thermal scanning probe. It uses an atomic force microscope (AFM) cantilever to scan
the surface to be patterned. Thereby, the cantilever is heated and thus melts away the
resist where desired. While moving forward and being hot, the cantilever patterns the
resist and, by moving backwards without being heated, it images and verifies via its AFM
capabilities the pattern it had just engraved. This twofold functionality of the NanoFra-
zor is illustrated in figure 4.13. The system is rather simple, at least compared to e-beam
lithography, for it does not need high beam currents or a vacuum environment. Another
advantage over e-beam lithography is that patterns with smoother edges can be produced
[27], however in only one available resist, i.e. polyphthalaldehyde (PPA). This constraint
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Figure 4.14: “The image was taken on a Zeiss LSM NLO system using a Nikon D1X digital
camera. The sample is a dilute fluorescine solution in a quartz cuvette. No image manip-
ulation was performed (except for creating the magnified insert).” Left: “The scanning
blue (488nm) laser excites an entire column of sample.” Right: “The scanning IR pulse
laser (Zeiss NLO system) excites only a small spot of sample. ” [29]

is the main limitation of this patterning device as far as our applications are concerned,
because the pattern would have to be transferred to another layer, e.g. TiO2 or Si3N4, the
latter of which being commonly used. However, since the etching selectivity between PPA
and Si3N4 is limited, only allow structures of up to ∼300 nm height can be built [28]. On
the other hand, what makes this lithography method stand out positively compared to
the others is its ability to produce more complex photonic structures that e.g. take into
account the internal light distribution in the scintillator across the readout surface. This
optimizes light extraction, particularly at the edges of the scintillator.

4.3.5 Two-photon lithography

Two-photon lithography is a method where two laser beams are used to directly imprint
a photosensitive layer. Since this method works with overlapping beams and since the
development of the photosensitive material only occurs at the crossing of the two beams,
one can produce complex 3D structures with high resolution. This is the same principle
which two-photon microscopy relies on, as illustrated in figure 4.14. A single-photon beam
makes an exposure all the way along the beam, strongest at the focal spot if there is one,
whereas the two-photon method provides exposure only at the spot where the two beams
overlap. This, by principle, gives the highest resolution in all three dimensions from the
exposure to the photons.
An example of an industrially available device is the Nanoscribe, produced by the company
of the same name, a spin-off of Karlsruhe Institute of Technology [30]. It is principally
a 3D-printer using two photon beams with a wavelength of 780 nm (NIR) [31] allow-
ing, by the principle of 2-photon absorption, the polymerization of UV sensitive resins
(780/2 = 390 nm) [32]. The parts of the resin that are exposed to the laser spot where
the two-photon absorption takes place, polymerize and thus become solid. After washing
away the unexposed resin the designed nano- (or micro-) structure is left. The size of the
photonic structures needed for enhanced light extraction from the crystals is probably at
the limits of the device’s capabilities.
After the production of a structure other materials can be deposited on the resin, using
e.g. atomic layer deposition, chemical- or physical vapor deposition, galvanization or elec-
troplating [33]. This is specifically interesting when structures with high refractive indices
are required, since in general the resins are limited to materials with a refractive index of
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Figure 4.15: Photonic crystals produced with self-assembly of polystyrene nanospheres
and a deposited conformal layer of TiO2.(a) Schematic illustration of the photonic crystal
structures covered on the surface of scintillator. (b), (c) SEM images of photonic crystal
structures on the surface of LYSO scintillators A and B, respectively [36].

below 1.8 [34]. An example would be to deposit a TiO2 layer on the resin structure [34].
Unfortunately, the resins used in the Nanoscribe machine absorb light emitted from
L(Y)SO scintillation. To avoid this absorption in or near the emission of L(Y)SO, not
only a different polymerization resin must be used, but also the entire NIR laser system
with its wavelength of 780 nm must be replaced. Another way to circumvent this issue
is to deposit another material on top of the resin structure and thereafter burn away the
resin via oxygen plasma etching [35]. What still needs to be investigated is how small these
structures can be made with this capability, as well as the scalability of the production
method.

4.3.6 Self-Assembly

Self-assembly is an interesting field of research that investigates the spontaneous organiza-
tion of nano-elements, either guided or non-guided. This is attractive as it gives rise to a
relatively simple and cost-effective way to produce nanostructures, incomparably cheaper
than to conventional lithography methods [18]. The real challenge with this structuring
technique is to controlling the self-assembly process as the technique is relatively prone
to defects such as voids and clusters in the pattern. Control of the self-assembly, i.e. en-
suring that the process preferably starts from only one nucleation center and progresses
homogeneously over the entire sample, is the key to sample quality.
One example is colloidal lithography with polystyrene nano-spheres, where first a mono-
layer of nanospheres is deposited on a surface to be patterned, usually via the Langmuir-
Bodgett process [37]. This is a relatively simple method to obtain a monolayer of nanospheres
that will arrange themselves in a hexagonal lattice. Thereafter, the layer is treated with
a plasma in order to shrink the nanospheres to the desired dimension [13] [38]. If this is
to be used as a mask for etching, one can then deposit a mask-specific material layer on
top of these nanospheres. Then, the nanospheres are removed via lift-off leaving behind
a hard mask with hexagonally arranged holes, an example of which is given in [13]. An-
other approach is to use the nano-spheres directly as an etching mask, resulting in a final
structure of pillars in a hexagonal lattice. However, since polystyrene nanospheres are not
very resistant to reactive ion etching, only structures with very low aspect ratios can be
produced. To overcome this problem, either the produced structures need to be treated for
further grow (as explained in [38]) or nanospheres made from a different material, being
more resistant to the etching process, need to be used.
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Figure 4.16: SEM images of (a) an AAO layer, (b) an AAO + 10 nm Al2O3, (c) an AAO
+ 20 nm Al2O3 and (d) an AAO + 20 nm T iO2 [39].

Another application variant of self-assembly is to use the deposited nanospheres directly
as photonic structures. For this option to work, the nanospheres need to be made of high
refractive index, such as TiO2. Alternatively, one can deposit a high refractive index layer,
again of e.g. TiO2, on top of the nano-spheres. An example of this is given in [36] and is
shown in figure 4.15.
A completely different approach to self-assembly is to produce via anodization a layer

of nanoporous material on a scintillator. This is a purely electro-chemical process. The
original material is kept in an acidic solution while applying an electrical bias, resulting
in self-ordered, nanometer-scale pores in the material. The work of [39] [40] describe such
a process for the anodization of aluminum oxide and [41] [42] that of titanium oxide. The
challenge of this process is to produce a homogeneous distribution of pores with diameters
of equal size. The clear advantages of this method are its high speed and low cost, making
it very attractive for large surface patterning [39]. An example of a photonic crystal slab
of nanoporous aluminum oxide produced with this method is shown in figure 4.16.

4.3.7 Summary production methods

Table 4.1 gives an overview of the before-discussed production methods for photonic crys-
tals.

56



T
a
b
le

4.
1:

S
u
m
m
a
ry

of
p
ro
d
u
ct
io
n
m
et
h
o
d
s
fo
r
p
h
ot
on

ic
cr
y
st
al

p
ro
d
u
ct
io
n
on

in
or
ga

n
ic

sc
in
ti
ll
at
or
s.

M
et
h
o
d

P
os
it
iv
e
fe
at
u
re
s

N
eg
at
iv
e
fe
at
u
re
s

O
p
ti
ca
l
P
ro
je
ct
io
n
L
it
h
og

ra
p
h
y

H
ig
h
fe
at
u
re

re
so
lu
ti
on

V
er
y
ex
p
en

si
ve

L
ar
ge

ch
oi
ce

of
p
at
te
rn
s

R
el
at
iv
el
y
fa
st

L
ig
h
t
In
te
rf
er
en

ce
L
it
h
o
g
ra
p
h
y

H
ig
h
fe
at
u
re

re
so
lu
ti
on

L
im

it
ed

ch
oi
ce

of
p
at
te
rn
s

R
el
at
iv
el
y
fa
st

R
el
at
iv
el
y
ch
ea
p

E
le
ct
ro
n
-B

ea
m

li
th
o
gr
ap

h
y

H
ig
h
fe
at
u
re

re
so
lu
ti
on

V
er
y
ex
p
en

si
ve

L
ar
ge

ch
oi
ce

of
p
at
te
rn
s

V
er
y
sl
ow

F
o
cu

se
d
Io
n
-B

ea
m

L
it
h
og

ra
p
h
y

H
ig
h
fe
at
u
re

re
so
lu
ti
on

E
x
p
en

si
ve

L
ar
ge

ch
oi
ce

of
p
at
te
rn
s

S
lo
w

P
os
si
b
il
it
y
of

on
e-
st
ep

p
at
te
rn
in
g

Im
p
la
n
ta
ti
on

/l
ig
h
t
ab

so
rp
ti
on

is
su
es

N
an

o-
Im

p
ri
n
t
L
it
h
og

ra
p
h
y

R
el
at
iv
el
y
fa
st

“M
as
te
r
st
am

p
”
is

ex
p
en

si
ve

R
el
at
iv
el
y
ch
ea
p

C
h
oi
ce

of
p
at
te
rn
s

P
os
si
b
il
it
y
of

on
e-
st
ep

p
at
te
rn
in
g

S
ca
n
n
in
g
P
ro
b
e
L
it
h
o
gr
a
p
h
y

L
ar
ge

ch
oi
ce

of
(c
om

p
le
x
)
p
at
te
rn
s

S
lo
w

Q
u
al
it
y
co
n
tr
ol

d
u
ri
n
g
p
at
te
rn
in
g

L
im

it
ed

in
p
at
te
rn

h
ei
gh

t
L
ib
er
ty

to
ch
an

ge
p
at
te
rn

ac
ro
ss

su
rf
ac
e

T
w
o
-P

h
ot
on

L
it
h
og

ra
p
h
y

L
ar
ge

ch
oi
ce

of
(3
D
)
p
at
te
rn
s

L
im

it
ed

fe
at
u
re

re
so
lu
ti
on

M
u
ch

p
ro
ce
ss

d
ev
el
op

m
en
t
n
ee
d
ed

/
to
o
ex
p
er
im

en
ta
l

S
el
f-
A
ss
em

b
ly

E
x
tr
em

el
y
ch
ea
p

L
it
tl
e
ch
oi
ce

p
at
te
rn
s

E
x
tr
em

el
y
fa
st

D
ef
ec
t-
se
n
si
ti
ve

57



CHAPTER 4. PHOTONIC CRYSTALS

Figure 4.17: Processing steps in nano-imprint lithography: (1) LYSO scintillator with
subsequent layers of TiO2, aluminum, and a resist deposited on its surface. (2) A stamp
imprints the pattern into the resist. (3) The pattern in the resist is transferred to the
aluminum through wet-etching. (4) The imprinted aluminum layer is used as hard mask
for the dry-etching process. (5) Dry-etching of the TiO2 transfers the Al-pattern to the
TiO2. (6) The hard mask is removed and the TiO2 is imprinted with its final pattern.

4.4 Detailed description of production methods used for
prototypes in this thesis

The next two chapters of this thesis present prototypes of photonic crystal slabs produced
on scintillators. The photonic nanopatterns discussed there were produced from three
different lithography methods, specifically developed for nano-imprinting on full-sized in-
organic scintillating crystals:

• nano-imprint lithography

• sol-gel lithography

• UV-cured nano-imprint lithography

It is these three methods that are explained in detail in the following three subsections.

4.4.1 Detailed description of nano-imprint lithography

This production method is described as a sequence of the following six steps (see also
figure 4.17):

1. i. First, a 300 nm layer of TiO2 is sputtered on the readout surface of the scintil-
lating crystal;

ii. thereafter a layer of aluminum (Al) is deposited on the TiO2 coating;

iii. and then a resist applied on top of these.

This is the combined layer into which the desired pattern will be imprinted via the
nano-imprint lithographic process. This is shown in step 1 of figure 4.17.

2. A stamp, which is replicated from a master mold, is then used to imprint its pattern
into the resist layer (step 2 of figure 4.17). The master mold itself is produced
beforehand via e-beam lithography.

3. After having imprinted the resist, the pattern is transferred to the aluminum layer
via wet-etching (step 3 of figure 4.17), the results of which...

4. is the pattern left in the aluminum (step 4 of figure 4.17).
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5. This patterned aluminum layer then serves as a hard mask for the dry-etching of the
TiO2 layer (step 5 of figure 4.17).

6. In this way, the final patterned layer is produced on the scintillator (step 6 of figure
4.17).

The stamp can be as large as to imprint in one step an entire crystal surface as large as
5x5 cm2.
An important aspect if not a challenge with this method is to ensure a homogeneous layer
of TiO2 on the crystal surface, but moreover uniform etching over the entire surface of the
bulk scintillator without distortions.

4.4.2 Detailed description of sol-gel lithography

The second lithography method discussed in detail in here, is the so-called sol-gel lithogra-
phy, which is a type of soft nano-imprint lithography. The strong benefit of this production
method is that the pattern be directly stamped into the final layer. This being a soft layer,
a liquid solution or so-called sol, is cured to transform it to gel, which in the end after
second stage curing becomes a solid.
The sol-gel method discussed here is based on the formation of inorganic polymers from a
“precursor” [43]. To produce e.g. a layer of TiO2, such a precursor would be Ti(OC3H7)4
called tetraisopropyl orthotitanate (TIPT), see figure 4.18 (a), an alkoxide precursor. The
different steps of the sol-gel process are summarized in figure 4.18 (b).
The above mentioned precursor is added to a solution of alcohol (or another organic

solvent), water and a catalyst. In a sequence of hydrolysis and condensation reactions,
polymer chains start to form in the solution. These reactions take place at room tem-
perature. Then, longer polymer chains are form while the sol is transforming into a dry
so-called xerogel, either at room temperature or in an accelerated fashion at higher tem-
peratures. While changing from solution to xerogel, the volume of the layer reduces by
a factor 5 to 10. This xerogel is still a relatively porous substance and has to be cured
either by heat or by UV light to form a final stable layer. If a TiO2 sol-gel is used, the
last step can be obtained by heating the layer to 450◦ or higher, which makes the xerogel
to become denser and to crystallize into the desired TiO2 layer. After the stamp was
applied to the sol-gel layer, while still being soft, the final layer will be nano-structured.
During the sol-gel processing steps the layer does not only become denser, but also its re-
fractive index increases and, at the same time, the structure shrinks. While the obtained
increase in refractive index is beneficial for our applications, excessive shrinkage of the
structure has the opposite effect, therefore necessitating a proper balance between the two
by controlling the duration of the heating process.

(a) (b)

Figure 4.18: (a) “Topological formula of TIPT” (tetraisopropyl orthotitanate) [43], sol-gel
precursor of TiO2. (b) “Sol-gel steps from a sol to a dense oxide-film.” [43]
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Figure 4.19: The different steps in UV nano-imprint lithography (UV-NIL) [46].

4.4.3 Detailed description of UV-cured nano-imprint lithography

In the framework of this thesis, this technology was selected for reasons of low produc-
tion costs and the ease of handling soft polymers with the additional feature of being
UV-curable. This production method was developed in the frame-work of a cooperation
between the CERN-based Crystal Clear Laboratory, the US-based Radiation Monitoring
Devices, Inc. (RMD) [44] and A-Beam Technologies [45].
Since polymers with sufficiently high refractive index are not commercially available [46],
A-beam Technologies was able to develop one polymer with a relatively high refractive
index of 1.82 that is curable with UV-light and transparent to the emission spectrum of
LYSO. This polymer, prior to UV-curing, was imprinted by a patterned stamp pressed
into it. This stamp is a reproduction, or replica, of a “master” stamp that is produced
via interference lithography on silicon, whose production is rather expensive. Multiple
replicas can then be made from the master stamp into quartz. The benefit of this method
is that (1) several replicated stamps can be produced from the master and (2) that they
are transparent to UV-light, a feature allowing to cure the polymer while the stamp is
still in place. Furthermore, in this way the expensive master stamp will be subject to less
wear, prolonging its lifetime.
Figure 4.19 illustrates the three production steps:

1. The UV-transparent stamp is pressed into the polymer layer, transferring the opted
pattern into the polymer.

2. UV-light is used to cure the polymer, while the stamp is still embedded in the
polymer layer.

3. After the polymer layer has turned solid, the stamp is removed.

4.5 Simulation framework

The parameters of a photonic crystal slab need to be chosen appropriately in order to
enhance the light extraction from the scintillator. If chosen poorly, it might even result
in a significant decrease in the extracted light. To understand the right values of the pa-
rameters, such as the period, diameter, and height of nanostructures, that are usually also
strongly limited by production capabilities, one needs to perform simulations to assess the
corresponding photonic behavior.
Several simulation tools are available for the simulation of photonic crystals like, one of
which is CAMFR (CAvity Modelling FRamework) [47]. However, there is no one tool
that can simulate the photonic crystal slab and the scintillation behavior within one single
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Figure 4.20: Two structures defined in CAMFR: pillars in a square lattice (left), cones in
a hexagonal lattice (right), shown from the top (top) and from the side (bottom).

code [1][48]. Therefore, a combination of two simulation tools has been chosen. Therefore,
in this thesis, CAMFR [47] was used for the calculation of the photon transmission by the
photonic crystal slabs, whereas Geant4 [49] was teh tool to calculate the interaction of the
incoming gammas with the scintillator material, as well for the production and transport
of the scintillation photons in the crystal.

4.5.1 Simulating photonic crystals:
CAvity Modelling FRamework (CAMFR)

The cavity modelling framework (CAMFR) [47] was developed in the Photonics Research
Group at the University of Ghent, with P. Bienstmann as the main investigator. It is
freely available under the GNU general public license, but at this moment not maintained
any longer. CAMFR is a Maxwell solver using eigenvalue expansion methods in the
frequency domain. As such, this simulation tool can calculate the behavior of photonic
crystal slabs much faster than tools relying on e.g. finite-difference time-domain (FDTD)
methods. Nonetheless, CAMFR was proven to be consistent with FDTD methods [50]. It
is specially designed for the simulation of optical devices, although in principle it could
solve any electromagnetic system. CAMFR implements C, C++ and Fortran libraries to
calculate electromagnetic (EM) field expansion, which, relying on Python ‘wrap’ functions,
are still accessible while having a convenient and user friendly Python interface. To define
the structure of a slab, CAMFR gives the freedom to describe only a part of the total
structure, which then, by infinite repetition, models the entire structure. CAMFR also
needs, as input, the scintillator material on which the slab is located and from where the
scintillation light is impinging on the slab, plus the ambient environment into which part
of the light is extracted by the slab. Part of the work in this context was to to define
sample structures as e.g. shown in figure 4.20. To calculate the behavior of a photonic
crystal slab, this thesis descretized the volume of the structure under investigation into
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Figure 4.21: Simulated gain in light extraction from a scintillator with a nanostructured
readout face, including different amounts of orders (blue squares) and corresponding sim-
ulation times (orange rhombus).

layered stacks, where inside each layer the scattering matrix method was applied for a
given frequency using the mode matching principle [51]. The behavior of the slab is only
calculated for one wavelength and k-vector, to be set by the author. The thesis also has to
specify the order of the calculations; the higher the order, the more eigenmodes are to be
calculated leading to a more precise result. However, the computing time also increases
rapidly with the amount of modes, as depicted in figure 4.21. Figure 4.22 gives an example
of the calculated transmission of a photonic pattern compared to a flat surface. One
significant limitation of CAMFR is that, up until now, it was not possible to extract the
information on the reflected and diffracted angles of the outgoing electromagnetic waves.
Functions in the software that are made to access this information are not implemented.
As such it is only possible to extract information on the amount of light that is either
transmitted or reflected back into the crystal by the photonic crystal slab. The result
of the CAMFR simulation gives a list of transmission factors for every impinging angle
on the photonic crystal slab. While the simulation tool can in principle be used for the
simulation of any kind of periodic, even 3D, pattern, for the application of scintillating
crystals and considering the limitations of the production methods the main geometries
to be simulated are pillars, holes or cones in a square- or triangular lattice.

4.5.2 Simulating photon generation and transport in scintillators: Geant4

Geant4, which stands for geometry and tracking, is a Monte Carlo simulator toolkit devel-
oped by the RD44 collaboration at CERN and is now maintained by the Geant4 Collabo-
ration at CERN [49]. This kit was developed in a C++ object-oriented environment and
is freely available under the Geant4 software license [52]. Originally developed for high
energy physics, as well as for nuclear- and accelerator physics, the Geant4 toolkit can also
be used for applications in medical physics, radiation science, space science or in fact in
any situation where ionising particles interact with matter. It has been widely expanded
over the years and today constitutes one of the most comprehensive simulation codes of
its kind. The toolkit comes with an extensive library of material properties ready to be
used in the simulations. Users can also define their own materials or material properties.
For the modelling of scintillating crystals, Geant4 can be used for the simulation of gamma
interactions in the scintillator and the creation and transport of optical (scintillation)
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Figure 4.22: Example of a simulated transmission of a nanopattern from a medium with
RI=1.82 to air, compared to a flat surface.

Figure 4.23: Representation of the UNIFIED model of Geant4, describing optical interfaces
between different media. [1]
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photons up to the point where they reach the readout interface with the PhC slab. The
important parameters that were implemented for the simulation of the system are:

• the refractive index of all the materials involved, i.e. crystal bulk, surrounding
medium, wrapping, optical coupling, and everything else that could interact with
the optical photons as a function of the wavelength;

• the crystal emission wavelength and absorption spectrum;

• the surface state of the crystal, i.e. σα parameter and different types of reflections;

• energy and direction of the incoming gamma rays, as well as the density of the
scintillator defining the stopping power;

• reflectivity of the surrounding materials.

As shown in figure 4.23, the surface roughness of a crystal is described by the parameter
σα (pink angle), that defines a Gaussian distribution with σα as its sigma. For each
impinging photon Geant4 chooses a random angle within the σα distribution, thus defining
the corresponding microfacet tilted with the chosen angle from which the photon is either
reflected or refracted. Large σαs produce large fluctuations of microfacets. As seen in the
figure, there are several types of lobes, the width of each represents the probability range
of their particular reflection or refraction:

- orange lobe: reflection from the microfacet

- red lobe: reflection from the original flat surface

- grey lobe: Lambertian diffusion

- yellow lobe: back scattering

- green lobe: refraction by the microfacet

Geant4 allows for an easy implementation of all these parameters. As mentioned before, a
principle drawback of Geant4 is that it treats optical photons as particles and as such does
not take into account the wave behavior of the photons interacting with the nano-patterned
slab on the scintillator’s readout face. However, there is the possibility to measure optical
properties of a surface separately and include them into the Geant4 simulation through
the means of look-up tables [53][54].

4.5.3 Combining scintillator and photonic crystals: the full simulation

To simulate the full system of gamma radiation exciting a scintillator and to model the
production and transport of scintillation light in the scintillator and consequently the light
interaction with the photonic crystal layer, this thesis has made use of both Geant4 and
CAMFR. To approaches to address the full system simulation were made: (1) let CAMFR
simulate and provide the transmission and reflection features of the photonic crystal slab
and save this information in a look-up table that will be used as an additional library in
Geant4 or, (2) to simulate first the scintillator properties with Geant4, so as to create the
angular distribution of the scintillation light when it arrives at the readout surface. It is
this information then, that is used as input for the CAMFR simulation, which in turn
resumes the calculation for the portions of light that are extracted or reflected back into
the scintillator due to the presence of the photonic structure. In this thesis, the latter
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Figure 4.24: Simulation of the combined CAMFR and Geant4 tool, of a 600 nm high
structure of cones in a hexagonal lattice. Left: Transmission plot with internal angular
distribution of light at the readout face of the scintillator (blue), the extracted part without
(green) and with photonic crystal slab (red). Right: Contour plot with gain in light
extraction for different base diameters and the pitches of the structure.

approach was chosen.
As discussed before, Geant4 simulates the internal angular light distribution only for those
photons that reach the readout face of the scintillator for the first time. This scenario and
the amount of photons transmitted by the photonic crystal slab, as calculated by CAMFR,
are then used to make a comparison of light extraction with and without a photonic crys-
tal structure. In other words, photons that have undergone multiple reflections inside the
scintillator and reach again the readout face, are not taken into account for this compari-
son. This was deemed a fair representation of a situation where e.g. black paint is applied
to all scintillator walls except for the readout face. It can also be seen as an acceptable
approximation for the case where no wrapping is used (a naked crystal). In general, the
wavelength for both the Geant4 and the CAMFR simulation is chosen to be the maximum
of the emission spectrum of the simulated scintillator. Every CAMFR simulation is done
for a cycle of different k-vectors and then averaged to create the final transmission per in-
cident angle, in order to best simulate the isotropically emitted light from the scintillator.
An example of a result from a combined Geant4-CAMFR simulation is shown in the left
hand plot of figure 4.24. Note, however, that when the crystal is wrapped with a reflector,
e.g. Teflon, the combined simulation package of Geant4 and CAMFR reaches its limits to
correctly model the behavior of the system.
The advantage of this dual approach is that the author could independently optimize

CAMFR parameters, such as slab height, structure diameter and periodicity, while using
each time the same Geant4 results as input. Figure 4.24, right, gives an example of an op-
timization of the periodicity and diameter of cones in a hexagonal photonic lattice, shown
as a contour plot of achievable light gain.
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Chapter 5

Photonic Crystal Slabs for
TurboPET: Improving a PET
Scanner

Part of the research discussed in this chapter has been presented in a poster titled “Im-
proved Light Extraction Efficiency on two-inch LYSO with Nanopatterned TiO2 Photonic
Crystals” by Zanettini et al., presented at the 2016 IEEE conference in Strasbourg, France
[1].

As discussed in chapter 4 of this thesis, photonic crystals can be used to enhance the
light extraction from inorganic scintillating crystals. This could improve the performance
of the detector in which these crystals are used as active medium [1][2][3].
This chapter discusses the production of photonic crystals on large monolithic scintillators.
As discussed before, the goal was to increase the light output, as well as to measure its
influence on the energy resolution of the scintillator. At the end, the aim was to produce
12 scintillating crystals to be deployed in a complete PET system dedicated to breast
imaging and to assess its performance. The photonic crystals have been produced in the
framework of the European Eurostars Project TurboPET, which is explained in section
5.1. The photonic crystals were produced with two different production methods: nano-
imprint lithography, as detailed in section 4.4.1, and sol-gel lithography, as explained in
section 4.4.2. The work presented here was a joint effort of members of the CERN-based
crystal clear group in particular with M. Salomoni [4].

5.1 The TurboPET project

TurboPET was Eurostars project N◦ E8974, co-funded by the European’s Union Horizon
2020 Framework Program and the Eureka Member States. The execution of the project
was in collaboration with CERN, the University of Troyes, Napa-technologies [5] (for the
production of photonic crystals) and Oncovision [6] (a commercial producer of PET scan-
ners) and the Centre Hôpitalier Universitair Vaudois (CHUV) in Lausanne. The project
started in December 2014 and ended in April 2018.
The objective of TurboPET was to create a new generation of PET scanners targeting
breast cancer, with very high sensitivity and resolution. The idea behind was to improve
on an existing device produced by Oncovision, called MAMMI PET [7]. The improve-
ment entailed the addition of a photonic crystal slab on the readout face of the existing
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scintillating crystals of the scanner. This method was chosen to enhance light extraction
and therefore increase the overall performance of the scanner.
Therefore, the project focused on the following tasks:

• Develop a nanolithography method to imprint large surfaces.

• Advance this technology such that it can be applied to inorganic scintillating crystals,
with the ultimate goal of imprinting large and thick crystals.

• Design a suitable nanopattern that facilitates light extraction from the imprinted
crystals to be used in the MAMMI PET.

• Produce 12 such scintillating crystals to be used in the scanner.

• Assemble the PET scanner with these new crystals and assess its performance with
phantoms.

• The ultimate goal being a clinical trial with this new PET device and the evaluation
of its performance under clinical conditions.

Therefore, the project was divided into the following work packages:

WP1: Feasibility and specifications;

WP2: Simulation of photonic solutions;

WP3: Nanopatterning of crystals;

WP4: Functional characterization;

WP5: Implementation in a prototype TurboPET;

WP6: Tests and validation of a pilot TurboPET;

WP7 Project management.

CERN’s contribution in this work comprised WP1, WP2 and WP4.
This chapter focuses on WP2 and WP4, where the author of this thesis was predomi-
nantly involved, but also reports on the results from her participation in the phantom
measurements performed at the Oncovision manufacturing plant.

5.1.1 MAMMI PET and TurboPET

Today, X-ray imaging is still the standard anatomical method for the detection and screen-
ing of breast cancer, with MRI being reserved for specific patient groups. The advantage
of PET in tumor imaging stems from the metabolic information resulting from the uptake
of the radioactive tracer in the region of interest, leading to a significant increase in de-
tection sensitivity with respect to the former methods.
The Oncovision MAMMI PET [7] is a breast-dedicated PET scanner, shown in figure
5.1. The patient is in prone position on a bed with a hole, allowing the breast under
investigation to be examined underneath, as shown in figure 5.1(a). The actual imaging
PET ring is then placed around the breast, as illustrated in figure 5.1(b). The original
Oncovision scanner has a spatial resolution of as high as 1.6 mm [8], an acquisition time
of 5-16 minutes [8] and delivers a comparatively low patient dose of ∼4mCi [10]. As figure
5.2(a) shows, the PET scanner significantly reduces the false positives produced by the
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(a) (b)

Figure 5.1: The MAMMI PET scanner produced by Oncovision. (a) The patient is placed
on a bed with her breast positioned in a hollow cylinder underneath a hole in the bed [8].
(b) The ring of the actual PET scanner is placed around the cylinder underneath the bed
[9].

MRI, thus clearly identifying the cancerous region in the breast tissue. On the other hand
figure 5.2(b) demonstrates the shortcomings of traditional X-ray imaging delivering false
negatives, to be resolved only by a PET scan.

The scanner consists of two coplanar rings, both of them equipped with 12 equidistantly
placed crystals. This is shown in figure 5.3 for MAMMI PET, here without its protective
casing.
The scintillators used for this scanner are large trapezoidal LYSO crystals with its larger
face of 50x50 mm2, its smaller face of 40x40 mm2 and a thickness of 15 mm. This means
that the scanner uses large monolithic crystals, contrary to the commonly implemented
smaller pixel-type crystal arrays. The crystals are then arranged such that dead space is
minimized and sensitivity optimized [11]. The larger crystal face is used as the readout
face, and is polished and air-coupled to a Hamamatsu position-sensitive PMT (PSPMT)
H8500 having 8 x 8(= 64) anodes. The other faces are depolished and black-painted so as
to reduce reflections inside the crystal, allowing the calculation of the gamma interaction
point inside the crystal [11]. This is done in the following way:
Each time an event is detected by the PSPMT, the position of the interaction in the crystal
can be determined in two ways [11].

1. The x- and y-position of the gamma impact is calculated from the centroid
of the light beam as measured by the segmented anode of the PSPMT.

2. The z-position, the in-depth of the impact, is a function of the radius of the
light spot on the readout face, as detected by the PSPMT; in other words, a
large spot indicates an impact remote from the PMT and a smaller spot an
impact nearer to the PMT.

The MAMMI PET is a perfect test bench for the TurboPET project, for the following
reasons:
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(a)

(b)

Figure 5.2: Comparing breast images obtained with a MAMMI PET scanner to other
imaging techniques. (a) An MRI image and a MAMMI PET image of the same breast are
compared. The MRI image shows multiple suspicious regions, while the MAMMI PET
image shows that only one of them is a tumor [8]. (b) An X-ray image and a MAMMI
PET image of the same breast are compared. The X-ray image does not show specific
suspicious regions, while the MAMMI PET image clearly shows a tumor [8].

• It is a clinically available PET scanner.

• It has two identical rings, where, for the sake of comparison, one could be
replaced with enhanced scintillator crystals without changing anything else.
The fact that the MAMMI PET scanner is an approved clinical device enables
to validate the new configuration directly in a clinical environment.

• Furthermore, since the scintillator surface is relatively large, edge effects in
the deposition of the TiO2 layer and during the patterning process are less
significant.

• In order to benefit from the same algorithms that determine the gamma in-
teraction point, the nanopatterned crystals, replacing the standard crystals,
would also be painted black and read out without optical coupling grease.
Such a configuration would produce the ideal scenario for the testing of pho-
tonic crystals.

5.2 Introduction to the patterning of photonic crystals for
TurboPET

To understand and produce the optimal photonic patterns, simulations are an impor-
tant tool to predict their possible performance before engaging in the production process.
Thereafter, prototypes and selective samples were characterized in terms of light output.

According to what was explained in terms of the simulation tools in section 4.5.1, such
calculations were also made for the TurboPET project. As such, Geant4 was used for
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Figure 5.3: The PET ring in the MAMMI PET, without its plastic casing, consisting of
two ring on top of each other, each with 12 scintillating crystals.

Figure 5.4: The MAMMI crystal, a trapezoidal LYSO crystal, with a 50x50 mm2 and a
40x40 mm2 face and a thickness of 15 mm.

the simulation of the internal light distribution in the trapezoidal LYSO crystal (figure
5.4), and CAMFR to calculate the effect of the photonic crystal layers for the final light
extraction. From these simulations one can derive the net effect of the nanopattern on
the readout efficiency as compared to a non-patterned crystal surface. Since the emphasis
is on the first light incidence at the readout surface of the crystal, these simulations can
be directly compared with the MAMMI crystals, offering the same scenario for the light
extraction as they are depolished and black-painted.

Photonic crystal slabs have been produced both on the 15 mm thick MAMMI crystals
and on thinner, 12 mm thick, crystals used in the so-called Albira PET scanner from the
same manufacturer. Note, the geometrical difference between the MAMMI and Albira
crystals was found to be negligible for the type of light output measurements that have
been performed in this work. The simulation work provided the input to the manufacture
of four different prototypes with four different patterns, from which the best pattern was
selected to become the optimum pattern for the production of the 12 new crystals for
TurboPET. All patterned crystals have been evaluated in the following way:
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- Visual inspection; that is to spot gross defects on the patterned crystal
surface.

- SEM imaging; this is to determine at the nanoscale (a) the shape of the
produced nanostructure and (b) to identify defects.

- Light output measurement, with air-coupling, using the Hamamatsu R10755
PMT setup (datasheet in appendix H), with its advantage of being able to
accommodate large crystals of a 50x50 mm2 readout face.

5.3 Prototypes produced with nano-imprint lithography

At the beginning of the TurboPET project the nano-imprint lithography (NIL) method,
as explained in section 4.4.1, was still under development. This method allows one to
produce a photonic crystal pattern of pillars arranged in a square lattice, as shown in
figure 5.5a. The pillars are produced from TiO2, with a refractive index of 2.4.

5.3.1 Simulations for optimization of lattice parameters

The first set of simulations was used to predict the best possible pattern for the nano-
imprint lithography method, aiming for a pillar height of 300 nm. This height is con-
strained by the thickness of the TiO2 layer that needs to be deposited on the scintillator
before the patterning can start. Given the fixed pillar height, simulations then focus on
finding the best diameter and periodicity of the pattern. The results of these simulations
are shown in figure 5.5b. The outcome of this is that the optimum gain in light yield is
obtained when a pillar diameter of 450 nm and a pitch of 670 nm are used. The gain in
light extraction is then a factor of 1.7.

5.3.2 Characterization of prototypes

These parameters, derived from the simulations, have then been taken as input for the
production of the stamps needed for the actual lithography process. Photonic prototypes
produced by this imprint lithography process were manufactures on two Albira crystals,
34LYSO85-3 and 34LYSO85-4. Note, although the same stamp with the given physical
parameters of the pattern has been use, the variables controlling the etching process leave
room for optimizing each pattern on a given crystal. This can result in patterns that are
not necessarily the ones prescribed by the simulation
From the photos in figures 5.6a and 5.6b, and judging from the iridescence emanating from
the surface, one can deduce two things. First, the patterning does not extend over the
entire surface of the crystal, i.e. all the way up to the edges, and second that the pattern
itself is not perfectly homogeneous over the entire patterned region. To investigate this
further, SEM images were made of the two crystals the results of which are shown in
figures 5.7a and 5.7b. Although the same stamp is used for the two crystals, the resulting
final patterns are clearly not the same. For crystal number 34LYSO85-3, the SEM images
show a pillar diameter of 600 nm, not being the prescribed diameter of 450 nm, albeit
with a correct periodicity of 670 nm.
In case of the 34LYSO85-4 crystal, the etching parameters were different from those of
the other crystal, leading to a pattern of excessively thick pillars, being so large that
they effectively touch each other and thus make the pattern appear as holes, as seen in
figure 5.7b. The SEM images prove our previous observations that the patterns are not
homogeneous.

76



(a)

(b)

Figure 5.5: (a) Schematics of a nano-pattern with pillars in a square lattice. The diameter
(d), period (p) and height (h) of the pattern have been indicated. (b) Optimization of
period (p) and diameter (d) of a TiO2 (RI=2.4) nano-pattern of pillars in a square lattice,
with a height of 300 nm, on a MAMMI crystal.

(a) (b)

Figure 5.6: (a) Surface of the 34LYSO85-3 Albira crystal after undergoing nano-imprinting
with nano-imprint lithography. (b) Surface of the 34LYSO85-4 Albira crystal after under-
going nano-imprinting with nano-imprint lithography.
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(a) (b)

Figure 5.7: (a) SEM image of the 34LYSO85-3 Albira crystal after undergoing nano-
imprinting with nano-imprint lithography. The tilted image on the top right corner was
taken from a piece that was broken of the the crystal. (b) SEM image of the 34LYSO85-4
Albira crystal after undergoing nano-imprinting with nano-imprint lithography.

(a)

(b)

Figure 5.8: (a) Schematics of a nano-pattern with holes in a square lattice. (b) SEM image
of the 34LYSO85-3 crystal. It was attempted to imprint pillars in a square lattice, since
the diameter of the pillars is large, the pattern resembles a pattern of holes in a square
lattice.

5.3.2.1 Readjustment of parameters in the simulations in view of the pro-
duced patterns

As stated before, crystal 34LYSO85-3, has pillars of 600 nm diameter instead of 450 nm,
the difference of which needs to be taken into account in the calculations for the expected
gain in light output. As in figure 5.5b, the simulations with this new geometry predict a
light gain of 1.4 instead of 1.7 found previously for optimum performance.

For crystal 34LYSO85-4 the apparent pattern as shown by the SEM is so different
from that of the other crystal that rather a new set of simulations with more than just
a single adjustment as above is needed in order to understand whatever light gain could
be expected from such a structure. The result of this turned out as a gain being close to
1.1, as marked by a read circle in the contour plot of figure 5.9. Nonetheless, with the
new set of simulations in hand, the author was curious to see what a pattern of “holes”
with yet the correct periodicity and diameter might yield in terms of light output. For
such a pattern of “holes”, the contour plot in figure 5.9 indicates a light gain of ∼ 1.4,
demonstrating that also a pattern of holes can be an option for a photonic crystal.
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Figure 5.9: Optimization of period (p) and diameter (d) of holes in a square lattice, in
a 300 nm thick TiO2 (RI=2.4) layer, on a MAMMI crystal. The red circle shows the
parameters for the pattern on the sample in figure 5.8 (b).

5.3.2.2 Measurement of light output and energy resolution

The two crystals, 34LYSO85-3 and 34LYSO85-4, have undergone light output measure-
ments with the setup described in section 3.2. Figure 5.10 shows an example of a light
output measurement with crystal 34LYSO85-3, before and after nanostructuring.
The first crystal, 34LYSO85-3, has an effective gain in light output of 1.34, compared to
a simulated gain of 1.4. The measured gain of 1.34 should have led to an improvement in
energy resolution by a factor of

√
1.34 = 1.16, whereas in fact the measured energy resolu-

tion showed a deterioration by a factor of 1.28. This is attributed to the inhomogeneities
of the pattern itself.
Despite its anomalies, the other crystal produced a light gain of 1.19. This is not com-
pletely in line with the simulated gain, owing to the fact that the simulation was based on
round shaped holes rather than the irregularly shaped holes as seen in the actual pattern.
Also the fact that the energy resolution degraded by a factor of 1.33, despite this small
light gain, is seen as a result from the inhomogeneities of the pattern.

5.4 Prototypes produced with sol-gel lithography

Relatively late into the project, the sol-gel production method, still under development,
was added to the program. With its few production steps, as explained in 4.4.2, this
method is fast and intrinsically safer. This process produces cones made of TiO2 in a
hexagonal lattice, as shown in figure 5.11a.

5.4.1 Simulated optimization of lattice parameters

Since the engraved patterns on the available stamps for this process have a periodicity
of 1000 nm, the simulations have taken this as a fixed value. As explained before, a
change in cone diameter and height goes hand in hand with a change in refractive index.
The producers estimated a linear correlation between structure size and refractive index.
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Figure 5.10: Examples of a light output measurement with crystal 34LYSO85-3, before
and after nanostructuring.

(a)

(b)

Figure 5.11: (a) Cones in a hexagonal lattice, as can be produced with the sol-gel produc-
tion method. Periodicity (p), height (h) and diameter (d) are indicated in the image. (b)
Optimization of the refractive index of the with sol-gel produced TiO2 nano-structure.
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(a) 31LYSO-10 (b) 31LYSO-11

Figure 5.12: Surface of the two MAMMI crystals after undergoing nano-imprinting with
sol-gel lithography.

Table 5.1 shows the relationship between the measured refractive index (RI) and the

Table 5.1: Produced TiO2 sol-gel patterns and their measured parameters.

Refractive Index Period (nm) Height (nm) Diameter (nm)

1.8 1000 1000 600
2.4 1000 600 300

corresponding structures of two test patterns. From this information one can derive the
height and diameter as a function of RI in the following way:

height = 0.67 · (1.8−RI) + 1.00 = 2.2− 0.67RI (5.1)

diameter = 0.50 · (1.8−RI) + 0.60 = 1.5− 0.5RI (5.2)

This is used as input for the simulations where only the RI has been taken as variable
parameter in the optimization. The results of these are illustrated in figure 5.11b. As
indicated by the green dot in the graph, the maximum expected gain in light output
under the given constraints is 1.35, where the refractive index of 1.9 gives a cone diameter
of 550 nm and a cone height of 933 nm. It is clear that a higher refractive index, which
is usually desired for the studied application, does not always guarantee a higher light
extraction. While a higher refractive index is commonly favored for better light extraction,
the simulations for this structure show an optimum in light output at cone sizes where
the refractive index is not the highest. As a conclusion, larger cone sizes lead to higher
light extraction from a scintillator despite a lower refractive index.

5.4.2 Characterization of prototypes

Two prototype MAMMI crystals, named crystal 31LYSO-10 and crystal 31LYSO-11, were
imprinted from two different stamps, both produced via self-assembly (with its inherent de-
ficiency to provide a perfect periodic pattern to begin with). Unfortunately, this produces
only a locally regular periodicity, whereas global periodicity is not maintained, appearing
as multiple clusters of locally regular structures grown together. Still, it is expected that
this does not significantly affect the light output as long as the local periodicity is pre-
served over several wavelengths.

81



CHAPTER 5. PHOTONIC CRYSTAL SLABS FOR TURBOPET

(a) 31LYSO-10

(b) 31LYSO-11

Figure 5.13: SEM images of the nano-pattern on the two MAMMI crystals, 31LYSO-10
(left) and 31LYSO-11 (right), after undergoing nano-imprinting with sol-gel lithography.

Figures 5.12a and 5.12b show images of the surfaces of the two MAMMI crystals after
their imprint. The surface of both crystals shows iridescent coloring over the entire sur-
face, all the way up to the crystal edges. This indicates a very homogeneous nanopattern
across the entire surface. Both crystals, nonetheless, exhibit a few minor defects shown
as dark spots and, besides that, a stain can be seen in the center of crystal 31LYSO-10
(figure 5.12a).

Figure 5.13a is an SEM image of the patterned 31LYSO-10 crystal. The tilted image
on the right hand side of figure 5.13a shows cones with a bumpy, non-pointed structure.
There is good local periodicity as shown by the light blue circle in figure 5.13a. Thus
periodicity extends over a large region, nonetheless with a few visible defects to be seen
inside the yellow squares of the image. In that case, the pronounced bumps of the oth-
erwise intact structure seem to be deflated. The pitch of the bumps was measured to be
1000 nm, their base diameter to 450 nm and their average height to 300 nm.

Figure 5.13b is an SEM image of the other patterned crystal (crystal 31LYSO-11). In
its tilted view on the right hand side one can see that in this case the cones are longer and
more pointed, sitting on a pedestal-like base above the crystal surface, becoming more
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Figure 5.14: Twice the same zoom of SEM images of the nano-pattern on crystal 31LYSO-
11, after undergoing nano-imprinting with sol-gel lithography. Right image indicates
pedestal-like base of the cones.

visible in a zoomed section of the surface shown in figure 5.14. Again, the blue circle
indicates a section of good local periodicity, however extending over shorter distances as
compared to the 31LYSO-10 crystal. The right-hand image shows many cone-vacancies in
the nanolattice, which as mentioned before are attributed to the imperfect mask originating
from the self-assembly process. The periodicity in this crystal is again found to be 1000 nm,
while the base diameter was 300 nm and the average height 600 nm. Details are given in
figure 5.14.

5.4.2.1 Simulations of produced patterns

The cones produced on the surface of crystal 31LYSO-10 have a refractive index measured
by the producer of 2.4, however, their corresponding measured height is much smaller than
initially predicted and used as input for the simulations in section 5.4.1. New simulation
parameters were consequently applied for the cones, i.e. with a base diameter of 450 nm
and a cone height of 300 nm. With these parameters, the expected gain in light extraction
is 1.16. It should be noted that this simulation does not take into account the actual
bumpy shape of the structure, thus leaving room for a possible error in the simulated
value.
In the case of crystal 31LYSO-11, the produced structure, i.e. with an average cone
diameter of 300 nm, and a height of 600 nm with a corresponding refractive index of
2.4, is in agreement with one of the previously simulated nanostructures, resulting in an
expected gain of 1.18.

5.4.2.2 Evaluation of light output and energy resolution

As explained in section 5.1.1, black-painting of the crystal was used as a means to facilitate
the reconstruction of the γ-interaction point inside the crystal, an important feature for
the final PET scanner. Therefore, table 5.2 shows only the results of light output measure-
ments with black-painted crystals, specifically with crystals 31LYSO-10 and 31LYSO-11.
As the table shows, crystal 31LYSO-10 has a gain in light output of 1.15 and 31LYSO-
11 a gain of 1.17. Both values are in good agreement with the corresponding simulated
expectations. Figure 5.15 shows an example of one light output measurement of crystal
31LYSO-11, before and after nanostructuring.
It should be noted that the measured improvement in energy resolution, i.e. by a factor of
1.3, seems to be inconsistent with the measured improvement in light gain, at least from
a statistical point of view. This observation will be addressed in section 5.7.
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Figure 5.15: Examples of a light output measurement with crystal 31LYSO-11, before and
after nanostructuring.

Table 5.2: Light output (LO) and energy resolution (Eres) measurements of two MAMMI
crystals, 31LYSO-10 and 31LYSO-11, before and after nano-imprinting with sol-gel lithog-
raphy, with and without black paint.

Pre-patterning Post-patterning
Crystal black- LO Eres LO Eres Gain Gain Simulated Gain

painted (kph/MeV) (%) (kph/MeV) (%) LO Eres LO

31LYSO-10 yes 3.27 23 3.75 18 1.15 1.3 1.16
31LYSO-11 yes 3.13 24 3.67 19 1.17 1.3 1.18
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Table 5.3: Average heights of the cones from the photonic crystal structures produced on
the 7 imaged MAMMI crystals after nano-imprinting with sol-gel lithography.

Crystal Average cone height (nm)

31LYSO-B1 570
31LYSO-B2 640
31LYSO-5 660
31LYSO-6 640
31LYSO-7 680
31LYSO-11 600
31LYSO-12 460

average 607

5.5 Crystal set produced for the TurboPET ring

Among the various patterns that were investigated, the pattern fabricated via sol-gel on
crystal 31LYSO-11 (section 5.4) was chosen for the final TurboPET ring for of its higher
reproducibility, although the crystal had a slightly lower light output as compared to
the one imprinted via nano-imprint lithography, as discussed in section 5.3. Therefore,
ten untreated MAMMI crystals (two had been damaged during transport and had to be
eliminated) were fully characterized prior to sending them to the manufacturer for the pat-
terning. Upon return from the manufacturer, some samples underwent scanning electron
microscopy and all of them were tested for light output and energy resolution. For com-
pleteness, appendix F.1 shows nine crystals of the set after imprinting. From the observed
homogeneity of the iridescence one can deduce the high quality of the produced nanos-
tructured layer. Similarly, in appendix F.2, the respective SEM images of the imprinted
crystals are shown. Unlike the figures given in appendix F.1 the SEM images show larger
differences in quality between the crystals, such as void spaces in the nano-pattern and
regions with broken cones. In general the structure parameters correspond to the features
that were specified for the imprinting. To give an impression of the reproducibility of the
structure, table 5.3 shows the fluctuations in cone height for 7 MAMMI crystals.
The light output and energy resolution of the 10 black-painted MAMMI crystals, in-

cluding the 31LYSO-11 crystal from the previous section, were measured before and after
patterning. To complete the set of 12 MAMMI crystals for the TurboPET ring, two ad-
ditional crystals, called set1 1 and set2 1, were added to the characterization procedure,
however only after their patterning. It should be noted that in view of a slightly different
pattern structure, the performance of these crystals cannot be directly compared with that
of the other 10. They principally serve as reserve crystals to complete the ring to be made
out of 12 crystals. In order to get an estimate of their improvement in light output, the
average pre-imprint light output of the other 10 MAMMI crystals was taken as reference.
The results of the measurements for these 12 crystals are summarized in table 5.4. As seen
from the table, the average gain in light output is a factor of 1.16, being in good agreement
with the predicted gain for this stamp, and the average gain in energy resolution is 1.3,
not to be expected on statistical grounds only. In line with the arguments above, it is not
surprising that crystals set1 1 and set2 1 do not match the measured light output gains
of the other 10 crystals. In fact, they do not show any improvement in light extraction
whatsoever. On the other hand, their pattern does improve the energy resolution similar
to the other 10 crystals. This reinforces the notion that not only by photostatistics, the
energy resolution is influenced by the photonic structure.
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Table 5.4: Light output (LO) and energy resolution (Eres) measurements of the MAMMI
crystals for the TurboPET ring, before and after nano-imprinting with sol-gel lithogra-
phy. The gains marked with an asterisk are LO or Eres measurements compared to the
corresponding average of the 10 MAMMI crystals before patterning.

Pre-patterning Post-patterning
Crystal LO Eres LO Eres Gain Gain

(kph/MeV) (%) (kph/MeV) (%) LO Eres

31LYSO-B1 3.48 22 3.81 17 1.10 1.3
31LYSO-B2 3.39 21 3.88 17 1.14 1.2
31LYSO-B3 3.41 22 3.86 17 1.13 1.3
31LYSO-5 3.04 25 3.56 20 1.17 1.3
31LYSO-6 2.86 23 3.54 20 1.24 1.2
31LYSO-7 3.30 22 3.54 19 1.07 1.2
31LYSO-8 3.28 22 3.62 19 1.10 1.2
31LYSO-9 2.93 23 3.65 18 1.24 1.3
31LYSO-11 3.13 24 3.67 19 1.17 1.3
31LYSO-12 2.84 23 3.61 18 1.23 1.3

Average 3.16 23 3.67 18 1.16 1.3

set1 1 - - 3.04 16 0.96∗ 1.4∗

set2 1 - - 3.03 16 0.96∗ 1.4∗

Simulation
h=600, d=300 1.18

5.6 Implementation in the TurboPET scanner

As mentioned before, in order to improve the detection capability of one of the two detec-
tor rings of the existing PET scanner MAMMI PET, one of the two rings was equipped
with 12 MAMMI crystals with their imprinted nano-pattern. This modified PET scanner
is called TurboPET. TurboPET was assembled and calibrated at Oncovision in Valencia.
A number of phantom measurements were made in order to calibrate the modified scanner
and also to assess its performance. Both Derenzo and Nema phantoms, standard tools in
scanner evaluation, were used to test the new scanner for an improvement in image quality
and in particular to evaluate its spatial resolution and lesion-to-noise ratio.
A Derenzo phantom, like the one illustrated in figure 5.16a, filled with FDG was used

to determine the spatial resolution of the scanner. The produced images are shown in
figure 5.17a,b. Both images display the intensity of the radioactive dots together with an
intensity profile across a line of dots. Both TurboPET rings show that holes with 4.8 mm,
4.0 mm and 3.2 mm diameter can be clearly separated. On the other hand, differences
show up for smaller sizes, e.g. with 2.4 mm holes, where the unpatterned ring (figure
5.17aa) is still capable to distinguish between most of the 2.4 mm holes, whereas the pat-
terned ring (figure 5.17bb) falls short of differentiating between the inner ones. Based on
this observation alone the patterned ring seems to exhibit a slightly worse spatial resolu-
tion than the unpatterned ring.
Figure 5.18a,b shows measurements with the Nema phantom, used to simulate lesions

in the breast. As the pictures show, the general breast tissue shows normal background
activity while the hot spots, i.e. areas of increased activity above the noise floor, repre-
sent lesions. Measuring the signal strength corresponding to the lesion activity and that
outside the lesion provides an estimate of the lesion-to-noise ratio as expected in real
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(a) (b)

Figure 5.16: (a) Schematics of a Derenzo Phantom [12], as used with the TurboPET
scanner to assess spatial resolution. (b) A picture of the Nema phantom placed in the
TurboPET rings for imaging.

(a) (b)

Figure 5.17: Measurement of the Derenzo phantom, showing the image and the line-profile
of the blue line, using: (a) the unpatterned ring, (b) the patterned ring.
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(a) (b)

Figure 5.18: Measurement of the Nema phantom used to simulate a body with a lesion,
showing the produced image and the measured signal of the lesion and noise outside the
lesion, using: (a) the unpatterned ring, (b) the patterned ring. Note that the difference
in color intensity between the images does not necessarily represent the same difference in
activity.

breast tissue. These values are indicated in figure 5.18. The lesion-to-noise ratio for the
unpatterned ring (figure 5.18a) is 0.49/0.26 = 1.88 and that for the patterned ring (figure
5.18b) 0.68/0.34 = 2.00, a marginal advantage of the patterned ring of only 6% over the
unpatterned ring.
As the values show, neither the 16% improvement in light output nor the 30% higher
energy resolution of the patterned ring, seem to have a significant beneficial effect on the
lesion-to-noise ratio, also combined with a slight deterioration in spatial resolution. A
possible explanation for the unexpected deterioration in spatial resolution for this ring
could be light scattering at the photonic layer being more pronounced there than at the
polished crystal surface. It is assumed that this has a detrimental effect on the Anger logic
to precisely reconstruct the interaction point in the crystal. On the other hand, the slight
gain in lesion-to-noise ratio observed in the patterned ring, does not warrant a clinical
study at this point.

5.7 Conclusion

In the course of this project, two different nano-imprint lithography methods were devel-
oped to produce stable TiO2 nanostructures in the form of cones and pillars to be imprinted
on the readout surfaces of large monolithic scintillators: (1) nano-imprint lithography com-
bined with reactive ion etching and (2) sol-gel lithography.
From the nano-imprint lithography method combined with reactive ion etching, the best
gain in light output obtained for black-painted MAMMI (or Albira) crystals was 1.34.
This method, however, ensued a loss in energy resolution by 28%, probably attributed to
inhomogeneities in the photonic crystal pattern across the crystal surface, resulting from
irregular electrostatic charging during the reactive ion etching process. This is an aspect
that is still to be improved, as well as the reproducibility of patterns with this method.
For sol-gel lithography, on the other hand, the maximum obtained gain in light output mea-
sured for black-painted MAMMI crystals was a factor of 1.24, slightly less than obtained
with the nano-imprint process. However, contrary to the former process, this technology
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resulted in an unexpected, at least to that extent, improvement in energy resolution by
30%. This could be associated with a more homogeneous photonic structure across the
crystal surface, the extent of which still needs to be explained other than by photo statis-
tics alone.
Another important outcome of this study was, next to the successful production of fully
imprinted prototypes, to manufacture a set of 10 MAMMI crystals with the same imprint
with high reproducibility.
In the end, a complete PET detector ring was assembled with these scintillating crystals
and evaluated with phantoms. The outcome of the measurements with the patterned
scanner ring, however, leads to the conclusion that an enhancement in the lesion-to-noise
ratio by only a factor of 1.06 and even a deterioration, however lite, in spatial resolution,
is too little to engage in a clinical study unless further improvements in this method can
be made. Nonetheless, the results of this study show that there is indeed room for im-
provement at the single crystal level, to be incorporated eventually at the system level in
a full scanner like TurboPET.
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Chapter 6

Photonic crystal slabs on cubes:
evaluating timing

Results obtained from the research in this chapter have been published and presented in
several meetings, conferences and journals:

• Results from sections 6.1 and 6.4.3 have been published in the scientific journal
NIMA [1].

• Results from sections 6.2 and 6.4.1 have been presented at the 2017 SCINT
school [2] and the SCINT conference in Chamonix [3], furthermore at the
2017 Crystal Clear Collaboration meeting at CERN [4] and on the occasion
of the CERN Gentner Day 2017 [5]. They were published in an article in the
scientific journal IEEE TNS [6].

• Results from sections 6.1 and 6.2 have been incorporated in a poster presenta-
tion at the CERN Doctoral Student Assembly 2018 [7] and in a presentation
at the 2018 Luminescent Detectors and Transformers of Ionizing Radiation
(LumDeTr) conference in Prague [8].

As discussed in chapter 2.5, there are several ways to improve the coincidence time
resolution (CTR) of a crystal. One way is to improve the light transfer efficiency (LTE)
of the scintillating crystal in conjunction with its photodetector. The goal of the work
presented in here is to make a prototype nano-imprinted scintillating crystal, with a timing
performance significantly improved due to the optimization of its LTE. Photonic crystals
are designed to improve light extraction upon first photon incidence, an effect that might
also be beneficial to fast timing. The figure of merit in this research is put on the coinci-
dence time resolution that can be achieved with these prototypes.
To begin with, this chapter characterizes larger crystal sizes, i.e. 10x10x10 mm3 LYSO
cubes and 10x10x20 mm3 LYSO parallelepipeds, with a photonic crystal slab produced on
their readout face. The reduced surface of these crystals, much smaller than the monolithic
types discussed in the previous chapter, though still larger than real pixel-sized crystals,
aggravate edge effects near the border of the crystal resulting in a reduced light extraction
from the crystal. On the other hand, the smaller crystal volume eases the reactive ion
etching process, as used in one of the patterning methods.
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Figure 6.1: Image of the surface of the 10x10x10 mm3 LYSO cube, after imprinting with
nano-imprint lithography. [1]

This chapter presents a systematic study of prototypes with two different nano-pattering
methods:

• Nano-imprint lithography; the prototypes produced with this method are
discussed in section 6.1. This patterning process is the same as nano-imprint
lithography addressed in the previous chapter. Section 4.4.1 gives a detailed
explanation of the method.

• UV-cured nano-imprint lithography; prototypes produced with this pro-
cess are evaluated in section 6.2 with a detailed explanation of the process
given previously in section 4.4.3.

In the systematic study the crystals are coupled with an air gap to the photodetector,
without any optical coupling agent.
Some additional measurements have been made and are presented in section 6.4, where
some additional aspects such as wrapping and optical coupling grease are investigated.

6.1 Cubes Patterned with Nano-imprint Lithography

This section reports on the characterization of a 10x10x10 mm3 LYSO cube imprinted
via nano-imprint lithography, explained in detail in section 4.4.1. The pattern consists of
pillars in a square lattice, etched into a TiO2 layer with RI = 2.4 and with a long-range, i.e.
over the entire surface, periodicity. It was produced by Silsef [9] and Napa Technologies.
The stamp used for this pattern was an old stamp, where the pattern parameters were
not optimized in a foregoing simulation.
The sample was visually inspected and imaged with SEM, thereafter the light output
evaluated, with emphasis on what effect the nanopattern will have on the coincidence
time resolution. Note, this section makes also reference to the article by Pots et al. [1].

6.1.1 Quality of the produced pattern

Figure 6.1 shows an image of the patterned crystal surface. The iridescent coloring ex-
tends over the whole surface, all the way up to the edges of the crystal, with however some
“stains” and some lite inhomogineities. To examine more closely the fabricated pattern
on the scintillator, the photonic crystal slab was scanned with an electron microscope. As
in the previous chapter, the resulting images are not perfectly sharp due to electrostatic
charging during the imaging process. The top-view images, figures 6.2a and 6.2b, indeed
demonstrate the pillar-like structure in a square lattice. The pattern shows good period-
icity over a long range, with hardly any defects. The diameter of the pillars is 390 nm,
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(a)

(b) (c)

Figure 6.2: SEM images of the 10x10x10 nm3 LYSO cube after imprinting with nano-
imprint lithography. Imaged with (a) 4k magnification, (b) 20k magnification, (c) 20k
magnification and this time the sample is tilted by 70 degrees. [1]
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with a pitch of 580 nm.
From the tilted view (70 degrees) of the crystal in figure 6.2c one can deduce a pillar height
of 180 nm.
The original thickness of the TiO2 sputtered onto the LYSO cube was 300 nm. Therefore,
the measured pillar height of 180 nm gives rise to the possibility that the TiO2 layer be-
tween the pillars was not entirely etched away, i.e. all the way down to the bare scintillator
surface. This could have been caused by too short an exposure to the reactive ion etching,
leaving behind a residual layer of effectively up to 120 nm.

6.1.2 Simulations

The numbers drawn from the SEM images served as input parameters in the simulations
of the pattern, in other words for a pattern with pillars of 300 nm height, 390 nm diameter
and a pitch of 580 nm. At this stage no optimization of light output was performed. The
simulated transmission of 420 nm light in this photonic crystal slab is shown in figure 6.3a.
The red-shaded area in the graph indicates that a fraction of light from the extraction cone
is reflected back by the photonic nano-pattern into the crystal. This light, on the other
hand, would have been extracted from the crystal had there not been the photonic pattern.
Furthermore, the green-shaded area denotes that part of the light that lies outside of the
extraction cone, i.e. light that would have been reflected internally and hence lost without
the photonic slab, now being extracted by this layer. Light still not being extracted by
the photonic crystal is understood to be internally reflected by the photonic crystal in
a diffracted manner and therefore under angles different from the incident angle. Since
light from the outside of the extraction cone is reflected at different angles, a significant
fraction of it is reflected inside the extraction cone and can therefore be extracted from
the opposite side of the cube, which is not patterned.

The simulations were run for a cubic 10x10x10 mm3 LYSO crystal without paint or
wrapping and using air-coupling. The internal light distribution used for this study was
furnished by [10]. Figure 6.3b shows this light distribution and the effect on light extrac-
tion. A light gain of 1.51 was found due to the presence of the photonic layer, calculated
at first incidence.
Further simulations have been made to understand the effect of the suspected residual
TiO2 layer, estimated to be 120 nm thick, i.e. a remnant from an assumed incomplete
etching process. This was observed in the SEM image in figure 6.2c and discussed above.
Absorption by the residual TiO2 floor, however, was deemed to be negligible, since it is
highly transparent to 420 nm light. The simulations show that, in this case, the gain in
light extraction increases by a factor of 1.59. Therefore, the presence of the residual TiO2

layer does not necessarily lead to a degradation in light output as expected.

6.1.3 Characterization

6.1.3.1 Light output

The light output measurements for this cube and a second one of the same dimension,
which was used as a reference without nanopatterning, were made with a Hamamatsu
R2059 PMT (datasheet in appendix I). The light output was measured only for scenarios
where the crystals are not wrapped. Four different configuration were investigated:

1. Non-patterned reference crystal mounted to PMT;

2. Patterned crystal with patterned face mounted to PMT;
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(a)

(b)

Figure 6.3: Simulation of light transmission at 420 nm at the LYSO crystal-air interface,
with and without a 300 nm thick photonic crystal layer as described above. (a) The
red-shaded area indicates light from inside the extraction cone, internally reflected by the
PhC. The green-shaded area indicates extracted light from outside of the extraction cone
[1]. (b) Effect of the light transmission on the light output of a 10x10x10 mm3 LYSO cube,
air-coupled to the photodetector, equipped with and without a photonic layer [1][10].

Figure 6.4: Example of a light output measurement with the the LYSO cube imprinted
via nano-imprint lithography, compared to a measurement with the reference crystal.
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3. Patterned crystal with opposite face mounted to PMT;

4. Patterned crystal with side face mounted to PMT.

The results of these measurements are shown in table 6.1. As the table shows, the pat-
terned crystal improves light output and energy resolution by a factor of 1.5 and 1.1,
respectively. The gain in LO is in perfect agreement with the simulations assuming a
0 nm residual TiO2 layer, though also in good agreement with the value assuming a resid-
ual layer of 120 nm. It is interesting to see that a nearly identical gain in light yield is
achieved when the crystal is read out from the untreated side, opposite to the patterned
surface. This indeed is also expected from the simulations as explained in section 6.1.
The gain in energy resolution is in line with what one would expect on purely statistical
grounds, where Eres =

1√
LO

, taking into account the error on the measurement.

6.1.3.2 Coincidence time resolution

Similar to the foregoing measurements, also the coincidence time resolution (CTR) was
investigated and compared for the four different configurations as described above. The
CTR was measured with the setup discussed in section 3.4 using the NINO readout. For all
measurements the Hamamatsu S13360-6050 SiPM with an active surface of 6x6 mm2 and a
SPAD-size of 50x50 µm2 was used. It should be noted that the 6x6 mm2 area of the SiPM
is not completely covering the 10x10 mm2 surface of the LYSO cube. Therefore, one might
expect a loss in light extraction owing to the part of the crystal surface not being covered
by the photodetector and hence leading to a deterioration in coincidence time resolution.
However, for the purpose of comparison, the CTR measurements of cubes with the same
dimensions and read out by the same SiPM can be compared without problems, while the
absolute CTR values themselves will be inferior because of the uncovered surface of the
crystal.
The CTR is measured over a large threshold range, from 20-500 mV, the lowest value of
which corresponds to a single photon trigger level. These results are shown in figure 6.5.
Figure 6.5(a) shows the CTR plotted against the applied threshold, while figure 6.5(b)
shows the calculated CTR ratios for each measurement point between the patterned and
the reference cube. One can see, that the highest coincidence time resolution (i.e. lowest
CTR value) is obtained for the photonic crystal with 426 ps FWHM, where the patterned
surface is read out by the SiPM, or 406 ps FWHM when the opposite crystal face is read
out. The CTR, however, deteriorates significantly, i.e. to 484 ps FWHM, when the crystal
is read out from one of its side-faces. In contrast, the reference crystal only achieves a CTR

Table 6.1: Comparison of simulated and measured light output (LO) and energy resolution
(Eres) and their gains induced by the nano-pattern. The measurements were performed
with a Hamamatsu R2059 PMT. Both Lo and Eres are measured with a 5% accuracy,
leading to an accuracy of 7% for the measured gain.

Measured Simulated Measured Expected
gain gain gain

LO gain LO LO Eres gain Eres

(kph/MeV) LO 0 nm 120 nm (%) Eres from
residual residual meas. LO

Reference crystal 4.4 - - - 19 - -
PhC facing detector 6.5 1.5 1.5 1.6 16 1.1 1.3
PhC opposite side 6.5 1.5 - - 17 1.1 1.2
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(a) (b)

Figure 6.5: Coincidence Time Resolution FWHM values of a nano-imprinted LYSO cube
compared to a reference, unpatterned LYSO cube. The CTR is measured with a 3%
accuracy. (a) CTR measurements are performed in three crystal orientations w.r.t. the
SiPM window were used: patterned-face-to-SiPM (red squares), opposite-face-to-SiPM
(green crosses) and side-face-to-SiPM (blue triangles). The yellow dots are measurements
from the reference cube. (b) The ratio of the CTR values form the different configurations
w.r.t. the reference crystal are calculated.

of 553 ps. Therefore, the CTR gain of the pattern-to-SiPM and opposite face-to-SiPM
readout over the reference crystal is 1.3 and 1.4, respectively, both measured at the lowest
possible threshold. It is interesting to note that the gain in CTR (not the absolute value
of the CTR) for the patterned crystal increases towards higher thresholds, see also figure
6.5b, reaching ultimately a value of ∼1.6. For the side readout the CTR-gain starts at 1.1
at low thresholds and increases to ∼1.2 towards higher values. The benefit from running
at higher thresholds, even at the expense of lower CTR values, becomes relevant when, at
the system level, extremely low thresholds cannot be used.

In table 6.2 some threshold values were selected to demonstrate the gain in CTR of the
patterned crystal over the reference crystal. The last column also shows what one would
expect in CTR gain on photostatistical grounds from the previous light output measure-
ments. As the result shows, the expected gain of 1.22 corresponds to that measured at
the lowest possible thresholds, proving that the CTR can be measured close to the single
photon level.

Table 6.2: List of CTR measurements and their gain compared to expected values derived
from light output (LO) measurements. CTR values for the measurements with NINO (NI)
readout are taken from the fits in figure 6.5a. The CTR is measured with a 3% accuracy,
leading to an accuracy of 4% for the measured gain in CTR.

Crystal Best Gain in CTR
readout Measured @ best exp. from
face CTR (ps) CTR @ 40 mV @ 400 mV LO with PMT

Reference 553 ± 17 - - - -
Side 484 ± 15 1.1 1.1 1.2
Photonic 426 ± 13 1.2 1.3 1.6 1.2
Opposite 406 ± 12 1.2 1.4 1.6 1.2
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(a) (b)

Figure 6.6: SEM images of the silicon master stamp produced with interference lithogra-
phy. This stamp is used to make UV-transparent replicas that in turn are used to imprint
the UV-curable high refractive index polymer layer [6].

6.2 Cubes patterned with UV-cured nano-imprint lithogra-
phy

This section presents a second photonic patterning process, called UV-cured nano-imprint
lithography that was already explained in detail in section 4.4.3. As in the previous
project, the goal was to develop a low-cost and scalable nano-imprint process to produce
photonic crystal slabs on inorganic scintillators with the same goal, i.e. to enhance light
output and coincidence time resolution.

6.2.1 Sample description

The crystal samples that were imprinted are two 10x10x10 mm3 LYSO cubes, denoted
here as sample 1 and sample 2. Unlike the measurement procedures described in section
6.1 both sample cubes, 1 and 2, served as their own reference before they were patterned.
That made a third (reference) cube obsolete.

The mask used for the imprinting process contained a pattern that was designed ap-
proximately 6 years ago by A. Knapitsch [11] for imprinting a 10x10x10 mm3 SrI2:Eu
cube, also to improve its light output. Since this crystal has about the same refractive
index as LYSO (1.82 [12]) and a very similar peak emission, at 435 and 420 nm [12], this
pattern was also deemed promising for LYSO crystals.
Figure 6.6 shows SEM images of the master stamp used for the samples in this project. As
one can see, the pattern consists of highly regular cones, with a base diameter of 880 nm
and a height of 1275 nm in a square lattice with a periodicity equal to the base diameter
of the cones, i.e. the cones’ bases touch each other. This mask is then used to imprint a
layer of a high-refractive polymer, with an refractive index of 1.82.

6.2.2 Simulations

Simulations were made by [10], using as before the pattern parameters extracted from the
SEM images. As such, unlike the pillar -shaped structure from the previous section, in this
case the simulated configuration consisted of cones with a base diameter of 880 nm and
a height of 1275 nm, in a square lattice with a 880 nm pitch. Also the refractive index is
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Figure 6.7: Pictures of the surfaces of sample 1 (left) and sample 2 (right) after imprinting
with UV-nil [6].

(a) (b)

Figure 6.8: SEM images of sample 1 after imprinting with UV-NIL, (a) from the top and
(b) from a tilted perspective, upside-down.

only 1.82 (compared to 2.4 of the TiO2 structure in the previous section).
The simulations show a light gain of 1.7 for a LYSO cube treated with this nanopattern.

6.2.3 Quality of the produced pattern

Figure 6.7 shows a photo of the imprinted crystal surfaces of the two samples. The irides-
cent coloring visible on the crystal surface is typical for the presence of a photonic layer on
the crystal. One can see that the crystal edges are not 100% regular, an effect probably
caused by a slight misalignment of the stamp, seen particularly on sample 1. Sample 2 on
the other hand shows small defects inside the pattern, more pronounced near the crystal
edges.
Figures 6.8 and 6.9 show SEM pictures of sample 1 and sample 2, respectively. Contrary to
the photographic images, the microscopic scans show a strikingly clean, regular pattern in
a square lattice with the expected long-range periodicity of ∼1280 nm. The SEM pictures
are slightly blurred due to the known charging effects, making the structures in figure 6.8b
difficult to visualize. The other side-view of sample 2 in figure 6.9b) shows the structures
as an array of cones with rounded tops.
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(a) (b)

Figure 6.9: SEM images of sample 1 after imprinting with UV-NIL, (a) from the top and
(b) from a tilted perspective, upside-down.

Table 6.3: Results from light output (LO) measurements. The table shows pre- and
post-patterning values, as well as the gain in light output. The LO is measured with an
accuracy of ∼ 5%, leading to an accuracy of ∼ 7% for the gain. The energy resolution is
measured with an error of ∼ 10%.

Pre-pattern Post-pattern
(reference)
LO Eres LO Eres gain gain

(kph/MeV) (%) (kph/MeV) (%) LO Eres

sample 1 6.0 18 9.8 13 1.6 1.4
sample 2 5.8 18 9.8 13 1.7 1.5

6.2.4 Characterization

6.2.4.1 Light output

The light output measurements [6][10] followed the same protocol as in the previous sec-
tion, however, this time a Hamamatsu R10755 PMT was used, again only with air-coupling
to the photodetector. These results are summarized in table 6.3. Hence, as the table shows,
there is a net light gain by a factor of 1.6 and 1.7 for sample 1 and sample 2, respectively.
These values are in near-perfect agreement with the simulated gain of 1.67 for these crys-
tals. The measured gain in energy resolution for the two samples, was found to be 1.4 and
1.5, respectively. It is interesting to observe that, similar to the previous observations, the
measured improvement in energy resolution deviates from the predicted one as expected
from photostatistics alone, i.e. ≈ 1.3 for both.

6.2.4.2 Coincidence time resolution

The coincidence time resolution measurements were made with the same CTR setup using
as photodetector the Hamamatsu S13360-6050 SiPM and as readout the NINO chip, where
again only the center of the 10x10x10 mm3 was covered by the SiPM surface. Due to lack
of time, the measurement series was reduced such that only sample 1 was investigated
for both the patterned-face- and opposite-face readout with no side-readout measurement
foreseen. The results are shown in figure 6.10, clearly demonstrating the improvement
in CTR from nano-imprinting on both samples. Also the opposite face readout shows a
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(a)

(b)

Figure 6.10: Coincidence time resolution measurements in FWHM of sample 1 and sample
2, before and after nano-imprinting, without wrapping and without optical coupling grease.
Sample 1 has been measured with the photonic crystal pattern towards the SiPM and
with the opposite surface towards the SiPM (“sample 1 patterned back”) (a) absolute
coincidence time resolution values, (b) ratio between coincidence time resolution before
and after imprinting.
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Table 6.4: List of CTR measurements and their gain compared to expected values derived
from light output (LO) estimates from the amplitude of the analogue SiPM signal. All
measurements were made with the NINO readout. The CTR is is measured with a 3%
accuracy, leading to an accuracy of 4% for the measured gain in CTR.

gain CTR gain exp. gain
@best @40 mV @400 mV LO (SiPM) CTR

Sample 1 1.5 1.6 2.1 2.4 1.5
Sample 1 back 1.3 1.3 1.6 1.8 1.3
Sample 2 1.5 1.8 2.2 2.4 1.5

significant improvement in CTR, though somewhat smaller than for the patterned-face
readout. This observation is in contrast to the same measurements made in section 6.1,
where there was no difference in gain between the two configurations. Figure 6.10a shows
that the CTR for this pattern is superior and less sensitive to threshold changes as com-
pared to the nano-lithography imprint sample (see section 6.1). As a consequence of the
fact that the CTR remains fairly flat over the chosen threshold range, the CTR gain
between the patterned and unpatterned measurements becomes even more profound, i.e.
2.1 and even 2.2 for samples 1 and 2, respectively (figure 6.10b). The measurements are
summarized in table 6.4. Interesting is that the gain in CTR, even at low thresholds, is
larger than what one would expect from the measured increase in light output on grounds
of photostatistics, i.e. for both samples ≈ 1.3. This mismatch could be explained by
the two different circumstances by which the crystal is read out, (a) for the light output
measurements where the entire surface of the cube is read out by the PMT, and (b) by
the only partial readout of the cube by the SiPM. Under the assumption that the PMT
light output measurements underestimate the effective light gain, a similar light output
measurement was made with the SiPM itself. This (analog) light output measurement is
automatically made during the CTR measurements when selecting events from the photo-
peak. The imminent advantage of this method is that CTR and light output are measured
under identical conditions. It turns out that, indeed, owing to this method, the gain in
light output provided by the SiPM is significantly higher than that seen before with the
PMT (see table 6.4). With these values, i.e. 2.4 for both samples, the expected CTR gain
matches the measured one at lowest possible threshold. This corroborates our expectation
that the CTR gain after nano-imprint is explained by photostatistics.

6.3 Summary

The previous sections introduced two photonic patterning methods, both based on nano-
imprint lithography, where in the first case a multi-step process had been applied to
produce pillars with a refractive index of 2.4 in a square lattice. The other process has
the advantage of being simpler in the sense that the pattern is generated one step from a
polymer layer subsequently UV-cured on the bare crystal. Unlike the first method, this
resulted in cones of RI=1.82 arranged in a square lattice. Note, that the two technolo-
gies are described in full detail in section 4.4. To test the viability of these lithography
methods and the resulting photonic structures, three prototypes of 10x10x10 mm3 LYSO
cubes with their photonic layers were used and tested for light output and coincidence
time resolution with the aim to see if there was beneficial effect from the photonic layer.
This meant that whatever gain was to be expected, it was always compared to a so-called
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Table 6.5: Summary of LO and CTR measurements of 10x10x10 mm3 LYSO prototypes
nano-imprinted via NIL and UV-NIL.

sim. LO LO Eres CTR (ps) CTR (ps) CTR
gain gain gain unpatterned patterned gain

NIL 1.5 1.5 1.1 553 426 1.2
UV-NIL sample 1 1.7 1.6 1.4 546 361 1.5
UV-NIL sample 2 1.7 1.7 1.5 540 306 1.5

reference measurements, where no photonic layer was present.
Both photonic patterns show a net improvement in both light output and coincidence time
resolution, with an even more substantial gain achieved with the UV-cured conical struc-
ture made with the second lithography method. These results apply to the configuration
where the crystal is read out by the photodetector from the patterned side. The results
are summarized in table 6.5.
An interesting fact is that in all cases an improvement in CTR was observed also when

the crystals were read out from the opposite face of the patterned crystal. In this case
however, the improvement is less pronounced when the second lithography method (UV-
cured) was applied. This could be an indication that at least part of the light impinging
on the photonic slab, that was originally outside the extraction cone, was back-reflected
inside the extraction cone and therefore increased also the light output on the other side
of the crystal. The fact that the UV-cured photonic pattern showed a weaker effect on
the back side of the crystal, could be attributed to its higher light extraction efficiency of
the patterned side.
It is also interesting to note that even a (unconventional) readout from the side face of the
crystal yields an effective gain in CTR over a bare crystal, though smaller than the ones
reported above.
Despite the encouraging results achieved with the two investigated nano-imprint lithogra-
phy methods, more work needs to be invested to improve the quality, i.e. the homogeneity,
of the photonic slabs, in particular near the crystal edges. This aspect becomes particularly
important if scintillating pixels are imprinted rather than cubes.

6.4 Additional measurements

Further to the above-discussed measurements, some additional configurations have been
evaluated.
To assess the performance of photonic crystal slabs on crystals also under commonly used
wrapping- and optical coupling conditions, measurements on the UV-cured nano-imprint
lithography samples have been made with scintillator cubes wrapped in Teflon, also both
air- and grease-coupled to the photodetector. For further details see section 6.4.1.
Furthermore, a crystal geometry that resembles more closely, though at a larger scale,
commonly used crystal pixels, of order 1-3 mm by 20 mm, was investigated with a
10x10x20 mm3 parallelepiped. This is discussed in section 6.4.2.
Since photonic crystals, next to their capacity to extract more light from the scintillator,
are also thought to be able to extract this light faster than from a bare crystal, a dedicated
CTR run was made with the nano-imprint lithography cube introduced already in section
6.1, however applying a faster readout method, called the high frequency readout. For
details of this readout, see section 3.4.2. The feature of this particular readout is that it
is more sensitive to the detection of the photons right at the onset of the light cascade,
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photons that would not have been detected by the NINO chip. These measurements are
discussed in section 6.4.3.

6.4.1 Measurements with Teflon wrapping and glycerine coupling

The two cubes with their photonic pattern produced by UV-cure nano-imprint lithography
(section 6.2) were dressed with Teflon and measured with air- and glycerine coupling. The
idea was that standard methods of improving light output, like crystal wrapping and grease
coupling, might further improve the results obtained above. As a coupling grease glycerine
was chosen for the simple reason that it is water-soluble and therefore easily removable
from the photonic surface without damaging the photonic slab after use. As in all cases
before, LO and CTR were used as figures of merit in order to see improvements from
measurements under these conditions, if any, with respect to the reference measurements.
In this case, the expected effect of the photonic slab on the light extraction was simulated,
for the case where Teflon wrapping and optical grease was used. This means that all
the surrounding material of the nanopattern was assumed to be glycerine, i.e. with an
refractive index 1.48 (instead of air, with RI=1.0 in the previous cases). The simulations
showed a negligible expected improvement in light output, of a factor of 1.04.
Table 6.6 summarizes the measurements in terms of light output. As expected, the absolute
light output in both configurations, pre-patterned and post-patterned, increases by 3 to
2 times for air-coupling, respectively. If, in addition, glycerine coupling is used, the light
output increases by ∼3.6 for both configurations. This means that the classical methods
applied to improve light output increase light transfer efficiency as expected. In comparison
with that, the photonic crystal, despite its higher light extraction potential however, does
not exceed the transfer efficiencies as achieved with the classical methods. Therefore, the
net, i.e. “photonic” over “classical”, gain is only between 1.0-1.1.

As to coincidence time resolution, figure 6.11 shows the results of the measurements
with samples 1 and 2 when wrapped in Teflon and air-coupled, whereas figure 6.12 gives
results when glycerine is used. Similar to the observations for the light output, also the
absolute values of the pre- and post-patterned CTR are superior to those obtained in
section 6.2. On the other hand, the differences in gain are not washed out to the same
extent as those for light output, i.e. they are 20 and 30% for the two samples, respectively,
as long as air coupling is used. If, instead of air coupling, glycerine is applied as agent,
there is no measurable difference anymore between the pre- and post-patterned CTR. As
was discussed in section 6.2.4.2 and from the arguments given therein, the light output
measurement was again switched from PMT to the SiPM in order to check with this
configuration what one would expect in terms of CTR on grounds of photostatistics. This
is shown in the last two columns of table 6.7.
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(a)
(b)

Figure 6.11: Coincidence time resolution measurements in FWHM of sample 1 and sample
2, before and after nano-imprinting, with air coupling. (a) absolute coincidence time
resolution values, (b) ratio between coincidence time resolution before and after imprinting.

(a) (b)

Figure 6.12: Coincidence time resolution measurements of sample 1 and sample 2, before
and after nano-imprinting, with Teflon wrapping and glycerine coupling. (a) absolute
coincidence time resolution values, (b) ratio between coincidence time resolution before
and after imprinting.
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Table 6.6: Results from light output (LO) measurements with Teflon wrapping, with
air- and grease coupling. The LO is measured with an accuracy of ∼ 5%, leading to an
accuracy of ∼ 7% for the gain. The energy resolution is measured with an error of ∼ 10%.

Pre-pattern Post-pattern
LO Eres LO Eres gain gain

(kph/MeV) (%) (kph/MeV) (%) LO Eres

sample 1
Air coupling 16.7 7 18.8 7 1.1 1.0
Glycerine coupling 21.0 6 21.7 6 1.0 1.0

sample 2
Air coupling 16.9 8 17.0 8 1.0 0.9
Glycerine coupling 21.0 6 20.4 6 1.0 1.0

Table 6.7: CTR gain measurements compared to expected values derived from light output
(LO) estimates from the amplitude of the analogue SiPM signal. The CTR is is measured
with a 3% accuracy, leading to an accuracy of 4% for the measured gain in CTR.

gain CTR gain exp. gain
Teflon wrapped @best @40 mV @400 mV LO (SiPM) CTR

air coupling
Sample 1 1.2 1.2 1.4 1.5 1.2
Sample 2 1.3 1.3 1.5 1.4 1.2

glycerine coupling
Sample 1 1.0 1.0 1.0 1.0 1.0
Sample 2 0.9 0.9 1.1 1.0 1.0
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(a) (b)

(c) (d)

Figure 6.13: SEM images of two 10x10x20 nm3 LYSO parallelepipeds after imprinting with
sol-gel lithography. (a),(b) Sample P3, charging effects results into a bad image quality
for the tilted image (b). (c),(d) Sample P5.

6.4.2 Evaluating parallelepipeds

This section reports on tests performed on two 10x10x20 mm3 LYSO parallelepipeds,
called P3 and P5, imprinted by yet another lithography process, the sol-gel lithography
method as explained in section 4.4.2. Both samples have patterns of cones in a hexagonal
lattice, produced with a self-assembly stamp with short-range periodicity. The cones are
made of TiO2 having a refractive index of 2.2. P3 and P5 have also been imaged using
SEM, with the images shown in figure 6.13. Sample P3 exhibits a periodicity of ∼900 nm,
an average cone height of ∼300 nm and an average cone diameter of ∼400 nm at the base.
Sample P5 has the same pattern parameters, except for the periodicity, being ∼700 nm.
A Hamamatsu R10755 PMT was used to measure the light output for these two crys-

tals, with no crystal wrapping and no coupling agent to the PMT. The results of these
measurements are shown in table 6.8. They show that both patterned crystals improve
LO by a factor of 1.5, with a corresponding measured gain in Eres by a factor of 1.3
and 1.4, respectively; this being slightly higher than expected from photostatistics alone
(
√
1.5 = 1.2).

The same crystals, P3 and P5, were then investigated for coincidence time resolution with
three different runs, i.e. (1) before patterning, (2) after patterning and with the patterned
side read out, and (3) also after patterning but with the opposite side read out. Figures
6.14a and 6.14b show that the post-patterned CTR improvement with this crystal geom-
etry is only marginal in the regime of the best CTR values obtained. This gain, however,
shows again the typical behavior of a rapidly increasing CTR with increasing threshold.
At a threshold of, e.g. 40 mV, the difference between patterned and unpatterned is already
∼10-20% for both crystals, irrespective of which side they are read out from.
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Table 6.8: Light output (LO) and energy resolution (Rres) measurements of two
10x10x20 mm3 LYSO crystals, P3 and P5. Measurements are performed in three con-
ditions: no wrapping and no grease, Teflon wrapping and no grease and Teflon wrapping
and glycerine coupling.

Pre-patterning Post-patterning
No wrapping LO Eres LO Eres Gain Gain
No grease (kph/MeV) (%) (kph/MeV) (%) LO Eres

P3 5.0 22 7.4 17 1.5 1.3

P5 4.9 23 7.4 16 1.5 1.4

(a) (b)

Figure 6.14: Coincidence Time Resolution in FWHM obtained from two with sol-gel
lithography nano-imprinted LYSO crystals, P3 and P5. The CTR is measured with a 3%
accuracy. (a) Shows the CTR values against the applied threshold and (b) shows the ratio
between the measurements of the patterned crystals and the pre-patterned measurements.

6.4.3 Measurements with high frequency readout

Part of the research done in this chapter was to see if the so-called high frequency (HF)
readout [13], as explained in section 3.4.2, would yet show another improvement in CTR.
As expected, the coincidence time resolution indeed proved superior with this readout than
that with NINO as it samples the photon cascade closer to the noise than NINO. As table
6.10 shows, by looking at the absolute CTR values the improvements of HF over NINO
are clearly visible, i.e. 10% for the reference crystal and ∼20% for the patterned one. By
comparing the patterned CTRs measured with each readout type with their corresponding
reference crystal’s CTR, one can see that their relative improvement in CTR is the same
for both readout methods.

Independent of the readout method used, it is an intriguing feature of the “patterned”
CTR that its improvement over the reference CTR is not constant as a function of thresh-
old, but that it rather shows a deterioration towards lower thresholds. This behavior
is shown in figure 6.15 for three different configurations. This can be explained by the
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(a)

(b)

Figure 6.15: CTR from a nano-imprinted LYSO cube and reference crystal: three crystal
orientations w.r.t. the SiPM window were used: patterned-face-to-SiPM (red squares),
opposite-face-to-SiPM (blue triangles) and side-face-to-SiPM (green crosses). Measured
with the HF-readout it a 3% accuracy. For all three configurations, the first data point at
a threshold of 2 mV is in the electronic noise floor of the readout and thus leads to very
high CTR values (not shown in the plot). (a) Shows the CTR values against the applied
threshold and (b) shows the ratio between the measurements of the patterned cube and
the reference. Measurements have been performed using the HF-readout.
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Table 6.9: CTR and LO measurements. The CTR is measured with HF-readout with a
3% accuracy, leading to an accuracy of 4% for the measured gain in CTR. The expected
gain in CTR also has an accuracy of about 4%.

Crystal Best Gain in CTR
readout Measured @ best exp. from
face CTR (ps) CTR @ 10 mV @ 100 mV LO with PMT

Reference 450±14 - - - -
Side 435±13 1.0 1.1 1.2
Photonic 390±12 1.2 1.3 1.9 1.22
Opposite 375±11 1.2 1.3 2.0 1.22

Table 6.10: Comparison of CTR measurements with NINO readout and HF readout

Crystal NINO readout HF readout
readout CTR CTR CTR CTR
face (ps) gain (ps) gain

Reference 553±17 - 450±14 -
Side 484±15 1.1 435±13 1.1

Photonic 426±13 1.2 390±12 1.2
Opposite 406±12 1.2 375±11 1.2

change of abundance of the light transfer modes between a patterned and a non-patterned
crystal. In the case of a bare crystal, transfer modes are concentrated between incident
angles of 0◦ and the critical angle of the crystal, as shown in figure 6.3a, whereas a pat-
terned crystal accepts transfer modes over the entire incident angular range, though with
lower small-angle abundance than in the non-patterned crystal, but significant abundance
above the critical angle. Modes coming in at smaller angles correspond to short photon
path lengths in the crystal, whereas modes at larger angles are due to photons with a
longer path length. As such, a mix of these modes introduces an additional photon trans-
fer time spread. To further substantiate this argument, S. Gundacker [14] introduced in
his simulations [15] an additional photon transfer time spread due to the presence of the
photonic layer. With this addition to the simulation it was found that the model more
closely matches the results of the measurements made in this work. The additional time
smearing in the photonic crystal arises from the fact that about 50% of the direct photons
are reflected back into the crystal whereas delayed photons that normally are not collected
by the photodetector can now, under the influence of the nano-pattern, reach the SiPM. In
other words, photons exiting the crystal at larger angles imply a longer travel path in the
crystal and therefore a larger delay time. Additional photons extracted at larger angles
by the photonic layer thus come at a later time and do contribute to the signal formation
now at higher thresholds and therefore improve the CTR at those thresholds. In other
words, the investigated photonic pillar-like pattern transfers some of the early arriving
photons to later times, nevertheless, increasing the total amount of photons extracted.
Hence, also at earlier times the photon density is higher than in the non-patterned crystal
and therefore improves the photostatistics leading to an overall improved CTR. In this
sense the photonic pattern changes the weight of the diffraction modes. Depending on the
application and the scintillator geometry this behavior varies, and it is even thinkable to
use this feature of the photonic crystals to optimize the time structure of detected photons
in special cases.
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Chapter 7

Cross-luminescence in BaF2:
pushing the timing limits to new
frontiers

Remark
The work that is presented in this chapter was reported on at three venues:

1. SCINT 2019 in Sendai, China, as a poster presentation [1];

2. IEEE NSS/MIC 2019 in Manchester, UK, as an oral presentation [2];

3. Crystal Clear Collaboration meeting 2019 at CERN, as an oral
presentation [3].

The results were furthermore published at two scientific journals: (1.) Frontiers in Physics
[4]; (2.) Physics in Medicine and Biology [5].

As discussed before, there are multiple approaches to improving timing performance
in scintillating crystals. The last approach that will be examined in this thesis is choosing
and investigation a scintillator that exhibits an intrinsically fast scintillation process.

There are many different scintillation processes of which some are relatively fast. One
of the faster processes is a phenomenon called cross-luminescence, which usually has a
decay time of the order of a nanosecond or less. This makes this scintillation process
interesting for detectors requiring good timing performance. It is therefore no surprise
that this phenomenon has been a center of interest since the early eighties of the last
century [6][7][8][9][10].
The difficulty with cross-luminescence is that the emission is usually in the deep ultra-
violet (UV). However, recent developments in photodetectors for experiments using liquid
xenon as scintillator, led to the necessity of measuring light at the very short wavelength
of 175 nm [11][12]. This recently made the exploitation of cross-luminescence feasible
as well. In this Chapter, the timing properties of one of the brightest cross-luminescent
scintillators known, BaF2, has been investigated. At the end, an outline on the prospects
of using BaF2 in time-of-flight (TOF) detectors is given.
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Figure 7.1: Schematic overview of the bandgap diagram of BaF2 and corresponding emis-
sion mechanisms, based on [13].

7.1 Cross-Luminescence

Cross-luminescence is a scintillation process where an electron is excited from the core
band to the conduction band. The resulting hole in the core band then recombines with
an electron in the valence band. This process is illustrated in figure 7.1 [13]. Cross-
luminescence is also referred to as core-valence luminescence [6][7], which is probably the
most descriptive way for this type of luminescence, and Auger-free luminescence as well
[14].

Cross-luminescence is only exhibited by crystals that have a sufficiently large bandgap
between the valence band and the top of the core band, where the energy difference
Ecv is less than the energy difference Eg between the conduction- and the valence band
[6][7][13][14][15]. The latter forms the so-called forbidden bandgap that is usually involved
in the scintillation process. So, one of the conditions for cross-luminescence in a crystal is
that Ecv < Eg. If this is not the case, the emitted cross-luminescence light would be re-
absorbed by the crystal, exciting electrons from the valence band to the conduction band,
after which “normal” scintillation mechanisms between conduction- and valence band oc-
cur, either directly or via luminescence centers. Furthermore, in the case that Ecv > Eg,
the non-radiative Auger recombination is allowed and would be competing with cross-
luminescence. Since this Auger recombination is orders of magnitude faster, no remaining
cross-luminescence would be observable.
As a consequence, possible candidates for cross-luminescence usually have a large forbid-
den bandgap, resulting in luminescence in the deep UV range. At the same time, the
cross-luminescence process is very fast, with a typical decay time of the order of nanosec-
onds or less. This is due to the fact that, during cross-luminescence, holes in the core
band recombine with electrons in the valence band, which is, unlike the conduction band,
full of electrons. Electrons are readily available for the holes to recombine with, therefore
increasing the recombination probability.

Since holes in the core band can recombine with electrons of any of the sub-bands of
the valence band, the bandwidth of the emitted cross-luminescent light is determined by
the bandwidth of the valence band. The different peaks in the cross-luminescence emis-

114



Figure 7.2: Emission spectrum of BaF2, taken from [21]

sion spectrum follow the density of states inside the valence band [7]. Based on both the
emission and excitation spectrum measured in photo-luminescence experiments, e.g. in
the case of BaF2, there is no emission peak above 7 eV [16]; it is assumed that the holes
only recombine from the upper levels of the core band [6][9][17].
Scintillators exhibiting cross-luminescence also produce scintillation light from recombi-
nation of electrons and holes originating from the conduction band and valence band,
respectively. These holes are generated in a twofold way, (1) directly by the ionizing parti-
cle in the valence band and (2) holes left behind by electrons from the valence band which
had recombined with holes in the core band.

7.2 History of BaF2 and motivation for investigating BaF2

for time-of-flight detectors

Cross-luminescence was first seen in BaF2. Already at the beginning of the ’70s BaF2 was
known as a scintillator with an emission of 320 nm and a decay time of 630 ns [18]. This
emission is self-trapped exciton emission between the conduction- and valence band. It
would take approximately 10 years thereafter before another emission band, at 220 nm,
was discovered [19]. Not long after, the decay-time of this emission had been determined
to be only 0.6 ns [8], making BaF2 the fastest inorganic scintillator at that time [13]. In
the end, it was established that, on top of the normal scintillation with its emission peak at
320 nm caused by self-trapped exciton emission, BaF2 has two more main emission peaks,
namely at 220 nm and 195 nm, and a shoulder at around 175 nm [20], all attributed to
cross-luminescence. The emission spectrum of BaF2 is shown in figure 7.2.

BaF2 is not the sole cross-luminescent material. To illustrate this, table 7.1 gives a
non-exhaustive list of other cross-luminescent scintillators. However, BaF2 belongs to one
of the faster ones, and also with a reported light yield of 1400 ph/MeV (fast emission
only) [21] to one of the brighter ones. Note for completeness, as to its slow emission the
crystal exhibits a light yield of ∼10 kph/MeV. Furthermore, unlike e.g. CsF, BaF2 is not
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Table 7.1: Non-exhaustive list of cross-luminescent scintillators, taken from Rodnyi’s book
[6] table 3.3, except those marked by superscript. Values are only for the cross-luminescent
emission. Given light yield values for BaF2 are taken from Dorenbos et al. [21], the rest
of the light yield values from van Eijk et al. [13].

Maxima of
Emission Bands Decay Time Light Yield

(eV) (ns) (ph/MeV)

BaF2 5.6; 6.4 0.8 1400
BaLiF3 5.8; 6.7 ≤1.0 1400
BaMgF4 5.6; 6.5 - 1000
BaYF8 - ∼3 -
CsF 3.2 2.9 2000
CsCl 4.4; 5.2 0.88 900

CsMgCl3 4.4; 5.1 2.1 -
CsCaCl3 4.0; 4.9 1.7 1400
CsSrCl3 4.1; 4.9 2.0 -
CsBr 5.0; 6.0 0.07 20

CsCaBr3 4.4; 5.4 0.8 -
CsSrBr3 4.4; ∼5.0 0.8 -

RbCl (1) 5.5-7.5 - 1
RbF 5.2 1.3 1700

RbMgF3 4.2 2.1 -
RbCaF3 4.3 2.82 -
KMgF3 7.2; 8.0 1.5 1400
KCaF3 7.3; 8.0 ≤2 1400
KYF4 7.3 1.9 1000
K2YF5 7.6 1.3 300
KLuF4 7.6; 6.7 1.3 ∼200
KLu2F7 7.5 ≤2 ∼200

K2SiF6
(2) 5.4; 7.3; 8.4 - -

K2LiGa6
(2) 6.6; 7.5 - -

K2NaAlF6
(2) 5.5; 6.5; 7.2; 8.0 - -

(1) data from [13]
(2) estimates from data from [9]
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Table 7.2: Overview of the general characteristics of BaF2, LSO and BGO. Values are
taken from the book Inorganic Scintillators for Detector Systems [26], unless otherwise
indicated.

BaF2 LSO BGO

Density ρ (g/cm3) 4.88 7.4 7.13
Zeff 53 66 75.2
photon absorption coefficient
α @511 KeV (cm−1)

0.085 0.28 0.336

radiation length X0 (cm) 2 1.1 1.12

LYintr (ph/MeV) 1400(a) [21]
9500(b) [21]

40000 10000 [27]

decay time τ (ns) 0.6-0.8(a)

620(b)
40 300

photon fraction @0.5MeV 0.19 [28] 0.34 [28] 0.43 [28]

emission peak(s) λmax (nm) 195(a)

220(a)

310(b)

420 [27] 480 [27]

Refractive index (RI) @λmac 1.56 [29]
1.55 [29]
1.50 [29]

1.82 [27] 2.1 [27]

melting point (°C) 1280 [30] 2150 [31] 1050 [31]
cost ($/cm3) 15 [32] 60 [32] 35 [32]

(a) cross-luminescence (b) STE emission

hygroscopic. Therefore, there has been an enormous interest in BaF2 after its discovery,
and numerous research groups started investigating the material [8][19][21][22][23][24][25],
both to understand its characteristics and to use it in detectors requiring time-of-flight
information. Table 7.2 gives an overview of the characteristics of BaF2, as well of the
commonly used scintillators LSO and BGO, for comparison.

At the time research on cross-luminescence was evolving, bismuth germanate (BGO)
was the crystal that was predominantly used in medical PET scanners. BGO has an in-
trinsic light yield of about 104 ph/MeV [27] and is very dense and also cheap to produce.
However, its decay-time τ = 300 ns makes it an unsuitable candidate for time-of-flight ap-
plications. Furthermore, at that time there were no other scintillating crystals fast enough
to be suitable for time-of-flight PET.
The discovery of fast cross-luminescence in BaF2 and also CsF finally opened the possibil-
ity for time-of-flight in PET. Following the discovery of these cross-luminescent materials
several PET machines with BaF2 [33][34][35][36] and also CsF [37][38] were developed.
These were the first time-of-flight PET scanners with reasonable time resolutions between
450 ps and 750 ps FWHM. However, with the technical limitations imposed by relatively
slow electronics, one could not make optimal use of the timing potential of the crystal.
Furthermore, at that time monolithic crystals were coupled one-to-one to PMTs. How-
ever, also due to the fact that quartz windows were needed to pass the deep UV light into
the PMTs, this apparatus became very expensive.
In addition, the density of BaF2 and CsF is lower than that of BGO, an important aspect
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that translates directly to the sensitivity of a PET scanner, this being one of the most im-
portant parameters in imaging. At the end, BaF2, or any other cross-luminescent material
for that matter, was not further developed for TOF-PET and has never been implemented
in large scale PET scanners.

There has also been an effort to apply BaF2 in high energy physics. At the Mainzer
Mikrotron (MAMI) in Mainz the Two Arm Photon Spectrometer (TAPS) has been con-
structed, a calorimeter made of BaF2 crystals read out by PMTs [39]. The detector has
good timing performance with ∆t = 110 ps for 43.5 MeV electrons and is excellent at
measuring photons [40]. It has was installed at other accelerator facilities in Germany.
Furthermore, research has been published on studies for the upgrade of TAPS at the Elec-
tron Stretcher and Accelerator (ELSA), to be able to continue using BaF2 in detectors
that need to deal with the high hit-rates without suffering from pile-up [41].
BaF2 was also proposed as the crystal material for electromagnetic calorimetry at the pro-
posed Superconductive Super Collider (SSC) [23], before the SSC project was cancelled
by congress in 1993.

As a conclusion, it is safe to say that BaF2 has already been successfully implemented in
detectors for high energy physics. Nevertheless, earlier TOF-PET systems had only limited
success, though BaF2 is still a very promising material for time-of-flight applications in
medical imaging. If used in conjunction with higher density materials, BaF2, with the
merits of its extraordinary timing performance, still is an excellent candidate for TOF-
PET systems. This is discussed in more detail in section 7.6.2. Comparing the properties
of BaF2 with LYSO:Ce, this being the best performing scintillator (together with LSO)
generally used in full PET systems, a rough estimate of its timing potential can be made
using the following relation for the coincidence time resolution (CTR) as a function of
decay time and light yield: CTR ∝

√

τd
LY . Considering that LYSO:Ce has a light yield

of 41 kph/MeV and a decay time of about τ = 39 ns [27], and that BaF2 has a reported
light yield from fast emission of only 1.4 kph/MeV however associated with a decay time
of 0.6-0.8 ns, this immediately translates to a CTR performance superior by a factor of
1.3-1.5 over that of LYSO:Ce. Taking the example of a 2 × 2 × 3 mm3 pixel, the best
measured CTR value for LYSO:Ce is 60±3 ps FWHM [27]. Based on the approximate
assumption for the CTR given above, a BaF2 pixel of the same size and used under the
same conditions would even lead to a coincidence time resolution of 46-53 ps FWHM.
Already with available state-of-the-art high-speed and high-bandwidth electronics and
using the most recent SiPMs with a BaF2, we have measured in this work a coincidence
time resolution of 51±4ps FWHM. This is discussed in more detail in section 7.5.5.
A last aspect of BaF2 that has not been touched upon yet is its low production cost.
Not withstanding its high attractiveness in photon applications, LSO is still relatively
expensive, whereas BaF2 is rather cheap to produce. Its production cost is even lower
than that of BGO, still known as a popular and cheap scintillator. According to the
Handbook of Particle Detection and Imaging [32], the prices/cm3 of the most common
scintillators compare as follows: LSO ∼ $60, BGO∼ $35 and BaF2 ∼ $15. Note, the
latter comes close to the price of cheap plastic scintillators with only ∼ $11/cm3. The
low production cost of BaF2 crystals is accounted to their low raw material cost and the
relatively low temperature at which the they are grown.
All these characteristics make BaF2 an excellent candidate for the pursuit of highest time
resolution. This study aims at showing what potential lies ahead in BaF2 judging from its
current performance using state-of-the-art technology in electronics and photodetectors.
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Figure 7.3: Quantum efficiency of the H6610 PMT from Hamamatsu, taken from its
datasheet.

7.3 Material and methods used in this study

For the research performed in this chapter, BaF2 samples from two different producers,
Epic [42] and Proteus [43] were used. All samples are pure BaF2 crystals without any
doping.
Among the Epic crystals the following sizes were tested: 2× 2× 3 mm3, 2× 2× 20 mm3,
3×3×3 mm3 and 3×3×20 mm3. In the case of the Proteus crystals only 2×2×3 mm3

and 2× 2× 20 mm3 specimen were tested.

To characterize the crystals and eventually discover differences between the two pro-
ducers, the following four different measurement series were followed up:

1. Light transmission measurements, with the setup described in section 3.1;

2. Light output measurements, with their specific setup described in section
3.2;

3. Time correlated single photon counting measurements, with the setup
given in section 3.3, and finally

4. Measurements on coincidence time resolution, the setup of which is de-
scribed in section 3.4.

In the light output setup, a Hamamatsu H6610 PMT (datasheet in appendix J) was
used as photodetector. The quantum efficiency (QE) of this PMT, i.e. the probability of
measuring an incoming photon as a function of wavelength, is shown in figure 7.3. Based
on the reported emission curve of BaF2 (see figure 7.2) and integrating the convolution
of the quantum efficiency with the emission spectrum, the effective quantum efficiency
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(QEeff ) of this PMT was calculated to be 0.167 for the scintillation spectrum of BaF2.

For the time-correlated single photon counting (TCSPC) measurements, a Hamamatsu
hybrid PMT HPM-100-07 (datasheet in appendix K) was used. One should keep in mind
that the QE of the hybrid PMT is only 7% at 220nm and dropping rapidly, as shown in
figure 3.8 in section 3.3. Most probably, this leads to a significant underestimation of the
abundance of the fast emission light, since it is emitted in a range where the QE is lower
than in the regime of the slow emission light. Furthermore, it is not evident to compensate
for the differences in QE at the different wavelengths.

For the measurement of the coincidence time resolution (CTR) two types of SiPMs from
two different producers were used to extract the best possible performance. The chosen
SiPMs are the HPK VUV S13370-3050CN from Hamamatsu [44] with 3 × 3 mm2 active
surface and 50 µm SPAD pitch, and a VUV-HD device produced by the Fondazione Bruno
Kessler (FKB), this SiPM with 4× 4 mm2 active surface and 40 µm SPAD pitch. These
SiPMs, unlike common commercial SiPMs, are specifically developed for light detection in
the very deep UV [11] [12]. This feature is specifically discussed in the following section.

7.3.1 SiPMs for detection in the deep UV

Ordinary SiPMs on the market are in principle not compatible with light emitted in the
deep UV. There are several reasons for this [45]. First of all, in order to protect the wire-
bondings of the SiPM and the sensor itself, a protection layer is applied to the top surface
of the SiPM, usually made of glass or epoxy resin. Both are principally not transparent to
UV light. Underneath this protection layer there usually is an anti-reflective layer made
of materials like Si3N4, which is not UV-transparent either.
Apart from absorption in materials outside the actual silicon sensor, UV-light only pene-
trates a few nanometers into the silicon layer. This is about 100 times shallower than for
light above 400nm. This has the effect that the electron-hole pairs are effectively created
at the surface of the SiPM. This is very disadvantageous for the quantum efficiency of the
device and therefore leads to a low photon detection efficiency (PDE).
Relatively recently, there has been growing interest in developing SiPMs for liquid noble
gas experiments, for instance for dark matter and neutrino experiments [45]. Typically,
these detectors use liquid xenon that produces scintillation light at 175 nm or liquid argon
emitting at 125 nm.
In this research, two types of SiPMs from the two different producers mentioned above
were tested to asses the best possible coincidence time resolution. The specifications are
given in section 7.3. One of the producers, Hamamatsu, claims a PDE of about 24 % for
their VUV device [44]. An independent measurement, however, indicates a PDE of only
12-15% for the Hamamatsu device compared to a similarly measured PDE of 22-24% for
the FBK device [12]. This difference in PDE would obviously have a significant effect on
the CTR measured with these devices.
Furthermore, it is known that in FBK SiPMs the single photon time resolution (SPTR)
is superior to that of the HPK devices [27]. This will also have an effect on the timing
performance.
Measurements with these novel devices must be performed with caution. As explained

before, they do not possess a conventional protection layer on top of their sensitive region,
therefore making the surface of the SiPM more vulnerable to physical damage. Further-
more, the wire bonds are not protected either, as shown in figure 7.4 with the example
of a HPK VUV S13370-3050CN SiPM. These bonds are prone to damage while handling
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Figure 7.4: A magnified image of the HPK VUV S13370-3050CN SiPM. The structure of
the SPADS in the 3x3mm2 surface is visible, as well as the unprotected wire bonds

the crystals and/or during cleaning operations, and could easily render the SiPM non-
operational.

7.4 Characterization of BaF2

The first objective is to characterize the properties of BaF2 and to determine its timing
limits with state-of-the-art equipment.

7.4.1 Transmission

With the setup described in section 7.3, the transmission between 190 nm and 900 nm has
been measured for the four different BaF2 samples. Figure 7.5 shows the transmission of
3 mm long BaF2 crystals from the different producers, and figure 7.6 that of the 20 mm
long samples. Since there is no reliable data available on the refractive index of BaF2

throughout its spectrum, the data is not corrected for Fresnel reflection that acts as a
global absorption over the entire spectrum depending on the refractive index of the crystal
at the given wavelength. This effect is further explained in annex E.
The measurements show that the crystals of both producers are very transparent down
to 300 nm. Below 300 nm, the Proteus sample begins to gradually absorb light towards
190 nm. The absorption is more pronounced in the 20 mm long crystals with only 10%
transmission left at 190 nm. On the other hand, the Epic crystal is transparent down to
270 nm from where on the transmission also decreases, however less steeply than in the
Proteus sample. The Epic crystal still transmits more than 50% of its light at 190 nm.
The difference in absorption between the samples is thus mainly in the domain of the
cross-luminescent scintillation light.
Equation 7.1 shows the relation between the measured intensity I after a certain length
z, the initial intensity I0 and the absorption coefficient α.

I(z) = I0 · e−αz (7.1)

The absorption length defined as 1/α is given by equation 7.2. One should realize that
the transmission T (λ) in the equation is only the transmittance of the bulk material. The
loss in transmission due to Fresnel reflection is not taken into account here.

Absorption Length(λ) =
1

α(λ)
= − z

ln[I/I0]
= − z

ln[T (nm)]
(7.2)
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Figure 7.5: Transmission measurements of 3 mm BaF2 pixels from Epic and Proteus,
overlaying the emission spectrum of BaF2. The inset shows a zoom over the range of
emission of BaF2.

Figure 7.6: Transmission measurements of 20 mm BaF2 pixels from Epic and Proteus,
overlaying the emission spectrum of BaF2. The inset shows a zoom over the range of
emission of BaF2.
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Figure 7.7: Absorption length of BaF2, for pixels from Epic and Proteus and calculated
from transmission measurements on 3 mm and 20 mm long crystals, overlaying the emission
spectrum of BaF2.

However, as shown in equation 7.3, the transmission obtained from measurements Tmeas(nm)
does include the effect of Fresnel reflection F(λ). This expression is explained in more
detail in appendix E, equation E.12.

Tmeas(nm) =
Imeas(z)

I0
= ·e−αz · F(λ) (7.3)

With two transmission measurements of the same crystal material, but with different
lengths, the effect of Fresnel reflection can be corrected for, as shown in equation 7.4.
This leads to an expression for the absorption length in equation 7.5.

Tmeas,z1(nm)

Tmeas,z2(nm)
=

e−αz1 · F(λ)

e−αz2 · F(λ)
= e−α(z1−z2) (7.4)

Absorption Length(nm) = − z1 − z2
ln[Tmeas,z1/Tmeas,z2 ]

(7.5)

In this study, the transmission measurements of both the 20 mm and 3 mm long BaF2

crystals are used to determine the absorption lengths from equation 7.5. Figure 7.7 shows
the obtained absorption length of the crystals from the two producers. There is a clear
difference in absorption length between the two crystal producers, with Proteus having a
shorter absorption length below approximately 270 nm than Epic.

From these measurements one can conclude that at least above 300 nm, the crystals
from both producers are equally transparent and barely absorb. From that point onwards
however, Proteus crystals are prone to absorption of more light than the ones from Epic.
Since this absorption happens in the spectral range of their own emission, this will have an
affect on the amount of detectable light and therefore on the light yield and CTR produced
by the crystals. This effect is even more pronounced in the longer crystals as produced
light follows a longer path to reach the readout surface and thus is being subject to more
absorption along its way.
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Figure 7.8: Light yield measurements of a 2 × 2 × 3 mm3 BaF2 pixel of Proteus and a
3 × 3 × 5 mm3 LYSO pixel, air-coupled to the PMT. The red lines show the total fit,
the green lines show only the contributions of the photopeak and the yellow lines the
contributions of the compton edge.The fit does not take into account light produced due
to the intrinsic radioactivity of LYSO.

7.4.2 Light output

As described in section 7.3, a setup with a special UV-sensitive PMT (Hamamatsu H6610)
is used to measure the light output of BaF2. This gives a spectrum with a compton shoul-
der and a photopeak, as shown in figure 7.8, where the position of the photopeak defines
the light yield. Since the light yield is a priori given in terms of ADC channels, the amount
of extracted light will then be calculated from the distance between the pedestal and the
peak of the spectrum. A LYSO pixel was used as reference crystal for the measurements.
Its light output (LOref ) was measured both with the UV-sensitive and our standard (non-
UV-sensitive) PMT with its known calibration curve converting ADC channel to extracted
light. Then, taking into account the different effective quantum efficiencies of the PMTs,
i.e. one for the sample under investigation (QEsample) and one for the reference crystal
(QEref ), these values can be used to determine the effective light output (LO). This is
shown in equation 7.6; PPPsample refers to the photopeak position of the sample and
PPPref to the photopeak position corresponding to the reference crystal:

LO =
PPPsample

PPPref
∗ QEref

QEsample
∗ 1

LOref
(7.6)

The results are shown in table 7.3; they are measured with an uncertainty of ∼ 10%.
The measurements were made with an integration window of 5 µs, hence covering the full
slow self-trapped exciton emission tail.

When comparing the results of the two different producers, the extracted amount of
light from Proteus crystals is slightly higher, i.e. by about 15%, than that from Epic
crystals. Irrespective of the measurement error, this is still a significant difference. It
is to be seen in contrast with the transmission measurements where the Proteus crystal
was found to absorb more light. Still, this absorption occurs only in the wavelength
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Table 7.3: Light output measurements of crystals with dif-
ferent dimensions, from Epic and Proteus, air-coupled to a
Hamamatsu H6610 PMT. The light transfer efficiency is cal-
culated assuming 10900 ph/MeV as intrinsic light yield of
BaF2 [21].

Light Output Light Transfer
(ph/MeV) Efficiency

Proteus 2× 2× 3 mm3:
No wrapping 1.5 ·103 0.13

Teflon wrapping 3.4 ·103 0.31

Epic 2× 2× 3 mm3:
No wrapping 1.2 ·103 0.11

Teflon wrapping 2.9 ·103 0.27

Epic 3× 3× 3 mm3:
No wrapping 1.7 ·103 0.15

Teflon wrapping 3.7 ·103 0.34

Epic 3× 3× 20 mm3:
No wrapping 1.0 ·103 0.09

Teflon wrapping 2.4 ·103 0.22

range of the fast emission. The light output measurements are dominated by the slow
STE emission in the crystals, being about 7-8 times higher than that from the fast cross-
luminescence. In the case of Proteus, it is therefore difficult to determine the exact origin
of the higher light output. While the intrinsic light yield is the same for both crystals -
a reasonable assumption because they are both made from the same material - the light
transfer efficiency (LTE) of the Proteus crystal is slightly higher. This is probably due to
a difference in cutting and/or polishing quality, which both significantly affect the LTE in
crystals. This effect is not visible in the transmission measurements where the light beam
enters the crystal in the middle of and perpendicular to its front face.
For both the short and long crystals, Teflon wrapping improves the light output by about
a factor of 2. Furthermore, the 20 mm-long Epic crystal has a light output 1.6 times lower
than the 3 mm long crystal, a well known effect from measurements with different crystals
lengths.

The LTE is a useful measure to compare how well one can extract light from a crystal,
and is basically the ratio between the intrinsic light yield (LYintr) and the light output
(LO). In his article, Dorenbos et al. [21] published comprehensive measurements of the
intrinsic light yield of BaF2. The measurements are made with large diameter crystals
and two different PMTs. The authors furthermore explain their method of measurements
and what corrections they made to obtain the intrinsic light yield. Their conclusion is
that BaF2 has a total intrinsic light yield of 10900 ph/MeV out of which 1400 ph/MeV
originate from fast emission and 9500 ph/MeV from slow emission. Taking Dorenbos’
10900 ph/MeV as the total intrinsic light yield in BaF2 and comparing that with the
measured light output obtained with the Epic and Proteus crystals, one can calculate the
respective LTE for each of the crystals. The results of this are also listed in table 7.3.
Under the assumption that the refractive index and the geometry of the crystals, as well
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as their wrapping and coupling conditions, are the driving factors for the estimate of the
light transfer efficiency, a comparison was made between the LTE calculated by Gundacker
et al. [27] for any crystal type and the LTE values obtained in this work. Considering
that Gundacker calculated a LTE of ∼50% for a Teflon wrapped 3 mm long crystal, the
LTE values of this work with with BaF2 were found to be ∼30%. The discrepancy could
be explained by specific absorption effects in the BaF2 crystals due to imperfect surface
states of the crystals, e.g. crystal edge defects. Furthermore, despite the well known effec-
tiveness of Teflon wrapping on light extraction, its behaviour in the deep UV is still not
completely understood and is therefore subject to further investigations.

7.4.3 Time correlated single photon counting (TCSPC)

Since the time correlated single photon counting (TCSPC) measurements cannot discrim-
inate between wavelengths (see section 7.3), the contribution of light per wavelength to
each scintillation component is not known. Therefore, the amount of detected light cannot
be corrected for the QE of the hybrid-PMT in the different wavelength regimes. Since the
QE is very low in the deep UV, this fact probably leads to an underestimation of the
abundance of the emission at shorter wavelength, i.e. in the domain of the fast emission.
The time window over which the data is taken is 9 µs such that it is sufficiently large to
also properly measure the slow decay component.

The results obtained with the TCSPC setup, as shown in figures 7.9 and 7.10, are
analyzed by fitting the data with an exponential fit. In addition to a single rise time
component, this fit can vary according to the number of decay components taking as
input the observed shape of the crystal scintillation decay. Furthermore, the exponential
function is convoluted with the impulse response function (IRF) of the setup, as explained
in section 3.3. The IRF is also shown in figures 7.9 and 7.10. In the case of BaF2, literature
reports only two decay components. In line with this, the exponential contains two decay
time contributions. The fit covers a 2µs range, sufficient to adequately derive both the
fast and slow decay components.
The rise times in all the BaF2 measurements were found to be consistently less than 4 ps,
far below the resolution of the system with its IRF of 162 ps FWHM (see section 3.3).
As this value in the context of PET applications can be considered as practically zero,
the rise time has been fixed to 0 ps during the final fits and in this way ensures a higher
precision for the estimate of the decay times.
The fitted measurements of the Epic and Proteus crystals are shown in figures 7.9 and

7.10, respectively, where for both measurements the double exponential decay was used,
shown on the left hand side of all plots. The fitted values are then summarized in table
7.4.
It can be seen that for both crystals the obtained decay times derived from the fit are

consistent with those found in literature, i.e. 550 ns and 690 ns for the STE emission
and 0.6 ns for the cross-luminescence. Even though the fit leads to a low χ2, it shows
a deficiency in the first nanosecond of the emission, which leads to the assumption that
there might be an additional, probably very fast, decay component hidden in the emission
spectrum. To test this hypothesis, the data was consequently fitted with an exponent of
three decay-constants. The results of these fits are shown in figures 7.9 and 7.10, on the
right hand side. It is evident from these plots that the triple exponential decay function
leads to a better fit then the double exponential decay function, although both χ2 are
comparable. This confirms the assumption [46] of a third decay channel being present
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Figure 7.9: Time correlated single photon counting measurement, with 3 mm long BaF2

crystals from Epic. The black dotted line gives the impulse response function (IRF) of the
setup. The green line is a walking average and the red line a fit. All six plots are made
with the same data. A.-C.: the data has been fitted with a double exponential decay. D.-
F.: the data has been fitted with a triple exponential decay. A.,D.: Zoom of the first 7 ns
of the measurement. B.,E.: Same zoom as before, of the first 7 ns, but with logarithmic
y-axes. C.,F.: Partially zoomed out, showing the first 1µs of the measurement, also with
logarithmic axes.
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Figure 7.10: Time correlated single photon counting measurement with 3 mm long BaF2

crystals from Proteus. The black dotted line gives the impulse response function (IRF) of
the setup. The green line is a walking average and the red line a fit. All six plots are made
with the same data. A.-C.: the data has been fitted with a double exponential decay. D.-
F.: the data has been fitted with a triple exponential decay. A.,D.: Zoom of the first 7 ns
of the measurement. B.,E.: Same zoom as before, of the first 7 ns, but with logarithmic
y-axes. C.,F.: Partially zoomed out, showing the first 1µs of the measurement, also with
logarithmic axes.
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with an abundance of only ∼1% and a presumed decay time of 0.1 ns. In view of its low
abundance it is difficult to be more precise in determining its decay time and contribution
to the emission spectrum. Furthermore, this decay time is at the limit of the intrinsic time
resolution of the setup. Especially in view of high resolution timing measurements, this
component could be of large interest in applications where even few photons with such a
fast decay time could lead to significant improvements in time resolution. To see the effect
of several prompt photons on the CTR, this work refers to an article by Gundacker et al.
[47].
The results of the triple exponential fits are also shown in table 7.4. For the emission that
has been identified as self-trapped exciton emission, a decay time of τ = 550 − 690 ns
has been measured and similarly for the cross-luminescence a value of τ = 0.7 ns. These
values are in line with those found in literature.
As to the origin of the very fast decay, some groups [24] [25] have been contemplating
about the existence of hot interband-luminescence in BaF2. This type of luminescence
is also very fast and could therefore explain the observed third decay component. On
the other hand, hot interband-luminescence is emitted over all wavelengths and should
therefore also be detectable at longer wavelengths. If 400 nm high-pass filter is placed in
front of the photodetector, only a noise spectrum could be produced, which in fact proves
that there is no significant emission above 400 nm. Therefore, it is concluded that the
very fast decay is not caused by hot interband-luminescence. Measurements made within
a wavelength window of 240-395 nm show that, within this spectral range, this third decay
component drops by 50% in abundance. Therefore, at least the majority of this emission,
the origin of which is still unknown, must be below 240 nm.
As to the decay channel clearly identified as cross-luminescence, the measurements with
the same high band-pass filter show that cross-luminescence is reduced by a factor of ∼2.5,
confirming that the majority of this emission type is below 240 nm, also consistent with
literature.

7.4.4 Coincidence time resolution (CTR)

The coincidence time resolution (CTR) measurements are made with 3 mm long crystals
only, found to be most suitable for comparing the timing performance of BaF2 with other
scintillators of same size. The aim of using shorter crystals is to minimize absorption effects
and imperfections. Therefore, with these measurements one rather evaluates intrinsic
properties of the scintillator material.

Figure 7.11 shows CTR measurements with Proteus and Epic crystals coupled to the
HPK S13370-CN SiPM from Hamamatsu. The obtained results (FWHM) are 98±5 ps for
the Epic and 94±5 ps for the Proteus crystal. It can be seen that, with the given SiPM,
both crystals behave the same, irrespective of the Proteus’ slightly higher light yield and
higher absorption in the UV.

When coupled to the FBK VUV-HD SiPM the Proteus and Epic crystals yielded a
CTR as shown in Figure 7.12. Here the CTR is significantly higher as compared to the one
measured with the Hamamatsu SiPM. The Proteus crystal produces a CTR of 64±6 ps
and the Epic of 54±6 ps. The 10 ps difference between the two is most likely attributed
to the Epic crystals’ higher transmission in the wavelength range of interest being crucial
for good timing (refer to section 7.4.1). The subtle difference in CTR can be explained by
the FBK’s typically superior SPTR compared to that found in Hamamatsu devices. Fur-
thermore, owing to its higher transmission in the deep UV, the Epic crystal delivers more
fast photons to the photodetector than the Proteus crystal, which can only be detected
by the FBK device.
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Figure 7.11: CTR measurements of 2 × 2 × 3 mm3 BaF2 pixels from Epic and Proteus,
air coupled to a S13370-CN SiPM from Hamamatsu at a bias of 61 V. Of both fits of the
data, the minimum value is written (in the corresponding color).

Figure 7.12: CTR measurements of 2 × 2 × 3 mm3 BaF2 pixels from Epic and Proteus,
air coupled to a VUV-HD SiPM from FBK at a bias of 43 V.
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When comparing the two different SiPMs also the photon detection efficiency (PDE) of the
devices from the the two different producers play an important role in assessing the CTR.
Referring to the previous paragraph the FBK device, in terms of CTR, performs 1.5-1.8
times better than the HPK. The difference in PDE alone, 22% for the FBK compared to
15% for the HPK [12], already accounts for a factor of 1.2 in timing, or the equivalent
of ∼ 20 ps in terms of CTR. As mentioned before, also the SPTR of the two devices is
different. Gundacker et al. have shown [27] that the SPTR has a clear influence on the
CTR. From their measurements and simulations with LSO:Ce:0.4%:Ca one can deduce
a systematic difference in CTR between FBK and HPK of the order of 10-20 ps solely
attributed to their different SPTRs. Then, the differences in PDE and SPTR fully account
for the difference in the measured CTR of the two devices.

In summary, despite their significantly different CTRs both SiPMs in conjunction with
BaF2 still produce results competing with state-of-the-art scintillators commonly used in
imaging. To give an example, an LYSO:Ce crystal of 2×2×3mm3 coupled with Meltmount
to an FBK NUV-HD SiPM achieved a CTR of 69±3 ps FWHM [48]. In contrast to that,
BaF2 exceeds that value if it is coupled to a VUV-HD FBK SiPM with a CTR of 54±6 ps
FWHM, even with no coupling grease used. When reading these results, one should also
take into account that the PDE of the FBK device is only 22% at the emission wavelength
of BaF2, whereas the LYSO:Ce can profit from as high as 65% in PDE in its measurements.

7.5 Characterization of BaF2 with grease-coupling

As the previous measurements show, the performance of the BaF2 crystals when air-
coupled is already very promising. This, however, gives rise to the question whether one
could further improve the CTR when using optical coupling greases. The difficulty then
is that there are not many compounds available that are transparent to UV-light with
wavelengths shorter than 250-300 nm. There has been previous research on this subject
by Klamra et al. [10] and Zhu [49]. However, Klamra et al. only measured the transmission
of greases down to 240 nm.

7.5.1 Greases used in this study

Several optical coupling greases have been tested for this study. Rhodorsil 47V, normally
used in our lab, is one of the first greases tested in conjunction with BaF2. Meltmount,
also frequently applied in our lab, was also added to the transmission measurements, al-
though it was already suspected to be prone to absorption in the UV. Furthermore, Dow
Corning 200 (500.000 cst) was part of the test series, for it was deemed by both Klamra
et al. [10] and Zhu [49] to be very transparent in the deep UV. Further added to this test
series was Viscasil, also claimed to be very transparent in the deep UV and tested by the
above authors. Finally, also glycerine was taken as a promising candidate. Glycerine was
previously previously in the experiments with photonic crystals. The difficulty, however,
with it is that it behaves more like a liquid and therefore makes handling with it more
difficult than with the other greases that are more viscous.

7.5.2 Transmission

In order to measure their transmission ability, the greases were applied in form of a thin
layer between two quartz plates. Quartz was chosen because of its high transparency in
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Figure 7.13: Zoom of transmission measurements of one quartz plate, which is performed
between 190 nm and 900 nm. The majority of the absorption visible is actually caused
by Fresnel reflection, changing with wavelength by the changing refractive index. Two
of these plates are used for in the measurements of the investigated optical couplings in
figure 7.14.

Figure 7.14: Zoom of transmission measurements of several optical couplings in between
two quartz plates, performed between 190 nm and 900 nm, corrected for the absorption
by one quartz plate and the Fresnel reflection between the quartz/air interface. The
measurements used for the correction are shown in figure 7.13. Also the emission spectrum
of BaF2 has been plotted.
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Table 7.5: Light output measurements on 2× 2× 3 mm3 crystals of BaF2 from Epic and
Proteus, coupled to a Hamamatsu H6610 PMT with several couplings. The error in the
measurements is about 10%. The light transfer efficiencies (LTE) are calculated using
10900 ph/MeV as intrinsic light yield [21].

Epic Proteus
Light Light Transfer Gain Light Light Transfer Gain
output Efficiency w.r.t. output Efficiency w.r.t.

(ph/MeV) (LTE) air-coupling (ph/MeV) (LTE) air-coupling

Air 2.9·103 0.27 3.7·103 0.34

Rhodorsil 4.3·103 0.39 1.48 5.0·103 0.46 1.49
Viscasil 4.5·103 0.41 1.55 5.6·103 0.51 1.67

Dow Corning 5.1·103 0.46 1.75 5.7·103 0.52 1.70
Glycerine 5.1·103 0.46 1.75 6.0·103 0.55 1.77

the deep UV. Figure 7.13 shows the transmission measurement of one of the bare quartz
plates. The main source of absorption visible in this measurement is Fresnel reflection at
the air/quartz interfaces (see appendix E on Fresnel reflection). The transmission mea-
surement of the quartz is used to correct the transmission measurements of the greases for
the Fresnel effect and the absorption of the quartz plate. This means that the transmis-
sion measurements of the greases are still slightly offset by the absorption of one quartz
plate. This contribution, however, is deemed negligible. The transmission measurements
are shown in figure 7.14. They show that Meltmount is clearly not suitable as a glue for
BaF2 and was thus eliminated from further testing. Rhodorsil, reported by Klamra et al.
[10] to be transparent down to 240 nm, shows a significant and broad absorption center
at ∼250 nm and a cut-off at around ∼210 nm. Therefore, Rhodorsil was not deemed as
a suitable optical coupling grease either. However, it remained included in the ensuing
tests series serving only for comparison. As to Dow Corning 200 and Viscasil, there does
not seem to be a significant difference between the two of them. Both are close to 100%
transparent down to 220 nm, from where on they start to absorb gradually. They both
seem to have a cut-off in transmission at 190 nm, an effect also observed by Zhu [49] and
Dorenbos et al. [21]. All together, Dow Corning 200 and Viscasil look suitable as optical
coupling compounds for BaF2. In contrast to Dow Corning and Viscasil, glycerine extends
its transparency even down to shorter wavelengths, i.e. 210 nm, before it also slowly starts
absorbing light.
In sum up these observations, glycerine appears to be the most promising coupling can-
didate from the UV-transmission point of view. Still, Viscasil and Dow Corning 200 are
almost equally suitable for being used with BaF2.

7.5.3 Light output

Light output measurements were made with 2×2×3 mm3 BaF2 pixels from both Proteus
and Epic, coupled to a PMT with the selected greases.
An example of a measurement with a Proteus crystal coupled with Viscasil is shown in
figure 7.15 as well as a measurement with the same crystal being air-coupled to the PMT.
As expected, Viscasil significantly improved the light output. The results of the measure-
ments are summarized in table 7.5. It shows that all greases, including Rhodorsil, clearly
improve light extraction from the BaF2 crystals. With Rhodorsil to a lesser extent, as
expected from the transmission measurements.
Glycerine, Dow Corning and Viscasil show a gain in light output of as much as 1.6-1.8 over
the entire wavelength spectrum as compared to air-coupling. To first order, this makes one
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Figure 7.15: Light output measurements of a 2×2×3 mm3 BaF2 pixel of Proteus, coupled
to the PMT using air and using Viscasil. The red lines show the total fit, the green lines
show only the contributions of the photopeak and the yellow lines the contributions of the
Compton edge.

expect an improvement in CTR by a factor of ∼1.3 on photostatistical arguments only. On
the other hand it is known that the CTR is mostly influenced by the fast emission modes
of the crystal, which unfortunately has a much lower abundance than the slow emission
mode. Furthermore, possible absorption effects of the greases at these lower wavelengths
at that transmission mode would lower the CTR. All in all, the photostatistics alone do
not give a complete picture of the CTR behaviour in BaF2 tested with these coupling
agents. Therefore, the 1.3 times improvement in CTR should be taken as an upper limit
in CTR improvement. The CTR measurements are discussed in section 7.5.5.
Table 7.5 also shows the LTE values, calculated on the basis of 10900 ph/MeV as total
light yield produced [21].

7.5.4 Time correlated single photon counting (TCSPC)

While optical coupling greases generally improve light extraction they are, at certain
wavelengths, also subject to absorb light. As such, they will either increase or reduce
the amount of light depending on that particular wavelength. Since different wavelength

Table 7.6: Parameters of the triple exponential used to fit the the data from the TCSPC
measurements with a 2 × 2 × 3 mm3 BaF2 pixels from Proteus, using various optical
couplings and a filter in front of the hybrid PMT.

τr (ps) τd1 (ns) R1 (%) τd2 (ns) R2 (%) τd3 R3 (%) χ2 ± 0.0036

Proteus Air 0 0.057 0.85 0.713 5.28 551 93.87 1.016
Proteus Viscasil 0 0.040 0.82 0.720 4.86 617 94.32 1.038
Proteus Glycerine 0 0.043 0.75 0.710 4.86 626 94.41 1.014

Proteus Dow Corning 0 0.049 0.85 0.710 4.79 614 94.37 1.031
Proteus Rhodorsil 0 0.145 0.97 0.782 3.98 620 95.05 1.014
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Table 7.7: Parameters of the double exponential used to fit the the data from the TCSPC
measurements with a 2 × 2 × 3 mm3 BaF2 pixels from Proteus, using various optical
couplings and filters in front of the hybrid PMT.

τr (ps) τd1 (ns) R1 (%) τd2 (ns) R2 (%) χ2 ± 0.0036

Proteus Air 0 0.606 6.04 548 93.96 1.029
Proteus Viscasil 0 0.613 5.7 615 94.3 1.050
Proteus Glycerine 0 0.601 5.56 623 94.44 1.031

Proteus Dow Corning 0 0.596 5.52 612 94.48 1.039
Proteus Rhodorsil 0 0.613 4.78 617 95.22 1.017

regimes correspond to the different decay components of BaF2, the use of optical greases
can also influence the detected abundance of the different decay-components in the kine-
matics. As the grease-sample, applied between the two quartz plates, in the used TCSPC
setup is not physically attached to the photodetector but rather placed in the scintillation
light path, see figure 3.5, chapter 3.3, the grease only acts as a wavelength-dependent
filter. First, measurements with air between the two plates are made to confirm that
the quartz itself has no significant influence on the measurements. Then, in subsequent
measurements a thin layer, order ∼100µm and assumed to be similar as a layer between
crystal and photodetector, of optical grease is applied between the two plates so as to see
their influence on the measurements. Table 7.6 and 7.7 summarize these measurements.
Based on the arguments made in section 7.4.3, a triple decay fit leads to better agreement
with the data than a double-exponential fit. The goal of the TCSPC measurements is
to investigate the coupling greases’ effect on the abundancies of the decay components
only. However, introducing the third, very fast, component into the fit lowers the data
statistics, which gives rise to large fluctuations on the fitting. This necessarily compli-
cates the precise determination of the parameters of the other decay components in the
fit as well. Therefore, the double exponential fit was felt more suitable as it led to smaller
uncertainties in the determination of the impact the greases have on the abundance of
both the effective fast component and the slow STE component. Table 7.7 shows that
the application of Viscasil, glycerine and Dow Corning only slightly decreases the abun-
dance of the fast emission, i.e. by a factor of 0.94-0.92. Within the uncertainties these
values are comparable to those measured with air between the quartz plates. This result
is consistent with the prior transmission measurements of the greases, showing absorption
mainly below 200 nm. Given the poor QE of the hybrid-PMT in this wavelength regime,
the effect of absorption is probably not measurable with this TCSPC setup. It is also
clearly seen that the application of Rhodorsil significantly reduces the abundance of the
fast emission, namely by a factor 0.79. This again is in agreement with the earlier trans-
mission measurements with this grease, showing its significant absorption below 260 nm.
Weighting this loss against the overall gain in light extraction and its effects on the CTR
will be discussed in section 7.5.6.

7.5.5 Coincidence time resolution (CTR)

Similar to the CTR measurements made with air-coupling to the photodetector, the two
crystals of 2× 2× 3 mm3 were now coupled with grease to the photodetector for the next
series of CTR measurements. This investigation was made with both the HPK and FBK
SiPMs.
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7.5.5.1 Measurements with Hamamatsu S13370-CN SiPM

The outcome of the measurements made with the S13370-CN SiPM of Hamamatsu is
shown in figures 7.16 and 7.17, with a summary of the results in table 7.8. Judging from
this table the following conclusions can be drawn:

1. As to the Proteus crystal, within the statistical limits there seems to be no improvement
at all no matter what grease is taken irrespective of the bias voltages chosen.

2. On the other hand, the Epic crystal shows improvement over air-coupling, but only
significantly in conjunction with Viscasil. For the other compounds the im-
provement is within the confidence limits of the fit.

3. Rhodorsil shows no improvement, in fact slightly degrades the performance, and can
be ruled out as a suitable coupling compound.

To illustrate the behavior of the CTR to the various applied greases, figure 7.18 gives a
point chart showing the CTR of the two crystals for each of the greases, with respect to
the two air-coupled measurements.
In summary, it is the Epic crystal coupled with Viscasil to the HPK SiPM at 61 V bias
that yields the best CTR of 78± 5 ps FWHM.

7.5.5.2 Measurements with FBK VUV-HD SiPM

Based on the positive results made with glycerine and Viscasil in the previous measure-
ments, the following tests were made with these two coupling compounds only, together
with the FBK VUV-HD SiPM. Note, unfortunately due to the fact that the FBK SiPM
got damaged in this series of measurements, only the effect of glycerine over air could be
tested with both crystals, whereas Viscasil was only investigated with the Proteus crystal.
It was found from the outset, and similarly as observed with the Hamamatsu SiPM, that
Viscasil in conjunction with the Proteus crystal showed no improvement over air-coupling.
Figure 7.19 then shows the results obtained with glycerine only. Unlike the results ob-
tained with the Hamamatsu SiPM, both crystals, Proteus and Epic, benefited from the
use of glycerine. As before, it is the Epic crystal that after all leads to the best CTR, i.e.
51± 6 ps FWHM. This value, at his time, represents the best CTR measured with BaF2

crystals, provided that a VUV-sensitive SiPM and a UV-transparent grease were used.
To put this result into context with latest published achievements, we compare this value
with previous state-of-the-art CTR values obtained with lutetium-based crystals read out

Table 7.8: CTR measurements of 2 × 2 × 3 mm3 BaF2 pixels from Epic and Proteus,
coupled to a S13370-CN of Hamamatsu, using various optical couplings. All values given
are in ps FWHM.

Dow
Bias voltage Air Rhodorsil Corning Glycerine Viscasil

Epic at 60 V 104±6 115±6 97±5 92±8 84±4
Proteus at 60 V 102±4 104±5 99±4 106±6 100±5

Epic at 61 V 98±5 - 94±5 93±8 1 78±4
Proteus at 61 V 94±4 117±6 94±4 106±6 1 87±4

1Measurement at a bias voltage of 60.8 V, since 61 V was too high to be able to measure.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7.16: CTR measurements in FWHM of a 2x3x3 mm3 BaF2 pixel, produced by
Proteus (left) and Epic (right), coupled to a S13370-CN of Hamamatsu with air and
Rhodorsil (a),(b), Dow Corning (c),(d), glycerine (e),(f) and Viscasil (g),(h). Measured
at a bias voltage of 60 V.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7.17: CTR measurements in FWHM of a 2x3x3 mm3 BaF2 pixel, produced by
Proteus (left) and Epic (right), coupled to a S13370-CN of Hamamatsu with air and
Rhodorsil (a),(b), Dow Corning (c),(d), glycerine (e),(f) and Viscasil (g),(h). Measured
at a bias voltage of 61 V (glycerine at 60.8 V).
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Figure 7.18: Minima of CTR measurements in FWHM of 2×2×3 mm3 BaF2 pixels from
Epic and Proteus, coupled to a S13370-CN of Hamamatsu, using various optical couplings.
Measurements are taking at a bias of 60V.

Figure 7.19: CTR measurements of 2 × 2 × 3 mm3 BaF2 pixels from Proteus (left) and
Epic (right), air- (blue) and glycerine (red) coupled to a VUV-HD SiPM from FBK at a
bias of 42 V.

with non-UV SiPMs and non-UV-transparent greases like Meltmount. In the case of com-
monly used LYSO:Ce the best CTR achieved is 69±3 ps FWHM [27]. Even if we compare
the BaF2 result with the current worldwide state-of-the-art CTR of 58±3 ps FWHM [50]
measured with the more “exotic” calcium co-doped LSO:Ce:0.4%Ca crystals, the BaF2

still outperforms this record. This result is ever more so encouraging by the fact that
the PDE of the SiPM used with BaF2 is only ∼ 22%, a significant “handicap” compared
a PDE of ∼ 65% for the NUV-HD SiPM used in the measurement of LSO:Ce:0.4% and
LYSO:Ce at their emission wavelength of 420 nm. Given the importance of the SiPM’s
PDE on the time resolution, then a projected similar value of 65% also for the deep UV
would lead to an even further improvement in the BaF2’s timing performance and as
such to a projected CTR of ∼30 ps FWHM. This would constitute a significant milestone
in the domain of timing in scintillation detectors using inorganic scintillators, spurring
developments in time-of-flight imaging and high-speed calorimetry.
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7.5.6 Discussion

The results obtained and reported in this chapter have proven BaF2 as a viable candidate
for very high-speed timing applications in, e.g., medical imaging and high energy physics,
with a good understanding of the vital parameters responsible for its performance.
Since it was found that the Epic crystal consistently yields better results than its coun-
terpart from Proteus, the following discussion focuses only on the grease measurements
made with and the results obtained from the Epic crystal. Table 7.9 makes a comparison
between the measured CTR gain and the expected gain in CTR (CTRexptd), that is pho-
tostatistically expected from the number of fast photons deduced via the prior TCSPC
measurements from the total light output. The discrepancy between the measured and
expected CTR gain indicates that it is difficult, if not impossible at this time, to correctly
estimate the number of fast extracted photons deemed to be mainly contributing to the
CTR. There are several reasons for this:

1. The quantum efficiency of the hybrid PMT used in the TCSPC measurements
in the very short wavelength range from 170-220 is unknown.

2. As figure 7.14 shows, also the behavior of the best greases at those wavelengths
is uncertain. This necessarily leads to an underestimate of the fast photons
being absorbed.

3. Also the absolute amount of fast photons seems to be underestimated, roughly
by a factor of 2, as stated by Gundacker et al. [5] and Dorenbos. et al. [21],
which would also account for a misjudgement on the amount of fast photons.

4. One cannot exclude whether the wavelength-dependence of the refractive in-
dex of the greases plays a role in the extraction of the fast photons.

5. The influence of the coupling agents in direct contact with the unprotected
sensitive surface of the SiPM, specifically on the anti-reflective coating, are
also unknown.

Given these uncertainties, table 7.9 cannot give a conclusive picture between the predicted
CTR improvements and the corresponding CTR results from the measurements. One can
see that, in case of Rhodorsil, there is no measured gain in CTR. On the other hand, in the
case of Viscasil, the measured gain in CTR even exceeds the corresponding predicted gain.
The results for glycerine are inconclusive due to another effect, attributed to the non-polar
properties of glycerine suspected to increase the dark noise of the SiPM, especially of the
Hamamatsu type.

Short summary

As to the usefulness of the various coupling compounds, Rhodorsil as coupling agent for
BaF2 should be ruled out from the outset due to its large absorption in the wavelength
region of interest. This is clearly confirmed by the CTR measurements. The only remain-
ing viable candidates applicable with BaF2 are then Dow Corning, Viscasil and glycerine.
Unlike Rhodorsil, all three of them show nearly 100% constant transmission all the way
down to ∼220 nm, from when on Viscasil and Dow Corning begin to roll off, though
slightly faster than glycerine. From the point of view of transmission, glycerine ought to
be the best coupling agent in this game. All three of them, despite their common promis-
ing transmission characteristics, still show a different behavior when it comes to the CTR.
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Table 7.9: Comparison of the measured CTR in terms of crystal used, SiPM used and
coupling grease used, with the respective CTRs derived from the light output of the fast
emission. All CTR figures are given in terms of gain relative to air-coupling. Note that no
measurement of Epic and Viscasil was made with FBK because the SiPM was damaged.

gain gain gain
LOextr gain CTR CTR CTR

LOextr Fast CTRExptd HPK HPK FBK
[kph/MeV ] [kph/MeV ] (@60 V) (@61 V) (@42 V)

Air 2.9 0.18
Rhodorsil 4.3 0.21 1.08 0.9 - -
Viscasil 4.5 0.26 1.21 1.24 1.25 -

Dow Corning 5.1 0.28 1.27 1.07 1.04 -
glycerine 5.1 0.28 1.28 1.13 1.05∗ 1.12

∗ measured at 60.8 V bias voltage

Figure 7.20: BaF2 emission spectra [21] for Epic and Proteus in the low-wavelength region,
taking into account the measured absorption spectra for two different photon path lengths
(left for 3 mm, right for 20 mm). The right hand ordinate shows on its own scale the
QE of the used hybrid-PMT indicating the zone where the Epic crystal pays the highest
penalty for the poor QE.
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It is interesting to note that in combination with the HPK SiPM and the Proteus crystal,
the three compounds would not show any difference in CTR capability. This might indi-
cate that the HPK-Proteus ensemble is not sensitive to the greases’ subtle differences in
transmission. Only when using the Epic crystal, it was possible to differentiate between
the three different grease candidates:

1. Viscasil, when used with the HPK SiPM, showed improvement only with the
Epic crystal (none with the Proteus crystal).

2. Glycerine, on the other hand, was beneficial with both Proteus and Epic when
coupled to the FBK SiPM leading in general to the best CTR of order 50 ps
FWHM.

3. Notwithstanding its excellent transmission characteristics, glycerine was found
to give rise to an unforeseen increase in dark current with the HPK SiPM only,
which rapidly degraded the CTR. This phenomenon could possibly be linked
to its chemical characteristic. It is conjectured that, because of the bipolar
nature of this polyol, polarization effects might occur on the surface of this
SiPM.

4. As to the viability of Dow Corning and its inferior behavior compared to the
others, no conclusive explanation can be given at this time unless its index
of refraction, unknown in this wavelength range, is responsible for eventual
reflective losses.

.

7.6 Conclusion and Prospects

Cross-luminescence is a very fast scintillation process and therefore very interesting for
fast timing applications. Apart from the slow self-trapped exciton emission and the fast
cross-luminescence emission, a second very fast decay component with τd ∼ 100 ps was
observed in BaF2 and with a very low abundance. This emission takes place predomi-
nantly below 240 nm, in a regime where the used hybrid PMT and other photodetectors
in general suffer from very low detection efficiency. This will lead to a gross underestima-
tion of the fast emissions’ abundance. Further understanding of this new emission could
give a handle to even further exploit BaF2 in the future.
From standard light output measurements it is concluded that all the coupling greases
tested, including Rhodorsil, brought an improvement in light output. However, in terms
of highest CTR achievement the global light yield is not the one that is responsible for high
time resolution but rather the fast emission component around 220 nm. The focus was
therefore laid on the fast component in the test series with the different coupling greases
to search for a possible improvement in CTR. From the TCSPC measurements we were
able to fit a triple exponential decay function in order to derive the abundances of the fast
decay, the very fast and the slow decay components. To overcome statistical limitations
in the test series with the greases, only a double exponential fit was applied to estimate
the potential gain in CTR from the use of the optical coupling greases. In the end, these
results turned out to be inconclusive to make a reliable comparison between the expected
CTR improvement and the one that was measured.
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Table 7.10: Summary of the CTR performance (FWHM) of the different SiPM-crystal
configurations using air coupling and the best greases found in our tests.

Proteus Epic
CTR (ps) CTR (ps)

HPK
Air 94±4 98±5

Viscasil 87±4 78±4

FBK
air 64±7 54±6

glycerine 58±6 51±6

The CTR measurements show that the Epic crystal consistently yields better results
than the Proteus crystal and that the FBK SiPM consistently works better than the
Hamamatsu SiPM. The advantage of the Epic crystal over the Proteus is that it is more
transparent to the fast emission of BaF2, as this is the wavelength region of interest for the
timing measurements in this work. As explained in detail in section 7.4.4, the differences
in timing behavior between the FBK and Hamamatsu SiPM are fully explained by both
their specific PDEs (22% for FBK against 15% for FBK [11][12]) and their particular
SPTRs (order 90 ps FWHM for FBK against order 140 ps FWHM for HPK [27]). Table
7.10 summarizes the best CTR results from the different SiPM-crystal pairs using air-
coupling and a selection of the best greases found in our tests.
In conclusion, this work has demonstrated that by exploiting the fast (and very fast)
emission component(s) of BaF2 and using state-of-the-art SiPMs and highly transmissive
coupling compounds, a coincidence time resolution of 51±5 ps FWHM can be achieved.
The timing capability of this crystal in this wavelength regime exceeds that of the currently
fastest lutetium-based crystal, i.e. LSO:Ce:0.4%Ca, that benefits from a higher light yield
in a non-UV wavelength regime, and is the current “reference” in high resolution timing
with a CTR of 58±3 ps [50]. What makes BaF2 even more competitive in this context,
is the fact that the photodetectors coupled to it run at a PDE of only 22% compared to
65% for photodetectors reading out lutetium crystals. Therefore, it is reasonable to expect
that, in view of the rapid progress in the development of fast photodetectors and driven
by the large experiments with liquid xenon and liquid argon, new SiPMs with higher PDE
in the deep ultra-violet may appear on the market, thus enabling them to truly exploit the
full potential of BaF2 and to provide coincidence time resolutions towards 30 ps FWHM.

7.6.1 Feasibility of photonic crystal slabs applied to BaF2

In spite of their improvement on light extraction, optical greases do not always have the
desired effect on the CTR as one would expect from the increased light extraction. As
discussed in chapter 4 an alternative approach geared to increase light extraction is the
application of photonic crystal slabs on the BaF2 readout surface.
Although BaF2, owing to its lower refractive index (RI) compared to LYSO, extracts a
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larger fraction of its light to begin with than the latter, a properly designed and produced
photonic crystal layer on the BaF2 crystal would still be able to significantly improve the
light extraction from the BaF2 crystal. As such, the pattern would be specifically tailored
to the extraction of the fast emission at short wavelengths. In other words, given the
much shorter wavelength of deep UV light, the dimensions of the photonic pattern must
be adapted to the smaller wavelength of this light as compared to LYSO with its emission
at 420 nm, see chapter 4. Current patterning techniques are already well prepared for the
application of structures of the order of 200-300 nm. However, on the other hand, highly
refractive index materials suitable for nano-patterning and transparent in the deep UV are
not available yet, an important prerequisite for the photonic crystals to function properly.
In view of the side effects introduced by the greases, the photonic crystal lends itself as an
attractive alternative to interface the scintillator with the photodetector as it couples via
air. In that way one avoids the detrimental effects observed with greases, such as e.g. an
increased dark current provoked by glycerine on Hamamatsu-type photodetectors and also
reduces the potential of damage from physical contact with the photodetector surface.

7.6.2 Perspectives for using BaF2 in time-of-flight PET

Although the promising timing potential of BaF2 was discovered as early as 40 years ago,
the interest for using it in time-of-flight (TOF) PET gradually diminished in view of its
low photofraction and unfavorably long absorption length. However, given the recent
encouraging results with respect to its fast timing and low production cost, the use of
BaF2 in PET, and other high-speed applications, should be reconsidered albeit its lower
photo-sensitivity. One way to overcome this deficiency is to apply BaF2 in a phoswich
arrangement. As such, BaF2 on one hand, with its very fast scintillation and high time
resolution, could be combined with a highly sensitive crystal with short absorption length
yet lower time resolution on the other hand, to build a highly sensitive and fast scintillation
detector. In such an arrangement, the gamma entering the sandwich will either deposit
its entire energy in one of the crystals or interact via Compton scattering in the first
(BaF2) crystal, with the rest of the energy deposited in the second (heavier) crystal. In
the latter case, the recorded events can still be used for image reconstruction under the
condition that the combined energy satisfies the 511 keV energy constraint. In all cases,
the BaF2 signal delivers the time stamp. Possible phoswich candidates for BaF2 are first
of all L(Y)SO crystals, currently and commonly used in modern PET scanners, or BGO
used in an earlier generation of PET scanners because of its excellent stopping power and
low production cost. Recently, BGO has regained in attractiveness as it emits prompt
Cherenkov photons, another appealing handle to achieve highest time resolution [27] [51].
All things considered, including aspects of cost, one could imagine a TOF-PET scanner
built out of a hybrid BaF2-BGO scintillator, which could easily match if not exceed the
current L(Y)SO scanners.
Phoswich arrangements are not a novelty in PET or imaging in general and have been
applied already in ClearPET [52]. In any case, when using BaF2 with another heavier
scintillator, it ought to be placed such that the gammas always enter from the BaF2 side.
As to the readout of the hybrid scintillator, it should be noted that, since BGO is not
transparent to the deep UV emission of the BaF2, a single-sided readout at the back-side of
the hybrid scintillator is not an option. With that constraint in mind, one could envisage
the following 4 readout scenarios, with their respective pros and cons:

1. Single-sided front face readout: In this arrangement the SiPM is mounted
onto the front face of the ensemble, and hence both the light from the BGO
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(a) (b)

Figure 7.21: Pixel made of 2 types of scintillator, one part BaF2 and another part BGO,
in phoswhich arrangement. (a) Readout on one side, with a VUV sensitive SiPM. Also
the BGO light is detected with this SiPM. (b) Double sided readout on both pixel sides.

and BaF2 are read out in a single-sided fashion, as shown in figure 7.21 (a).
The advantage of this arrangement is a simple detector-crystal mount, but it
would suffer from partial light losses at the BaF2-BGO interface. Since the
light produced in the BGO crystal, traversing the BaF2 crystal, is captured
by a VUV-sensitive SiPM attached to the BaF2 crystal, part of the BGO light
is therefore lost.

2. Double-sided (back-to-back) readout: Another readout scenario where
each crystal is read out from its front/back face, is shown in figure 7.21
(b). This arrangement allows to have each crystal type being read out by
its properly adapted SiPM, i.e. a VUV-sensitive photodetector on the BaF2

side and a NUV-sensitive one on the BGO side. To further improve the light
output, one could apply a reflective layer between the two crystals at their
interface, the advantage of it being a reduction of light losses at the interface
and hence an improvement in time resolution. On the other hand, this readout
principle doubles the number of photodetectors and readout channels, hence
increasing cost and complexity. A variant of this readout principle would be
a double ring-arrangement, with two physically separated detector rings (the
inner one made of BaF2 and the outer one of BGO), with the same number of
photodetector channels as before, yet with the photodetectors always mounted
on the back side of the scintillators.

3. Side-readout: The side-readout, as shown in figure 7.22 (a), has the advan-
tage of reducing time jitter due to a shorter light travel path and thus faster
light extraction from the scintillator. To do that, one of the four side faces of
the scintillator sandwich is fully covered with SiPMs, if necessary with more
than two depending on the length of the sandwich, and with the other faces
wrapped with a reflector. This would be the optimal scenario for best timing
performance [53]. On the other though, this geometry has the disadvantage
of increasing dead space between scintillators and increasing the number of
photodetectors and readout channels.

4. Shashlik side-readout: A shashlik-type BaF2-BGO hybrid crystal in the
form of a so-called sampling metacrystal or metapixel as shown in the work of
Turtos et al. [54] is made of thin layers, order 100µm, of BaF2 interchanged
with similar layers of BGO. It was demonstrated [54] that not only “standard
511 keV events”, i.e. those that have entirely converted in the heavier scin-
tillator, but also “shared 511 keV events” resulting from energy deposition in
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(a) (b)

Figure 7.22: Pixel made of 2 types of scintillator, one part BaF2 and another part BGO.
(a) Scintillators in phoswhich arrangement, with side readout. (b) Metapixel made of
alternating BaF2 and BGO layers, also with side readout.

both crystal materials, yield superior time resolution. This “combined” tim-
ing capacity is systematically better than that of the standard timing offered
by the heavy scintillator alone [54]. In line with our previous arguments on
complexity and cost, this method is clearly the most time- and cost intensive
option.

It is without question that BaF2 has become very attractive again for very fast tim-
ing applications, in particular for time-of-flight PET. To compensate for its insufficient
conversion power, we have proposed four scenarios where the crystal could be combined
with a denser “companion”, like BGO, and where both would complement each other in
performance. In the end, detector systems with such a hybrid scintillator might replace
the current state-of-the-art and rather expensive L(Y)SO systems.
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Chapter 8

Conclusions and Prospects

This thesis has shown an investigation on improving several aspects of a scintillation-
based detector. Photonic crystals have been investigated as a novel technology to improve
light transport from the scintillator to the photodetector in order to enhance light output
and ultimately time resolution. BaF2, with its intrinsically fast cross-luminescence, has
been investigated for its potential of pushing the timing limits beyond the current state-
of-the-art time resolution in lutetium-based scintillators, even with non-standard calcium
co-doping. For this cause, also state-of-the-art UV-sensitive photodetectors and several
UV-transparent optical coupling greases were explored. This chapter gives an overview
of the conclusions to be drawn from the ensemble of this work and an outlook of their
impact on domains such as TOF-PET and high luminosity-high energy physics.

8.1 Photonic crystals

As to photonic crystals, this work has shown that it is possible to produce photonic crystal
slabs on the readout surface of large monolithic LYSO crystals and smaller 10 mm LYSO
cubes. In total, three different lithography methods were developed for the succesfull
production of these photonic crystal slabs:

1. Nano-imprint lithography, for the production of TiO2 pillars in a square lattice
with RI=2.4;

2. Sol-gel lithography, for the production of TiO2 cones in a hexagonal lattice
with RI=2.1 and

3. UV-cured nano-imprint lithography, for the production of polymer cones in a
square lattice with RI=1.82.

8.1.1 Influence on light output

In the case where no reflective wrapping and no optical coupling are used, the photonic
crystal slabs fabricated with these methods improved the light output of large trapezoidal
monolithic LYSO crystals by ≲20%. For smaller LYSO cubes the improvement could
reach 50-70%. It is interesting to note that even a readout from the crystal face opposite
to the patterned face leads to a similar increase in light output, a phenomenon that is well
understood from the simulations.
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8.1.2 Influence on energy resolution

It was observed that for photonic crystals with a cone-like structure the measured gain in
energy resolution was consistently higher than what one would expect from photostatistics
alone. The discrepancy and origin of this effect are not understood at this time. If, on
the other hand, the photonic structure is made of pillars the opposite effect is observed.
This, however, is attributed to inhomogeneities across the structured surface caused by
charging effects during the reactive ion etching as part of the production process.

8.1.3 Influence on coincidence time resolution

When it comes to coincidence time resolution, one could achieve with photonic crystals
on LYSO cubes an improvement in CTR by 20-50%, where the 50% corresponds to a
nano-pattern produced via UV-cured nano-imprint lithography. In line with an increase
in light output observed on the opposite crystal face, coincidence time resolution also an
improvement on that side.

8.1.4 Influence of wrapping and optical coupling

In this test, the LYSO cubes treated with UV-cured nano-imprint lithography were checked
for their timing behavior when wrapped with Teflon and/or coupling them with optical
grease. In the case of Teflon wrapping and air-coupling (no grease), the CTR was found
to be enhanced by 20% over the same untreated crystal. This improvement, however,
disappeared when both Teflon wrapping and glycerine as coupling grease were used in
the test. This brings us to the conclusion that apparently no benefit can be gained from
using wrapping and grease coupling with photonic crystals. It should be noted that in
case of untreated scintillators, the effects of both wrapping and optical coupling are very
dramatic. This then leads to the question whether further improvements in light transfer
efficiency, particularly to the benefit of higher coincidence time resolution, can be made,
if photonic crystals were specifically tailored to grease coupling. There are, however,
applications prohibiting grease coupling when detectors operated in vacuum and/or high
temperature. All things considered, at this time, photonic crystals only deliver positive
results, i.e. in terms of light extraction and coincidence time resolution, if they are solely
used in conjunction with air-coupling to the photodetector.

8.1.5 Photonic crystals at the system level

The TurboPET project served as a test bench for 10 large monolithic LYSO scintillators
treated with a photonic layer produced via sol-gel lithography. Also this scenario showed a
marginal improvement in light output and energy resolution by only 10-20% and 20-30%,
respectively. With these figures one could only achieve a gain of 6% in signal-to-noise ratio
when imaging a Nema phantom in the TurboPET ring.

8.2 BaF2

Unlike the previous work that had concentrated on light extraction improvements from
standard scintillators, the experiments with BaF2 focused on exploiting the intrinsically
fast and very fast light decay components in its emission spectrum. The results from
measurements with BaF2 crystals from two different producers, Epic and Proteus, read
out by state-of-the-art photodetectors are truly encouraging.
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Furthermore, in this work with BaF2 we also investigated the so-called standard meth-
ods of increasing light output and improving coincidence time resolution by using Teflon
wrapping and four different coupling agents, i.e. Rhodorsil, Viscasil, Dow Corning and
glycerine with BaF2 crystals. In the long run, only Viscasil and glycerine emerged as
viable coupling agents that could significantly improve coincidence time resolution, which
was taken as one of the figures of merit to judge the capabilities of the various agents.
Among the two tested BaF2 candidates, Epic and Proteus, the Epic crystal delivered con-
sistently better results owing to its higher transparency at the cross-luminescence wave-
lengths.
It is common practice to compare the results achieved with BaF2 in this thesis with those
obtained and published in earlier works, being considered the current bench marks in this
domain of research. In all cases, comparisons were made with 3 mm long crystals so as to
rely only on the intrinsic material properties. Comparing BaF2 with LYSO:Ce mounted
to commercially available photodetectors, one comes to the following result:

- BaF2: CTR=78±4 ps FWHM with Hamamatsu S13370-3050 SiPM and Vis-
casil as optical coupling agent;

- LYSO:Ce: CTR=86±2 ps FWHM [1] with Hamamatsu S13360-3050 SiPM
and Meltmount as optical coupling agent.

To further improve the above values one would have to resort to non-commercial scintillator-
and photodetector prototypes developed only dedicated research objects. The current
state-of-the-art scintillator in terms of time resolution is the LSO:Ce:0.4%Ca crystal and
a prototype SiPM produced by Fundazione Bruno Kessler (FBK). On the BaF2 side,
FBK also produced a prototype research SiPM sensitive to deep UV light and with a
comparatively high PDE of 22%. With these state-of-the-art components, one gets:

- BaF2: CTR=51±6 ps FWHM with FBK VUV-HD SiPM and glycerine as
optical coupling agent;

- LSO:Ce0.4%Ca: CTR=58±3 ps FWHM [2] with FBK NUV-HD SiPM and
Meltmount as optical coupling agent.

Knowing that the FBK VUV-HD SiPM suffers from a PDE three times lower than that
of the NUV FBK device used in conjunction with the lutetium-based crystal, leaves room
for further developments in this sector of photodetectors, also in terms of single photon
time resolution. With these future improvements in mind, the potential of BaF2 could be
fully exploited to the extent that coincidence time resolutions of <30 ps FWHM could be
eventually reached. To break even through that barrier, innovative research is needed in
the domain of crystal growth so as to produce scintillators with yet higher transparency
in the 200 nm wavelength regime. There is also room for further dedicated developments
of reflectors optimized for that wavelength.
In applications like medical imaging, in particular TOF-PET, the above results are of
imminent interest when the very high speed of BaF2, notwithstanding its lower density,
is explored to its full potential when combined with a heavier scintillator such as BGO.
Such a hybrid scintillator could lead to a very fast and yet highly sensitive detector of
low cost to enter the frontier of sub-100 ps TOF-PET. In future high energy physics
experiments, where high luminosity plays an increasing role for the detection of rare events,
fast scintillators such as BaF2, and perhaps also plastic scintillators, could play a dominant
role in the tagging of collision vertices and mitigating pile-up effects in e.g. calorimetry.
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Appendix A

Illustration of the TCSPC method

Time-correlated single photon counting measurements use a method that allows precise
determination of (rise- and) decay times of light pulses produced by, e.g., a scintillator.
The method relies on the registration of the arrival times of a large amount of single
photons, each from a different scintillation event. At every event, the time delay between
a start signal and the detection of a photon from the scintillation pulse, as such measuring
its arrival time. By repeating this procedure many times, scintillation pulse is basically
sampled one photon at a time. This is illustrated in figure A.1.
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APPENDIX A. ILLUSTRATION OF THE TCSPC METHOD

Figure A.1: Illustration of the principle behind TCSPC measurements, the scintillation
pulse produced by the scintillator is basically sampled one photon at a time. [1]
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Appendix B

Relaxation and thermalization of
electrons and holes

The ability of scintillating crystals to produce light stems from the band-structure with
only certain energy levels being allowed in the crystal. Due to its crystalline structure,
the scintillator has a core band, a valence band and a conduction band, each with corre-
sponding sub-bands. Between the conduction- and valence band there is a bandgap with
energy Eg, the so-called forbidden gap. Recombination of an electron above and a hole
below this bandgap can result in the emission of scintillation light. The hot electrons are
created in the conduction band, the “holes” that they leave behind are created in the core-
and the valence band. The top image of figure B.1 shows the case where rare earths are
present. In this case the rare earth introduces an extra set of bands within the bandgap of
the crystal, i.e. (usually) a 4f just below the conduction band and the 5d level just above
the valence band. The extra set of bands induces two additional effects. The first is that
it is possible for the hot electrons in the crystal to not only scatter with electrons, but also
with the rare earth atoms, until the energy of the electrons is below the corresponding
scattering threshold. Since this threshold generally lays below the electron-electron scat-
tering threshold, the multiplication process in these type of scintillators continues longer
and therefore a larger amount of excitations and finally scintillation light can be produced.
A second effect is that the electrons and holes can thermalize into the band corresponding
to the rare earth atoms, which facilitates a fast recombination.
The bottom image of figure B.1 shows the case of cross-luminescence, present in crystals
with an energy difference between the top core band and the bottom of the valence band
that is less than the forbidden bandgap. In this case, Auger processes in the core band
are energetically forbidden for the holes. As such, core holes can relax towards the top of
the core band instead and recombine with electrons from the valence band, leading to the
emission of scintillation light called cross-luminescence. Since the valence band is full of
electrons, holes easily localize near an electron. As such, cross-luminescence is a very fast,
sub-nanosecond, scintillation process. One should note that every recombination of a core
hole and valence electron leads to a new valence hole. This hole can again take part in
the “normal” scintillation process between the conduction- and valence band.
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APPENDIX B. RELAXATION AND THERMALIZATION OF ELECTRONS AND
HOLES

Figure B.1: Schematics of the relaxation and thermalization of electrons and holes in a
scintillating crystal in the case where (top) rare earths are present, either in the crystal
matrix or due to doping, and where (bottom) the crystal exhibits cross-luminescence.
Images taken from [2]
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Appendix C

Derivation of the Helmholtz
Equation

To understand the behavior of light, i.e. electromagnetic waves in photonic crystals one
must start with the general description of electromagnetic dynamics. They are described
by the Maxwell equations:

∇×E+
∂B

∂t
= 0 (C.1)

∇×H− ∂D

∂t
= J (C.2)

∇ ·B = 0 (C.3)

∇ ·D = ρ (C.4)

where E and D are the electric and the displacement field, respectively, H and B the
magnetic- and magnetic induction field, ρ the free charge density and J the free current
density. These four equations form the base of electrodynamics and are applicable in al-
most any situation.
In vacuum E and D are equal, however inside a dielectric material the situation changes.
The electric field in vacuum E can partly polarize dielectric materials by the effect it has
on the bound and the free charges in the material. The displacement field D takes this
effect into account. Analogously, the magnetic induction field in vacuum H can magnetize
magnetic materials and the magnetic field B takes this effect into account.
Assuming that the dielectric constant is linear and not dependent on the frequency and
that the dielectric material is isotropic, E and D, and the H and the B can then be related
in the following way:

D (r) = ϵ0ϵ (r)E (r) (C.5)

B (r) = µ0µ (r)E (r) (C.6)

where ϵ0 is the dielectric constant, ϵ (r) the relative dielectric constant of the material, µ0

the permeability of free space and µ (r) the relative permeability of the material. Further-
more, ϵ0 and µ0 can be related to the speed of light by c = 1√

ϵ0µ0
. Assuming then that

the considered material not to be magnetic, which is the case for the materials used in
this thesis work, µ (r) ≈ 1. Assuming additionally the use of non-conductive material, i.e.
no free charges and no free currents, ρ = J = 0. Considering that the fields have a time
dependency and a position dependency, and inserting the above assumption in equations
C.5 and C.6, equations C.1-C.4 can be rewritten as:

∇×E (r, t) + µ0
∂H (r, t)

∂t
= 0 (C.7)
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APPENDIX C. DERIVATION OF THE HELMHOLTZ EQUATION

∇×H (r, t)− ϵ0ϵ (r)
∂E (r, t)

∂t
= 0 (C.8)

∇ ·H (r, t) = 0 (C.9)

∇ · [ϵ (r)E (r, t)] = 0 (C.10)

ϵ (r) can be a complex number, the imaginary component then represents the absorption
of electromagnetic waves in the material. However, by considering only fully transparent
materials, ϵ (r) is assumed to only have a real component. Also, ϵ (r) is assumed to be
positive (a negative value would be used for e.g. metals). Since µ is assumed to be unity,
the refractive index can be related to the dielectric constant by n =

√
ϵµ =

√
ϵ, indicating

the refractive index to be real valued and positive.
As the Maxwell equations are linear equations, the fields can be expressed in a form where
the time- and spatial dependencies are separated and expressed as harmonic modes:

E (r, t) = E (r) e−ıωt (C.11)

H (r, t) = H (r) e−ıωt (C.12)

where ω is the frequency. These fields are complex fields, of which the real part represents
the physical fields. Fourier theory dictates that any function can be built from a sum
of harmonic modes. As such imposing the above fields to be harmonic in time does not
limit the systems that can be described by these expressions. Inserting these fields into
equations C.7-C.10 gives a new set of four relations:

∇×E (r)− ıωµ0H (r) = 0 (C.13)

∇×H (r) + ıωϵ0ϵ (r)E (r) = 0 (C.14)

∇ ·H (r) = 0 (C.15)

∇ · [ϵ (r)E (r)] = 0 (C.16)

Now the objective is to obtain a differential equation containing only H(r). This can be
effectuated by dividing equation C.14 by ϵ (r):

1

ϵ (r)
∇×H (r) + ıωϵ0E (r) = 0 (C.17)

and subsequently taking the curl:

∇×
(

1

ϵ (r)
∇×H (r)

)

+ ıωϵ0∇×E (r) = 0 (C.18)

Then, inserting equation C.13 in the resulting equation C.18, eliminates the electric field
from the equation.

∇×
(

1

ϵ (r)
∇×H (r)

)

+ ϵ0µ0ω
2H (r) = 0 (C.19)

This expression can be rewritten as follows:

∇×
(

1

ϵ (r)
∇×H (r)

)

= −
(ω

c

)2
H (r) (C.20)
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A similar expression can be derived for the electric field E(r), starting from equation C.13
instead of C.14. However, equation C.20 already contains the information about both field
H(r) and E(r). When a solution for one of the fields is found, the other can be easily
derived by inserting the first in the corresponding reformulation of equations C.13 and
C.14:

E (r) =
ı

ωϵ0ϵ (r)
∇×H (r) (C.21)

H (r) =
ı

ωµ0
∇×E (r) (C.22)

Equation C.20 is called the Helmholtz equation and describes the system as an eigenvalue
problem to be solved for a given dielectric constant ϵ(r):

Θ̂H (r) =
(ω

c

)2
H (r) (C.23)

with Θ̂F = ∇×
(

1
ϵ(r)∇× F

)

, where F is an arbitrary function and Θ̂ a Hermitian oper-

ator. The solutions to this eigenvalue problem are the eigenmodes of the system.
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Appendix D

Calculating the effective refractive
index

The effective refractive index of a periodic structure of cones at their base or of pillars
depends on their periodicity (p), their diameter (d) (at the base) and the refractive indices
of the structures (nphc) and their surroundings (nam). In order to calculate the effective
refractive index, one only needs to consider a surface of p × p. The most comprehensive
way to make this calculation is by taking this surface such that it contains exactly one cone
or pillar. In this way the cone (at its base) or pillar (at any height) has a intersection or
surface of π

4d
2. As the total surface is p2, the surface of the ambient material is p2−

(

π
4d

2
)

.
Therefore, the effective refractive index neff is given by the following expression:

neff =

(

π
4d

2
)

nphc +
(

p2 − π
4d

2
)

nam

p2
=

π

4

d2

p2
(nphc − namb) + 1 (D.1)

To calculate nphc when a certain neff is required, equation D.1 can be rewritten into:

nphc =
neff − 1

π
4
d2

p2

+ namb (D.2)

As an example, in the case where one requires an neff = 1.8 and where d = p and
namb = 1, the required nphc is:

nphc =
1.8− 1
π
4 × 1

+ 1 = 2.0 (D.3)
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Appendix E

Effect of Fresnel Reflection on
Transmission Measurements

When a light beam enters an interface of two materials with different refractive indices,
the angle of the transmitted beam changes according to Snell’s law. This is shown in figure
E.1 (a). The angle θt of the transmitted beam is thus given by [3]:

θt =
n1

n2
arcsin(θi) (E.1)

where n1 is the refractive index of the material before the interface, n2 the refractive index
of the material after the interface and θi the angle of the incoming beam, as in figure E.1.
However, due this interface, not the entire intensity of the beam is transmitted: part of it
will be reflected at the interface, as also shown in figure E.1 (a). This reflection is called
Fresnel reflection, a classic reflection where the reflection angle θr equals the incoming
angle θi. Since the refractive index of materials changes with wavelength, also the amount
of reflected light depends on the wavelength. It further depends on the impinging angle
of the light on the interface and on the transmitted angle. Looking at figure E.1(a), the
following can be said about the amount of reflected light Ir:

Ir = Ii · R(λ, θi) (E.2)

where R(λ, θi) is the reflection coëfficient due to Fresnel reflection. As per this equation,
the amount of light Ic that is transmitted into the second medium equals:

Ic = Ii · [1− R(λ, θi)] (E.3)

However, when the second material is absorbing, equation E.3 changes into:

Ic = Ii · [1− R(λ, θi)] · e−µ·x (E.4)

where µ is the absorption coëfficient of the second material, blue in the figure, and x the
length of the path through that material. Therefore, e−µ·x is the absorption of the light
by the material it travels through.
Figure E.1 (b) illustrates the situation where a finite second material is placed inside
another medium, thus introducing two interfaces between the materials with different
refractive indices. Since Fresnel reflection does not discriminate between going from the
lower refractive index material to the higher refractive index material or going from the
higher refractive index material to the lower index material, the reflection at the two
interfaces is the same. In the figure, only the first time the light reflects at an interface
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APPENDIX E. EFFECT OF FRESNEL REFLECTION ON TRANSMISSION
MEASUREMENTS

(a) (b)

Figure E.1: Reflection and refraction of light on an interface of materials with different
indices of refraction. (a) One interface between two materials. (b) A finite material in
another material, thus introducing two interfaces. The reflection at the two interfaces is the
same, since Fresnel reflection does not discriminate between going from the lower refractive
index material to the higher refractive index material, or going from the higher refractive
index material to the lower. Here only the first Fresnel reflection on each interface is
drawn.

is shown. In the finite material, that is assumed to absorb light, there is a constant
absorption when light travels between the two interfaces. For geometrical reasons, this
amount depends on the transmitted angle θt of the light as this changes the traveled path
of the light. However, since this transmitted angle depends on the given materials and the
impinging angle, see equation E.1, one could say that for a given set of interfaces between
two materials the Fresnel reflection on every surface depends only on the impinging angle
(or only the transmitted angle), the wavelength of light and the refractive indices of the
materials. Therefore, equation E.4 changes into:

Ic = Ii · [1− R(λ, θi)] ·T(θt)

= Ii · [1− R(λ, θi)] ·T(θi)
(E.5)

where T(θi) = 1 − e−µ·x is the transmission if the light traveling at an angle θt through
the medium. The amount of light I1 extracted at the other end of the medium, see figure
E.1(b), is the following:

I1 = Ic · [1− R(λ, θi)]

= Ii · R(λ, θi) ·T(θi) · [1− R(λ, θi)]

= Ii · [1− R(λ, θi))]
2 ·T(θi)

(E.6)

In reality, there are many reflection in the medium, every time reflecting part of the light
and transmitting part of it as shown in figure E.2. As the figure also shows, the total
amount of light exiting the medium is the sum of all the partial transmissions:

It = I1 + I2 + I3 + ...+ In =

∞
∑

n=1

In (E.7)
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Figure E.2: Reflection and refraction of light traveling from a material with a certain
refractive index into a finite material with a different refractive index at an angle θi. The
reflection at the two interfaces is the same, since Fresnel reflection does not discriminate
between going from the lower refractive index material to the higher refractive index
material, or going from the higher refractive index material to the lower. The light reflects
many times inside the medium, every time a transmitting part of the light is transmitted
outside the medium. The medium might also absorb part of the light.

Continuing in the same line of thinking as during the derivation of equations E.4-E.6, the
following holds for I2, I3 and In:

I2 = Ic · R(λ, θi) ·T(θi) · R(λ, θi) ·T(θi) · [1− R(λ, θi)]

= Ic · R(λ, θi)
2 ·T(θi)

2 · [1− R(λ, θi)]

= Ii · [1− R(λ, θi)] ·T(θi) · R(λ, θi)
2 ·T(θi)

2 · [1− R(λ, θi)]

= Ii · [1− R(λ, θi)]
2 · R(λ, θi)

2 ·T(θi)
3

(E.8)

I3 = Ic · R(λ, θi)
4 ·T(θi)

4 · [1− R(λ, θi)]

= Ii · [1− R(λ, θi)] ·T(θi) · R(λ, θi)
4 ·T(θi)

4 · [1− R(λ, θi)]

= Ii · [1− R(λ, θi)]
2 · R(λ, θi)

4 ·T(θi)
5

(E.9)

In = Ii · [1− R(λ, θi)]
2 · R(λ, θi)

2(n−1) ·T(θi)
2(n−1)+1

= Ii · [1− R(λ, θi)]
2 ·T(θi) · [R(λ, θi) ·T(θi)]

2(n−1)
(E.10)
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MEASUREMENTS

Therefore, the total amount of extracted light It is given by the following expression:

It =

∞
∑

n=1

Ii · [1− R(λ, θi)]
2 ·T(θi) · [R(λ, θi) ·T(θi)]

2(n−1)

= Ii · [1− R(λ, θi)]
2 ·T(θi) ·

∞
∑

n=1

[R(λ, θi) ·T(θi)]
2(n−1)

= Ii · [1− R(λ, θi)]
2 ·T(θi) ·

∞
∑

k=0

[R(λ, θi) ·T(θi)]
2k

(E.11)

As both R(λ, θi) < 1 and T(θi) ≤ 1, also [R(λ, θi) ·T(θt)]
2 < 1. Therefore, the sum in

expression E.11 is a geometric series with the common ratio smaller than 1. This means
that equation E.11 can be rewritten as follows:

In = Ii · [1− R(λ, θi)]
2 ·T(θi) ·

1

1− [R(λ, θi) ·T(θi)]2

= Ii ·T(θi) ·
[1− R(λ, θi)]

2

1− [R(λ, θi) ·T(θi)]2

= Ii ·T(θi) · F(λ, θi)

(E.12)

where the total Fresnel reflection F(λ, θi) is given by [1−R(λ,θi)]
2

1−[R(λ,θi)·T(θi)]2
.

In the case where the light is impinging under an angle of θi = 90°, the Fresnel equation
simplifies to [3]:

R(λ, θi = 90°) = (
n1 − n2

n1 + n2
)2 (E.13)

with n1 and n2 the refractive indices of the two media. In this case, equation E.12 can be
written as:

In = Ii ·T(l) ·
[1− (n1−n2

n1+n2
)2]2

1−T(l)2 · (n1−n2

n1+n2
)4

(E.14)

where T(l) is the transmission of light after traveling a distance of the thickness l of the
finite medium.

170



Appendix F

Crystal surfaces of 9 MAMMI
crystals for the TurboPET scanner

F.1 Photos of the crystal surfaces

Figures F.1a-F.1i show pictures of 9 of the MAMMI crystals, selected for the TurboPET
ring, after imprinting with sol-gel lithography. The crystal samples are presented in 5.5.
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APPENDIX F. CRYSTAL SURFACES OF 9 MAMMI CRYSTALS FOR THE
TURBOPET SCANNER

(a) 31LYSO-B1 (b) 31LYSO-B2 (c) 31LYSO-B3 (d) 31LYSO-5

(e) 31LYSO-6 (f) 31LYSO-7 (g) 31LYSO-8 (h) 31LYSO-9

(i) 31LYSO-12

Figure F.1: Surface of nine MAMMI crystals for the final TurboPET ring after undergoing
nano-imprinting with sol-gel lithography.
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F.2 SEM images of the crystal surfaces

Figures F.2a-F.4d show SEM images of 6 of the MAMMI crystals for the TurboPET ring
after imprinting with sol-gel lithography. The crystals are discussed in 5.5. All crystals
show a photonic crystal structure with cones in a hexagonal lattice with a periodicity of
1000 nm. All the patterns show only local periodicity, for crystals 31LYSO-5, 31LYSO-6
and 31LYSO-7 (figures F.3c-f) even only a weak local periodicity. Furthermore, crystal
31LYSO-5 in figure F.3c shows voids in the nanopattern. All the crystals show regions
with , such as clustering of cones, in the pattern. All the crystals show some regions with
broken cones. The cones all have a base diameter of 400 nm and are sitting on a pedestal-
like base above the crystal surface. The height of the cones fluctuate slightly throughout
the surface. The average height of the cones for each crystal are summarized in table 5.3
in chapter 5.5.
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APPENDIX F. CRYSTAL SURFACES OF 9 MAMMI CRYSTALS FOR THE
TURBOPET SCANNER

(a) 31LYSO-B1

(b) 31LYSO-B1

(c) 31LYSO-B2

(d) 31LYSO-B2

Figure F.2: SEM images of two of the MAMMI crystals for the final TurboPET ring after
undergoing nano-imprinting with sol-gel lithography.
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(a) 31LYSO-5

(b) 31LYSO-5

(c) 31LYSO-6
(d) 31LYSO-6

Figure F.3: SEM images of two of the MAMMI crystals for the final TurboPET ring after
undergoing nano-imprinting with sol-gel lithography.
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APPENDIX F. CRYSTAL SURFACES OF 9 MAMMI CRYSTALS FOR THE
TURBOPET SCANNER

(a) 31LYSO-7

(b) 31LYSO-7

(c) 31LYSO-12

(d) 31LYSO-12

Figure F.4: SEM images of two of the MAMMI crystals for the final TurboPET ring after
undergoing nano-imprinting with sol-gel lithography.
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Appendix G

Schematics Perkin Elmer
LAMBDA 650 UV/VIS
spectrophotometer

Figure G.1 shows the schematics of the Perkin Elmer LAMBDA 650 UV/VIS spectropho-
tometer.
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APPENDIX G. SCHEMATICS PERKIN ELMER LAMBDA 650 UV/VIS
SPECTROPHOTOMETER

Figure G.1: Schematics of the Perkin Elmer LAMBDA 650 UV/VIS spectrophotometer.
[4]
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Appendix H

Datasheet Hamamatsu R10755
PMT

Datasheet of the Hamamatsu R10755 PMT, used for the measurements in chapter 5 and on
the next page a measurements on the wavelength-dependent quantum efficiency.
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PHOTOMULTIPLIER TUBE

R10755 
 Apr. 2014

For Scintillation Counting, Bialkali
90 mm (3.5 inch) Diameter, 10-stage, Head-on Type

GENERAL

Parameter Description / Value Unit

Spectral Response 300 to 650 nm

Wavelength of Maximum Response 420 nm

Photocathode
Material  Bialkali -

Minimum Effective Area 85 mm dia.

Windows Material Borosilicate glass -

Dynode
Structure Box & Grid -

Number of Stage 10 -

Weight 210 g

MAXIMUM RATINGS (Absolute Maximum Values)

Parameter Value Unit

Supply Voltage
Between Anode to Cathode 1500 V

Between Anode to Last Dynode 250 V

Average Anode Current 0.1 mA

Operating Temperature -30 to +50 o
C

Storage Temperature -30 to +50 o
C

CHARACTERISTICS (at 25
o
C)

Parameter Min. Typ. Max. Unit

Cathode Sensitivity

Luminous (2856K) 80 110 - uA/lm

Blue Sensitivity Index (CS 5-58 filter) 10 11.5 - -

Quantum Efficiency at Peak Wavelength - 28 - %

Anode Sensitivity Luminous (2856K) 10 90 - A/lm

Gain - 8.2X10
5

- -

Anode Dark Current (after 30min. Storage in Darkness) - 5 30 nA

Time Response
Anode Pulse Rise Time - 19 - ns

Electron Transit Time - 90 - ns

Pulse Hight Resolution(NaI(Tl)3"Dia.X3"Thick.+Cs137) - 6.5 - %

Pulse Linearity at +/- 2 % deviation - 1 - mA

Pulse Linearity at +/- 5 % deviation - 5 - mA

(For anode characteristics, its applied voltage is 1000V.)

VOLTAGE DISTRIBUTION (K : Cathode, G : Grid, Dy : Dynode, P : Anode)

K       G     Dy1     Dy2     Dy3     Dy4     Dy5     Dy6     Dy7     Dy8     Dy9    Dy10     P

     1        1        1         1          1         1          1         1          1         1         1          1

  

<Attached Data>
Cathode Luminous Sensitivity , Cathode Blue Sensitivity ,  Anode Luminous sensitivity , Anode Dark Current 
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APPENDIX H. DATASHEET HAMAMATSU R10755 PMT
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Appendix I

Datasheet Hamamatsu R2059
PMT

Datasheet of the Hamamatsu R10755 PMT, used for the measurements in chapter 6.
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FEATURES

SPECIFICATIONS

PHOTOMULTIPLIER TUBE

R1828-01, R2059

Information furnished by HAMAMATSU is believed to be reliable. However, no responsibility is assumed for possible inaccuracies or omissions. Specifications are
subject to change without notice. No patent rights are granted to any of the circuits described herein. ©2019 Hamamatsu Photonics K.K.

Subject to local technical requirements and regulations, availability of products included in this promotional material may vary. Please consult with our sales office.

●Fast time response

●51 mm (2 inch) diameter

●Bialkali photocathode

CHARACTERISTICS (at 25 °C)

GENERAL

MAXIMUM RATINGS (Absolute maximum values)

Parameter Min. Unit

Cathode sensitivity

Anode sensitivity

Gain

Anode dark current (after 30 min storage in darkness)

Time response

Pulse linearity *

Luminous (2856 K)

Radiant at 420 nm

Blue sensitivity index (CS 5-58)

Luminous (2856 K)

Radiant at 420 nm

Anode pulse rise time

Electron transit time

Transit time spread (FWHM)

at 2 % deviation

at 5 % deviation

NOTE: Anode characteristics are measured with the voltage distribution ratio shown below.
* Measured with the special voltage distribution ratio show below.

60

—

—

200

—

—

—

—

—

—

—

—

90

85

10.5

1800

1.7 × 106

2.0 × 107

50

1.3

28

550

250

500

µA/lm

mA/W

—

A/lm

A/W

—

nA

ns

ns

ps

mA

mA

—

—

—

—

—

—

400

—

—

—

—

—

Typ. Max.

Parameter Unit

Spectral response

Wavelength of maximum response

Photocathode

Window material

Dynode

Operating  ambient temperature

Storage temperature

Base

Suitable socket

R1828-01

R2059

MateriaI

Minimum effective area

R1828-01

R2059

Structure

Number of stages

300 to 650

160 to 650

420

Bialkali

  46

Borosilicate glass

Silica glass

Linear focused

12

-30 to +50

-30 to +50

JEDEC No. B20-102

E678-20B (supplied)

nm

nm

nm

—

mm

—

—

—

—

°C

°C

—

—

Description / Value

Parameter Unit

Supply voltage

Average anode current

Between anode and cathode

Between anode and last dynode

3000

400

0.2

V

V

mA

Value

Supply voltage: 2500 V, K: Cathode, Dy: Dynode, P: Anode, G: Grid

VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE
Electrodes

Ratio

K Dy1G

1.2

Dy2

2.8

Dy3

1.2

Dy4

1.8

Dy5

1

Dy6

1

Dy7

1 1

Dy8 Dy9 Dy10

1 1 1.5 1.5

Dy11 Dy12 P

3 2.5

Supply voltage: 2500 V, K: Cathode, Dy: Dynode, P: Anode, G: Grid

SPECIAL VOLTAGE DISTRIBUTION RATIO FOR PULSE LINEARITY MEASUREMENTS
Electrodes

Ratio

K Dy1G

1.2

Dy2

2.8

Dy3

1.2

Dy4

1.8

Dy5

1

Dy6

1

Dy7

1.2 1.5

Dy8 Dy9 Dy10

2 2.8 4 5.7

Dy11 Dy12 P

8 5



TPMH1259E05
FEB. 2019 IP

PHOTOMULTIPLIER TUBE R1828-01, R2059

HAMAMATSU PHOTONICS K.K.
HAMAMATSU  PHOTONICS  K.K., Electron Tube Division 
314-5, Shimokanzo, Iwata City, Shizuoka Pref., 438-0193, Japan, Telephone: (81)539/62-5248, Fax: (81)539/62-2205

 www.hamamatsu.com

U.S.A.: Hamamatsu Corporation: 360 Foothill Road, Bridgewater, NJ 08807, U.S.A., Telephone: (1)908-231-0960, Fax: (1)908-231-1218  E-mail: usa@hamamatsu.com
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RELATED PRODUCTS

PHOTOMULTIPLIER TUBE ASSEMBLY

H1949-51/ H3177-51

Figure 1: Typical spectral response
TPMHB0981EA

Figure 2: Typical gain characteristics
TPMHB0609EA

Figure 3: Dimensional outline and 

               basing diagram (Unit: mm)

TPMHA0064ED

TPMHA0637EA

TACCA0309EA
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Appendix J

Datasheet Hamamatsu H6610
PMT

Datasheet of the Hamamatsu R10755 PMT, used for the measurements in chapter 7.
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High Speed Response (Rise Time = 0.7ns, TTS = 0.16ns FWHM)

25mm (1 Inch) Diameter, 10 - stage, Bialkali Photocathode, Head - On Type

Dynode

Photocathode

Wavelength of Maximum Response

Material

Minimum Effective Area

Structure

Number of Stages

Case

Assembled Photomultiplier Tube

300 to 650

420

Borosilicate glass

Linear focused

Magnetic shield case

—

nm

nm

mm dia.

—

—

—

—

—

GENERAL

MAXIMUM RATINGS (Absolute Maximum Values)

°C

-2500

-30 to +50

0.016

Vdc

mA

Supply Voltage

Average Anode Current

Ambient Temperature

Between Anode and Cathode

CHARACTERISTICS (at 25 °C)

Blue (CS 5 - 58 filter)

Transit Time Spread (T.T.S.)

Anode

Sensitivity

Gain

Anode Pulse Rise Time

Electron Transit Time
Time

Response

6

— 5.7 × 106

—

—

—

—

A/lm

Cathode

Sensitivity

Luminous (2856 K)

100

60 70

9

400Luminous (2856 K)

100

ns

Parameter H6533 Unit

Spectral Response

Window Material

Bialkali

20

10

Parameter UnitDescription/Value

Parameter UnitMax.Typ.Min.

µA/lm

µA/lm-b

—

VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE

Electrodes K G Dy1 Dy3 Dy4Dy2 Dy5 Dy6 Dy7 Dy8 P

Supply Voltage: -2250 Vdc,    K: Cathode,    Dy: Dynode,    P: Anode,    G: Grid

Acc to be connected to Dy7

11 1.51111.81.24.81.3Ratio

PHOTOMULTIPLIER TUBE

ASSEMBLIES

H6533/H6610

—

—

0.7 —

800 nA

H6610

160 to 650

Synthetic silica

3 2.5

Dy9 Dy10

Anode Dark Current (after 30 min. storage in darkness)

ns— —

R4998 R5320

0.16

— 10 — ns

NOTE: Anode characteristics are measured with the voltage distribution ratio shown below.

Information furnished by HAMAMATSU is believed to be reliable. However, no responsibility is assumed for possible inaccuracies or omissions. 
Specifications are subjected to change without notice. No patent right are granted to any of the circuits described herein. c1998 Hamamatsu Photonics K.K.

Subject to local technical requirements and regulations, availability of products included in this promotional material may vary. Please consult with our sales office.

0.36 mAVoltage Divider Current



PHOTOMULTIPLIER TUBE ASSEMBLIES H6533/H6610

Figure 1: Typical Spectral Response Figure 2: Typical Gain and Anode Dark Current

TPMHB0466EATPMHB0463EA

TPMH1199E01

FEB. 1998 SI

Printed in Japan (500)

HAMAMATSU PHOTONICS K.K., Electron Tube Center

314-5, Shimokanzo, Toyooka-village, Iwata-gun, Shizuoka-ken, 438-0193 Japan, Telephone:(81)539/62-5248, Fax:(81)539/62-2205

U.S.A.: Hamamatsu Corporation: 360 Foothill Road,  P.O.Box 6910, Bridgewater, N.J. 08807-0910, U.S.A., Telephone:(1)908-231-0960, Fax:(1)908-231-1218

Germany: Hamamatsu Photonics Deutschland GmbH: Arzbergerstr. 10, D-82211 Herrsching am Ammersee, Germany, Telephone:(49)8152-375-0, Fax:(49)8152-2658

France: Hamamatsu Photonics France: S.A.R.L.: 8, Rue du Saule Trapu, Parc du Moulin de Massy, 91882 Massy Cedex, France, Telephone:(33)1 69 53 71 00, Fax:(33)1 69 53 71 10

United Kingdom: Hamamatsu Photonics UK Limited: Lough Point, 2 Gladbeck Way, Windmill Hill, Enfield, Middlesex EN2 7JA, United Kingdom, Telephone:(44)181-367-3560, Fax:(44)181-367-6384

North Europe: Hamamatsu Photonics Norden AB: Färögatan 7, S-164 40 Kista, Sweden, Telephone:(46)8-703-29-50, Fax:(46)8-750-58-95

Italy: Hamamatsu Photonics Italia S.R.L.: Via della Moia, 1/E 20020 Arese, (Milano), Italy ,Telephone: (39)2 935 81 733 Fax: (39)2 935 81 741

200 800600400
0.01

0.1

1

10

100

WAVELENGTH (nm)

C
A

T
H

O
D

E
 R

A
D

IA
N

T
 S

E
N

S
IT

IV
IT

Y
 (

m
A

/W
)

Q
U

A
N

T
U

M
 E

F
F

IC
IE

N
C

Y
 (

%
)

CATHODE

RADIANT

SENSITIVITY

QUANTUM

EFFICIENCY

H6610

H6533

   31.0 ± 0.5

    26 ± 1

    20MIN.

1
2

0
.0

 ±
 0

.8

7
1

 ±
 1

1
5

0
0

1
M

A
X

.

PHOTOCATHODE

WITH HA COATING

PMT: R4998 (H6533)
R5320 (H6610)

MAGNETIC SHIELD 
CASE (t = 0.8 mm)

POTTING
COMPOUND

SIGNAL OUTPUT

: RG-174/U (BLACK)

-H.V
: COAXIAL CABLE (RED)

R19

R18

R17

R16

R15

R14

R13

R12

R11

R10

R9

R8

R7

R6

R5

R4

R3

R2

R1

DY10

DY9

DY8

DY7

DY6

DY5

DY4

DY3

DY2

DY1

-H.V
: COAXIAL CABLE (RED)

P

C4

C3

C2

C1

K

SIGNAL OUTPUT
: RG-174/U (BLACK)

R1, R3, R19
R2, R7 to R12, R15 to R17

R4
R5, R18
R6, R14

R13
R20 to R22

C1 to C3
C4

: 430 kΩ
: 330 kΩ
: 820 kΩ
: 390 kΩ
: 270 kΩ
: 220 kΩ
: 51 Ω
: 0.022 µF
: 0.033 µF

R22

R21

R20

F

ACC

*

TO MAGNETIC

SHIELD CASE

* MAGNETIC SHIELD IS CONNECTED 

TO GND INSIDE OF THIS PRODUCT.

Figure 3: Dimensional Outline and Circuit Diagram (Unit: mm)
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Appendix K

Datasheet HPM-100-07

Datasheet of the HPM-100-07 hybrid PMT, used for the measurements in chapter 7.
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dbhpm-06-07-01.doc      Jan. 2017 

HPM-100-06/07
 

Ultra-High Speed Hybrid Detectors for TCSPC 

Ultra fast instrument response function: <20 ps FWHM with SPC-150NX 

HPM-100-06: 290 to 600 nm (Bialkali) 

HPM-100-07: 220 to 850 nm (Multialkali) 

No afterpulsing background 

Excellent dynamic range of TCSPC measurements 

Internal generators for PMT operating voltages 

Power supply and control via bh DCC-100 card 

Overload shutdown 

Direct interfacing to all bh TCSPC systems 
 

The HPM-100 module combines a Hamamatsu R10467 hybrid detector tube with a preamplifier and the generators for the tube 

operating voltages in one compact housing. The principle of the hybrid detector yields excellent timing resolution, a clean 

TCSPC instrument response function, high detection quantum efficiency, and extremely low afterpulsing probability. The 

absence of afterpulsing results in a substantially increased dynamic range of TCSPC measurements. 

The HPM-100 module is operated via the bh DCC-100 detector controller of the bh TCSPC systems. The DCC-100 provides for 

power supply, gain control, and overload shutdown. The HPM-100 interfaces directly to all bh SPC or Simple Tau TCSPC 

systems. It is available with standard C-mount adapters, adapters for the bh DCS-120 confocal scanning FLIM system, and 

adapters for the NDD and BIG ports of the Zeiss LSM 710/780/880 NLO multiphoton laser scanning microscopes. 

 

             

              

 

Left: Intrument response function, measured with 100-fs fibre laser. Recorded with SPC-150NX TCSPC module. Right: Response to pulses from 

bh picosecond diode laser, 30 ps pulse width. Recorded with SPC-150N TCSPC module. 

 

Technology Leader in TCSPC    



dbhpm-06-07-01.doc      Jan. 2017 

HPM-100-06/07
 

Detection quantum efficiency vs. wavelength 
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HPM-100-07

HPM-100-06

800 nm

 

(after Hamamatsu Specifications) 

Specifications, typical values 
 -06 version -07 version 

Wavelength Range 290 nm to 600 nm 220 to 850 nm 1) 

Peak detection Quantum efficiency 20 %  (at 400nm) 26% at 290 nm, 22% at 400nm 1) 

Dark Count rate,  Tcase = 22°C, 3mm version  100 to 400 s-1 100 to 1000 s-1 

Cathode Diameter 3 mm 

TCSPC IRF width (Transit Time Spread, with SPC-150NX)  <20 ps, FWHM 

Single Electron Response Width 850 ps, FWHM 

Single Electron Response Amplitude 50 to 150 mV, -8000 V, Vapd 95% of Vbreakdown  

Output Polarity negative 

Output Impedance 50  

Max. Count Rate (Continuous) 10 MHz 

Overload shutdown at >15 MHz 

Detector Signal Output Connector SMA 

Power Supply (from DCC-100 Card) + 12 V, +5 V, -12V 

Dimensions (width x height x depth) 60 mm x 90 mm x 170 mm 

Optical Adapters C-Mount, DCS-120, LSM 710/780/880 NDD and BIG ports 
 

1) according to Hamamatsu specifications 

 

Related products:  HPM-100-40/42 GaAsP and HPM-100-50 GaAs hybrid detector modules 

Literature: The bh TCSPC Handbook, 6th edition, Becker & Hickl GmbH. Printed copies or electronic version on www.becker-hickl.com 

 Sub-20ps IRF Width from Hybrid Detectors and MCP-PMTs. Application note, available from www.becker-hickl.com 

 

 

 

 

 

 

 

 

 

 

International Sales Representatives 

Becker & Hickl GmbH 

Nahmitzer Damm 30 

12277 Berlin, Berlin 

Tel. +49 / 30 / 787 56 32 

Fax. +49 / 30 / 787 57 34 

email: info@becker-hickl.com 

www.becker-hickl.com 

US: 

Boston Electronics Corp 

tcspc@boselec.com 

www.boselec.com 

UK: 

Photonic Solutions PLC 

sales@psplc.com 

www.psplc.com 

Japan: 

Tokyo Instruments Inc. 

sales@tokyoinst.co. jp 

www.tokyoinst.co.jp 

China: 

DynaSense Photonics Co. Ltd. 

info@dyna-sense.com 

www.dyna-sense.com 
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