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Introduction

1.1. What is gamma-ray spectroscopy

While ionising radiation is all around us, special techniques are required to convert it to
something humans can perceive. Arguably the most famous technology for this is the
Geiger-Miiller counter, which generates an electronic pulse upon detection of an ionis-
ing particle. Often this electronic pulse is converted to the well-known clicking sound
that these detectors produce. A Geiger-Miiller counter, however, only gives information
about the number of ionising particles, but it gives little information about the energy of
these particles. For y-rays, information on the energy can be attained using a measure-
ment technique called y-ray spectroscopy.

y-ray spectroscopy relies on a detector material interacting with a y-ray passing through
it. Within this interaction, the y-ray creates free charge carriers, the number of which is
proportional to the amount of energy the y-ray deposits in the detector material. The
aim of the technique is then to determine the amount of deposited energy by measuring
how many free charge carriers were created. This is done by either directly or indirectly
converting these free charge carriers into an electronic pulse, the intensity of which must
then be proportional to the amount of free charge carriers. A histogram of the intensity
of many such electronic pulses is called a pulse height spectrum (PHS).

An example of a PHS is shown in Figure 1.1. The y-ray spectrometer consisted of a
LaBr3:Ce3* scintillation crystal optically coupled to a Photonis XP2060B photomultiplier
tube (PMT). It measured the 662 keV y-rays and 32 keV X-rays coming from a '3’Cs
source. When a y-ray spectrometer is exposed to a flux of monoenergetic y-rays with
an energy below 1,022 keV, there are two types of interactions possible. The first is pho-
toelectric absorption, where the y-ray transfers all of its energy to an electron in the de-
tector material. The second is Compton scattering, where only part of the y-ray energy
is transferred to an electron in the detector. Above 1,022 keV there also is the possibility
that an electron-positron pair is produced. However, since it is conventional to compare
detector performance under excitation with a 662 keV y-rays from a '3’Cs source, this
pair production will not be discussed in detail.

The pulse height spectrum in Figure 1.1 contains 3 distinct features: a Compton con-
tinuum and two photopeaks at 32 keV and 662 keV. The Compton continuum, running
from 0 keV to 477 keV, is caused by 662 keV y-rays that undergo Compton scattering after
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which the lower energy scattered y-ray escapes the detector material. The probability of
this escape decreases with increasing detector size, and therefore the probability that all
energy is absorbed within the detector increases. When all energy is absorbed, an event
ends up in the photopeak. This is mostly due to photoelectric absorption. The energy
resolution of a detector is defined as the full width at half maximum (FWHM) of the pho-
topeak AE divided by the energy of the incoming y-ray E (Equation 1.1) [1]. For the 662
keV photopeak in Figure 1.1, AE = 30 keV at E = 662 keV, giving an energy resolution of
4.5 %. The main goal of this work is to find scintillating materials that can yield better
energy resolutions than current scintillation detectors.

R= AE (1.1)
= .
1400
1200
Photopeak
32 keV
1000
/ Photopeak
2 662 keV
C 800
-]
(@] \
O 600 -
Compton continuum
400 - /
200
0 I I I I I

0 100 200 300 400 500 600 700 800
E (keV)

Figure 1.1: Pulse height spectrum of a 137 Cs source measured with a y-ray spectrometer
consisting of a LaBrs:Ce3* crystal optically coupled to a Photonis XP2060B PMT.

1.2. Semiconductors and scintillators

Common detectors that are used for y-ray spectroscopy can be separated in two main
categories, semiconductor detectors and scintillation detectors [2]. A semiconductor
detector consists of a semiconductor (~1 eV band gap) as detector material to which two
electrodes are attached [3]. When a voltage is applied over the electrodes, the electric
field separates the free electrons and holes that are created in the depletion layer when a
y-ray interacts with the detector material, generating an electronic pulse. The intensity
of this pulse is directly proportional to the amount of free charge carriers, which relates
the intensity of a pulse to the amount of energy the y-ray deposited in the detector.



When the highest achievable energy resolution is required, the detector material of
choice is high purity germanium (HPGe). The energy resolution of HPGe detectors can
reach an excellent value of 0.3% at 662 keV [4]. It does, however, have several drawbacks.
For example, HPGe detectors are expensive and can easily cost over 10 times as much as
aNaL:TI* scintillation detector [5,6]. They also need to be kept at cryogenic temperatures
atall time [7], making them rely on liquid nitrogen facilities or other often bulky methods
of cooling [5]. Lastly, the density of germanium is relatively low compared to that of
scintillators, which gives HPGe detectors limited stopping power for high energy y-rays.

There also exist semiconductor detectors that operate at room temperature, among
which are CdTe, CZT and TIBr [8]. These consist of elements with higher atomic number
Z than HPGe, resulting in a higher stopping power for y-rays. An energy resolution of
approximately 0.5% has been achieved with a 6 cm® CZT detector [9]. While this is worse
than HPGe, it is still far better than any scintillation detector. These detectors, however,
also come with several large drawbacks. They tend to have a higher concentration of de-
fects than HPGe and consequently they have a significantly lower drift velocity of elec-
trons and holes. As a result, the dead time of large detectors can be as long as 100 ps [9],
which severely limits their count rate [10-12]. Therefore, detectors larger than several
cm? are often impractical. Since the stopping power is lower for high energy y-rays, the
small size of these detectors often limits their use to detection of y-ray energies below
1 MeV [13]. Exposing these detectors to high energy (MeV) protons, neutrons and elec-
trons causes the creation of defects in the bulk of the detector material, causing further
degradation of the charge carrier mobility. Therefore, all these semiconductor detectors
are sensitive to radiation damage [8].

Opposed to the semiconductor detectors, scintillation detectors convert the free charge
carrier into an electronic pulse indirectly. They consist of a scintillator as detector ma-
terial, which is coupled to a photodetector. The free charge carriers that are created
inside the scintillator are converted into photons near their point of creation. The wave-
length of these scintillation photons typically lies in the UV or visible part of the electro-
magnetic spectrum. The scintillation photons are then detected by the photodetector
attached to the outside of the scintillator. The number of photons detected during a
scintillation event then becomes a measure for the energy absorbed in the scintillator.

One large benefit of scintillation detectors compared to semiconductor detectors is
their stopping power and potential size. The problems in semiconductor detectors arise
during the transport of free charge carriers to the electrodes. The transport length in-
creases with increasing detector size. Since, in scintillators, the recombination of free
charge carriers happens close to their point of creation, the charge carrier transport is
replaced by optical photon transport. As the ideal scintillator is transparent to its own
emission, the generated scintillation photons are unobstructed when travelling through
the crystal. This means that the light collection efficiency is almost independent of de-
tector size. The main downside of scintillation detectors, however, is that the energy
resolution is much worse than that of semiconductor detectors. Commercial Nal: T1*
detectors typically have an energy resolution worse than 6% at 662 keV [14]. The more
recently developed LaBr3:Ce3*,Sr?* detectors can reach significantly better energy reso-
lution of 2.2% [15].
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1.3. The need for high resolution scintillators

Often it is worth sacrificing some of the energy resolution by using a scintillation detec-
tor instead of a semiconductor detector. When an application does not have very high
requirements for the energy resolution, their lower cost and ease of use are often the sell-
ing points. However, there are scenarios in which using semiconductor detectors is not
even feasible. There are many examples reported in literature where scintillation detec-
tors are preferred over semiconductor detectors due to constraints in the spectrometer
design. Take for example the nuclear incident at the Fukushima Dai-ichi reactor. In order
to construct a decontamination plan, both the inside of the reactor and its surrounding
had to be screened for presence and identification of radioactive isotopes. Scintillation
detectors have often been the detector of choice for these tasks.

The perimeter around the reactor was screened using y-ray spectrometers in fixed lo-
cations and portable ones carried by backpack, car and helicopter [16]. The aim was to
map out the distribution of radioisotopes with both short half-lives, such as 31, 132Te,
and 1331, as well as long half-lives, such as 134¢cg and 37Cs [17]. Japanese aerospace law
restricts aerial radiation monitoring by manned helicopter to altitudes higher than 150
m, providing limited spatial resolution. It was necessary to perform measurements with
better spatial resoltuion to form a decomtamination plan for the area within a radius
of several km around the reactor. Therefore, Sanada et al. designed y-ray spectrome-
ter attached to an unmanned helicopter, which are allowed to fly at altitudes below 150
m [18]. The design was made around existing unmanned helicopter models typically
used for agricultural purposes, which have a maximum payload of 10 kg [19]. This in-
troduced a weight limit in the y-ray spectrometer design. The y-ray spectrometer also
needed a high detection efficiency for accurate measurements in regions with low activ-
ity. Additionally, a sufficiently good energy resolution was required to resolve the y-ray
energies of 1345 (605 keV and 796 keV) and 137Cs (662 keV). These requirements ruled
out both HPGe and classical commercial scintillators such as Nal:T1" [17]. In the end,
the y-ray spectrometer design that fit all the design criteria consisted of 3 LaBrs:Ce®*
scintillation crystals of 1.5 inch coupled to a photomultiplier tube [19].

To prevent further spread of radioactive material, the inside of the reactors was flooded
for moderation and cooling. Consequently, localisation and identification of fuel debris
has to be performed underwater [20] in an environment with a dose rate as high as 10
Sv/h and a large neutron flux. Kaburagi et al. designed a y-ray spectrometer that can
operate in such an environment [8]. In this scenario the main design criteria were small
size, low detection efficiency and radiation hardness. Additionally, the energy resolution
had to be better than 4.5% at 1,333 keV to resolve the y-rays coming from %4Eu (1,274
keV) and 89Co (1,333 keV). Semiconductor detectors were ruled out due to their suscep-
tibility to radiation damage from neutrons and specifically the bulky cooling solution
of HPGe was deemed problematic. In this case the choice was made for a small 5x5x5
mm?® CeBr; scintillation crystal, which can fulfill the requirements in energy resolution
and has high radiation hardness.

Another example of where scintillators were preferred over direct detection materi-
als can be found in space exploration. The BepiColombo space mission launched two
spacecrafts which will study the origin and evolution of the planet Mercury [21]. One of
them, the Mercury Polar Orbiter (MPO), is equipped with a y-ray spectrometer. Its scien-



tific goal is to determine the elemental composition of Mercury’s subsurface [22], infor-
mation of which is contained in y-rays escaping into space. These y-rays have energies
up to 10 MeV. The y-ray spectrometer was designed for an energy range from 100 keV to
9 MeV [23], needed to operate at a low count rate and discriminate between dozens of y-
ray energies. Therefore, the requirements called for the spectrometer to have an energy
resolution of 1% at 1 MeV and detection efficiency of 3% around 6 MeV [24]. The use of
both a HPGe detector and a LaBrs:Ce3* scintillation detector was explored.

It proved difficult to construct a spaceborne HPGe detector that complied with the
strict weight and power consumption requirements [22]. Additionally, operating multi-
ple years within the inner solar system, the detector would be exposed to a high proton
flux produced by solar flares and coronal mass ejections. The expected radiation damage
in such an event would degrade the energy resolution so much that it would no longer fit
the design requirement of 1% at 1 MeV. Additionally, the detection efficiency would drop
so much that the detector would become completely unfit for its mission. While both
energy resolution and detection efficiency could be largely recovered by annealing the
detector for several months, this would cause a massive loss of valuable measurement
time. Especially given that the instruments are designed to operate in orbit around Mer-
cury for only about 2 years [25].

The design of ay-ray spectrometer using a LaBr3:Ce®* scintillator would be a large sac-
rifice in terms of energy resolution. In fact, it could not comply to the energy resolution
requirement of 1% at 1 MeV. However, the higher detection efficiency that LaBrz:Ce®*
scintillation detectors can offerl largely compensated for the poorer energy resolution.
Because of this, its energy resolution was considered good enough to resolve almost all
y-ray energies of interest [22]. Radiation hardness tests showed that except for activa-
tion of the scintillator material, the detectors performance would hardly be affected by
the same radiation dose that would render the HPGe detector unusable [26]. Because of
this, the choice was initially made to equip the spacecraft with a LaBr3:Ce3* scintillation
detector, which was later replaced for CeBrs for its lower internal radioactivity [23,27].

What these three examples have in common is that the inherent drawbacks of semi-
conductor detectors prevent their use in scenarios where high energy resolution is re-
quired, while classical commercial scintillators such as Nal:T1* do not fit these energy
resolution requirements. The application of y-ray spectroscopy in all these examples
therefore became possible due to the development of the high resolution scintillation
materials LaBrs:Ce3* and CeBrs. LaBrs:Ce®* and CeBr; scintillators were not designed
with these precise applications in mind, but their discovery and further development
automatically made them the most suitable candidates. This shows the value that the
development of high resolution scintillators can have. Further improvement of the en-
ergy resolution will therefore likely contribute to solving many societal problems that are
still hindered by the current state of this technology.
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1.4. Contributions to the energy resolution

It has become clear that the discovery of LaBrz:Ce®** has had a large impact on the ap-
plicability of scintillators in high resolution y-ray spectroscopy. Understanding what
the next step is in designing even higher resolution scintillation detectors requires some
background knowledge on how scintillators work and what their fundamental limita-
tions are. A schematic of the scintillation mechanism is shown in Figure 1.2. When a
y-ray transfers energy to an electron, the electron escapes the ion it was initially bound
to and travels with high velocity through the scintillator. This electron then transfers its
kinetic energy to other electrons in the scintillator through Coulomb interactions, pro-
moting them into the conduction band and leaving behind holes in the valence and core
bands. This process corresponds to arrow A in Figure 1.2. The total number of electron-
hole pairs created per MeV of y-ray energy is given by Equation 1.2 [28]:

108

Neph = —
eh ﬁEg

(1.2)

Here, Eg is the band gap energy, and the constant § resembles loss processes from
electrons gaining more energy than Eg [29]. These electrons relax to the bottom of the
conduction band, creating many phonons in the process. Similarly, holes relax to the top
of the valence band. S typically has a value between 2 and 3 [30].

Conduction Band
X S
(X ) (] ~~
A
A lB
100 0
BEg
y-ray
C
v
G
0 o0 4
%0
Valence Band

Figure 1.2: Schematic of the scintillation mechanism. A fast electron produced by an
incomingy-ray promotes electrons from the valence band to the conduction band. After
this the free charge carriers migrate to the luminescence centers with efficiency S, which
emit the scintillation photons with efficiency Q.



After promotion of electrons to the conduction band, the free charge carriers migrate
to the luminescence centers indicated by Arrow B. Along the way, some charge carriers
might get lost due to deep traps or nonradiative recombination processes. The migra-
tion process therefore happens with a certain transfer efficiency S. This is equal to the
fraction of generated electron hole pairs that result in excitation of the luminescence
centers. Once excited, luminescence will occur with quantum efficiency Q (Arrow C).
The final light yield Y in units of photon per MeV of y-ray energy (ph/MeV) can then be
expressed by Equation 1.3 [30]. When S = Q = 1, the light yield is equal to the number
of generated electron-hole pairs, which is the theorical maximum light yield Yihax for a
scintillator.

Y= 1—065(3 (1.3)
BEqg '

The importance of light yield in the development of high energy resolution scintillators
can be understood from Equation 7.1 [31]. This equation is often used to describe the
multiple components that contribute to the energy resolution R.

(1.4)

The first term contains the contribution of Poisson statistics in the number of detected
photons Ngp, which is the product of the number of photons generated in a scintillation
event and their probability of being detected. The second term, Ry, relates to the de-
gree of nonproportionality of the scintillators response to different y-ray energies. The
third term, Rget, contains all other contributions. Among these are the inhomogeneity in
the crystal and detector surface and variation in the light collection efficiency depending
on the point of y-ray interaction. Minimising Rge is typically an engineering problem
which involves optimising crystal growth and using detectors and electronics that gen-
erate little electronic noise. However, some material properties of a scintillator can also
influence Rqer. An important example of this is that a scintillator should be transparent
to its own emission, i.e., the scintillator should be free of self-absorption.

Self-absorption occurs when the absorption spectrum of the scintillator overlaps with
its emission spectrum. Almost all lanthanide doped scintillators emit through the dipole
allowed 4f"15d — 4f" transition of their dopants. This emission fundamentally always
has some spectral overlap with the 4f" — 4f"!5d transition of that dopant, meaning
some self-absorption is always present. The probability of a photon being reabsorbed
scales with the distance the photon has to travel through the scintillation crystal before
it reaches the detector. This creates variations in Ngp depending on the point where the
y-ray deposits its energy inside the scintillator, thereby worsening the energy resolution.
This is one of the reasons why the best energy resolutions are typically measured in small
crystals of only a few mm in size. Self-absorption is especially strong in Eu?*-doped scin-
tillators, making it difficult to scale them up for application.
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1.5. Current limitations of scintillator materials

The nonproportional response of a scintillator has the largest contribution to the energy
resolution for many scintillator-detector combinations, even for LaBrs:Ce3* coupled to
a PMT [32]. Engineering scintillator materials to make their response more proportional
can therefore be an effective way of improving the energy resolution. This strategy has
led to the invention of LaBrs:Ce3*,Sr?*, in which the co-doping with Sr?* greatly reduced
Ryp [31]. This improvement resulted in the record energy resolution of 2.04% at 662 keV,
which was attained by coupling a small LaBrs:Ce3*,Sr?* crystal to a Hamamatsu R6231-
100 super bialkali PMT. It was assessed that Rnp became so small that the largest con-
tribution to the energy resolution now became Ngp. This means that making further
significant improvements of the energy resolution beyond 2.04% requires the number of
detected photons to increase.

There are two ways to increase Ngp. The first is to develop scintillators with a light yield
higher than LaBr3:Ce3*,Sr?*. Using Equation 1.3 for LaBrs with a band gap of 5.7 eV [33]
and light yield of 78,000 ph/MeV [32], and assuming S = Q = 1, it is found that g = 2.3.
As this value is on the lower side of what is expected, it can be concluded that the light
yield of LaBrs:Ce3* is already close to the theoretical maximum. Therefore significant
improvements can only be expected when using compounds with a smaller band gap.
Unfortunately, it does not seem possible to find lanthanide doped halide scintillators
with a band gap much smaller than 4 eV [15], meaning the light yield is limited to about
100,000 ph/MeV. Two scintillator materials that get close to this maximum achievable
light yield are SrI,:Eu** and CsBa,Is:Eu?*. Their light yields are reported to be around
this 100,000 ph/MeV [34-36] and respective energy resolutions of 2.6% [37] and 2.3% [38]
have been achieved with these scintillators. However, as this increase in light yield is
limited, solely focussing on the development brighter scintillator materials is expected
to yield only limited improvements in energy resolution.

The other way to increase Ngp, is to increase the detection efficiency of the scintillation
photons. Scintillators have primarily been developed for readout with PMTs. The main
reason is that PMTs are detectors with high signal gain and low noise. They have also
been around since the discovery of some of the most used scintillator materials. PMTs
typically have maximum quantum efficiency (QE) in the ultraviolet and blue part of the
spectrum. As an example, the QE of a Hamamatsu R1791 PMT is shown in Figure 1.3a. It
has a maximum between 300 nm and 450 nm. Because the efficiency of PMTs is highest
in this wavelength range, most scintillators are developed to emit light between 300 nm
and 450 nm. As a result, the most used lanthanide dopants for scintillation are ce’,
Pr3* and Eu?*. The maximum QE of the PMT shown in figure 1.3a is only about 35%.
Even when the scintillator is optically coupled to the PMT and is surrounded by reflective
material, the total detection efficiency hardly ever exceed 50% [31, 39]. This means that
at least 50% of photons are still not detected and recovering these losses would be a
requirement for further improving the energy resolution.



1.6. How to surpass the existing limitations

Silicon based photodetectors are an alternative photodetector with higher photon detec-
tion efficiency than the conventionally used PMT. The two silicon based photodetectors
of importance to this work are the avalanche photodiode (APD) and silicon photomulti-
plier (SiPM). An APD consist out of a p-n junction with a high reverse-bias voltage. When
a photon creates an electron-hole pair in the p-n junction, the high reverse-bias accel-
erates the electron and hole in opposite directions giving them enough energy to create
an avalanche effect with large gain. This turns the absorption of a single photon into a
sizeable electronic signal that is easily detected, similar to the workings of a PMT. The
total charge collected on the electrodes scales linearly with the number of detected pho-
tons. An SiPM is an array of many tiny APDs with a reverse-bias larger than the break-
down voltage. These APDs are often referred to as single photon avalanche photodiodes
(SPAD), as their signal saturates upon detection of a single photon, i.e., it is either on or
off. Each time a SPAD triggers, it generates a charge pulse of about 108 electrons, thus the
entire array generates a total amount of charge proportional to the number of detected
photons.

Silicon based photodetectors can detect photons with an energy larger than the 1.12
eV band gap of Si, which corresponds to roughly 1,100 nm [40]. This makes it possible to
detect photons of much longer wavelength than with PMTs. This is illustrated by the QE
curve of the Advanced Photonix 630-70-72-510 APD shown in Figure 1.3a. Silicon based
photodetectors are often optimised for a specific wavelength that lies between 400 nm
and 800 nm. At wavelengths shorter than 400 nm, the absorption strength of silicon
becomes so strong that most photons are absorbed within 100 nm under the detector
surface [41]. In this region, surface states and a higher impurity concentration reduce the
charge carrier lifetime. This creates unrecoverable losses in the detection efficiency and
isresponsible for the drop in QE at wavelengths shorter than 400 nm [42]. At wavelengths
longer than 800 nm, the absorption strength of silicon becomes too weak. In this case,
some photons remain undetected as they are transmitted through the detector.

When using an APD to detect scintillation photons with a wavelength between 400 nm
and 800 nm, the detection efficiency of photons hitting the detector surface can reach
values higher than 80%. Virtually all photons that remain undetected are reflected off
the detector surface. These photons are not necessarily lost as they can be recovered by
wrapping the scintillator and detector combination in reflective material such as PTFE.
Almost all photons that were initially undetected and reflected off the detector surface
will finally reach the detector surface again and have a second chance of being detected.
This allows APDs to reach an effective detection efficiency close to 100% between 400
nm and 800 nm [39]. This does not work for SiPMs, as opposed to APDs they do not
have a continuous sensitive area. The SPADs at the detector surface have space between
them and photons that fall between the SPADs will not be detected. The maximum de-
tection efficiency of an SiPM is therefore necessarily lower than that of an APD. How-
ever, with photon detection efficiencies of over 60% [45, 46], they can still outperform a
PMT. Furthermore, the field of silicon based photodetectors is rapidly evolving and fur-
ther improvements are to be expected in the near future [47], making them increasingly
competitive with PMTs.
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Figure 1.3: a) the quantum effiiciency curves of 1) an Advanced Photonix 630-70-72-510
APD and 2) a Hamamatsu R1791 PMT. b) X-ray excited emission spectra of 1) LaBrs:Ce3*
[43], 2) CsBayIs:Eu®* [38], and 3) CsBayl5:Sm?>* [44].

The emission spectra of LaBrz:Ce3* [43], CsBayls:Eu®* [38] and CsBa,ls:Sm?* [44] are
shown in Figure 1.3b. LaBr3:Ce®*,Sr?* emits at shorter wavelength than 400 nm and de-
tection losses cannot be entirely avoided when coupling it to silicon based photodetec-
tors. This is the case for many other Ce®*-doped scintillators as well. The emission spec-
trum of CsBa,I5:Eu?* lies almost entirely at wavelengths longer than 400 nm. However,
just like almost all other Eu?*-doped halide scintillators, it suffer from a high probabil-
ity of self-absorption [38, 48-52]. CsBaylI5:Sm?* emits almost entirely beyond 700 nm,
making it incompatible with a PMT as photodetector. However, its emission spectrum
still largely falls within the optimal wavelength range for detection with an APD. The use
of APDs as photodetector therefore makes Sm?* interesting an activator for scintillator
applications.



11

An energy level diagram of Sm?* in CsBayIs is shown in Figure 1.4a. Its first 7 energy
levels belong to the 4f°[F;] multiplet (J = 0-6), of which 4f°["Fy] is the ground state. In
compounds where the 4°5d level lies below the 4f% [5D0] level, exclusively 4f55d — 4f8
broad band emission is observed [53]. There are several benefits to using Sm?2* as an ac-
tivator. For example, the 4£°5d — 4f5 emission can have any of the 4f°["F] states as final
state [15]. The transitions to the 4f5["F,_¢] states lie at longer wavelength than the tran-
sition to the 4f°["F] state, which effectively shifts part of the emission spectrum away
from the Sm?%* 4f6[7F0] — 4f°5d absorption bands. This is different than the situation
in Eu%* (Figure 1.4b), where the 4%5d — 4f” emission always leaves Eu?* in the ground
state. This causes significant overlap between the emission and absorption bands of
Eu?*. The resultis that Sm?*-doped scintillator suffer less from self-absorption than their
Eu?*-doped counterparts [54,55]. As both Sm?* and Eu?* have the same charge and sim-
ilar ionic radius, it is easy to replace Eu?* for Sm?* in the same host material. Because
of this, the vast knowledge attained during the development of Eu?*-doped scintillators
over the past decade can directly be applied to the development of their Sm?*-doped
counterparts.

4f55 _ 4f6[5D0]

E (eV)

(@) Sm2+ 4f5[7F]

(i

Configurational Coordinate (a.u.)

5 4554
— A

S
L 24
lu -

1 —

(b) Eu2+ v 4f7[8S7p]
O —

Confiqurational Coordinate (a.u.)

Figure 1.4: Configurational coordinate diagrams of a) Sm?* and b) Eu?* in CsBayIs. Note
the different energy scales.
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Sm?* shows strong absorption bands across the entire optical spectrum. This means
that it can be efficiently sensitised by other dopants in the lattice. Co-doping an Eu?*-
doped scintillator with a few atomic % of Sm?* replaces almost all the Eu?* emission by
that of Sm2* [44, 55]. When a Eu2+-doped scintillator has high light yield, it is known
that energy transfer from the host to Eu?* is an efficient process. Since Eu?* excitation
can be transferred efficiently to Sm?*, knowledge of high light yield Eu**-doped scintil-
lators can be used to rapidly develop high light yield Sm?**-doped near-infrared emitting
scintillators. With this approach, the self-absorption problem that the Eu**-doped scin-
tillators face can be solved as well. The opposite strategy can also be applied. When a
Sm?*-doped scintillator shows low light yield due to inefficient energy transfer from the
host to Sm?*, the scintillator can be co-doped with a sensitiser in an attempt to increase
its light yield.

1.7. Research objective and dissertation outline

The development of high resolution Sm?*-doped near-infrared emitting scintillators is a
topic that is largely unexplored. Firstly, energy needs to be transferred efficiently from
the host compounds to Sm?*. Co-doping Sm?* with Eu* as sensitiser has already been
shown to be a promising strategy, but using two dopants greatly increases the amount of
possible concentrations and complicates the optimisation process. This work therefore
aims to formulate guidelines in selecting the proper sensitiser and their concentrations.
Chapter 2 and 3 cover the use of Yb?* as sensitiser, explain why Yb?* is only suitable as
a sensitiser when present in sufficiently high concentration. In Chapter 4, the effects
of sensitiser to sensitiser energy transfer are covered and the low self-absorption prob-
ability of Sm?* is demonstrated. Chapter 5 explores whether the trivalent lanthanides
Ce3* and Pr’* can be used as sensitiser for Sm?* and explains their effects on the thermal
quenching temperature of the Sm?* emission.

Next, Sm>* needs to have the desired emission properties, such as emission wave-
length and decay time. Chapter 6 aims to formulate what these desired emission prop-
erties are and in what compounds they are found. If it can be predicted in what com-
pounds Sm?* does not have the desired properties for scintillator applications, these
can be excluded from future attempts in searching for the ideal near-infrared scintilla-
tor. Lastly, Chapter 7 formulates the fundamental light yield limits of Sm?*-doped scin-
tillators and compares it to that of Eu** and Ce®*-doped scintillators, and intrinsically
activated scintillators. From this is determined what improvements to the energy res-
olution can be made with Sm?* and under what circumstances further development of
Sm?* is worthwhile.
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The role of Yb?" as a scintillation
sensitiser in the near-infrared scintillator
CsBa,l5:Sm?*

The feasiblity of using Yb?* as a scintillation sensitiser for CsBa,I5:Sm?* near-infrared
scintillators has been assessed. CsBayI5 samples with concentrations ranging from 0.3%
to 2% Yb?* and 0 to 1% Sm?* have been studied. The scintillation properties have been
determined and the dynamics of the scintillation mechanism have been studied through
photoluminescence measurements. Radiationless energy transfer between Yb?* ions
plays a key role in increasing the ratio between the spin-forbidden and spin-allowed
emission with increasing Yb?* concentration in samples where Yb?* is the only dopant.
In samples co-doped with Sm?*, the Yb?* 4f'3[2F;,,]15d; [LS] and 4f'3 [2F;,,]5d, [HS] states
both serve as donor states for radiationless energy transfer to Sm>* with a rate of energy
transfer that is inversely proportional to the luminescence lifetime the respective donor
states. At a Sm?* concentration of 1%, 85% of the Yb?* excitations are transferred to
Sm?* through radiationless energy transfer. Almost all of the remaining Yb?* emission is
reabsorbed by Sm?*, resulting in nearly complete energy transfer.

The content of this chapter is based on the following publication:
Casper van Aarle, Karl W. Krdamer, Pieter Dorenbos, J. Lumin. 238 (2021) 118257.
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2.1. Introduction

In the past two decades, extensive scintillation research has been performed on Ce3*
and Euz*-doped halides [1]. The best energy resolution that has been measured to date
is 2.0% and was achieved by Alekhin et al. with LaBrs:Ce3*,Sr?*. The energy resolution
of LaBr3:Ce®*,Sr?* is almost entirely determined by Poisson statistics in the number of
detected photons [2]. Attaining an energy resolution below 2% thus requires a scintil-
lator with a light yield superior to that of LaBrs:Ce3* (60,000 ph/MeV [3]) paired with
a detector with high quantum efficiency. Additionally, the scintillator needs to have a
proportional response to different y-ray energies.

The light yield and proportionality requirements are satisfied by some Eu?*-doped
halide scintillators, such as CsBa,Is:Eu?* and Srl,:Eu?*. CsBayIs:Eu?* shows an energy
resolution of 2.3% [4] with a light yield of 100,000 ph/MeV [5] and SrI,:Eu?* shows an
energy resolution of 2.7% with a light yield of 115,000 ph/MeV [6]. After absorption of a
1 MeV photon, approximately 100,000 electron hole pairs are created in these scintilla-
tors [7], indicating that the probability of the creation of an electron hole pair resulting in
an excitation of Eu?* is near unity. Despite this great performance, Eu?*-doped scintilla-
tors often suffer from self-absorption, making them less suitable in applications where
large crystals are required [8-11].

The problem of self-absorption in Eu?* can be circumvented by co-doping these scin-
tillators with Sm?*. Eu?* is then used as a scintillation sensitiser. Excitation energy of
Eu?* is transferred to Sm?*, after which Sm?* emission is observed from any of the 4f°5d
— 4f8["Fj] transitions. As absorption only happens from the 4f°["F,] ground state, emis-
sive transitions to the 4f°["F;_¢] states reduce the probability of self-absorption [1, 12].
If excitations from Eu?* are transferred with high efficiency to Sm?*, the characteristic
high light yield of Eu** doped scintillators is retained. The resulting near-infrared emis-
sion from Sm?* can be detected by an avalanche photodiode (APD) with an almost 100%
quantum efficiency [13]. Using this approach, Wolszczak et al. measured an energy res-
olution of 3.2% with CsBayl5:2%Eu®*,1%Sm?* [14].

In this new class of sensitised scintillators, energy transfer is added as an additional
step to the scintillation mechanism. Energy transfer can be separated into two distinct
mechanisms, radiative energy transfer and radiationless energy transfer. Radiationless
energy transfer is described by Forster-Dexter theory. The probability of energy transfer
from a sensitiser’s donor state to an acceptor state through dipole-dipole interactions
can be described by equation 2.1 [15]:

3n*c*Q, ffd(E)Fa(E) dE
E4

Py,dd) =
daldd) 4mRSni1,

2.1
Here, 7 is the reduced Planck constant, c¢ is the speed of light in vacuum, 7 is the host
compounds refractive index and E denotes energy. R is the distance between the sen-
sitiser and acceptor ions. f;(E) is the spectral shape of the donor state’s emission band
and F,(E) is the spectral shape of the acceptor state’s absorption band. The integral is
only non-zero if part of the donor state’s emission band overlaps with the acceptor state’s
absorption band. Qq is the integral over energy of the absorption cross section of the ac-
ceptor’s absorption band and 74 is the luminescence decay time of the donor state.
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The criterium for radiationless energy transfer is the presence of overlap between the
sensitiser’s emission spectrum and the acceptor’s excitation spectrum. When this cri-
terium is met, radiationless energy transfer from the sensitiser to the acceptor com-
petes with luminescence from the sensitiser’s donor state. As the probability of radia-
tionless energy transfer scales with R, sensitiser ions close to acceptor ions return to
the ground state at a higher rate than those further away [16]. This causes the donor
decay time profile to become non-exponential, with faster decay at the beginning and
gradually converging to the intrinsic luminescence decay time of the donor [17-19].

When the sensitiser’s emission spectrum and the acceptor’s excitation spectrum over-
lap, emission from the sensitiser can also be reabsorbed by the acceptor. This is radiative
energy transfer. Sm?* doped in CsBayI5 strongly absorbs across the entire optical spec-
trum, making millimeter-sized crystals of CsBa,l5:2%Eu?*,1%Sm?* already completely
opaque [14]. Eu?* emission originating from deep inside the sample will be completely
reabsorbed by Sm?*. Only Eu?* emission that originates near the edge of the sample
can escape it. Radiative energy transfer thus further increases the fraction of excitations
that are transferred from Eu®* to Sm?*. CsBayl5:2%Eu?*,1%Sm?" is transparent in the
near-infrared, so the Sm?* emission is able to exit the sample without being reabsorbed.

Recently, Yb?* has gained in interest as an alternative to Eu?*. Yb?* has a higher atomic
number and smaller ionic radius than Eu?* [20], which increases the scintillator’s stop-
ping power of 'y-rays when introduced in high concentrations. Scintillation properties
have been reported for Yb2+-d0ped CsBayI5 [21], Srl, [21, 22], SrCl, [23], CssCalg and
Cs4Srlg [24]. All of these have light yields reported between 40,000 and 60,000 ph/MeV.
The best energy resolution of 3.5% has been achieved with Cs4Calg:1%Yb?*.

Owing to its full 4f'# subshell, Yb?* does not have any 4f-4f transitions. When excit-
ing an electron to the 5d subshell, the spin-orbit interaction of the remaining 4f'® core
causes a splitting of the 4f'35d energy level into 4f'3[2F;,5]5d and 4f'3[2Fs,,]5d, referred
to as the LS-splitting. The 2Fs,; level lies at approximately 10,000 cm™! higher energy
than the 2F7/, level [25]. Due to the crystal field interaction with the 5d electron, the
4f13 [2F7/2]5d and 4f13[2F; /215d levels each split into 5 new energy levels, which we label
5d, with n = 1-5. The size and pattern of the crystal field splitting depends on the coor-
dination number, site symmetry and distance to the surrounding ligands [26]. The total
crystal field splitting is defined as the energy difference between the 4f'3[2Fj]5d; and the
4f'3[?F;]5d5 levels. The 4f'3 core and 5d electron both have a spin S=1/2, creating an ad-
ditional splitting into S=1 (high spin [HS]) and S=0 (low spin [LS]) states, which is named
the exchange splitting. Each 4f'3[2F;/,]5d,[LS] state lies at approximately 2,000 cm™!
higher energy than the corresponding 4f'3[2F;,5]5d,,[HS] state [25].

Yb%* emission has been observed from the 4f13 [2F7/2]5d1 [LS] — 4f'* and
4f13[2F,,,15d; [HS] — 4f'* transitions, which are referred to as the spin-allowed and
spin-forbidden emission, respectively. Room temperature decay times reported for
the spin-allowed emission lie typically between 0.1 ps and 1 pus. The spin-forbidden
emission is several orders of magnitude slower and reported room temperature decay
times lie typically between 100 us and 1000 us [22,27,28]. These long decay times cause
most of the light to be emitted outside the time window of light collection used in y-ray
spectroscopy, thus making it too slow for scintillator applications. Additionally, the ratio
between spin-allowed to spin-forbidden emission is found to decrease with increasing
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Yb2* concentration in SrCl, [23], CssCalg and Cs4Srlg [24]. This likely prevents the use of
dopant concentrations as high as has often found to be optimal for Eu** doped halides.

It is often observed that with increase of temperature, the intensity of the spin-allowed
emission decreases while simultaneously the intensity of the spin-forbidden increases.
This has been attributed to multiphonon relaxation from the 4f'3[>F,,]5d; [LS] state to
the 4f13[2F;,,]5d, [HS] state [28]. The temperature at which this thermal relaxation pro-
cess becomes competitive with the spin-allowed emission strongly depends on the type
of anion, being approximately 50 K for fluorides, 200 K for chlorides and 400 K for io-
dides [29].

Figure 2.1 shows the vacuum referred binding energy (VRBE) diagram of CsBa;I5. The
arrows indicate the energy of the transitions that have been reported, from left to right:
band gap excitation [10], Sm?* 4f% — 455d excitation, Sm?* 4£°5d — 4f° emission [14],
Eu?* 4f7 — 4f%5d excitation, Eu?* 4f55d — 4f” emission [10], Yb?* spin-allowed excitation
band (this work) and Yb2* spin-allowed emission band [21].
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Figure 2.1: VRBE diagram of CsBayI5, constructed by the method described in [35]. The
parameters used for constructing this diagram are U = 6.25 eV, E., =5.2 eV, EcT = 1.7 ¢V,
a(2+4) =0.095, B(2+, A) = 0.906 [35]. The U value has been estimated from other iodide
compounds [36]. Values for E,y, the Sm?* and Yb?* transitions are presented in this
work. The Eu?* transitions have been observed by Alekhin et al. [10].
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In this work the feasibility of using Yb?* as a scintillation sensitiser for CsBaI5:Sm?*
scintillators is assessed. The goal is to develop a bright near-infrared scintillator with
good energy resolution and reduced self-absorption. For this, samples of CsBayI5 with
Yb?* concentrations from 0.3% to 5% and Sm?* concentrations from 0% to 1% have been
studied for temperatures ranging from 10 K to 550 K. X-ray excited emission spectra have
been made to confirm whether most emission comes from Sm?*. The light yield and
energy resolution have been determined with '37Cs pulse height spectra. The dynamics
of the energy transfer process are studied through spectroscopy and photoluminescence
decay time profiles of both Yb?* and Sm?* emission. Additionally, the processes affecting
the ratio between Yb?* spin-allowed to spin-forbidden emission are further elaborated
on.

2.2. Experimental Techniques

CsBa,l5:Yb?*,Sm?* crystals were grown by the vertical Bridgman technique. CsI (5N,
Alfa) was dried in vacuum at 450 °C. Bal, was prepared from BaCOj3 (4N7, Alfa), HI acid
(57% p.a., Merck KGaA) and NHyI (3N, Alfa) following the ammonium halide synthetic
route. The ternary product was decomposed at 470 °C in vacuum. The obtained Bal, was
purified by melting at 820 °C and crystallization in a glassy carbon ampoule. Ybl, and
Sml, were synthesized from the elements (Yb 4N, Metall Rare Earth Ltd.; Sm 3N, Alfa; I,
p-a., Merck KGaA). YbI, was prepared from stoichiometric amounts of the elements in a
silica ampoule sealed under vacuum. The ampoule was slowly heated to 750 °C in a tube
furnace with one end protruding out of the furnace to avoid excessive iodine pressure.
YbI, was purified by melting at 790 °C and crystallization in a silica ampoule. Sml3 was
prepared from stoichiometric amounts of the elements in a silica ampoule sealed under
vacuum. The mixture was heated to 500 °C in a tube furnace, as discussed for YbI, above.
Smls was purified by sublimation in a silica ampoule at 800 °C under vacuum. Sml, was
synthesized from SmI; and Sm in a tantalum ampoule sealed under vacuum which was
heated to 900 °C for one day and 660 °C for three days.

For crystal growth stoichiometric quantities of Csl, Bal,, Ybl, and Sml, were sealed
in a silica ampoule under vacuum and heated to 625 °C, above the congruent melting
point of CsBayI5 at 610 °C. Crystals were grown by slow cooling with 0.1 mm/min. during
about ten days. Irregularly shaped crystals of approximately 5 mm in size were cleaved
from the boules for spectroscopic investigations. The denoted doping represents the
percentage of Ybl, or Sml, replacing Bal, in the melt. Since starting materials and prod-
ucts are hygroscopic and sensitive to oxidation, all handling was done under strictly dry
and oxygen-free conditions (H,0O and O; < 0.1 ppm) in glove boxes and sealed sample
containers.

Pulse height spectra of CsBayI5:0.3%Yb%* and CsBasl5:2%Yb?* were measured using a
Hamamatsu R6231-100 PMT operated at a voltage of -600 V. The signal from the PMT is
amplified by an integrating pre-amplifier followed by an Ortec 672 spectroscopic ampli-
fier, after which the signal is processed by an Ortec 926 analogue to digital converter. The
sample was placed on the entrance window of the PMT without optical coupling grease.
The scintillator and entrance window were covered with PTFE tape.
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Pulse height spectra of CsBayls:2%Yb%*,1%Sm?2* were measured with an Advanced
Photonix APD (type 630-70-72-510) operated at a voltage of 1575 V and at 260 K. The
signal from the APD was amplified by a Cremat CR-112 pre-amplifier. The rest of the
electronics are the same as used in the PMT set-up described above. The sample was
hovering 1 mm above the APD using the pressed powder method described in [13]. The
APD was used without a protective entrance window. For light yield measurements, the
location of the photopeak was compared with the peak from direct detection of 17.8 keV
X-rays of 24! Am.

Photoluminescence emission and excitation spectra were measured using a 450 W
Xenon lamp and Horiba Gemini 180 monochromator as excitation source. The emission
from the sample passed through an optical filter and Princeton Instruments SpectraPro-
SP2358 monochromator before being detected by a Hamamatsu R7600U-20 PMT. The
spectra have been corrected for the lamp intensity and the quantum efficiency of the
monochromator and PMT.

Photoluminescence decay time profiles have been measured using an EKSPLA NT230
OPO laser as excitation source, with a pulse width of 6 ns and repetition rate of 100
Hz. The emission from the sample passed through an optical filter and Princeton In-
struments SpectraPro-SP2358 monochromator before being detected by a Hamamatsu
R7600U-20 PMT. The PMT signal was processed using a CAEN DT5730 digitizer.

For all photoluminescence measurements, single crystals of the studied materials
were crushed to powder. The hygroscopic material was sealed in gas-tight sample hold-
ers with a quartz window. For temperature dependent measurements, the sample hold-
ers were mounted on the cold finger of a closed cycle helium cryostat operated at a pres-
sure below 10™4 mbar.

X-ray excited emission spectra were measured using an X-ray tube with tungsten an-
ode operated at 80 kV and 1 mm thick copper filter. The emission from the sample
passed through a ARC VM504 monochromator before being detected by a Hamamatsu
R493-02 PMT. The samples were mounted directly onto the cold finger of a Janis cryostat,
which was kept under 10~* mbar during operation.

2.3. Results

2.3.1. X-ray excited luminescence and scintillation properties

Figure 2.2 shows the X-ray excited emission spectra of (a) CsBa,l5:0.3%Yb?* and (b)
CsBayl5:2%Yb?* at 300 K. Both samples show broad asymmetric emission between
20,000 cm ™! and 25,000 cm™! (curve 1). This emission has been fitted with two Gaussian
functions (dashed curves), revealing two emission bands centered around 22,500 cm™!
and 24,000 cm™!. Based on comparison with the 4185d; — 4f7 emission of CsBa,l5:Eu?*
(23,000 cm™1Y) [10, 30], the emission bands in Figure 2.2 are assigned to the spin-allowed
4f13[?F;,,]5d; [LS] — 4f'* and spin-forbidden 4f'3[2F;,»]5d, [HS] — 4f'* emission. The
fit to the spin-allowed emission is narrower than the fit to the spin-forbidden emis-
sion. This could in part be due to self-absorption of the spin-allowed emission. Self-
absorption makes the spin-allowed emission band narrower and non-Gaussian, but due
to the strong overlap between the spin-allowed and spin-forbidden emission bands it
is not possible to study their shape in such detail. Despite the difficulty in separating
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the emission bands, it can be seen that the ratio between the spin-allowed and spin-
forbidden emission is higher in CsBayl5:0.3%Yb?* than in CsBasls5:2%Yb3*. Figures 2.2c
and 2.2d show the X-ray excited emission spectra between 300 K and 450 K. As tempera-
ture is increased to 450 K, the intensity of the spin-allowed emission decreases until only
spin-forbidden emission is left in both samples.

The X-ray excited emission spectra of  CsBayl5:2%Yb?*,0.5%Sm?",
CsBa,l5:2%Yb?*,1%Sm>* and CsBayl5:5%Yb?*,1%Sm?* at room temperature are
shown in Figure 2.3. All the co-doped samples show almost exclusively near-infrared
Sm2* emission between 11,000 cm ™! and 15,000 cm~!. The same emission was found by
Wolszczak et al. in CsBayls:2%Eu®*,1%Sm?* and is assigned to the Sm?* 4f55d — 4f° tran-
sition [14]. The low signal to noise ratio and asymmetry of the emission band is caused
by its proximity to the low energy sensitivity edge of the PMT. The emission spectra show
no 4f-4f emission lines, which was also observed for CsBayl5:2%Eu®t,1%Sm?* [14]. The
inset shows that a small amount of Yb2* emission can still be detected between 20,000
cm~! and 26,000 cm™!, but no distinction can be made between the spin-allowed and
spin-forbidden emission.
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Figure 2.2: X-ray excited emission spectra of (a and c) CsBay15:0.3%Yb%* and (b and d)
CsBayl5:2%Yb?* at 300 K (a and b) and from 300 K to 450 K (c and d).
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Figure 2.3: X-ray excited emission spectra of CsBayl5:2%Yb?*,0.5%Sm?",
CsBa,l5:2%Yb%*,1%Sm?* and CsBayl5:5%Yb%*,1%Sm?*. The inset shows an enlarged
view of the spectrum between 20,000 cm~! and 28,000 cm™1.

Figure 2.4a shows the '37Cs pulse height spectrum of CsBa,I5:0.3%Yb?*. It was mea-
sured with a PMT and a shaping time of 10 ps. The light yield has been estimated at
58,000 ph/MeV and an energy resolution of 17.5% was attained. The same PMT and 10 ps
shaping time have been used with CsBa,I5:2%Yb?*, giving a light yield of 39,000 ph/MeV
and an energy resolution of 7.2%. About 30% of the light yield is lost when increasing
the Yb?* concentration from 0.3% to 2%, although the energy resolution is significantly
better.
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Figure 2.4: Pulse height spectra using a '*’Cs y-source. The light yield Y and energy
resolution R of each spectrum are shown as inset. (a) CSB821520.3%Yb2+ using a PMT as
detector, (b) CsBayl5:2%Yb2* using a PMT as detector, (c) CsBayl5:2%Yb3*,1%Sm?2* using
an APD as detector.
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The pulse height spectrum of CsBayI5:2%Yb?*,1%Sm?* has been measured using an
APD and a shaping time of 10 ps. The light yield has been estimated at 26,000 ph/MeV
and an energy resolution of 7,9% was attained. A similar decrease in light yield when co-
doping with Sm?* was observed for CsBayl5:2%FEu?*,1%Sm?* [14]. In attempts to create
pulse height spectra with CsBayI5:2%Yb?*,0.5%Sm?* and CsBa,l5:5%Yb?*,1%Sm?*, no
clear photopeak could be observed.

2.3.2. Spectroscopy

Figure 2.5 shows photoluminescence excitation and emission spectra of CsBa,I5:2%Yb?*
at 10 K. The emission spectrum (curve 1) shows the spin-forbidden and spin-allowed
emission as two bands of approximately equal intensity at 22,200 cm™! and 24,000 cm ™!,
respectively. The spin-forbidden and spin-allowed emission bands are well resolved at
10 K. Both emissions show the same excitation bands between 25,000 cm~! and 45,000
cm™! (curves 2 and 3). The excitation spectrum of the spin-forbidden emission (curve
3) shows an additional band at 23,800 cm™!, which is therefore assigned to the spin-
forbidden 4f'* — 4f'3[2F;,,15d, [HS] transition.
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Figure 2.5: Photoluminescence excitation and emission spectra of CsBayl5:2%Yb2*
at 10 K.
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The broad emission band between 17,000 cm™! and 21,000 cm™! (curve 1), the emis-
sion band at 27,000 cm™! (curve 1) and excitation band at 42,000 cm™! (curve 4) have
all been observed in undoped CsBayI;. The emission between 17,000 cm™! and 21,000
cm™! was assigned to near-defect exciton emission, the emission band at 27,000 cm™!
was ascribed to self-trapped excitons and the excitation band at 42,000 cm™! corre-
sponds to host exciton creation [10]. The latter has been used for constructing the VRBE
diagram in Figure 2.1.

In Figure 2.6, the excitation spectra of the Yb®* spin-allowed and spin-forbidden emis-
sion from Figure 2.5 are shown together with an Yb?* energy level scheme created from
the data. The values for the LS-splitting, crystal field splitting and exchange splitting can
be found on the top side of the figure. The energy and transition assignments of the
excitation bands are summarised in table 2.1.
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Figure 2.6: Energy level scheme of Yb?* in CsBa,l5 compared to its photoluminescence
excitation spectra at 10 K. The leftmost horizontal line corresponds to the value of the
4f135d absorption bands centroid. It is then split up by the LS-splitting into 4f'3[>F/,]5d
and 4f'3[?F5,,]5d states. These in turn branch out into 5 different states due to the crystal
field splitting of the 5d orbitals. Lastly, the scheme is split up by the exchange splitting.
The horizontal lines of the energy level scheme are extended to the corresponding peaks
in the absorption spectrum. The energy values of the absorption band peaks are listed
in table 2.1.
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Band 0 and 1 are assigned to the spin-forbidden 4f'* — 4f!3[2F;,,]5d; [HS] and spin-
allowed 4f'4 — 4f13[?F;,,]5d; [LS] transitions, respectively. From this, the value for the
exchange splitting of 1,900 cm™! is derived, which is in accordance with the typical value
of 2,000 cm™! for iodide compounds [30, 31].

Bands 2 to 5 are assigned to the 4f'* — 4f'3[2F;,5]5d,_5[LS] transitions. The transitions
to their corresponding [HS] states are not visible in the spectrum due to their lower oscil-
lator strength. The value of the crystal field splitting e.¢; is determined by the difference
in energy between band 1 and 5, giving a value of 7,600 cm™!. Suta et al. found values of
11,830 cm™! and 10,910 cm™! [31] in CsCals:Yb and CsSrls3:Yb, respectively. The approx-
imately equal spacing between bands 1 to 5 suggests that Yb?* is located on a Ba?* site
with low symmetry, as a highly symmetric site such as the octahedral coordinated sites
in CsCal3:Yb and CsSrl3:Yb causes the bands to split into two groups, eg and tag. Due to
the low symmetry of the Ba?* site, the higher coordination number and the larger ionic
radius of Ba%* compared to Ca?* and Sr?* [20], the lower value of 7,600 cm™! measured
here is expected [26].

Band 6 is assigned to the 4f'* — 4f'3[2F5,,]5d,[LS] transition. The size of the LS-
Splitting is determined by the difference between band 1 and band 6, resulting in a value
of 9,500 cm™!. This is reasonably close to the 10,000 cm~! LS-splitting of the 4f!3 elec-
trons [31, 32]. In Figure 2.6, the energy of bands 7 to 10 in the energy level scheme are
determined by assuming similar crystal field splitting and exchange splitting as observed
for the 4f'3[2F;5]5d; states. This causes accurate alignment with the peaks of bands 7
and 8 in the excitation spectra. Bands 9 and 10 are obscured by the peak corresponding
to host exciton creation.

Table 2.1: Energies of the Yb?* excitation bands in CsBayls measured at 10 K. The num-
bering of the excitation bands is the same as used in Figure 2.6.

#  Transition Energy (cm™ 1)
0  4ff%* - 4f3°F;;»]5d,[HS] 23,800
1 af'% - af13[2F,,5]5d,[LS] 25,700
2 AfY — Af1312F,5]5d,[LS] 27,450
3 4f'* - 4f1312F,5]5d3[LS] 29,700
4 4f'* — 4f'32F;,»]5d4[LS] 31,700
5  4ft* - 4f132F;,»]5d5[LS] 33,300
6  Af'% — af1312F;,,]5d,[LS] 35,200
7 AfY — Af1312F;,5]5d,[LS] 36,950
8  Af'* — 4f13[2F;,,]5d3[LS] 39,200
9 4fl* - 4f'32F5,5]5d4[LS] 41,200
10 4f'"* — 4f13[°F5,,]5d5[LS] 42,800
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So far, spectroscopic results are given for samples with only Yb>* doping. In samples
containing Sm?*, energy transfer is demonstrated when the Yb?* excitation bands ap-
pear in the excitation spectrum of Sm?*. Figure 2.7 shows photoluminescence excita-
tion and emission spectra of CsBayl5:2%Yb?*,1%Sm?2* at 10 K. Curve 1 shows the emis-
sion spectrum at 25,700 cm ™! excitation, corresponding to the Yb?* spin-allowed 4f!*
— 4f13(2F,,5]5d,[LS] transition. The emission between 12,000 cm™! and 14,000 cm™!
is from the Sm?* 4f°5d — 4f% transition, as was also observed under X-ray excitation
(Figure 2.3). Some additional sharp 4f-4f lines are visible at 10 K, but are no longer
present at room temperature [33]. The inset shows an enlarged view of the emission
between 20,000 cm ™! and 25,000 cm™!. The Yb?* spin-forbidden and spin-allowed emis-
sion bands can still be observed.

Curve 3 shows the excitation spectrum of the Yb* emission. The excitation bands are
the same as in Figure 2.5, indicating that the chemical environment of Yb?* is the same
in the Sm?* co-doped sample as in the sample without Sm?*. Curve 2 is the excitation
spectrum of the Sm?* emission. It spans across the entire optical spectrum. Between
25,000 cm ™! and 40,000 cm™?, the excitation bands of Yb2* are visible in the excitation
spectrum, indicating that energy transfer takes place.
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Figure 2.7: Photoluminescence excitation and emission spectra of
CsBa,l5:2%Yb?*,1%Sm?* at 10 K. The inset shows an enlarged view of the Yb?*
emission between 20,000 cm™! and 25,000 cm™!.
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2.3.3. Photoluminescence decay time profiles

Upon excitation at 25,700 cm™!, corresponding to the Yb%* 4f'* — 4f13[2F;»]5d, [LS]
transition, either spin-allowed emission occurs, or Yb2* relaxes to the 4f'3 [2F; /215d; [HS]
state from which the spin-forbidden emission occurs. Additionally, energy can be trans-
ferred to Sm?* from both these Yb?* states. 25,700 cm~! photons can also excite Sm?*
directly. The dynamics of this system are revealed in the photoluminescence decay time
profiles of the Yb?* and Sm?* emissions.

Figure 2.8 shows the photoluminescence decay of CsBayl5:0.3%Yb?* (curve 1) and
CsBayl5:2%Yb2* (curve 2) at room temperature. At this temperature, the spin-allowed
and spin-forbidden emission bands strongly overlap, causing both emissions to con-
tribute to the decay time profile. The spin-allowed emission decay time is 0.825 ps for
CsBa,I5:0.3%Yb?*. The spin-allowed emission of CsBayl5:2%Yb?* is slightly faster and
shows noticable non-exponential behaviour.
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Figure 2.8: Photoluminescence decay time profiles of CsBayl5:0.3%Yb%* and
CsBayl5:2%Yb%* excited at 25,700 cm™! and observed at 24,000 cm™! at room tem-
perature. The left and right side of the figure have different time scales.
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The spin-forbidden emission decay times are 198 ps and 191 us for CsBa,I5:0.3%Yb%*
and CsBayl5:2%Yb?*, respectively. This part of the decay time profile is almost perfectly
exponential in both samples. The ratio between spin-forbidden to spin-allowed emis-
sion intensity is higher in CsBayl5:2%Yb?* than in CsBasl5:0.3%Yb2*, similar to what is
found under X-ray excitation (fig. 2.2).

In samples co-doped with Sm?*, energy is transferred from Yb?* to Sm?*. Photolumi-
nescence decay time profiles of the Yb?* spin-allowed emission in CsBa,I5:Yb?*,Sm?* are
shown in Figure 2.9a. Compared to the samples co-doped with Sm?*, CsBa,I5:2%Yb?*
(curve 1) shows almost perfect exponential decay. The Sm?* co-doped samples (curves
2, 3 and 4) show non-exponential decay, indicating that radiationless energy transfer
takes place. The rate of energy transfer strongly increases as the Sm?* concentration
is increased from 0% (curve 1) to 0.5% (curve 2) to 1% (curve 3), but no significant de-
pendence on the Yb?* concentration is found when comparing CsBa,l5:2%Yb?*,1%Sm?*
(curve 3) and CsBayI5:5%Yb?*,1%Sm?* (curve 4).

For the application as near-infrared scintillator, it is desired that most of the Yb?* ex-
citations are transferred to Sm?*. Radiationless energy transfer competes with Yb?* lu-
minescence. To quantify what fraction of Yb?* excitations is transferred to Sm?* through
radiationless energy transfer, the radiationless energy transfer efficiency is estimated us-
ing equation 2.2 [18].
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Figure 2.9: Concentration dependent luminescence decay time profiles of Yb>* emission
in CsBayI5:Yb?*,Sm?* after excitation into the 4f'3[>F;/,]5d, [LS] state at room tempera-
ture. (a): Monitored at the maximum of the 4f'3[2F;,,]15d; [LS] — 4f!* emission at 24,000
cm™!. The decay time profiles are normalised to their value at 0 us. (b): Monitored at
the maximum of the 4f'3[>F;,]5d, [HS] — 4f'# emission at 22,400 cm~!. The decay time
profiles are normalised to their value at 18 pis, chosen as the optimal value to remove the
4f13[2F,,515d; [LS] — 4f'* emission from the image while retaining an almost complete
picture of the 4f'3[2F;,5]5d; [HS] — 4f!* decay.
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Where ®;(f) is the normalised donor decay time profile and ®(¢) is the nor-
malised decay time profile of the donor without any acceptor ions present. The
decay time profile of CsBayl5:2%Yb?* (Figure 2.9a curve 1) has been used as an
approximation for ®((f). The estimated radiationless energy transfer efficiencies
are 60% for CsBayls5:2%Yb%+,0.5%Sm?* and 85% for CsBasl5:2%Yb%*,1%Sm?* and
CsBa,I5:5%Yb**,1%Sm?*.

Figure 2.9b shows the photoluminescence decay time profiles of the Yb** spin-
forbidden emission in CsBayI5:Yb%*,Sm?*. Similar to Figure 2.9a, CsBayl5:2%Yb?* (curve
1) shows almost perfect exponential decay and the decay time profiles of the Sm?* co-
doped samples are non-exponential (curves 2, 3 and 4). This shows that radiationless
energy transfer also takes place from the Yb?* 4f'3[2F;,,]5d; [HS] state to Sm?*. The con-
centration dependence is nearly identical and thereby the values of the radiationless en-
ergy transfer efficiencies are similar. In fact, the only striking difference is the factor of
300 longer timescale of Figure 2.9b compared to Figure 2.9a.
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Figure 2.10: Photoluminescence decay time profiles of the Yb?* emission in (a)
CsBayl5:2%Yb%* and (b) CsBayl5:2%Yb?*,1%Sm?*. Yb?* is excited in the spin-allowed
4f'"* — 4f13[2F;,]5d, [LS] excitation band at 25,700 cm™~! and monitored at the peak of
the spin-forbidden 4f3[2F;,,]5d; [HS] — 4f'* emission at 22,400 cm~! between 350 K
and 550 K.
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The photoluminescence decay of the Yb?* emission in CsBayl5:2%Yb?* is shown in
Figure 2.10a for temperatures between 350 K and 550 K. Similar to Figure 2.8, the fast
component is the spin-allowed emission and the slow component is the spin-forbidden
emission. When the temperature is increased from 350 K to 550 K, the spin-allowed
emission quenches, as seen by rapid shortening of its decay time. Meanwhile, the in-
tensity of the spin-forbidden emission increases.

Figure 2.10b shows the photoluminescence decay of the Yb?* emission in
CsBayl5:2%Yb2*,1%Sm?2*. Also here, the spin-allowed emission quenches and the in-
tensity of the spin-forbidden emission increases as temperature is increased from 350 K
to 550 K. Both the Yb?* spin-allowed and spin-forbidden decay times are faster than for
CsBa,l5:2%Yb?* in Figure 2.10a. This is due to radiationless energy transfer to Sm?*.
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Figure 2.11: Photoluminescence decay time profiles of Sm?* emission excited
at 25,700 cm™! and monitored at 13,300 cm™!' between 350 K and 550 K. (a)
CsBaI5:2%Yb?*,0.5%Sm?* showing a decrease in energy transfer from the Yb**
4f13[2F,,5]5d; [LS] state. (b) CsBasl5:2%Yb%*,1%Sm?* showing an increase in energy
transfer from the Yb%* 4f'3[2F;,,]5d; [HS] state.
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Figure 2.11a shows photoluminescence decay of the Sm?* 4f°5d — 4f5 emission in
CsBayls:2%Yb%*,0.5%Sm? excited at 25,700 cm™! between 350 K and 550 K. This en-
ergy corresponds to the spin-allowed af14 — 4f13 [2F7/2]5d1 [LS] excitation band of Yb?*,
meaning that both Yb?* and Sm?* are excited by the laser. The Sm?* ions that are excited
directly by the laser will contribute to the intensity of the decay time profile promptly af-
ter excitation, while the Sm?* ions that are excited by energy transfer from Yb?* have their
contribution delayed. The Sm?* 4f°5d — 4f% emission decay time profiles are normalised
to their value at ¢ = 0, keeping the intensity due to direct Sm?* excitation constant. The
emission intensity continues to increase in the first 50 to 200 ns after excitation. In this
stage, more Sm>* ions are excited by energy transfer from Yb?* than are emitting. The
size of this increase in intensity decreases as temperature is raised from 350 K to 550 K.

Figure 2.11b shows the photoluminescence decay of the Sm?* emission in
CsBayl5:2%Yb?*,1%Sm?* between 350 K and 550 K, also excited at 25,700 cm™!. All de-
cay time profiles are normalised to their maximum. The decay time profiles have a slow
component at every temperature. The intensity of this slow component increases as
temperature is increased from 350 K to 550 K. This indicates that this slow component is
caused by slow energy transfer from the 4f13 [2F7/2]5d1 [HS] state of Yb%*.

2.4. Discussion

2.4.1. Concentration dependent Yb?* emission

Figures 2.2a and 2.2b show that under X-ray excitation, the ratio of spin-forbidden to
spin-allowed emission strongly increases with increasing Yb?* concentration. The same
increase in ratio between the spin-forbidden to spin-allowed emission has been ob-
served in Yb2+-d0ped StCl, [23], CsqCalg and Cs4Srlg [24]. This phenomenon is also
visible in Figure 2.8, where the intensity of the slow component due to spin-forbidden
emission is stronger in CsBayI5:2%Yb?* than in CsBa,I5:0.3%Yb?*.

Sekine et al. proposed that self-absorption of the spin-allowed emission causes a
concentration dependence of the ratio between spin-forbidden to spin-allowed emis-
sion [23]. In this process, spin-allowed emission is reabsorbed by the spin-allowed 4f'*
— 4f13[2F;5]5d; [LS] transition of another Yb?* ion. From here, the newly excited Yb?*
ion can again decay radiatively, or relax non-radiatively to the 4f13[2F,,,15d, [HS] state
from which spin-forbidden emission takes place. This self-absorption takes place at the
energy where the spin-allowed excitation and spin-allowed absorption bands overlap.
Due to the Stokes shift, this is on the high energy side of the spin-allowed emission,
which decreases the probability of the spin-allowed emission photons with higher en-
ergy exiting the sample. This causes a red-shift of the spin-allowed emission band with
increasing Yb%* concentration, which has been observed in SrCl,:Yb2* [23]. This red-
shift was not observed for the spin-forbidden emission, as the probability of absorption
by the spin-forbidden transition is much lower than by the spin-allowed transition.

Self-absorption causes a photon to be reabsorbed and emitted again at a later time.
This causes a lengthening of the observed photoluminescence decay time. The proba-
bility of self-absorption scales with the number of Yb?* ions an emitted photon passes
on its path leaving the sample, which in turn scales with the samples size and Yb?* con-
centration [4]. This lengthening of the decay time has been observed in Cs,Calg:Yb?* for
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increasing crystal size while keeping the Yb?* concentration constant [24]. However, Fig-
ure 2.8 shows that as the Yb?* concentration is increased, the spin-allowed decay time
decreases and becomes slightly non-exponential. This indicates that self-absorption
cannot be the only process that causes a concentration dependence of the ratio between
spin-forbidden to spin-allowed emission.

In Figure 2.5 it is shown that the spin-allowed emission band and the spin-forbidden
excitation band overlap at around 24,000 cm™!. According to Forster-Dexter theory, this
is the criterium for radiationless energy transfer from the 4f'3[2F,,515d; [LS] state to the
4f'3[?F;,5]5d; [HS] state of another Yb?* ion. The probability of this process scales with
the Yb?* concentration. A schematic of this process is depicted in Figure 2.12. The con-
figurational coordinate diagram of a pair of Yb?* ions is shown. Initially, ion 1 is in the
4f13[2F,,»]5d; [LS] state and ion 2 is in the 4f'4 ground state. Radiationless energy transfer
from ions 1 to ion 2 is depicted by arrows A. The Stokes shift and exchange splitting have
approximately the same value, resulting in arrow A having approximately equal length
forions 1 and 2. After radiationless energy transfer occured, lattice relaxation takes place
around both ions (arrows B). The energy dissipated by lattice relaxation makes this pro-
cess irreversible.

This process also explains the non-exponential decay of the spin-allowed emission in
CsBaZI5:2%Yb2+ that is observed in Figure 2.8. The Yb2+ 4f13 [2F7 12]15d; [LS] state acts as a
donor state for the 4f13[2F,,,15d; [HS] state. The excited Yb2* ions that have many other
Yb?* ions nearby have a larger probability of transferring their energy and will on average
show a shorter excited state lifetime. With progress of time, the remaining Yb?* ions still
in the 4f13[?F;,,]5d; [LS] state are the ones that have no Yb?* ions nearby. This causes the
lifetime to become progressively longer as more Yb?* ions decay. The 4f'3[2F;,»]5d; [HS]
state does not act as a donor state, making its decay time independent of concentration.
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Figure 2.12: Schematic of the energy transfer mechanism from the Yb?*
4f'3[2F7/515d; [LS] to 4f"3[*F7,]5d, [HS)] state.
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It is likely that both self-absorption and non-radiative energy transfer between Yb?*
ions play a role. Which of the two processes is more prominent depends on the Yb**
concentration and sample size. Both processes change the spin-allowed photolumines-
cence decay time in opposite directions, but change the ratio between spin-forbidden
to spin-allowed emission in the same direction. This allows for a large change in ratio
between spin-forbidden and spin-allowed emission intensity while the change in decay
time is relatively small.

Figures 2.2c and 2.2d show that the spin-allowed emission quenches when the tem-
perature is increased from 300 K to 450 K until eventually only spin-forbidden emission
is left. Quenching of the spin-allowed emission is also observed in Figure 2.10a. This
process has been discussed in depth by Suta and Wickleder and is attributed to thermal
relaxation from the Yb?* 4f'3[2F7,,]5d, [LS] state to the 4f'3[*F7,5]15d, [HS] state [29]. Suta
and Wickleder found that the temperature at which thermal relaxation becomes com-
petitive with spin-allowed emission depends strongly on type of anion. For iodides this
temperature has been observed between 400 K and 500 K [22, 29], which is in agreement
with the data presented in Figures 2.2 and 2.10a.

In order to compete with some of the best Eu?*-doped halide scintillators, a light yield
of nearly 100,000 ph/MeV is required. This can only be achieved if the luminescence
is virtually lossless. Most photons that originate from the spin-forbidden transition will
take longer than the shaping time to arrive at the detector. This causes them to be dis-
carded and should be considered lost for applactions in y-ray spectroscopy. Therefore,
the amount of spin-forbidden emission must be kept to a minimum, putting an upper
limit on the Yb?* concentration. The best performance of Eu**-doped halides is often
found at Eu?* concentrations between 5% and 10% [8, 10, 34], suggesting that similar
Yb?* concentrations would be required to attain optimal results. Therefore, the problem
of increasing spin-forbidden emission intensity needs to be addressed to make Yb%*-
doped halides competitive with their Eu>*-doped counterparts.

To minimise the spin-forbidden emission, the spin-allowed emission needs to com-
pete more strongly with the relaxation processes from the Yb?* 4f'3[?F;/,]5d; [LS] state
to the 4f13 [2F7/2]5d1 [HS] state. This would require careful selection of the proper host
material. Thermal relaxation is minimised by choosing a host with low phonon fre-
quencies [29], making iodides the most suitable within the family of halides. Relaxation
through energy transfer from the 4f'3[2F/,]5d; [LS] state to the 4f'3[2F;,5]5d, [HS] state
can be reduced in several ways. One way is to reduce the overlap between the spin-
allowed emission band and the spin-forbidden excitation band, i.e. the exchange split-
ting and Stokes shift need to have different values. Also, a low absorption strength of
the Yb?* 4f'* — 4f'3[2F;,]5d, [HS] excitation band reduces the rate of energy transfer.
Lastly, the probability of radiationless energy transfer decreases rapidly with increasing
distance between donor and acceptor, so hosts in which the distance between Yb?* sites
is relatively large are desired. Additionally, radiationless energy transfer from the Yb**
4f13 [2F7/2]5d1 [LS] state to another emission center (e.g. Sm?*) can be used to compete
with the relaxation processes to the Yb%* 4f13[?F;/,15d; [HS] state.
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2.4.2. Yb?* as a scintillation sensitiser for Sm?*

Figure 2.13 shows a schematic overview of the energy transfer from Yb?* to Sm?*. The
scale of the VRBE scheme in Figure 2.1 has been used. The relevant transitions are based
on the results of this article and are further discussed below. The Yb?* spin-allowed
(arrow 1) and spin-forbidden emission (arrow 2) and the multiphonon relaxation from
the Yb?* 4f'3[2F,,,]5d; [LS] state to the 4f'3[2F;/,]15d; [HS] state (arrow 3) have been dis-
cussed in section 2.4.1.

In samples containing Sm?*, energy transfer from Yb?* to Sm?* takes place. In Figure
2.7 this is shown by the excitation bands of Yb%* (curve 3) being visible in the excitation
spectrum of Sm?* (curve 2). In Figure 2.9 it is shown by the photoluminescence decay
of Yb?* becoming non-exponential for all samples containing Sm?*. This happens for
both the spin-allowed (Figure 2.9a) and spin-forbidden (Figure 2.9b) emissions, mean-
ing radiationless energy transfer takes place from both the Yb?* 4f!3[2F;,,]5d,; [LS] and
4f13 [2F7/2]5d1 [HS] states. Energy transfer from the 4f13 [2F7/2]5d1 [LS] state to Sm?* is de-
picted in Figure 2.13 by arrows 4. Energy transfer from the 4f13[2F,,,15d; [HS] state is
depicted by arrows 5.

The photoluminescence decay of the Yb?* spin-allowed emission in Figure 2.9a is ap-
proximately 300 times faster than the spin-forbidden emission in Figure 2.9b. This is
even the case for the samples containing Sm?* where the Yb?* decay is non-exponential,
indicating not only luminescence, but also radiationless energy transfer to Sm?* is 300
times faster from the 4f'3[2F;,,]5d; [LS] state than from the 4f'3[2F;,,]5d; [HS] state. This
is predicted by Forster-Dexter theory, as the probability of energy transfer scales with the
inverse of the intrinsic luminescence lifetime of the donor state 75 (equation 2.1).

Both Yb?* donor states have approximately the same energy transfer efficiency. When
co-doped with 1% Sm?*, already about 85% of the Yb?* excitations are transferred to
Sm?* through radiationless energy transfer. Figure 2.3 shows that the CsBayI5:Yb?*,Sm?*
samples show almost exclusively Sm?* 4f°5d — 4f%["F;] emission (arrows 6 in Figure
2.13) under X-ray excitation. The combination of radiationless and radiative energy
transfer results in almost complete transfer of energy from Yb?* to Sm?* at a Sm?* con-
centration low enough to not cause significant self-absorption.

The lifetime of the Sm?* 4f25d state is 2.1 us in CsBayIs [14], which is longer than the
lifetime of the Yb%+ 4f13[2F;,»]5d, [LS] state. Because of this, energy transfer from the
Yb?* 4f13[2F;,,]5d, [LS] state to Sm?* causes a contribution to the Sm?* emission decay
that has a rise time (Figure 2.11a). As temperature is increased from 350 K to 550 K,
the intensity of this contribution decreases. This happens at the same temperature as
the Yb?* spin-allowed emission quenches due to thermal relaxation in samples not con-
taining Sm?*, indicating that the contribution with rise time is caused by radiationless
energy transfer from the Yb2+ af13[2F,,,]5d; [LS] state to Sm2*.

Radiationless energy transfer from the Yb?* 4f'3[2F;,,]5d; [HS] state to Sm?* is not fast
enough to make the lifetime of the Yb?* 4f'3[2F;,,]5d; [HS] state shorter than the lifetime
of the Sm?* 4f°5d state. This causes energy transfer from the Yb?* 4f'3[2F;,5]5d; [HS]
state to create a slow component in the Sm?* emission (fig. 2.11b). As temperature is
increased from 350 K to 550 K, the intensity of the slow component increases. Ther-
mal relaxation from the Yb%* 4f13[2F;,,]15d, [LS] to 4f'3[2F;/,15d; [HS] state increases the
amount of energy transferred to Sm?* from the 4f'3[2F;,,]5d; [HS] state.
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Figure 2.13: Schematic overview of the energy transfer from Yb?* to Sm?*. The energy
scale is identical to that of Figure 2.1. The arrows indicate the transitions discussed in
this work: (1) Yb2* spin-allowed emission, (2) Yb%* spin-forbidden emission, (3) Ther-
mal relaxation from the Yb?* 4f!3[2F;,5]5d;[LS] to 4f'3[>F;/,]5d; [HS] state, (4) Energy
transfer from the Yb%* 4f13[2F;,]5d; [LS] state to Sm?*, (5) Energy transfer from the Yb?*
4f'3[2F;,5]5d, [HS] state to Sm>*, (6) Sm>* 4f°5d — 4f5["F;] emission.

Table 2.2 shows an overview of the scintillation properties of CsBayI5 with various
dopants. All values were obtained using a shaping time of 10 pus. Most of the light emit-
ted in the slow components of the Yb?*-doped samples falls outside this shaping time
and does therefore not contribute to the observed light yield, while this would be crucial
for achieving an energy resolution below 2%. As a consequence, an energy resolution of
7.9% was attained with CsBayI5:2%Yb?*,1%Sm?*, as opposed to the energy resolution of
3.2% attained with CsBayl5:2%Eu’*,1%Sm?>* [14]. Just like the Yb?* spin-forbidden emis-
sion of CsBaylI5:Yb?*, the slow component in the Sm?* emission of CsBa,I5:Yb?*,Sm?*
originates from population of the Yb%* 4f13[2F;,5]5d, [HS] state. Therefore, solutions
found for Yb?*-doped scintillators will likely also be applicable to Sm?* co-doped scin-
tillators.




38 CHAPTER 2

Table 2.2: Scintillation properties of CsBayIs samples. R denotes the energy resolution
of the 662 keV photopeak and Y denotes the corresponding light yield.

Compound R (%) Y (ph/MeV) Detector Ref.
CsBayls:Eu®t 2.3 100,000 PMT [4,5]
CsBayI5:2%Eu®*,1%Sm>* 3.2 45,000 APD [14]
CsBaylI5:0.3%Yb?* 17.5 58,000 PMT This work
CsBayI5:2%Yb?* 7.2 39,000 PMT This work
CsBayI5:2%Yb%*,1%Sm?* 7.9 26,000 APD This work

2.5. Conclusions

The feasibility of using Yb?* as a scintillation sensitiser for CsBayI5:Sm?* near-infrared
scintillators has been assessed. CsBa,l5:Yb?* is found to show an increasing spin-
forbidden to spin-allowed emission ratio as the Yb?* concentration is increased. Radia-
tionless energy transfer from the 4f'3[?F;,,]5d; [LS] state to the 4f'3[>F;/,]5d, [HS] state
of another Yb?* ion is found to play a significant role in this concentration dependent ra-
tio. It is caused by the spin-allowed 4f!3 [?F/,]5d; [LS] — 4f'* emission band overlapping
with the spin-forbidden 4f'# — 4f'3[>F;,,]5d, [HS] excitation band. The spin-forbidden
emission is too slow for scintillator applications. This problem can be solved by selecting
host materials in which these two bands have less overlap.

Photoluminescence decay time profiles of CsBayl5:Yb?+,Sm?* have revealed that the
4f"3[2F,,»15d; [LS] and 4f'3[?F;/,]15d; [HS] states of Yb%>* both serve as donor states for
Sm?* emission. The rates of energy transfer are inversely proportional to the intrinsic lu-
minescence lifetime of the respective excited states. This results in energy transfer from
the Yb2* 4f13[2F7/2]5d1[HS] state to Sm%* happening on a 100 ps to 1000 pus timescale,
causing a slow component in the Sm?* 4f°5d — 4f% emission. This slow component is
also too slow for scintillator applications. As the slow component is of the same origin
as the spin-forbidden emission of Yb?*, it is expected that improvements in Yb%>*-doped
scintillators will also yield better results for their Sm?* co-doped counterparts.

With only 1% Sm?* co-doping, 85% of the excitations on Yb?* are transferred to Sm?*
through radiationless energy transfer. Almost all remaining Yb?* emission is reabsorbed
by Sm?* as well, resulting in almost 100% energy transfer. This shows that only a low
concentration of Sm?* is required to potentially arrive at a near-infrared scintillator with
a light yield similar to those of Eu?*-doped halides, while avoiding the self-absorption
problem these scintillators face.
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Characterisation of Sm**-doped CsYbBrs,
CsYbl; and YbCl, for near-infrared
scintillator application

Fast energy transfer from Yb?* to Sm?* is a requirement when using Yb?* as a sensitiser
for Sm?* emission for near-infrared scintillator applications. This cannot be achieved
through dipole-dipole interactions due to the spin-forbidden nature of the involved Yb%*
transition, making the rate of energy transfer too slow for application. This work explores
whether exploiting the exchange interaction by increasing the Yb?* concentration to 99%
is an effective way to increase the rate at which energy is transferred from Yb?* to Sm?*.
The scintillation characteristics of CsYbBr3:1%Sm, CsYbI3:1%Sm and YbCl,:1%Sm sin-
gle crystals were studied through !37Cs excited pulse height spectra, X-ray excited decay
and X-ray excited luminescence spectra. An energy resolution of 7% and a light yield of
30,000 ph/MeV was achieved with CsYbI3:1%Sm. Photoluminescence spectroscopy and
decay studies were performed to study the band structure and relaxation dynamics.

The content of this chapter is based on the following publication:
Casper van Aarle, Karl W. Krdamer, Pieter Dorenbos, J. Lumin. 251 (2022) 119209.
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3.1. Introduction

The energy resolution of a scintillator is an important parameter, as it is a measure for
how accurately the energy deposited in a scintillation event can be determined [1,2]. It is
most commonly defined as the full width at half maximum of the photopeak of 137Cs 662
keV y-ray detection in a pulse height spectrum. The current best energy resolution was
achieved with LaBrj3:Ce,Sr, in which the resolution of 2.0% is close to the fundamental
limit determined by photon statistics [3]. Its emission wavelength is around 375 nm,
which is where most photomultiplier tubes (PMT) have maximum quantum efficiency.
As long as scintillation photons cannot be detected with higher efficiency, the only way
to go below 2% energy resolution is developing scintillators with a light yield higher than
the 70,000 ph/MeV of LaBr3:Ce,Sr.

Some Eu?* doped halides are reported to have such high light yields. For example
Srl,:Eu and CsBaylI5:Eu have been reported to emit close to 100,000 ph/MeV and en-
ergy resolutions of 2.6% and 2.3% have been achieved with these compounds, respec-
tively [4-9]. However, the drawback of these scintillators is that an Eu?* emission photon
can often be reabsorbed by other Eu?* ions that the photon encounters when travelling
through the crystal [7, 10-13]. This makes Eu?>* doped halides less suitable for applica-
tions that require large sized crystals. In order to find a scintillator that truly surpasses
LaBrs:Ce,Sr, a scintillator must be found that does not have the self-absorption problem
of Eu*.

Sm?* is a possible candidate as a dopant for such a scintillator. When doped in io-
dides, its 4£°5d — 4f° emission lies typically between 720 nm and 900 nm, which can be
detected with an avalanche photodiode (APD) with near 100% quantum efficiency. [14].
Its decay time is usually around 2 ps [15, 16], which is fast enough for application in y-
ray spectroscopy. The 4f°5d — 4f° transition of Sm?* can end up on any of the 4f%["F;]
states, while absorption only takes place from the 4f°["F,] ground state. Because of this,
Sm?* doped scintillators experience less self-absorption than their Eu?* doped counter-
parts [17]. Due to its broad absorption bands across the entire visible spectrum, Sm2*
can easily be sensitised by other lanthanides. Dopants with which high light yields have
previously been achieved can thus be used to excite Sm?*. Awater et al. have demon-
strated that Eu** excitations can be transferred efficiently to Sm?* in Srl [17]. Eu** was
later used as a scintillation sensitiser by Wolszczak et al., with which an energy resolu-
tion of 3.2% was attained in CsBayI5:2%Eu,1%Sm [18]. Other attempts have been made
using CsSrls and BaBrI as host materials [19].

Recently, Yb?* has gained in popularity as a potential alternative to Eu?>* as activator
for inorganic scintillators [20-24]. Yb?* in the ground state has a full 4f'* subshell, which
means it has no 4f-4f transitions and the first excited state is of the 4f'®5d configura-
tion. The spin-orbit coupling of the 4f!3 electrons causes splitting of the 4f'35d level into
two 4f13 [ZF]]Sd levels, with J=7/2 or J=5/2. The latter lies at approximately 10,000 cm™!
higher energy. The crystal field interaction with the 5d causes splitting into 5 energy lev-
els, labelled 5d,, with n=1-5. The exchange interaction between the 4f'3 electrons and
the electron in 5d causes further splitting into states with spin S=0 or S=1, referred to as
the 4f13[2F 715d,[LS] and 4f1312F 715d,[HS] states, respectively. The size of the exchange
splitting is approximately 2,000 cm ™!, with the [LS] state lying at highest energy [25].

Yb?* emission is mostly observed from the spin-forbidden 4f'3[2F;/5]5d; [HS] — 4f!*
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transition. When thermal relaxation from the 4f'3[2F,,,15d; [LS] to 4f'3[2F;/,]5d; [HS]
state is slow enough, spin-allowed 4f'3[*F;,5]5d; [LS] — 4f'* emission is also observed.
The decay times of these emissions are typically around 1 ps for the spin-allowed emis-
sion and 1 ms for the spin-forbidden emission [26], the latter being too slow for scintil-
lator applications as it imposes a severe limitation on the maximum achievable count
rate.

We recently studied the feasibility of using Yb?* as a scintillation sensitiser for Sm?*
in CsBayl; [27]. It was found that energy transfer from Yb%* to Sm?* takes place
through the dipole-dipole interaction and energy can be transferred from both the Yb?*
4f'3[2F;5]5d, [HS] and 4f'3[>F;/,]5d, [LS] states. As the rate of energy transfer through
dipole-dipole interactions scales with the oscillator strength of the involved transitions
[28], energy transfer to Sm?* from the Yb?* 4f'3[2F,,,]5d; [HS] state is about 200 times
slower than that from the 4f'3[2F,/,]5d;[LS] state. This resulted in an unwanted slow
component in the decay of the Sm?* 4f°5d — 4f5 emission. It was concluded that where
Yb?* doped scintillators are held back by the long decay time of the spin-forbidden
4f13[2F,,,15d; [HS] — 4f'* transition, scintillators that use Yb%* as a scintillation sensi-
tiser suffer from the same problem.

In this work a solution for the slow energy transfer from Yb?* to Sm?* is explored. The
rate of radiationless energy transfer from one ion to another scales strongly with the
distance R between the two ions. In the case of the dipole-dipole interaction, the rate
scales with R~6, whereas the exchange interaction scales as exp(—2R/L), where L is ap-
proximately the Bohr radius of the involved ions [28]. If the Yb?%* excitations are located
close enough to a Sm?* ion, the rate of energy transfer to Sm?* is much faster. To achieve
this, single crystals of CsYbBr3:1%Sm, CsYbI3:1%Sm and YbCl,:1%Sm are studied, which
can be viewed as materials in which the Yb?* doping concentration is increased to 99%.
CsYbBr3 (CaTiOs type structure) and CsYbls (GdFeOs type structure) have perovskite
structures similar to those of CsCaBrs and CsCals, in which the Yb2* site has a coordi-
nation number of 6 [29, 30]. YbCI, has a Srl, type structure where the Yb?* site has a
coordination number of 7 [31]. The aim is that the short distance between neighbouring
Yb?* ions allows for migration of excitations towards Sm?*.

The energy transfer process is shown schematically in Figure 3.1. Arrow 1 depicts the
excitation of an Yb?* ion. Arrows 2 and 3 depict energy transfer over neighbouring Yb?*
ions. Due to the forbidden nature of the Yb?* 4f13[2F;,,]5d, [HS] — 4f'* transition, it is
expected that the exchange mechanism plays a large role in the migration of Yb%* exci-
tations. Arrow 4 corresponds to the energy transfer from an Yb?* ion to a Sm?* ion, after
which energy is lost through thermal relaxation to the lowest energy 4°5d state along
arrow 5. Due to the energy loss in the thermal relaxation process, the excitation cannot
be transferred back to Yb?*. Finally, Sm?* emission is observed as indicated by arrow 6.

In addition to solving the problem of slow energy transfer from Yb?* to Sm?*, there
may be other benefits to using such high Yb?* concentrations. The high Z number and
small ionic radius of Yb?* allows to create crystals with more y-photon stopping power
than most Ln?>* doped halide scintillators. Additionally, the 4f'# ground state of Yb?* lies
within the band gap. This reduces the minimal energy required to excite an electron to
the conduction band and could potentially result in the emission of more photons per
absorbed y-ray energy.
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Figure 3.1: Schematic of the energy transfer processes from Yb?* to Sm?*. After initial
excitation of an Yb?* ion, the excitation energy migrates over neighbouring Yb%* ions
until it is transferred to Sm?* from which emission is observed. The energy scale on the
y-axis corresponds to approximate values for the samples studied in this work.

To assess the scintillation performance of the samples, the temperature stability of
the scintillators is determined through X-ray excited emission spectra at temperatures
ranging from 78 K to 700 K. The room temperature decay times are measured to de-
termine whether the scintillation pulses are fast enough for application. '37Cs excited
pulse height spectra have been taken to determine the energy resolution and light yield.
Photoluminescence excitation and emission spectra and decay time profiles have been
measured to study energy transfer from Yb?* to Sm?*.

3.2. Experimental Techniques

CsYbBr3:1%Sm?*, CsYblI3:1%Sm?*, and YbCly:1%Sm?* crystals were grown from the bi-
nary halides by the vertical Bridgman technique. CsBr (5N, Alfa) and CsI (Merck, supra-
pur) were dried in high vacuum at 200 °C. YbX3 with X = Cl, Br were prepared by the
ammonium halide method [32]. Yb,O3 (6N, Metall Rare Earth Ltd.) and NH4X (Merck,
p-a., sublimed) were dissolved in HX acid (Merck, suprapur) to yield a ternary ammo-
nium rare earth halide, which was dried and decomposed to the YbX3 halide by heating
in vacuum, see equation 3.1.

Yb,03 + 7NH4 X+ HX — (NH4)3YbXg — YbX3 (3.1)
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For the removal of YbOX traces the YbX3 halide was sublimed in a sealed Au ampoule
in vacuum at 960 °C for YbClz and 800 °C for YbBr3. Subsequently, the halide was reduced
by Yb metal in a Ta ampoule according to equation 3.2.

2YbX3+Yb — 3YbX, (3.2)

The Ta ampoule was sealed under vacuum into a silica ampoule and kept 1 day at 900
°C and 7 days at 750 °C for YbCl, and 1 day at 970 °C and 7 days at 700 °C for YbBr».

YbI, was prepared from the elements in a silica ampoule sealed under vacuum. Yb
(4N, Metall Rare Earth Ltd.) and I, (Merck, p.a., sublimed) were slowly heated to 650 °C.
One end of the ampoule protruded from the tube furnace to avoid high iodine pressure
during the reaction. After the reaction was finished, the ampoule was opened and heated
in vacuum to remove excess I. The product was sealed in a silica ampoule and purified
by Bridgman crystal growth starting at 790 °C.

The samarium halides were prepared by the same methods as described above for
ytterbium. SmX3 were synthesized from Sm,03 (3N, Fluka). SmCl3 was sublimed at 600
°C and SmBr3 at 650 °C in high vacuum. SmCl, was prepared at 650 °C and SmBr, at
700 °C using Sm (3N, Alfa). SmI3 was prepared at 700 °C and sublimed for purification
in a silica ampoule under vacuum at 800 °C. The reduction to SmI; took place in a Ta
ampoule 1 day at 900 °C and 7 days at 600 °C.

The crystal growth was done using a moving furnace and a static ampoule. The
stoichiometric mixture of the starting materials was sealed in a Ta ampoule under He
by arc welding. The material was molten at 740 °C for YbCl»:1% Sm?*, 680 °C for
CsYbBr3:1%Sm?2*, and 760 °C for CsYbls:1%Sm?%*. After one day at this temperature,
the crystal was grown by moving up the furnace with 0.1 mm/min. During about ten
days the sample reached room temperature. Crystals were cleaved from the boules for
spectroscopic investigations. The denoted doping level represents the melt composi-
tion. Since starting materials and products are highly hygroscopic and sensitive to ox-
idation, all handling was done under strictly dry and oxygen-free conditions (H»O and
0O, < 0.1 ppm) in glove boxes and sealed sample containers.

X-ray excited luminescence spectra have been measured using an X-ray tube with
tungsten anode operated at 79 kV as excitation source. Low energy X-rays were filtered
out to avoid radiation damage at the sample surface. The sample was attached to the
cold finger of a Janis VPF-700 cryostat. The emission from the sample face of incident
X-ray excitation was coupled into an optical fibre and read out with an Ocean Insights
QE Pro spectrometer. The optical fibre entrance was placed under a 90°angle with the
X-ray tube.

Pulse height spectra were measured with a windowless Advanced Photonix APD (type
630-70-72-510) operated with a 1690 V bias. The temperature of the APD was stabilised at
260 K with two Peltier coolers connected to a Lakeshore 331 temperature controller. The
APD output signal was amplified by a Cremat CR-112 pre-amplifier before going into an
Ortec 672 spectroscopic amplifier, after which it was read out with an Ortec 926 analog-
to-digital converter. The sample was positioned above the PMT surrounded with PTFE
powder, using the pressed powder method described by de Haas and Dorenbos [14].
Light yields were determined by comparing the position of the photopeak with the peak
generated by 17.8 keV X-rays of 2! Am being directly detected by the APD.
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X-ray excited decay curves were measured using a time correlated single photon
counting method. A PicoQuant LDH-P-C-400M laser diode exciting a Hamamatsu
N5084 light excited X-ray tube with tungsten anode operated at 40 kV was used as ex-
citation source. The sample was attached to the cold finger of a Janis VPF-700 cryostat.
The sample chamber was kept at a pressure of 10> mbar to protect hygroscopic samples
from exposure to moisture. The scintillation light was detected using an ID Quantique
ID100-50 single-photon detector, generating a stop signal. The start and stop signals
were processed using an Ortec 567 time-to-amplitude converter of which the output was
connected to an Ortec AD413 Quad 8k analog-to-digital converter.

The photoluminescence emission and excitation spectra were measured using a 450
W Xenon lamp as light source. The excitation light passed through a Horiba Gemini 180
monochromator before entering the sample chamber. The emission light from the sam-
ple passed through a Princeton Instruments SpectraPro-SP2358 monochromator before
being detected by a Hamamatsu R7600-20 PMT. An optical filter was placed between the
sample chamber and the emission monochromator to filter out the excitation light. The
sample was attached to the cold finger of a closed cycle Helium cryostat.

The photoluminescence decay was measured with an EKSPLA NT230 OPO laser as
excitation source. The emission light from the sample passed through a Princeton In-
struments SpectraPro-SP2358 monochromator before being detected by a Hamamatsu
R7600-20 PMT. The PMT output was read out using a CAEN DT5730 digitiser.

3.3. Results

Figure 3.2a shows the X-ray excited emission spectra of CsYbBr3:1%Sm between 78 K and
700 K. The sample shows broad band emission between 600 nm and 950 nm. Based on
comparison with the Eu?* 4%5d — 4f” emission in CsCaBrs:Eu located at 433 nm [33],
the Sm?* 4°5d — 415 emission is expected at a wavelength of 796 nm [25]. Therefore,
the broad emission band is assigned to the Sm?* 4f°5d — 4f% emission. As temperature
is increased from 78 K to 700 K, the emission peak shifts from 790 nm to 765 nm. The
strong increase in intensity at 700 K on the long wavelength side of the emission is due
to blackbody radiation.

The X-ray excited luminescence spectra of CsYbI3:1%Sm are shown in figure 3.2b. The
sample displays a similar wide emission band as CsYbBrs3:1%Sm, which is therefore also
attributed to the Sm?* 4£°5d — 4% emission. In CsYbI3:1%Sm, the Sm?* emission is posi-
tioned at about 0.08 eV lower energy compared to CsYbBr3:1%Sm. This is in accordance
with the difference between the Eu?* 4f55d — 4f” emission energy in CsCalz:Eu (2.86
eV) [34] and CsCaBr3:Eu (2.78 eV) [33]. Just as in CsYbBr3:1%Sm, the same shift of the
Sm?* emission to shorter wavelengths is observed when temperature is increased from
78 Kto 700 K.

Figure 3.2c shows the X-ray excited luminescence spectra of YbCl,:1%Sm. The broad
emission band between 650 nm and 850 nm is at about 60 nm shorter wavelength
compared to CsYbBr3:1%Sm and CsYbl3:1%Sm. As opposed to the Sm?* emission in
CsYbBr3:1%Sm and CsYbl3:1%Sm, the Sm?* emission in YbCly:1%Sm shifts to longer
wavelengths when temperature is increased.
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Figure 3.2: X-ray excited emission spectra of (a) CsYbBr3:1%Sm, (b) CsYbI3:1%Sm and
(c) YbCl»:1%Sm. (d) shows the emission intensity of all samples integrated from 600 nm
to 1000 nm against temperature.

Figure 3.2d shows the emission intensity of all samples integrated from 600 nm to 1000
nm, normalised to the intensity at 78 K. The emission intensity is almost perfectly stable
between 78 K and 600 K. The sudden increase at temperatures above 600 K is caused by
blackbody radiation overlapping with the Sm?* emission. From figures 3.2a to c it can be
seen that even at temperatures up to 700 K, the Sm?* emission does not quench.

The X-ray excited decay curves of all samples are shown in Figure 3.3. The decay curves
of CsYbBr3:1%Sm (Fig. 3.3a) and CsYblI3:1%Sm (fig. 3.3b) are fitted with single exponen-
tials with decay times of 2.1 ps and 2.3 ps, respectively. Similar decay times were ob-
served for Sm3* emission in CsBayl5:Sm [18] and Srl,:Sm [17]. It is fast enough for y-ray
spectroscopy as over 99% of the scintillation light is emitted within 10 us after excitation.

The decay curve of YbCl,:1%Sm (fig. 3.3c) is fitted with a double exponential decay
function. The fast component contains 7% of the scintillation light and has a 0.7 us de-
cay time. The remaining 93% of the scintillation light is emitted in a slow component
with decay time of 4.3 us. With this decay time, 10% of the scintillation light is emit-
ted more than 10 us after excitation, making the scintillator rather slow for use in y-ray
spectroscopy.
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Figure 3.3: X-ray excited decay curves of (a) CsYbBr3:1%Sm, (b) CsYbI3:1%Sm and (c)

YbClgll%Sm.
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Figure 3.4: Pulse height spectrum of CsYbI3:1%Sm coupled to an APD using a 3" Cs y-ray
source. (a) shows the pulse height spectrum as recorded, the red dashed curve indicates
an approximate background due to direct y-ray absorption in the APD, (b) shows the
pulse height spectrum after subtraction of the background.

The scintillation performance of the samples was assessed by recording '3'Cs ex-
cited pulse height spectra with the scintillator crystals coupled to an APD. Only for
CsYbI3:1%Sm a photopeak was observed. The result is shown in Figure 3.4a. The x-axis
shows the number of primary electron hole pairs created in the APD, which corresponds
to the number of photons detected in a scintillation event. In addition to scintillation
events, the pulse height spectrum also contains a background of events that originate
from the absorption of y-rays directly in the APD. This background has been roughly
approximated with an exponential function, which is depicted by the dotted line. Fig-
ure 3.4b shows the pulse height spectrum where this background is subtracted, allowing
for easier determination of the energy resolution. Around 20,000 photons are detected
in scintillation events that fall in the 662 keV photopeak. The set-up has a quantum effi-
ciency close to 100% at the emission wavelength of CsYbI3:1%Sm [14], therefore the light
yield of CsYbl3:1%Sm is estimated to be 30,000 ph/MeV. The FWHM of the photopeak is
around 7%.

The photoluminescence emission and excitation spectra of CsYbBr3:1%Sm and
CsYbI3:1%Sm at 10 K are shown in Figure 3.5a and 3.5b. They show the same Sm?* emis-
sion as the spectra made under X-ray excitation (Fig. 3.2). The slight change in shape of
the Sm?* 4f°5d — 4f% emission is predominantly caused by the difference in temperature
and detector quantum efficiency. The excitation spectrum of the Sm?* emission in both
samples displays a shoulder on the long wavelength side of the excitation band around
650 nm. This is often observed as the transition from the Sm?* 4f% ground state to the
lowest 4f°5d state has a lower oscillator strength than the transition to the 4£°5d states
that lie at slightly higher energy. Following the notation used by Wood and Kaiser, the
shoulder and main excitation band are labelled the Sm A and B bands, respectively. [35].
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Figure 3.5: Photoluminescence excitation and emission spectra of (a) CsYbBrz:1%Sm,
(b) CsYbI3:1%Sm and (c) YbCl,:1%Sm.
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Due to the high Yb?* concentration, it is expected that where Yb?* absorbs, the Sm?*
excitation bands are not visible in the excitation spectrum. In CsCaBrs:Yb and CsCals:Yb,
the lowest spin-allowed 4f'* — 4 f135d excitation band of Yb?* is located at 385 nm and
400 nm, respectively [36]. Based on this, the excitation bands between 250 nm and 400
nm are assigned to the 4f'* — 4f!35d transitions of Yb?* for both CsYbBr3:1%Sm and
CsYbI3:1%Sm. The position of these excitation bands for CsYbI3:1%Sm is in good agree-
ment with the excitation bands of the intrinsic emission of CsYbl3 measured by Zhao et
al. [37] All bands at wavelengths longer than 400 nm are assigned to 4% — 4f°5d transi-
tions of Sm?*.

The emission spectrum of YbCl»:1%Sm (fig. 3.5¢) contains exclusively Sm?* 4% — 45
emission at 10 K (solid line), while at 300 K the emission spectrum (dotted line) is entirely
4f55d — 4% emission. This is caused by the 4f°5d — 4f% emission wavelength of 720
nm being close to the turning point where Sm?* shows exclusively line emission at all
temperatures [25]. The excitation spectrum of Sm?2* emission in YbCl,:1%Sm emission
does not show a detailed structure as CsYbBr3:1%Sm and CsYbIs:1%Sm. In this sample,
Yb?* and Sm?* are on a site of low symmetry. The crystal field splitting into five separate
5d levels causes the excitation bands of Sm?* to smear over the entire optical spectrum,
similar to what is observed in Srl,:Sm. [16, 38] The excitation spectrum does not show a
resolved Sm A band. Based on the wavelength of the Sm B excitation band, it is estimated
that Yb?* starts to absorb around 370 nm.

Upon X-ray excitation, it is unclear what excitation mechanism is most prevalent.
Electrons can be excited across the band gap, leaving a hole in the valence band. The
small optical band gap of these materials also allows for excitation from the 4f'# ground
state of Yb?* to the conduction band. Eventually, the resulting ionisation should lead to
excitation of Sm%*. However, as the Yb?* concentration is much higher than the Sm?2*
concentration, it is likely that primarily Yb?* is excited and the energy is then transferred
to Sm?*. In order to gain insight in the energy transfer from Yb?* to Sm?*, photolumi-
nescence decay curves were measured upon excitation of the divalent lanthanides.

Figure 3.6 shows the photoluminescence decay monitoring the Sm?* emission of (a)
CsYbBr3:1%Sm, (b) CsYbl3:1%Sm and (c) YbCl»:1%Sm. The excitation wavelengths are
chosen such that a decay trace is recorded when only Sm?2* is excited (red curves) and
one where almost only Yb?* is excited (blue curves). Even when exciting Yb?*, the Sm?*
decay in all 3 compounds is at maximum intensity promptly after excitation. No com-
ponents with rise time or long decay times are detected. The photoluminescence decay
time of CsYbBr3:1%Sm (2.1 ps) and CsYbI3:1%Sm (2.2 ps) correspond well to the decay
times under X-ray excitation, as was shown in figure 3.3. The photoluminescence decay
time of YbCl,:1%Sm is 5.2 us, which is slower than the 4.3 ps decay component that was
observed under X-ray excitation.
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Figure 3.6: Photoluminescence decay curves of (a) CsYbBr3:1%Sm observed at 800 nm,
(b) CsYbI3:1%Sm observed at 800 nm, (c) YbCl,:1%Sm observed at 720 nm. The right
side of the figures shows schematically what transitions are excited, only the 4f ground
state and 5d excited states are drawn. In CsYbBr3:1%Sm and CsYblI3:1%Sm (a and b), the
two Yb2* excited states indicate the 4f'3[2F;,,]5d and 4f'3[2Fs,,]5d states.



53

3.4. Discussion

To gain insight in the scintillation mechanism of CsYbBr3:1%Sm, CsYbI3:1%Sm and
YbCl:1%Sm, vacuum referred binding energy (VRBE) diagrams are shown in figure 3.7.
The energy of the divalent lanthanide 4f" ground states is determined by the Eu Coulomb
parameter U(A), the tilt parameter a(A) and the nephelauxetic parameter (2+,A), as
previously described by Dorenbos [39]. The values of these parameters have been esti-
mated using typical values for compounds with similar anion types [39]. The spectro-
scopic data of Sm?* presented in this article was used to place the 4f""15d excited states
(E5q(5,2+,A)) with respect to the 4f" ground states. The top of the valence band Ey was
also estimated with typical values for compounds with the same anion type [40]. Lastly,
the bottom of the conduction band Ec was placed 1 eV above the Sm?* 4f°5d level, which
is estimated from the quenching temperature that lies above 700 K. All parameters used
to create the VRBE diagram are provided in table 3.1.

Table 3.1: Parameters used to construct the VRBE diagrams in figure 3.7.
Compound A CsYbBrs CsYbIs YbCl,

U(A) 6.67 625  6.70
a(A) 0.095 0.095  0.095
B(2+,A) 0.92 0.91 0.92
E54(5,2+, A) -0.9 -0.8 -0.9
Ev(A) 6.7 5.2 -8.0
Ec(A) 0.2 0.2 0.1

The energy of the valence band maximum is highly dependent on anion type, typically
reducing the band gap from around 8 eV for chlorides to nearly 5 eV for iodides. How-
ever, due to the high concentration of Yb%*, the optical band gap in all these samples is
determined by the Yb?* 4f!* — 4f'3[2F;,,]5d, [LS] transition, which is approximately 3.2
eVin all samples. The minimum energy required to excite an electron is thereby greatly
reduced, allowing for an increase in the number of electron-hole pairs created in a scin-
tillation event. The valence band consists of the np orbitals (n=3-5) of the halide anions,
meaning there are 3 x 6 = 18 valence band electrons for every 14 Yb?* 4f electrons in
CsYbBr3 and CsYbls. In YbCl,, there are 2 x 6 = 12 valence band electrons for every 14
Yb?* 4f electrons. In a scintillation event an energetic primary electron excites bound
electrons into the conduction band. When assuming equal probability for excitation of
a valence band electron across the band gap or Yb?* 4f'* electron into the conduction
band, the average energy required to excite an electron in these materials can be calcu-
lated. This average energy will be labelled the effective band gap Eg.fr in this work. The
energies that correspond to the band gap (Eg), 4f3[2F7/,]15d; [LS] (E;’fb“) and Eg.ef are
shown in Table 3.2.
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Figure 3.7: VRBE diagrams of (a) CsYbBr3, (b) CsYbI; and (c) YbCl,. The dark grey hori-
zontal lines indicate the 4f'# ground state and 4f'3[?F;,»]5d; excited states and are drawn
to indicate that Yb?* is part of the host compound.

The theoretical light yield limit Yy, in photons/MeV is defined by equation 3.3.

Yin BEq (3.3)
With § a value between 2 and 3. For the samples discussed in this work, Yy, is calcu-
lated using the Eg_ et instead of Eg, the values are also shown in Table 3.2. Even though
the estimated value of Eg is 1.2 eV larger for YbCl, than for CsYbBrs, the higher atomic
percentage of Yb?* in YbCl, compared to CsYbBrz makes the value of Yy, almost iden-
tical for the two samples. Yy, has a value of 69,000 - 104,000 ph/MeV for CsYbI3:1%Sm.
However, the pulse height spectrum in figure 3.4 shows that 20,000 photons are detected
after photoelectric absorption of a 662 keV y-ray, which corresponds to a light yield of
only 30,000 ph/MeV. Apparently the electron-hole pairs are transferred to Sm?* with low
efficiency.

In CsBayl5:Yb,Sm, a loss of light yield was found to be caused by slow energy trans-
fer from the Yb%* 4f13[2F;,»]5d;[HS] state to Sm?* [27]. The Yb®* spin-forbidden
4f'3[2F;,]5d, [HS] — 4f'* emission showed photoluminescence decay time of around
100 us. The Sm?" photoluminescence decay showed a slow component with the
same 100 ps decay time. Additionally, the much faster energy transfer from the Yb?*
4f13[2F4/,]15d; [LS] state resulted in a component with risetime in the Sm?* emission.
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These energy transfer rates were a consequence of the relatively low concentrations of
Yb?* (2% - 5%) and Sm?* (0.5% - 1%) that were used in the CsBa,I5 samples, which meant
energy transfer from Yb?* to Sm?* took place through long range dipole-dipole interac-
tions.

Table 3.2: Energies of the (estimated) band gap Eg, the Yb?* 4f'% — 4f13[2F;»]5d,; [LS]

transition E};;’ZJS the effective band gap Eg.ef and the theoretical light yield
limit Y.
Compound A CsYbBrs CsYbIs YbCl,
Eg (eV) 6.9 5.4 8.1
EYP** (eV) 3.26 3.18 3.35
EG.ef (€V) 5.7 4.8 6.0

Y (ph/MeV) 58,000 - 88,000 69,000 - 104,000 56,000 - 83,000

Compared to the previously studied CsBayI5:Yb,Sm samples, the Yb>* concentration
in the samples discussed in this work is much higher. All samples show exclusively Sm?*
emission under X-ray excitation (Fig. 3.2). No Yb%* or other host related emission is
observed. Additionally, the X-ray excited decay profiles (Fig. 3.3) show that the Sm?*
emission is at maximum intensity promptly after excitation and no slow component is
observed. This indicates that Yb?* excitations are able to rapidly migrate through the
lattice, facilitating fast energy transfer to Sm?*. This is further confirmed by the photo-
luminescence decay curves in figure 3.6, where even upon excitation of Yb%*, the max-
imum intensity of the Sm?* emission is reached without any delay. By increasing the
Yb?* concentration to 99%, the light yield losses due to slow energy transfer from Yb?* to
Sm?* have been solved. However, as indicated by the lower light yield than would theo-
retically be achievable in CsYbI3:1%Sm, light yield losses still occur between creation of
electron-hole pairs and subsequent excitation of Sm?*.

3.5. Conclusions

The scintillation properties of CsYbBr3:1%Sm, CsYbI3:1%Sm and YbCl,:1%Sm have been
evaluated. All samples show exclusively Sm?* 4f°5d — 4f® emission under X-ray excita-
tion which does not quench until temperatures higher than 700 K. The scintillation decay
times are 2.1 ps, 2.3 us and 4.6 ps for CsYbBr3:1%Sm, CsYbI3:1%Sm and YbCl,:1%Sm, re-
spectively. The decay curves show that Sm?* reaches maximum intensity promptly after
excitation and no slow component has been observed. Increasing the Yb?>* concentra-
tion to 99% has thus been shown to be an effective way to enable fast energy transfer
from Yb?* to Sm?*. The '¥7Cs excited pulse height spectrum of CsYbI3:1%Sm coupled
to an avalanche photodiode resulted in a photopeak with energy resolution of 7%. The
light yield of CsYbI3:1%Sm was estimated at 30,000 ph/MeV.
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Avoiding concentration quenching and
self-absorption in Cs,EuXg (X = Br, I) by
Sm** doping

The benefits of doping CssEuBrg and CsqEulg with Sm?* are studied for near-infrared
scintillator applications. It is shown that undoped CssEulg suffers from a high prob-
ability of self-absorption, which is almost completely absent in Cs;Eul:2%Sm. Sm?*
doping is also used to gain insight in the migration rate of Eu?* excitations in Cs;EuBrg
and CssEulg, which shows that concentration quenching is weak, but still significant in
the undoped compounds. Both self-absorption and concentration quenching are linked
to the spectral overlap of the Eu?* excitation and emission spectra which were studied
between 10 K and 300 K. The scintillation characteristics of Cs4Eulg:2%Sm is compared
to that of the undoped samples. An improvement of energy resolution from 11% to 7.5%
is found upon doping Cs4Eulg with 2%Sm and the scintillation decay time shortens from
4.8 us to 3.5 us in samples of around 3 mm in size.

The content of this chapter is based on the following publication:
Casper van Aarle, Karl W. Krdamer, Pieter Dorenbos, J. Mater. Chem. C 11 (2023) 2336.
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4.1. Introduction

The energy resolution is a key parameter in the development of 'y-ray spectrometers. It
is defined as the full width at half maximum of the photopeak in a pulse height spectrum
and is a measure of how accurately y-rays from different energies can be resolved. Typ-
ically, scintillator energy resolutions are compared under detection of 662 keV y-rays
from a '3Cs source. The current best energy resolution of 2.04% was achieved with
LaBr3:Ce,Sr, for which alight yield of 70,000 ph/MeV was reported [1]. The energy resolu-
tion of LaBr3:Ce,Sr is close to the fundamental limit based on photon statistics, meaning
significant improvements can only be made if more photons are detected in a scintil-
lation event. This stresses the importance of developing high light yield scintillators.
After the rediscovery of Srl:Eu in 2008 [2], SrI,:Eu has been further developed resulting
in an energy resolution of 2.6% and light yields of up to 115,000 ph/MeV have been re-
ported [3-7]. Among other Eu?*-doped halides, the best energy resolution of 2.3% was
achieved with CsBa,I5:Eu, with reported light yields up to 100,000 ph/MeV [8-11]. This
shows that Eu?*-doped halides are potential candidates for achieving an energy resolu-
tion below 2%.

Despite these promising characteristics, Eu**-doped scintillators still suffer from sev-
eral drawbacks. Light yield and energy resolution typically tend to improve upon initial
increase in Eu?* concentration, but above several percent doping with Eu?* these prop-
erties start to worsen again [12-16]. This is at least in part caused by the large overlap
between the Eu?* excitation and emission spectrum, making Eu?*-doped halides prone
to concentration quenching and, in the case of large crystals, self-absorption [3,17,18].

Concentration quenching is caused by energy transfer between Eu?* ions. This can
take the form of consecutive transfer of a single excitation from one Eu?* to another
until it reaches a quenching site, or the excitation energy being lost by transfer to an
already excited Eu®* ion after which energy is lost due to relaxation back to the emitting
state [19, 20]. Both these processes are strongly dependent on distance between Eu?*
ions and their effects can thus be diminished by increasing the distance between Eu?*
ions [21]. Aside from reducing the amount of Eu** doping, this can also be achieved by
selecting host compounds which intrinsically have larger distances between the divalent
cation sites.

The compounds CssMXs (M = Ca, Sr, Eu, Yb; X = Br, I) crystallize in the K;CdClg-type
structure with space group R3c [22]. They contain a single M?* site with isolated [MXg]4~
octahedra, well separated from each other by Cs* cations. Accordingly, the smallest M-
M distance of R = 9.0 A in Cs4Eulg [22-24] is much longer than for corner-sharing per-
ovkites with R = 6.2 A in CsEuls [25]. When only considering the dipole-dipole interac-
tion (scaling with R6 [21]), the expected rate of energy transfer between Eu®* nearest
neighbours is around 10 times slower in Cs4Eulg than it is in CsEuls. Contribution of the
exchange interaction will make this difference even larger. Based on this, one would ex-
pect that Cs4MXs compounds are much less affected by concentration quenching than
their CsMX3 counterparts, which is in line with the light yield increase reported by Wu et
al. upon lowering the dimensionality of self-activated Cs,Eul,+, compounds [24].

Even though concentration quenching can be reduced by careful selection of the host
lattice, the problem of self-absorption remains, especially for high Eu?>* concentration
and large crystal size. A solution of the Eu?* self-absorption problem in scintillators
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is the co-doping with Sm?*. With an addition of as little as 1% Sm2*, close to 100% of
Eu?* excitations are transferred to Sm?* and almost exclusively Sm?* emission is ob-
served [26,27]. The Sm?* 4f°5d — 4f% emission can end up in any of the 4f8 [7F]] states,
while re-absorption can only take place from the 4f°["Fy] ground state. Transitions to
the 4f%["F_g] states result in longer wavelength emissions that are less likely to be re-
absorbed by other Sm* ions. In combination with the relatively low Sm?* concentration
of around 1%, the probably of self-absorption in Eu?* and Sm?* co-doped materials is
greatly reduced compared to scintillators in which Eu?* is the emitting ion [28].

In this work, the benefits of doping Cs4EuBrg and Cs,Eulg with Sm?* are studied in
an attempt to solve self-absorption and concentration quenching and thereby develop
a near-infrared scintillator. For this, Cs;EuBrg and Cs4Eulg samples were synthesises
with Sm?* concentrations ranging from 0% to 2%. The amount of self-absorption is as-
sessed for undoped and Sm?*-doped Cs,Eulg through X-ray excited emission and de-
cay measurements. Energy transfer from Eu®* to Eu** and from Eu?* to Sm?* is stud-
ied through photoluminescence spectroscopy and decay studies. Lastly, the scintillation
performance is assessed through !37Cs 662 keV y-ray excited pulse height spectra.

4.2, Experimental Techniques

Crystals of Cs4EuBrg, Cs4Eulg, and doped crystals with 0.5% and 2% Sm?* were grown
from the binary halides by the vertical Bridgman technique. CsBr (5N, Alfa) and Csl
(suprapur, Merck) were dried in high vacuum at 200°C. EuBr, and SmBr; were prepared
by the ammonium bromide method [29]. The rare earth oxide M,03 (M = Eu, 5N, Metall
Rare earth Ltd.; M = Sm, >3N, Fluka) was dissolved in concentrated HBr acid (suprapur,
Merck) and an excess of NH4Br (pro analysis, sublimed, Merck) added in a M to NHy
ratio of 2 to 7. The solution was dried up on a sand bath to yield the anhydrous ternary
compound (NH4)3MBrg, which is subsequently decomposed to the binary bromide by
heating in vacuum. EuBr, was obtained at 500°C and used without further purification.
SmBr3; was sublimed at 650 °C in a silica apparatus under high vacuum for removal of
SmOBr traces. SmBr, was obtained by reduction of SmBr; with Sm metal (3N; Alfa) in
a Ta ampoule. The Ta-ampoule was sealed by helium arc-welding and enclosed into a
silica ampoule under vacuum. The ampoule was heated to 900 °C for 7 days. The rare
earth iodides were synthesized from the elements (Eu, 3N; Sm, 3N, both Alfa; I,, pro
analysis, sublimed, Merck) in sealed silica ampoules under vacuum. Eul, was obtained
at 500 °C and purified by sublimation in an Au ampoule under vacuum at 900 °C. Smls
was prepared at 700 °C and sublimed for purification at 800 °C. SmI, was prepared from
Sml; and Sm in a Ta ampoule 1 day at 900 °C and 7 days at 600 °C.

Stoichiometric amounts of the binary halides (about 5 g per sample) were sealed in Ta
ampoules, as described above. The ampoules were heated in a Bridgman furnace to 560
°C, i.e., above the congruent melting points of Cs4EuBrg at 545 °C and Cs4Eulg at 540 °C.
After 1 day at constant temperature, the crystal growth was started by slowly moving up
the furnace. The samples were cooled to RT within about 10 days. Crystals were cleaved
from the boules for spectroscopic investigations. The denoted doping level represents
the melt composition. Since staring materials and products are highly hygroscopic and
sensitive to oxidation, all handling was done under strictly dry and oxygen-free condi-
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tions (H20 and O, <0.1 ppm) in glove boxes and sealed sample containers.

X-ray excited emission spectra were measured using an X-ray tube with tungsten an-
ode, operated at 79 kV and aluminium filter to block low energy X-rays for preventing
radiation damage at the sample surface. The samples were attached to the cold finger of
a Janis VPF-700 cryostat. The emission coming from the sample under a 90°angle with
respect to the X-ray beam was coupled into an optical fibre and read out with an Ocean
insights QE Pro spectrometer.

X-ray excited decay curves were measured using a time correlated single photon
counting method. A start signal was generated upon triggering a PicoQuant LDH-P-C-
400M laser diode exciting a Hamamatsu N5084 light excited X-ray tube with tungsten
anode operated at 40 kV, creating a 500 ps long pulse of X-rays. Upon detection of a
scintillation photon by the ID Quantique ID100-50 single-photon detector, a stop signal
was generated. The start and stop signals were processed using an Ortec 567 time-to-
amplitude converter of which the output was connected to an Ortec AD114 16k analog-
to-digital converter. The sample was attached to the cold finger of a Janis VPF-700 cryo-
stat. The sample chamber was kept at a vacuum of 10> mbar to protect the hygroscopic
sample from moisture.

137Cs 662 keV y-ray pulse height spectra of undoped samples were recorded using a
R1791 photomultiplier tube (PMT) operated at a voltage of -700 V. The unpolished bare
crystal was placed on the entrance window of the PMT and was covered with teflon tape.
No optical coupling was used. The number of photoelectrons created in a scintillation
event was determined by comparing corresponding channel with the single electron re-
sponse of the PMT. The light yield was calculated using the number of photoelectrons at
the maximum of the 662 keV photopeak and correcting for the quantum efficiency and
reflectivity of the PMT, using the method described by de Haas and Dorenbos [30].

137Cs excited pulse height spectra of Sm?*-doped samples were recorded using an Ad-
vanced Photonix APD (type 630-70-72-510) operated at a bias voltage of 1690 V. The tem-
perature of the APD was stabilised at 260 K. The APD signal was increased by a Cremit
CR-112 pre-amplifier. The rest of the electronics are the same as used in the PMT set-
up described above. The light yield was determined by comparing the channel of the
photopeak with the peak from direct detection of 17.8 keV X-rays of 24! Am.

Photoluminescence excitation and emission spectra were measured using a 450 W
Xenon lamp and a Horiba Gemini 180 monochromator to excite the sample. Light from
the sample was collected at a 90°angle with respect to the incoming excitation light. Re-
flected excitation light was filtered out with an optical filter. The emission light passed
through a Princeton Instruments SpectraPro-SP2358 monochromator, after which it was
detected by a Hamamatsu R7600-20 PMT. The sample was attached attached to the cold
finger of a closed cycle helium cryostat.

Photoluminescence decay curves were recorded using an EKSPLA NT230 OPO laser to
excite the sample with a repetition rate of 100 Hz and pulse duration of 10 ns. The emis-
sion passed through a Princeton Instruments SpectraPro-SP2358 monochromator and
was detected by a Hamamatsu R7600U-20 PMT. An optical long pass filter was placed at
the entrance of the monochromator to filter out the excitation light from the laser. The
signal from the PMT was recorded using a CAEN DT5730 digitizer.
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4.3. Results

Figures 4.1a and b show the X-ray excited emission spectra between 78 K and 300 K of
undoped Cs;sEuBrg and CssEulg, respectively. Cs4EuBrg shows a single emission band
around 450 nm. This emission band is assigned to the Eu?* 4f°5d — 4f” transition. With
increasing temperature, the peak of the emission band shifts to longer wavelengths. This
is typically observed in materials with high Eu** concentration and is ascribed to self-
absorption [8, 13,31]. Cs4Eulg also shows a single emission band that is assigned to the
Eu?* 4155d — 4f” transition. The Eu?* emission is located around 470 nm, at about 20 nm
longer wavelength than for Cs4EuBrg. The emission band shows a similar shift to longer
wavelengths with increasing temperature as was observed for CssEuBrg. The room tem-
perature emission spectra of both samples correspond well to the data reported by Wu
etal. [24]. Figure 4.1c shows the integrated emission intensity for Cs4EuBrg and Cs4Eulg,
normalised to their intensity at 78 K. The emission intensity of Cs;EuBrg decreases by
about 25% when temperature is increased from 78 K to 300 K. For Cs4Eulg, the emission
intensity decreases by about 12%.
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Figure 4.1: X-ray excited emission spectra between 78 K and 300 K for a) Cs4EuBrg, b)
Cs4Eulg, d) Csq4EuBrg:2%Sm and e) CsqEuls:2%Sm. c) and f) show the integrated emis-
sion intensities normalised to the intensity at 78 K.
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Figures 4.1d and e show the X-ray excited emission spectra between 78 K and 300 K of
Cs4EuBrg:2%Sm and Cs4Eulg:2%Sm, respectively. Csq4EuBrg:2%Sm shows a broad emis-
sion band around 820 nm, which is assigned to the Sm?* 4f°5d — 4f% transitions. With
increasing temperature, the peak of the emission band shifts to shorter wavelengths.
This is likely caused by thermal expansion of the sample, decreasing the crystal field
splitting and thereby elevating the lowest 5d level to higher energies. The observation
of the emission peak shifting to shorter wavelengths indicates a low probability of self-
absorption of the Sm?* emission. Cs;Eul:2%Sm shows a similar broad emission band
around 850 nm, which is also assigned to the Sm?* 4f55d — 4f® transition. Also in this
sample, the peak of the Sm?* emission shifts to shorter wavelengths as temperature is
increased. In both samples, a small amount of Eu?* emission is visible between 400 nm
and 500 nm. The integrated emission intensity of Cs;EuBrg:2%Sm and CssEulg:2%Sm is
shown in Figure 4.1f. Upon increasing the temperature from 78 K to 300 K, the emission
intensity remains almost constant compared to the decrease in intensity observed in the
undoped samples.
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Figure 4.2: X-ray excited decay curves between 78 K and 300 K of a) Cs4Eulg and b)
Csy4Eulg:2%Sm.



67

Figure 4.2a shows the X-ray excited decay curves of a 3x3x2 mm? Cs4Eulg crystal be-
tween 78 K and 300 K. All decay curves show an initial fast component after which they
converge to a single exponential of which the decay time increases with temperature. At
78K, this decay time is 1.19 us and at 300 K it becomes 4 times slower with a decay time of
4.80 ps. Figure 4.2b shows the X-ray excited decay curves of a 4x4x3 mm3 Cs;Eulg:2%Sm
crystal between 78 K and 300 K. A 630 nm long pass filter was placed between the sam-
ple and the detector to remove the small amount of remaining Eu?* emission. Unlike the
decay curve of undoped Cs4Eulg, no fast component is observed in the decay curve. The
decay time is also almost independent of temperature and increases marginally from
3.16 us at 78 Kto 3.50 ps at 300 K.

Figure 4.3 shows the 137Cs 662 keV y-ray pulse height spectra of undoped Cs4EuBrg
and Cs4Eulg recorded on a PMT. The photopeak of Cs4EuBrg corresponds to 7,500 pho-
toelectrons being emitted from the photocathode of the PMT. Taking into account the
quantum efficiency (25%) and reflectivity (33%) of the PMT, the light yield is estimated
around 30,200 ph/MeV. Scintillation events in the photopeak of CssEulg correspond to
5,800 photoelectrons. At its emission wavelength of 470 nm, the quantum efficiency of
the PMT is 22% and the reflectivity is 35%. This gives a light yield of 26,100 ph/MeV. Both
samples have an energy resolution of 11%.
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Figure 4.3: 137Cs excited pulse height spectra of Cs;EuBrg and Cs4Eulg measured on a
PMT.

Figure 4.4 shows the '37Cs excited pulse height spectrum of Cs;Eulg:2%Sm recorded
on an APD. In Figure 4.4a, the pulse height spectrum is shown as recorded. On the x-
axis, the number of primary electron-hole pairs created in the APD during a scintillation
event is set out, which is equal to the amount of detected scintillation photons. This
pulse height spectrum contains a background of events that are caused by absorption
of y-rays directly in the APD. The dashed curve is an exponential approximation for this
background and has been subtracted from the data to result in the pulse height spectrum
displayed in Figure 4.4b. On average, 11,000 photons are detected under the 662 keV
photopeak, translating to a light yield of around 16,600 ph/MeV. An energy resolution of
7.5% has been attained.
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Figure 4.4: 3" Cs excited pulse height spectrum of Cs4Eulg:2%Sm measured on an APD.
a) shows the spectrum as recorded and b) shows the spectrum after background sub-
traction.
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Figure 4.5: Photoluminescence excitation (dotted curve) and emission (solid curve)
spectra between 10 K and 300 K of a) Cs4EuBrg and b) Cs4Eulg.
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Figure 4.5 shows the photoluminescence excitation (dashed curves) and emission
(solid curves) spectra of undoped CsqEuBrg and CsqEulg between 10 K and 300 K. As
temperature is increased, both samples show an increase in emission bandwidth and
the excitation spectra stretch to longer wavelengths. The result is an increase in spectral
overlap between the Eu** emission and Eu?* excitation. This increase in spectral overlap
increases the probability that Eu?>* emission is re-absorbed by other Eu?*, or that energy
is transferred non-radiatively between neighbouring Eu®* ions.

Figure 4.6a shows the photoluminescence excitation and emission spectra of
Cs4FuBrg:0.5%Sm at 300 K. Both the Eu?* and Sm?* 5d — 4f emission can be detected
upon excitation at 350 nm, as shown by curve 1. The Eu?* emission overlaps with the
excitation spectrum of the Sm2* emission (curve 3), which indicates that Eu®* can trans-
fer energy to Sm?*. Between 200 nm and 400 nm, the excitation spectrum of the Sm?>*
5d — 4f emission shows the same bands as the excitation spectrum of the Eu®* 5d — 4f
emission (curve 2). This confirms that energy transfer from Eu®* to Sm?* takes place.
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Figure 4.6: Photoluminescence excitation and emission spectra at 300 K of a)
Cs4EuBrg:0.5%Sm and b) Cs4Eulg:0.5%Sm.
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In Figure 4.6b, the photoluminescence excitation and emission spectra of
Cs4Fulg:0.5%Sm are shown. Similar to CsqFuBrg:0.5%Sm, it shows Eu?* and Sm%*
5d — 4f emission upon excitation at 350 nm, as shown by curve 1. In this case though,
the excitation spectrum of the Sm2* emission (curve 3) shows dips where the excitation
spectrum of the Eu?* emission (curve 2) shows highest intensity. This indicates that
energy transfer from Eu?* to Sm?* is inefficient, which is likely due to the low Sm?*
concentration is this sample.

Figure 4.7 shows the photoluminescence decay of Eu?* emission in (a)
Cs4EuBrg:0.5%Sm, (b) Cs4EuBrg:2%Sm, (c) CssEulg:0.5%Sm and (d) Cs4Eulg:2%Sm.
All samples show approximately the same behaviour. All decay curves deviate from
exponential functions, starting with fast decay and becoming slower as time progresses.
The initial fast decay rate is only moderately dependent on temperature. The largest
temperature dependence is found in the tail of the decay, making all temperature
series fan out. This behaviour strongly resembles that of migrationally accelerated
energy transfer, where Eu®* excitations are able to move closer to Sm?* by means of
energy transfer between neighbouring Eu?* ions [20, 32]. The initial rising component
in the decay curves of Figures 4.7a and b are caused by the laser pulse duration of
approximately 10 ns.
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Figure 4.7: Photoluminescence decay of the Eu?* emission upon 400 nm excitation be-
tween 10 K and 300 K in a) Cs;EuBrg:0.5%Sm, b) Cs4EuBrg:2%Sm, c) Cs4Eulg:0.5%Sm
and d) Cs4Eulg:2%Sm.
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The lifetime of Eu?* excitations varies strongly between the samples. As the decay
curves cannot be approximated with a single exponential function, the 1/e-decay time
T is reported. 7, is defined as the time it takes for the decay curve to decrease by a
factor of 1/e starting from its maximum intensity. Increasing the Sm?* concentration in
Cs4EuBrg from 0.5% to 2% decreases 7, from 20 ns to 16 ns. For CsyEulg, the same in-
crease in Sm?* concentration decreases 7, from 172 ns to 44 ns. This decrease of 7, with
increasing Sm?* concentration is expected, as a higher Sm?* causes faster non-radiative
energy transfer to Sm?*,

Figures 4.8a and b show the photoluminescence decay of Eu?>* and Sm?* emission in
Cs4EuBrg:2%Sm and Cs4Eulg:2%Sm, respectively. The excitation wavelength is 350 nm,
at which primarily Eu®* is excited. The decay time of the Sm?* emission is 2.82 us in
Cs4EuBrg:2%Sm and 3.26 us in Cs4Eulg:2%Sm. The Eu* emission is strongly quenched
by the presence of Sm?*, therefore the inset shows the start of the decay curves on a
shorter timescale. Here, it becomes visible that the Sm?* emission intensity increases as
the Eu?* emission decays. This shows that excitations are transferred from Eu?* to Sm?*.
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Figure 4.8: Photoluminescence decay of Eu?* and Sm?* emission upon 350 nm excita-
tion at 300 K in a) CsyEuBrg:2%Sm and b) CsyEulg:2%Sm. The insets show the same
decay curve on a shorter time scale.
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4.4, Discussion

Both self-absorption and non-radiative energy transfer significantly modify a lumines-
cence decay curve. The luminescence decay can thus yield information on the energy
transfer processes in the sample. The probability of both processes scales with the spec-
tral overlap between the excitation band of the absorbing ion and the emission band of
the emitting ion. In the case of Eu?* it is shown by Figure 4.5 that temperature induced
broadening of the Eu?* excitation and emission bands results in a significant change in
spectral overlap between these bands when going from 10 K to 300 K. This increase in
spectral overlap occurs both in CsyEuBrg and Cs4Eulg. Based on this, it is expected that
the probability of self-absorption and the non-radiative energy transfer rate between
neighbouring Eu?* ions increase with temperature. Both these processes typically de-
crease the light yield of a scintillator, which is in line with the observed decrease of the
emission intensity under X-ray excitation, as shown in Figure 4.1c.

Figure 4.2a shows the X-ray excited luminescence decay curves of CsyEuls. The ex-
periment was performed in reflection mode, i.e., the detector was pointed to the surface
of the sample illuminated by X-rays. With an average X-ray energy of around 10 keV, al-
most all X-rays are absorbed within the first 100 pm below the sample surface; therefore
almost all excitations of Eu®* are present close to the surface on the side of the crystal
oriented towards the detector. Light emitted into the direction of the detector has a low
chance of being re-absorbed, thus the fast component visible in the first few microsec-
onds gives an impression of the intrinsic radiative decay rate of Eu**. The light which,
after being emitted, travels deeper into the crystal has a high probability of being re-
absorbed. The absorbed photons can be re-emitted into the direction of the detector and
still contibute to the decay curve. The decay curve thereby converges to an exponential
decay rate that is longer than the intrinsic radiative decay rate of Eu?*. This decay rate is
given by equation 4.1 [33]:

Tr
T=
1-na

4.1)

Here, 7, is the radiative lifetime of the luminescence center, in this case Eu?*. 7 is the
quantum efficiency of the luminescence center and a is the average probability that an
emitted photon is re-absorbed. a increases with dopant concentration and size of the
crystal. Values for 7 and a are provided in Table 4.1 for the 3x3x2 mm? Cs,Eulg crystal,
assuming 1 = 1. The value of 7, was taken as 1.07 us, which is the photoluminescence
(PL) decay time at 10 K. It was assumed that self-absorption is negligible under these
conditions. This assumption is justified as the photoluminescence decay time at room
temperature converges to the same value of around 1.0 ps upon decreasing the Eu?* con-
centration to nearly 0% in Cs4Calg and Cs4Srlg [15]. When increasing the temperature
from 78 K to 300 K, 7 increases from 1.19 us to 4.80 us and accordingly a increases from
0.10 to 0.78. This shows that even in a small crystal of 3x3x2 mm?, 78% of the emitted
photons are re-absorbed.
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In the same temperature range, the Sm?* emission of the 4x4x3 mm3 CssEulg:2%Sm
sample shows only a marginal increase in 7 from 3.16 ps to 3.50 ps. Using equation 4.1,
the value of a is calculated for every temperature step. The results are summarised in
Table 4.1. Even though the Cs,Eul:2%Sm crystal is significantly larger than the undoped
Cs4Eulg crystal, the values of a are around around 10 times lower at every temperature.
This shows that the low sensitivity of Sm?* to self-absorption combined with the low
Sm?* concentration is an effective way to almost completely solve the self-absorption
problem of Cs4Eulg.

Table 4.1: Decay times 7 under X-ray excitation of CssEulg and CssEulg:2%Sm single
crystals and the average probability a a scintillation photon is re-absorbed inside the
crystal. The first row shows the photoluminescence (PL) decay time at 10 K, which is
taken as an approximation for the radiative lifetime 7.
Cs4Eulg CsyqEulg:2%Sm
(3x3x2mm?) | (4x4x3 mm?)
T (K) T (us) a T (us) a
10 (PL) 1.07 - 3.12 -
78 1.19 0.10 3.16 0.01
100 1.40  0.24 3.13 0.01
150 2.08 0.49 3.34 0.06
200 2.98 0.64 3.40 0.08
250 3.97 0.73 3.31 0.06
300 4.80 0.78 3.50 0.11

As Eu®* transfers energy to Sm?*, doping the samples with Sm?* introduces a large
amount of quenching sites for Eu?*. Insight in the non-radiative energy transfer rate be-
tween Eu®* ions can be attained by monitoring the photoluminescence decay of Eu®* in
the Sm?*-doped samples, see Figure 4.7. Directly after excitation of Eu?*, the Eu* exci-
tations are randomly distributed through the lattice. As the rate of non-radiative energy
transfer scales with R=%, excited Eu?* ions that happen to be close to Sm?* will transfer
their energy to Sm>* with higher probability than those at larger distance. Therefore the
Eu?* excitations will be depleted rapidly close to Sm?*. In this stage, corresponding to
the first tens of nanoseconds of the decay curves, the rate at which Sm?* can deplete the
volume around it is the limiting factor in the decay rate of Eu**. Once the volume around
Sm?* has been depleted, non-radiative energy transfer between Eu®* ions will replenish
the excitations in the depleted volumes. At this point, non-radiative energy transfer be-
tween Eu’* ions becomes the limiting factor of the Eu?* decay rate and causes the Eu®*
decay to slow down.

The rate at which Sm?* depletes the Eu?* excitations around it is almost independent
of temperature, because the spectral overlap between the Eu?* emission bands and the
Sm?* absorption bands does not change much with temperature. On the other hand, the
rate of non-radiative energy transfer between Eu’* ions does depend on temperature,
because the spectral overlap between the Eu?* excitation and emission spectra increases
with temperature, see Figure 4.5. This is also visible in Figure 4.7; during the depletion
of Eu?* excitations close to Sm2* in the first tens of nanoseconds after excitation, the
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Eu?* emission decays with approximately the same rate at every temperature. As time
further progresses into the hundreds of nanoseconds, non-radiative energy transfer be-
tween Eu?* ions becomes the limiting factor of the Eu?* decay; this results in a strong
temperature dependence of the decay rate on longer timescales and the decay curves
fan out.

The results in Figure 4.7 show that a significant amount of energy transfer between
Eu®* ions is observed even for the isolated [MX5]4‘ octahedra of CsqEuXg. The light
yield reported for undoped Cs,Eulg (53,000 ph/MeV) [24] is still significantly lower than
that of the more diluted compounds Cs4Calg:7%Eu (69,000 ph/MeV) and Cs4Srlg:9%Eu
(78,000 ph/MeV) [15], as reported by the same research group. When cooling Cs,Eulg
from 300 K to 78 K, the migration rate of the Eu®* excitations slows down while the light
yield increases 10% to 20% (Figure 4.1c). These observations strongly suggest that con-
centration quenching still plays a role in undoped CssEuBrg and Cs4Eulg.

Opposed to the undoped samples, Cs4EuBrg:2%Sm and Cs4Eulg:2%Sm show a much
less significant change in intensity in the same temperature range, as shown by Figure
4.1f. Once energy is transferred from Eu?* to Sm?* it cannot be transferred back to Eu?*
anymore. If the Sm?* concentration is low enough, the distance between the Sm?* ions
is large and energy will not be transferred between Sm?* ions. Aside from avoiding self-
absorption, the doping of Eu?* materials with Sm?* effectively reduces concentration
quenching.

Compared to the 2.1 us scintillation decay time of CsBa,I5:Sm?*, the 3.5 us decay time
of Cs4Eulg:2%Sm is on the slow side for Sm**-doped scintillators. However, due to the
strong self-absorption in undoped Cs4Eulg, the decay time of CssEulg:2%Sm is already
faster than that of undoped CssEulg with sample sizes of only a few mm. It is also fast
enough for applications in y-ray spectroscopy, as succesfully shown by the pulse height
spectrum in Figure 4.4.

4.5. Conclusions

The benefits of doping Cs4EuBrg and Cs,Eulg with Sm?* have been studied for appli-
cations in y-ray spectroscopy. It has been demonstrated that undoped Cs4Eulg suffers
from strong self-absorption. Despite the large distances between neighbouring Eu?*
ions, a small amount of concentration quenching has been observed in both CssEuBrg
and Cs4Eulg. Self-absorption and concentration quenching originate from the spectral
overlap between the Eu?* excitation and emission spectra.

Both self-absorption and concentration quenching can be avoided by doping these
scintillators with 2% Sm?*; this results almost exclusively in Sm?* 4f°5d — 4% emission.
Due to the large amounts of self-absorption in the undoped samples, the room tem-
perature scintillation decay time of the Sm?*-doped Cs,Eulg is already faster than that
of small-size, undoped Cs,Eulg crystals. The Sm?* emission around 850 nm can be effi-
ciently detected with an avalanche photodiode. Doping Cs4Eulg with 2% Sm?* improved
the energy resolution from 11% to 7.5%.
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Light yield and thermal quenching of Ce>*
and Pr’** co-doped LaBrs:Sm?**
near-infrared scintillators

LaBrs:Ce3* is a compound with excellent scintillation properties, but its ultraviolet emis-
sion does not match well with the detection efficiency curves of silicon based photode-
tectors. In this work, Sm?* is studied as an activator for LaBrj as its near-infrared emis-
sion can be detected with close to 100% efficiency by such photodetectors. LaBr3:Sm?*
single crystals were grown with and without co-doping of Ce** or Pr3*. The samples were
studied by means of X-ray excited and photoluminescence spectroscopy at temperatures
between 10 K and 300 K. Their spectroscopic properties are compared to LaBrs:Ce®* and
LaBr3:Eu®*. The effect of using Ce®* or Pr* as scintillation sensitiser for Sm?* is assessed.
It is found that energy transfer from host to Sm?* greatly improves upon Ce®* co-doping,
but the quenching temperature of the Sm?* emission decreases. The quenching mech-
anism of both the Ce®* and Sm?* emission in LaBr3 is elaborated on. Furthermore, the
effect of charge compensating defects on the light yield and spectroscopic properties is
discussed.

The content of this chapter is based on the following publication:
Casper van Aarle, Nils Roturier, Daniel A. Biner, Karl W. Krdmer, Pieter Dorenbos, Opt. Mater. 145 (2023)
114375.
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5.1. Introduction

When LaBr3:Ce3+ was first discovered as a y-ray scintillator in 2001, it was found to
have a light yield of 61,000 ph/MeV and an energy resolution of 2.8% at 662 keV was
attained [1]. Its high light yield and fast decay time of 30 ns make LaBr3:Ce3* suitable
for medical imaging applications where high time resolution and count rates are re-
quired, such as time-of-flight positron emission tomography [2] and photon-counting
computed tomography [3]. Its energy resolution makes it possible to discriminate be-
tween y-rays with smaller energy difference than what is achieved with more commonly
used Nal:TI* scintillators. LaBrz:Ce3* is therefore also suitable for use in y-ray spectrom-
eters [4] and radio-isotope identification devices [5]. These days, LaBrs:Ce3* scintillation
crystals are widely available as commercial products.

Another useful property of LaBrs:Ce3* is its exceptionally large Stokes shift of 0.54
eV [6] resulting in low self-absorption losses [7], which is favourable for applications
where large crystals are required. Even in large crystals of CeBrs self-absorption losses
are minimal [7, 8]. The reason behind this large Stokes shift has been studied by An-
driessen et al. [9]. LaBr3 has the UCl;3 type crystal structure, the same as CeBrs and PrBrs,
in which the cation has 9 fold coordination. Upon further decrease of the cation size, e.g.
NdBr3, compounds start to crystallise in the PuBr; type structure, where the cation has 8
fold coordination [10]. Ab initio calculations have shown that upon 4f — 5d excitation of
Ce3*, the corresponding decrease in its ionic radius causes deformation of the direct en-
vironment of Ce®>*. One bromide ion is pushed away and the other 8 are pulled towards
Ce3*, effectively reducing the coordination number to 8 [9]. This increases the crystal
field splitting and moves the lowest 5d excited state to even lower energy without the
usual broadening of the Ce®* emission bands, decreasing the overlap between the Ce3*
emission and its absorption bands.

In 2013, significant improvements were made to LaBr3:Ce>* by means of Sr’>* co-
doping. The co-doping greatly improved the scintillator’s proportionality and resulted in
a slight increase in light yield to 78,000 ph/MeV. When coupled to a Hamamatsu R6231-
100 photomultiplier tube (PMT), the attained energy resolution of 2.04% was close to the
fundamental limit achievable when 24,000 scintillation photons are being detected [11].
Further improvement of the energy resolution thus requires increasing the number of
detected photons.

The number of detected photons is determined by the light yield of a scintillator and
the detector efficiency. Only 31% of the scintillation photons were detected when record-
ing the 2.04% energy resolution pulse height spectrum [11]. Silicon based photodetec-
tors, such as avalanche photodiodes (APD) or silicon photomultipliers (SiPM) typically
have much higher detection efficiencies which can reach close to 100% in the visible and
NIR part of the spectrum. For wavelengths shorter than 400 nm, the detection efficiency
of such photodetectors is typically lower due to a rapid increase in the absorption co-
efficient of silicon, causing scintillation photons to be absorbed in the dead layer of the
detector. In the case of LaBrs:Ce3*,Sr?*, this reduces the number of detected photons by
approximately 20% [12]. A solution to this problem would be the use of activators that
emit at wavelengths longer than 400 nm.

Some activators other than Ce®* have already been attempted for LaBrs, among which
are Pr* and Eu?*. LaBr3:Pr3* shows exclusively Pr3* 4f2 — 4f2 line emission with a decay
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time of 11 ps. An energy resolution of 3.2% and light yield of over 60,000 ph/MeV have
been observed when coupled to an APD [13]. LaBrz:Eu?* shows Eu?* 4f55d — 4f” broad
band emission around 430 nm. A light yield of 43,000 ph/MeV and energy resolution of
6% have been reported [14].

Sm?* is another potential candidate as an activator for LaBrs. Its energy levels are
shown in Figure 5.1 together with those of Ce*, Pr¥*, and Eu?*. The energy of the lowest
4f"-15d levels (5d;) of Ce3* and Eu?* are based on their 4f*15d — 4f" emission wave-
lengths in LaBrs [6]. The energy of the 5d; levels of Pr** and Sm?* are calculated using
their constant energy difference to Ce3* and Eu?, respectively [15, 16].
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Figure 5.1: Diagram showing the energy levels of Ce3*, Pr3*, Eu?*, and Sm?* in LaBrs.
The horizontal lines represent 4f levels. The ranges of the 4f*"15d levels are shown by
coloured bands.

At room temperature, Sm** shows exclusively 4f°[°Dg] — 4f%[’F;] line emission when
the 5d; level lies more than about 0.2 eV above the 4f°[°Dy] level. When the 5d; level
lies below the 4f° [5D0] level, exclusively 455d — 415 broad band emission is observed. In
compounds where the 5d; level lies less than 0.2 eV above the 4f8°Dy] level, the 4f% — 4fb
and 4f°5d — 4f° emissions are often observed simultaneously. The ratio between the 4f%
— 4f% and 4f°5d — 4f5 emission is temperature dependent. With increasing temperature,
the 4f5 — 4% emission lines decrease in intensity and 4£°5d — 4f% emission intensity
increases. In compounds where Sm?* shows exclusively 4f°5d — 4f% emission at room
temperature, 4f5 — 4f% line emission is often still observed at cryogenic temperatures.
For any given temperature, the intensity of these 4f® — 4f° emission lines decreases with
decrease of the 5d; level energy.
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The Sm?* 4£°5d — 415 emission typically lies in the near-infrared part of the spectrum
and can therefore be efficiently detected by silicon based photodetectors. Its decay time
lies between 1.5 ps and 15 ps [17, 18], which is fast enough for application in low count
rate y-ray spectroscopy. Compounds with exclusively Sm?*-doping have been reported
to show light yields of up to 33,000 ph/MeV [19]. A benefit to using Sm?* is that 4f°5d
— 4f5 emission may have any of the “F; levels as final state, while absorption exclusively
takes place from the “F, ground state. As a consequence, self-absorption losses in Sm?*-
doped scintillators are minimal, especially if the Sm?* concentration can remain low
[20].

Radiationless energy transfer is possible when the emission bands of a sensitiser over-
lap with the absorption bands of an acceptor [21]. Since the Sm?* 4f°5d — 4f% emission
lies in the infrared, its 4f% — 4f°5d absorption bands cover the entire visible spectrum.
This makes it possible to sensitise Sm?* with many different co-dopants. Efficient sensi-
tisation of Sm?* by Eu®* for scintillation was first demonstrated in Srl,:Eu?*,Sm?*, where
it was found that almost all Eu?* excitations are transferred non-radiatively to Sm?>* upon
co-doping with as little as 0.5% Sm?* [18]. The same strategy has yielded an energy reso-
lution of 3.2% and light yield of 45,000 ph/MeV when coupling a CsBayI5:2%Eu?*,%Sm?*
crystal to an APD [22].

In this work the feasibility of using Sm?* as a dopant in LaBrs is assessed. Additionally,
the effect of using Ce®* or Pr’* as a scintillation sensitiser is explored. A comparison is
made with the spectroscopic and scintillation properties of LaBrs:Eu?*. For this study,
LaBrs samples were synthesised with a 1% doping concentration of Sm?* or Eu?*. Two
Sm?*-doped samples were co-doped with 5% Ce3* or 1% Pr3*. Additionally, CeBrz:1%Sm
is studied. The scintillation characteristics are assessed through X-ray excited emission
spectra. Thermoluminescence (TL) measurements are performed to study the effect of
charge compensating defects. Lastly, photoluminescence measurements are performed
to study the energy transfer from host and sensitiser to Sm?* and to determine the loca-
tion of the Sm?* 5d; level.

5.2. Experimental Techniques

Crystals of LaBrs and CeBr; doped with Ce®*, Pr3*, Sm?*, and/or Eu?* were grown from
the binary halides MBr3 (M = La, Ce, Pr) and MBr, (M = Sm, Eu) by the vertical Bridg-
man technique. The binary halides MBr; (M = La, Ce, Pr, Sm, Eu) were prepared by the
ammonium bromide method [23]. The rare earth oxide (LayO3, 5N; CeO,, 5N; PrgOq1,
5N5; Euy0s3, 5N, all from Metall Rare earth Ltd.; Sm,03, > 3N, Fluka) was dissolved in
concentrated HBr acid (47%, suprapur, Merck) and an excess of NH4Br (p.a., sublimed,
Merck) added in a M to NH, ratio of 2 to 7. The solution was dried up on a sand bath
to yield the anhydrous ternary compound (NH4)3MBrg, which is subsequently decom-
posed to MBr3 by heating in vacuum. LaBr3, CeBrs, PrBrs, and SmBr; were sublimed in
a silica apparatus under high vacuum for purification. EuBr, was obtained by heating
EuBr3 in vacuum at 500 °C and used without further purification. SmBr, was obtained
by reduction of SmBr3 with Sm metal (3N; Alfa) in a Ta ampoule. The Ta ampoule was
sealed by helium arc-welding and enclosed into a silica ampoule under vacuum. The
ampoule was heated to 900 °C for 7 days.
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Stoichiometric amounts of the binary halides (about 5 g per sample) were sealed in
Ta ampoules. An inert ampoule, such as Ta, is required to maintain a pure Sm?>* state
in the crystal. LaBr3:1% Eu?* was grown in a silica ampoule, since Eu* is less sensi-
tive to oxidation than Sm?*. The ampoules were heated in a Bridgman furnace to 800
°C (LaBrs3) or 750 °C (CeBr3), respectively, i.e., above the congruent melting point of the
host material. After 1 day at constant temperature, the crystal growth was started by
slowly moving up the furnace. The samples were cooled to room temperature within
about 10 days. Crystals were cleaved from the boules for spectroscopic investigations.
The denoted doping level represents the melt composition. Since starting materials and
products are highly hygroscopic and sensitive to oxidation, all handling was done un-
der strictly dry and oxygen-free conditions (H,O and O, < 0.1 ppm) in glove boxes and
sealed sample containers. Experiments on LaBrs and CeBrs without divalent dopants
were performed on samples of which the synthesis was previously reported in literature:
LaBr3:5%Ce®" [24], LaBr3:0.5%Pr>* [6], and CeBrs [25].

X-ray excited emission spectra were recorded using a Varex VF-80JM X-ray tube with
tungsten anode operated at 80 kV and 1 mA. A 1 mm thick copper filter was used to filter
out the low energy X-rays that otherwise may cause radiation damage to the sample. The
samples were mounted directly on the cold finger of a Janis He or N, cryostat and placed
in front of the X-ray tube. The sample chamber was kept at a pressure below 10~ mbar
during operation. The sample emission was monitored under a 90°angle with respect
to the X-ray beam and was collected through an Ocean Optics QP600-2-VIS optical fibre
before being detected using an Ocean Optics QE65Pro spectrometer. Spectra were cor-
rected for the optical fibre attenuation and spectrometer sensitivity. The temperature of
the sample was controlled using a Lakeshore temperature controller.

For light yield measurements, a sample holder with fused silica window was filled with
small grains of the studied sample. An identical sample holder was filled with small
grains of a LaBr;:Ce®* reference sample with known light yield of 76,000 ph/MeV [24].
Light yields were determined by taking the integral of the X-ray excited emission spec-
trum of the studied sample and comparing it to that of the reference sample at room
temperature. The reference sample was mounted on the same cryostat as the studied
sample to ensure the geometry of the setup was identical between the measurements.

Thermoluminescence measurements were performed on the same experimental
setup as the X-ray excited emission spectra. Samples were given an X-ray dose by ir-
radiating the sample for 10 minutes at 10 K. After irradiation, the X-ray tube was turned
off and a constant heating rate of 15 K/min was applied. The emission spectra were con-
tinuously measured by the spectrometer and the integral of the spectra was taken to find
the total intensity.

Photoluminescence excitation and emission spectra were measured using a 450 W
Xenon lamp and Horiba Gemini 180 monochromator as excitation source. The sam-
ples were mounted directly on the cold finger of a Janis He or N, cryostat and the sample
chamber was kept at a pressure below 10™* mbar during the experiment. Emission light
from the sample first passed through an optical filter to block the excitation light before
passing through a SpectraPro-SP2358 monochromator. For excitation spectra, the emis-
sion light was detected using a Hamamatsu R7600U-20 PMT. The excitation spectra were
corrected for the intensity of the Xenon lamp. For emission spectra, the the emission was
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detected by a Hamamatsu C9100-13-EM-CCD camera. The temperature was controlled
using a Lakeshore temperature controller.

Photoluminescence decay curves were measured using an EKSPLA NT230 OPO laser
as excitation source, with a pulse width of 6 ns and repetition rate of 100 Hz. The tem-
perature of the samples was controlled in an identical way as for the photoluminescence
excitation and emission spectra. The excitation light was filtered out using an optical fil-
ter, after which the emission light passed through a SpectraPro-SP2358 monochromator
before being detected by a Hamamatsu R7600U-20 PMT. The signal from the PMT was
converted to a digital signal using a CAEN DT5730 digitizer.

5.3. Results

As the effect of co-doping LaBrs:Sm?* with Ce®* and Pr?* is studied, spectroscopic results
on LaBr3:5%Ce®* and LaBr3:0.5%Pr* are also presented to yield information on the role
of these dopants in the scintillation mechanism. Figure 5.2a shows the X-ray excited
emission spectrum of LaBr3:5%Ce>*. The two strong emission bands around 380 nm are
ascribed to the Ce®* 5d — 4f transitions. The weak band around 440 nm was previously
assigned to self-trapped exciton (STE) emission of LaBrs [6].
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Figure 5.2: X-ray excited emission spectra of a) LaBr3:5%Ce3*, b) LaBr3:0.5%Pr3*, and c)
LaBr3:1%Eu?* at 10 K.
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The emission spectrum of LaBrs:0.5%Pr>* is shown in Figure 5.2b. The spectrum con-
tains predominantly sharp emission lines that are ascribed to the Pr®* 4f> — 4f transi-
tions. It shows a weak broad band around 440 nm, similar to the STE emission observed
in LaBrs:Ce3*.

LaBr3:1%Eu?* is studied for comparison with LaBr3:Sm?*, as Eu®* has the same va-
lence and similar ionic radius as Sm?* and is spectroscopically more simple. Figure 5.2c
shows the X-ray excited emission spectrum of LaBrs:1%Eu?*. It shows an intense emis-
sion band with a maximum at 430 nm, which is assigned to the 4185d — 4f7 transition [6].
Additionally, a broad emission band of unknown origin is observed between 500 nm and
800 nm.

Figure 5.3a shows the X-ray excited emission spectra of LaBrs:1%Sm?*. At 10 K it shows
almost exclusively sharp line emission between 680 nm and 850 nm that corresponds to
the 4f5[°Dy] — 4f5["F;] transitions of Sm?*. When increasing the temperature to 100 K,
a broad band with a maximum at 790 nm appears and the intensity of the line emis-
sion decreases. Based on the Eu?* 4f5d — 4f’ emission wavelength, the Sm?* 4f°5d —
4f% emission wavelength is expected near 750 nm [16]. Therefore, the broad band is as-
signed to the Sm?* 4£°5d — 4f% emission. At 200 K, the 4f% — 45 lines have completely
disappeared and the 4f°5d — 4f% has gained further in intensity. Between 200 K and
300 K, the intensity of the 4f°5d — 4% decreases and at 300 K only 20% of the intensity
remains.

Figure 5.3b shows the X-ray excited emission spectra of LaBr3:5%Ce%*,1%Sm?*. The
emission spectrum at 10 K again shows Sm?* 4f5 — 4f% line emission, but the 4£°5d —
4f% is already visible at this temperature as well. This shows that Ce®>* doping slightly
lowers the Sm?* 4£°5d energy level with respect to the 4f°[°Dg] level, likely caused by an
increase in crystal field splitting strength. In addition to the Sm?* emission, weak Ce3*
5d — 4f emission bands are visible between 350 nm and 420 nm. Again, upon increasing
the temperature the Sm?* 45 — 4f° emission decreases in intensity while the 4£°5d —
4f% emission increases until it quenches between 200 K and 300 K.

The X-ray excited emission spectra for LaBr3:1%Pr>*,1%Sm?* are shown in Figure 5.3c.
At all temperatures, the spectrum contains intense Pr®* 4f> — 4f? lines in addition to the
Sm2* emission, indicating that transfer from Pr3* is inefficient. At 10 K, it can be seen at
825 nm that still a Sm>* 4f% — 45 line is visible on top of the 4f°5d — 4f% emission, but
at higher temperatures this has already disappeared. As opposed to LaBrz:1%Sm?* and
LaBr3:5%Ce*,1%Sm?*, the intensity of the Sm?* 4f°5d — 4{5 emission is highest at 10 K
and steadily decreases upon increase of temperature.

In Figure 5.3d, the X-ray excited emission spectra of CeBrs:1%Sm?* are shown. Similar
to LaBr3:5%Ce3*,1%Sm?*, it shows weak Ce3* 5d — 4f emission between 350 nm and 420
nm. The increase in Ce®* concentration compared to LaBr3:5%Ce3*,1%Sm?* has lowered
the Sm?* 4f°5d level even further and the Sm?* emission around 790 nm now contains
exclusively 4f°5d — 4f° emission already at 10 K. Upon increase of the temperature, the
Sm?* emission rapidly quenches and is already completely gone at 200 K. As opposed to
LaBr3:5%Ce>*,1%Sm?*, the Ce3* 5d — 4f emission intensity also decreases with increas-
ing temperature, which is ascribed to energy transfer between Ce3* ions increasing the
rate of energy transfer to Sm>*.
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Figure 5.3: X-ray excited emission spectra of a) LaBr3:1%8m2+, b)
LaBr3:5%Ce3*,1%Sm?*, c) LaBr3:1%Pr>*,1%Sm?*, and d) CeBrs:1%Sm?".

To further investigate the quenching of Sm?* emission, the integrated emission inten-
sity under X-ray excitation of various compounds is plotted against temperature in Fig-
ure 5.4. Figure 5.4a shows the X-ray excited intensity of Ce3* emission in LaBrs:5%Ce>*
and CeBrs. LaBr3:5%Ce>* shows stable emission intensity ranging all the way from 10
K to 600 K. Above 600 K, the intensity drops due to thermal quenching. The value at
which the intensity reaching 50% of its maximum values (T5o) falls outside the range of
the experimental setup. The quenching curve is extrapolated using the a single barrier
Arrhenius equation and the T5( value is estimated to be 715 K.

For CeBrs, the intensity slowly decreases over the entire temperature range, which was
also observed by Awater et al. [26] and similar to what was observed for Ce®* emission in
CeBr3:Sm?*. In undoped CeBrs, the Ce®* excitations are not lost to Sm?*, but the grad-
ual decrease is ascribed to temperature enhanced concentration quenching. Around
600 K, a steeper decline of the intensity is observed, which is the temperature at which
thermal quenching sets in. The value for T5 is around 675 K, slightly lower than for
LaBrs:5%Ce3*.
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Figure 5.4: Integrated X-ray excited emission intensities of a) LaBr3:5%Ce and CeBr3, b)
LaBrs:1%Eu?* and c) LaBrs:1%Sm?*, LaBrs:5%Ce3*,1%Sm?*, LaBrs:1%Pr3*,1%Sm?* and
CeBrs:1%Sm?".

Figure 5.4b shows the X-ray excited emission intensity of LaBrs:Eu?*. When going
from 10 K to 225 K, the emission becomes 4 times more intense, very similar to what
was observed in LaBrs:Ce®* co-doped with Ca?*, Sr?* or Ba?*, indicating the formation
of electron traps when doping LaBrs with divalent cations [24]. Further increasing the
temperature above 225 K causes the intensity to decrease again due to thermal quench-
ing. The intensity drops in two steps, one with a T5o value of approximately 300 K, the
other around 470 K. This suggests there are multiple Eu?* sites present in the sample.
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Figure 5.4c shows the X-ray excited emission intensity of the four Sm?*-doped sam-
ples. Just like LaBr3:1%FEu?*, the emission intensity of LaBrs:1%Sm?* (curve 1) becomes 4
times more intense upon increasing the temperature from 10 K to 200 K. Further increas-
ing the temperature beyond 200 K causes thermal quenching and rapidly decreases the
intensity. The emission intensity of LaBrs:1%Sm?* however does not drop in two steps,
as was observed for LaBrs:1%Eu®*. Tsq is reached at 255 K.

LaBr3:5%Ce3*,1%Sm?* (curve 2) shows similar behaviour to LaBr3:1%Sm?*. Increasing
the temperature from 10 K initially causes the intensity to increase after which thermal
quenching starts. The increase in intensity between 10 K and 150 K is however two times
less than for LaBr3:1%Sm?*, which could be caused by Ce®** competing with traps at cap-
turing electrons from the conduction band. Another difference is that thermal quench-
ing begins at approximately 25 K lower temperature compared to LaBrs:1%Sm?*, giving
a Tso value of 235 K.

The intensity of LaBr3:1%Pr3*,1%Sm?* gradually decreases upon increase of the tem-
perature from 10 K to 300 K. No clear onset of thermal quenching is observed. The total
intensity reached 50% of its maximum value at 205 K. Lastly, the CeBr3:Sm?* emission
intensity also exclusively decreases upon heating from 10 K. The quenching behaviour is
not as gradual as in LaBr3:1%Pr>*,1%Sm?* and resembles that of the thermal quenching
of LaBr3:1%Sm?*, but occurring at 185 K lower temperature, giving a Tso value of 70 K.
The T5( values of all compounds are provided in Table 5.1.

For each compound, the light yield was determined at the temperature at which the
X-ray excited emission spectrum has its highest intensity, and also at 300 K. Both light
yield values are provided in Table 5.1. The sample with the lowest light yield of 7,000
ph/MeV is LaBr3:Sm?*, recorded at 175 K. Co-doping with 5% Ce®* resulted in a signif-
icant increase to 25,000 ph/MeV, but the maximum intensity was attained at 150 K. For
CeBr3:1%Sm, a further increase to 34,000 ph/MeV is observed, but now at 10 K. This in-
dicates the effectiveness of using Ce3* as a scintillation sensitiser for Sm?* in LaBrs, but
also shows its negative effect on the quenching temperature. At room temperature, ther-
mal quenching causes the light yields of the Sm?*-doped samples to be lower than their
maximum value. However, even though LaBrs:5%Ce*,1%Sm?* quenches at lower tem-
perature than LaBr3:1%Sm?*, the room temperature light yield of the 5% Ce3* co-doped
sample is still higher than the sample without Ce3* co-doping.

Table 5.1: Overview of maximum light yield Y.« determined at temperature Tiax, the
light yield at 300 K Y3pox and quenching temperature T5o of LaBrs-type samples with
various dopants.

Sample Ymax (Ph/MeV)  Tmax (K)  Yagox (ph/MeV)  Tso (K)
LaBrs:Ce3* 76,000 10-600 76,000 [24] 715
CeBr; 78,000 10 55,000 [25] 675
LaBr3:1%Eu?* 21,000 225 17,000 300, 470
LaBr3:1%Sm?>* 7,000 175 1,000 255
LaBr3:5%Ce>*,1%Sm?* 25,000 150 3,000 235
LaBr3:1%Pr?*,1%Sm?* 17,000 10 2,000 205

CeBr3:1%Sm?* 34,000 10 0 70
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In both LaBr3:Ce®* and CeBr3 that were co-doped with Ca®*, Sr** or Ba?*, the decrease
in light yield when cooling below room temperature was observed together with shallow
electron traps creating TL glow peaks between 50 K and 300 K [24, 26]. The origin of
these electron traps was suggested to be Br™ vacancies forming as charge compensation
for the divalent ions incorporated in the lattice. To investigate whether this is also the
case for Eu** and Sm?* samples, TL glow curves are shown in Figure 5.5. Glow peaks are
observed for LaBr3:1%Eu®*, LaBrs:1%Sm?* and LaBr3:5%Ce>*,1%Sm?* at temperatures
where the light yield increases under X-ray excitation in Figure 5.4c. No TL signal above
noise level was found for LaBrs:1%Pr3*,1%Sm?* and CeBrs:1%Sm?*, which both show
maximal intensity under X-ray excitation at 10 K.

1.25

(a) LaBrs:Eu
1.00

0.75
0.50 -
0.25

Intensity (a.u.)

0.00

(b) LaBr3:Sm
1.00

0.75
0.50
0.25

Intensity (a.u.)

0.00
(c) LaBr3:Ce,Sm
1.00

0.75

0.50 -

1

0.25

Intensity (a.u.)

0.00

(d) LaBr3:Pr,Sm
1.00

1

1

0.75
0.50

1

0.25

1

Intensity (a.u.)

an _—

(e) CeBr3:Sm

0.00
1.00 1
0.75
0.50

0.25

Intensity (a.u.)

0.00 f f * . ;
0 100 200 300

T (K)

Figure 5.5: Thermoluminescence glow curves with 15 K/min heating rate of a)
LaBr3:1%Eu?*, b) LaBr3:1%Sm?*, c) LaBr3:5%Ce®*,1%Sm?*, d) LaBrs:1%Pr**,1%Sm?*
and e) CeBrs:1%Sm?*.
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ABr vacancy sitting next to Eu?* or Sm?* would turn the regular 9 fold coordinated site
into an 8 fold coordinated site and thereby remove the relaxation mechanism causing
the unusually large Stokes shift. To study this, photoluminescence excitation and emis-
sion measurements were performed. Figure 5.6a shows the photoluminescence emis-
sion and excitation spectra of LaBrs:5%Ce%*. The emission spectrum (curve 1) shows the
Ce®* 5d — 4f emission bands between 350 nm and 425 nm. The STE emission around
440 nm is not visible under photoexcitation at 295 nm. The excitation spectrum (curve
2) shows the 5 Ce®* bands between 250 nm and 350 nm split up due to the crystal field
splitting. The Stokes shift is determined to be 0.58 eV. The band between 210 nm and 250
nm is the host exciton band of LaBr3 [6].

Figure 5.6b shows the photoluminescence emission and excitation spectra of
LaBrs:1%Eu?*. Under excitation at 300 nm, the emission spectrum (curve 1) shows only
the Eu?* 4f°5d — 4f” emission band. The broad band emission around 600 nm observed
under X-ray excitation in Figure 5.2c is not visible here, showing that this emission does
not originate from Eu?*. The excitation spectrum (curve 2) features no clear structure.
Based on the small bend in the excitation spectrum near 380 nm, the band correspond-
ing to excitation into the Eu?* 5d; level is approximated at 385 nm, giving a Stokes shift
of 0.35 eV. This is in good agreement with the expectation that the Eu?>* Stokes shift is
0.61 times that of Ce3* [27] and suggests that most of the Eu?* emission comes from the
same 9 fold coordinated sites that Ce3* occupies in LaBrs. The excitation spectrum of
the Eu?* emission shows a sudden drop in intensity at 230 nm where the host exciton
band of LaBrj is located. This indicates that energy transfer from host excitons to Eu?* is
inefficient and is in line with the significantly lower value for the light yield compared to
LaBr3:Ce3* given in Table 5.1.
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Figure 5.6: Photoluminescence excitation and emission spectra at 10 K of a)
LaBr3:5%Ce3* and b) LaBrs:1%Eu?*. No Eu?* emission is observed when exciting the
LaBr3 host.
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Figure 5.7a shows the photoluminescence emission and excitation spectra of
LaBr3:1%Sm?* at 10 K. Similar to under X-ray excitation in Figure 5.3a, the emission
spectrum (curve 1) shows exclusively Sm?2* 4f% — 4f% lines between 690 nm and 850 nm.
The excitation spectrum (curve 2) shows that Sm2* absorbs across the entire visible spec-
trum, but shows a sudden drop in intensity at 230 nm similar to what was observed for
LaBr3:1%Eu?*. The low light yield given in Table 5.1 can therefore be explained by ineffi-
cient energy transfer from host excitons to Sm?*.
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Figure 5.7: Photoluminescence excitation and emission spectra at 10 K of
a) LaBr3:1%Sm?*, b) LaBrs:5%Ce®*,1%Sm?*, c¢) LaBr3:1%Pr*,1%Sm?* and d)
CeBr3:1%Sm?*. The bands of Ce®* and Pr’* are visible in the excitation spectrum
of Sm?* in co-doped samples.
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In Figure 5.7b, the photoluminescence emission and excitation spectra of
LaBr3:5%Ce®*,1%Sm?* at 10 K are shown. The emission spectrum (curve 1) shows
Sm?* 4f% — 45 lines on top of a weak 4f°5d — 4f° band. This implies that the Sm?* 5d;
level is shifted to slightly lower energies as a result of Ce>* co-doping. The excitation
spectrum of the Sm?* emission (curve 2) shows the structure of the Ce3* excitation
bands between 200 nm and 340 nm. For comparison, curve 3 shows the excitation
spectrum of the Ce®* emission in this sample. The excitation spectrum of the Sm?*
emission no longer shows a sudden drop at 230 nm. This indicates that host excitons
can transfer their energy to Ce3* which in turn can pass it on to Sm?*. This is in line with
the increase in light yield observed when co-doping LaBr3:1%Sm?* with Ce*, as shown
in Table 5.1.

Figure 5.7c shows the photoluminescence emission and excitation spectra of
LaBrs:1%Pr3*,1%Sm?* at 10 K. The emission spectrum (curve 1) shows a further in-
crease in the ratio of Sm?* 4°5d — 4f% to 4f% — 4% emission compared to the
LaBr3:5%Ce>*,1%Sm?* sample. The excitation spectrum of the Sm?* emission (curve 2)
shows an intense band around 250 nm, which is also visible in the excitation spectrum
of the Pr3* emission (curve 3). This band is assigned to the Pr3* CT band [6]. From this
can be concluded that also Pr** serves as an intermediate step in energy transfer from
host exciton to Sm?*.

Lastly, Figure 5.7d shows the photoluminescence emission and excitation spectra of
CeBr3:1%Sm?* at 10 K. Just like under X-ray excitation, exclusively Sm?* 4f°5d — 4f°
emission is visible in the emission spectrum (curve 1), indicating that the Sm?* 5d; level
is further shifted to lower energies. The excitation spectrum of the Sm?* emission (curve
2) shows an anti-correlation with the excitation spectrum of the Ce®* emission (curve 3).
This means that energy transfer is inefficient, which can be caused by saturation effects
due to the high absorption strength of CeBrz combined with a low Sm?* concentration.

The decay dynamics of Sm?* can give insight in the presence of multiple sites and the
decay time is also an important characteristic for application. Therefore, photolumines-
cence decay curves of LaBr3:Sm?* are shown in Figure 5.8 upon excitation at 570 nm.
Figure 5.8a shows the decay curves between 10 K and 150 K. At 10 K (curve 1), the de-
cay shows strong non-exponential behaviour containing an initial fast component with
a decay time faster than 100 ns. Gradually, the decay slows down and a slow component
of around 100 ps appears. Upon increasing the temperature to 150 K (curve 4), the fast
component gradually disappears and the slow component becomes faster.

On a timescale of the first few ps after excitation, the temperature dependent be-
haviour is more complex. For this, a zoom in of the first 3 pus of the decay curves shown
in Figure 5.8a is shown in Figure 5.8b. Here it becomes visible that upon increasing the
temperature from 10 K to 50 K, the fast component becomes even faster and a plateau
develops in the luminescence decay curve between 0.2 ps and 1 ps. Upon increasing the
temperature further to 100 K and 150 K, this plateau develops into a build up of the sig-
nal, indicating the 4°5d level becomes more populated, likely from crossover from the
4f[5Dy] level. The fast component however still persists while this build up with slower
time constant develops. This behaviour can only be explained with multiple Sm?* sites
being present in the sample, some of which create the fast component and others cause
the build up in signal.
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The decay curves in Figure 5.8c are collected at temperatures between 150 K and 300
K, which is the temperature range in which thermal quenching of the X-ray excited emis-
sion takes place (Figure 5.4c¢). Going from 150 K (curve 4) to 200 K (curve 5), the strong
non-exponential behaviour disappears, coinciding with the disappearing of the 4{5 — 4f%
lines in the X-ray excited emission spectrum in Figure 5.3a. However, the decay curves
are still not well described by single exponential functions, again hinting towards the
presence of multiple sites. Increasing the temperature further above 200 K causes the
decay time to rapidly become shorter, which confirms that this is the temperature range
in which thermal quenching takes place.
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Figure 5.8: Photoluminescence decay curves of LaBrz:1%Sm?* excited at 570 nm and
observed at 800 nm, a) between 10 K and 150 K, b) between 10 K and 150 K on a shorter
timescale, c) between 150 K and 300 K.
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5.4. Discussion

Incorporating divalent ions such as Sm?* in a LaBr3 lattice requires charge compensa-
tion, as was previously discussed by Alekhin et al. [24, 28]. It was found that co-doping
LaBrs:Ce3* with Ca?*, Sr?*, or Ba?* creates two additional Ce3* sites, creates electron
traps that cause TL peaks between 78K and 300 K, and decreases the light yield be-
low room temperature. The suggested charge compensation mechanism was the cre-
ation of Br™ vacancies. The decrease in light yield below room temperature (Figure 5.4a
and b) and accompanying TL peaks (Figure 5.5) were also observed for LaBrz:1%Eu?*,
LaBr3:1%Sm?*, and LaBr3:5%Ce3*,1%Sm?*. As Eu?>* and Sm?* have the same charge and
a similar ionic radius as Sr?*, the same mechanism of charge compensation in the form
of Br™ vacancies can be expected here.

Intuitively, Br” vacancies would locate right next to the divalent dopant ion. Along the
series LaBrs, CeBrs, PrBrs, NdBrs, the rare earth ion radius decreases. As a result, the
crystal structure of the MBr3 bromide changes from the UCl; structure for M = La - Pr
to the PuBrj3 structure for M = Nd and the coordination number of the rare earth ion is
reduced from nine to eight, respectively. As Eu** and Sm>* have larger ionic radii than
La3*, they prefer a higher coordination number and occupy the regular cation site with
9-fold coordination, rather than the neighborhood of a Br~ vacancy with a reduced co-
ordination number of eight. The analysis of the Stokes shift of Eu?* suggests that most
of the emission comes from the 9 fold coordinated site, even though the photolumines-
cence decay of Sm** showed that multiple sites are still present in the LaBrs:1%Sm?*
sample.
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Figure 5.9: VRBE diagram of lanthanide levels in LaBr3, for details see the text in Discus-
sion. The 5d; levels of Eu?* and Sm?* are located closer to the conduction band bottom
than that of Ce®*, explaining the lower quenching temperatures.
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To rationalise the quenching mechanism of Sm?* in LaBrs, a vacuum referred binding
energy (VRBE) diagram has been constructed, which is shown in Figure 5.9. The param-
eters used for constructing the diagram are summarised in Table 5.2. The band gap Eg
of LaBr; is estimated from the exciton band according to ref. [29]. The 4f" — 4f*15d
transition energies of Ce®* and Sm?* (E°** and E;7%*) are based on spectroscopic data
presented in this work and extrapolated to other lanthanides using refs. [15, 16]. The tri-
angles connected by the zigzag curves indicate the lowest 4f" states of trivalent (blue)
and divalent (red) lanthanides. The dots indicate their respective 5d; states. The excited
4f" states of Ce3*, Pr3*, Sm?* and Eu?* are shown by horizontal lines. The arrows indi-
cate transitions observed spectroscopically in this work. The resulting diagram shows
that the 4f"!5d levels of Eu** and Sm?* lie well above that of Ce®* and thereby closer
to the conduction band, while also the Tso of Eu?* and Sm?* is much lower than that of
Ce3* (Figure 5.4). This suggests that thermal quenching takes place via ionisation to the
conduction band.

In PrBrs, the T of the Ce®* emission is 300 K. Birowosuto et al. suggested that quench-
ing of Ce3* emission in PrBr3:Ce®* happens through charge transfer from the 5d excited
state of Ce3* to the Pr’* ground state [30]. The ground state of Pr?* is the 4f° ground state,
which lies well below the conduction band minimum in LaBr;. Creating Pr?* in PrBrs is
analogous to placing an electron at the bottom of the conduction band, which implies
that the conduction band minimum of PrBrj lies at approximately 1 eV lower energy
compared to that of LaBrs. Assuming the valence band maximum at the same energy
in LaBrs and PrBrs, the conduction band minimum of PrBr; can be estimated using the
Pr3* CT band in LaBr3. From this reasoning follows that quenching of Ce®* emission in
PrBrs also occurs via ionisation to the conduction band.

1
Ts0=
715 K 255K
0 - o ) /675 K 70K
—Af5E 41 300 K
14 5dt— 4f°5d J— - LLLLLLLTT
S -2 — — —
@ =7 = o
g —3 - Sm2+ Sm2+ Sm2+
[a'd
> -4 7
§F7/2— —_ —_
-5 Fsp=— - -
Ce3+ Ce3+ CeB+
-6 -
. LaBr3 CeBr3 PrBr3

Figure 5.10: VRBE diagram for Ce** and Sm?* in LaBrs, CeBrs, and PrBrs. The lowering
of the conduction band bottom along the series decreases the quenching temperature
of Ce®* and Sm?* 4f""15d — 4f" emissions.
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To illustrate the change in conduction band minimum and its relation to T5g, Figure
5.10 has been constructed where the Ce®* and Sm?* energy levels are shown in the band
gap of LaBr3, CeBrs and PrBr; together with the T5( values of the Ce®* and Sm?* emis-
sion. It is assumed that the U parameter and CT transition energy of Eu®* (EE“T3+) and
consequently the valence band maximum are constant between the compounds. The
values of EL°** and ES7* are adjusted to spectroscopic data, only ES7'%* in PrBrs is es-
timated based on the redshift of the Ce®** 5d level. The conduction band minimum of
CeBrj is estimated from the change in quenching temperature (ATsq) of the Ce®* emis-
sion compared to that in LaBrs and PrBrs through equation 5.1 [31]:

11600

ATsp= ————
%0 In(zyTo)

(5.1

Here, T, is radiative lifetime of Ce3* and Iy is approximately the highest phonon fre-
quency in LaBrs. The used values for 1, and I'y is are 30 ns [1] and 5 x 10'2 Hz [32],
respectively. AF is the energy gap between the Ce3* 5d level and the conduction band
bottom. All parameters required to construct Figure 5.10 are also summarised in Table
5.2.

Table 5.2: Parameters used for constructing the VRBE diagram in Figure 5.10. All values
are given in units of eV.

Eu3 Ce3 Sm2
Host U Eg EM®+  pCesr  pSma
LaBr; 6.60[33] 563 2.09[33] 4.02 2.04
CeBrs 6.60[33] 554 2.09[33] 3.97 2.00

PrBr3 6.60 [33] 4.86 2.09(33] 3.78[30] 1.86

Figure 5.10 shows that the conduction band minimum decreases in energy when
changing the host cation from La3* to Ce®* to Pr¥*, while simultaneously Ty decreases.
The energy of the conduction band minimum follows the same trend as that of the
ground state energy of La?*, Ce?*, and Pr?* marked with green circles in the VRBE di-
agram in Figure 5.9. This also explains why T5o of the Sm?* emission decreases upon
co-doping LaBr3:1%Sm?** with Ce3*, as upon co-doping with Ce3* a gradual decrease in
conduction band energy is expected. In the case of LaBrs:1%Pr>*,1%Sm?* the quench-
ing of Sm?* emission is a gradual process and no distinct quenching temperature was
observed. This is likely caused by the low Pr3* concentration. The quenching temper-
ature of a Sm?* ion then depends on the distance to the nearest Pr3* ion, giving a large
distribution of quenching temperatures. As the Sm?* 4f°5d level lies close to the Pr** 43
ground state, the quenching is indeed expected to start from temperatures as low as 10
K. Sm?* would then likely not show any emission at all in PrBrz due to the 4f°5d state
lying in the conduction band.

Despite reducing the quenching temperature of Sm?*, co-doping LaBrs:Sm?* with
Ce®* or Pr¥* as scintillation sensitiser drastically increases its light yield, as can be seen
in Table 5.1. Pr®* does not transfer its energy efficiently to Sm?*, as still a lot of Pr3*
emission is present in Figure 5.3c. However, the intensity of the Ce* emission is low in
Figures 5.3b and d, indicating that Ce* is a suitable sensitiser.
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Figure 5.11: Diagram showing the scintillation sensitising mechanism of Ce®*. a) Un-
doped LaBr; shows low quantum efficiency STE emission, b) doping with Ce®* intro-
duces an efficient route of energy transfer from host to Ce3* and creates stable emission
at room temperature, c) energy transfer from host to Sm?* is inefficient and d) efficient
transfer from host to Ce®>* and subsequent energy transfer from Ce3* to Sm?* creates an
efficient route of energy transfer from host to Sm?*

The mechanism of sensitisation is portrayed in Figure 5.11. Figure 5.11a shows the
case of undoped LaBr3, where most of the emission is STE emission, indicated by arrow
1. The STE emission energy is drawn accurately, but the position of the energy levels
within the band gap is chosen arbitrarily. Below 150 K, the light yield of undoped LaBr3
is the same as that of LaBrs:Ce3*, but the emission is thermally quenched with a Tsy of
225 K [34]. Doping LaBr3 with Ce®* creates the situation of Figure 5.11b. The transfer of
electrons and holes to Ce®* competes with STE formation and almost all emission comes
from Ce®* with doping concentrations of a few percent, indicated by arrows 2.

When doping LaBr3 with 1% Sm?*, the situation of Figure 5.11c is created. Sm?* emis-
sion is visible, as indicated by arrow 3, but the light yield has drastically dropped to only
7,000 ph/MeV at its maximum at 175 K. Additionally, the intensity of the excitation spec-
trum of Sm?* emission in LaBr3:1%Sm?* drops to zero upon exciting the LaBrs host be-
low 230 nm (Figure 5.7a). These two observations indicate that energy transfer from the
host to Sm?* is inefficient.

When co-doping LaBrs:1%Sm?* with 5% Ce3* (Figure 5.11d), electrons and holes can
again be efficiently transferred to Ce3*. This is confirmed by the remaining Ce3* emis-
sion in the X-ray excited spectra in Figure 5.3b, displaying that Ce3* gets excited dur-
ing the scintillation process. As the 5d — 4f emission bands of Ce>* overlap with the
4f% — 4f55d excitation bands of Sm?*, most of the Ce®* excitations are transferred to
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Sm?* through radiationless energy transfer, indicated by arrow 4. In this way, the ef-
ficient transfer from host to Ce3* is used to sensitise Sm?* and the light yield increases
from 7,000 ph/MeV for LaBr3:1%Sm?* to 25,000 ph/MeV for LaBr3:5%Ce3*,1%Sm?*. The
same inefficient transfer from host to lanthanide is also seen in LaBrs:1%Eu?* and it can
therefore be expected that co-doping with Ce®* improves its light yield as well.

5.5. Conclusions

The possibility of using Sm?* as an activator for LaBrs has been investigated. The Sm?*
emission wavelength is found to be in the optimal range for readout with silicon based
photodetectors. However, energy transfer from the LaBrs host to both Eu?* and Sm?* is
inefficient, but can be greatly improved by using Ce3* as a scintillation sensitiser. The
light yield of LaBr3:1%Sm?* improved from 7,000 ph/MeV to 25,000 ph/MeV upon co-
doping with 5% Ce®*. Host excitations are efficiently transferred to Ce®*, which in turn
transfers its excitations to Sm?*. Energy transfer from Pr®* to Sm** was shown to be
inefficient. The downside of using Ce®* or Pr* as a co-dopant is that it decreases the
quenching temperature of Sm?*. All Sm?*-doped samples experienced thermal quench-
ing already below room temperature. Doping LaBrs with Eu?* and Sm?* creates charge
compensating defects similar to what is seen upon Sr?>* co-doping. These defects act as
electron traps and reduce the light output below room temperature.
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Lengthening of the Sm** 4£°5d — 4f°
decay time through interplay with the

4f°[°Dy] level and its analogy to Eu** and
PI.3+

Recent research activity on Sm?*-doped compounds has significantly increased the
amount of available data on 4f°5d — 4f5 decay times. This enabled the systematic com-
parison of spectroscopic and time resolved luminescence data to theoretical models de-
scribing the interplay between the 4f°5d and 4f°[°Dy] excited states on the observed
decay time. A Boltzmann distribution between the population of the excited states is
assumed, introducing a dependence of the observed 4f°5d — 4f° decay time on the en-
ergy gap between the 4£°5d and 4f5[°Dy] levels and temperature. The model is used to
interpret the origin of the large variation in reported 4f°5d — 4% decay times through lit-
erature, and links their temperature dependence to applications such as luminescence
thermometry and near-infrared scintillation. The model is further applied to the analo-
gous situation of close lying 4f""15d and 4f" states in Eu** (°P7/2) and Pr3* (1Sy).

The content of this chapter is based on the following publication:
Casper van Aarle, Karl W. Krdamer, Pieter Dorenbos, J. Lumin. 266 (2024) 120329.
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6.1. Introduction

Sm?*-doped compounds have been explored for many purposes throughout the past
decades. Spectroscopic data on Sm?* has been valuable for fundamental understand-
ing of the lanthanide energy levels in compounds and the electronic transitions be-
tween them [1-3]. Applications such as spectral hole burning for digital memory [4, 5],
solid state lasers [6-8], X-ray storage phosphors [9, 10], luminescent solar concentra-
tors [11,12], and pressure sensors [13-15] have been explored. In recent years, two of the
most researched topics are the development of near-infrared scintillators [16-19] and
luminescence thermometers [20-22].

A configurational coordinate diagram showing the energy levels of Sm?* is shown in
Figure 7.2. The ground state is 4f%["Fy], which is part of the 4f°[’F;] multiplet. About
14,500 cm™! above the ground state lies the 4f°[°Dy] level. Sm?* can show emission from
the 4f5[°Dy] — 4f5["F] transitions yielding multiple narrow emission lines ranging from
680 nm to 850 nm, each line corresponding to a different 4f8[’F 7] final state. The energy
difference between the 4f° levels is almost independent of host compound and therefore
the emission lines always lie at approximately the same wavelength.

20000

4f°[>Do]

15000 -

10000 -

E (cm™1)

5000 -

45 7F,]

Configurational Coordinate (a.u.)

Figure 6.1: Configurational coordinate diagram of Sm?*. The black parabola are 4f°
states, the red parabola is the 4f55d state.

Sm?2* also has states of the 4f°5d configuration that lie close to the 4f® [5D0] level. In
this work, only the lowest 4f°5d level is considered, the energy of which does strongly de-
pend on compound and can therefore be located at higher or lower energies than drawn
in Figure 7.2. In some compounds, Sm?* shows 4f°5d — 4% broad band emission instead
of the 4f® — 4f5 line emission. This happens when the 4f°5d states lies below the 4f5[°Dy]
level or low enough that it is thermally populated, which is the case when the 4£°5d —
4f% emission lies at approximately 670 nm or longer wavelength [23]. Many of the com-
pounds in which the 4f°5d — 4f° emission wavelength lies around this transition point
at 670 nm still show 4f® — 4f° line emission at cryogenic temperatures.



101

Luminescence thermometry relies on measuring a property Q of the luminescent cen-
ter with known dependence on the temperature T. For Sm?*-based thermometers, Q is
often chosen to be the luminescence intensity ratio (LIR) between the 4f°5d — 4f% and
4f% — 4f% emission [24, 25], or the decay time 7 of any of the two emissions [26]. It is
desired that Q varies strongly with temperature as this allows for more sensitive tem-
perature measurement. This can be expressed as a figure of merit called the relative
sensitivity.

1d
Sr:|——Q|x100% (6.1)
QdT

Both when using LIR or 7 as measured property, compounds are typically selected
where the 4f°5d level lies above the 4f5[°Dy] level. In that case, thermal excitation from
the long lived 4f® [5D0] level with a radiative lifetime time of milliseconds to the 4f°5d
level with a radiative lifetime of microseconds causes large changes in T upon tempera-
ture increase and simultaneously the spectrum rapidly changes from 4f5 — 4f° line emis-
sion to broad band 4f°5d — 4f° emission [27,28].

For the development of near-infrared scintillators, Sm?* is a promising activator as
its emission wavelength is efficiently detected by silicon based photodetectors such as
avalanche photodiodes and silicon photomultipliers [18]. It can be doped in the same
hosts as the more conventional Eu?* activator and can even be used as co-dopant to
solve the self-absorption problems that Eu**-doped scintillators typically face [29]. For
scintillator applications, it is necessary that the compound emits its light quickly, so that
the scintillator is ready to detect a new y-ray without overlap of the scintillation pulses.
This means the 4£°5d — 4f% emission with its short 7 is desirable and therefore devel-
opment of near-infrared scintillators has largely focussed on compounds in which the
4f°5d level lies below the 4f°[°Dy] level.

As the energy difference between the 4f5 levels are almost independent of compound,
the energy difference between the 4f°5d level and the 4f%[°Dg] level can be conveniently
approximated by only knowing the 4f°5d — 4f% emission wavelength. One problem is
however that compounds which show exclusively 4f°5d — 4f5 emission at room temper-
ature still shows large variation in 7. Values have been reported between 1.5 us [30] and
35 us [31]. For scintillator applications such as y-ray spectroscopy, an order of magni-
tude slower decay time is extremely undesirable, underlining the importance of a reliable
prediction for 7. Unfortunately, the mechanism behind this large variation in 7 has not
yet been studied.

Feofilov and Tolstoi showed that a level system of two excited states in thermal equilib-
rium can be used to describe the temperature dependence of the Sm?* decay time. The
system is shown schematically in Figure 6.2. State 1 lies at energy E; above the ground
state, has degeneracy g; and an intrinsic radiative lifetime 7,. The same applies to State
2, having its own energy E,, degeneracy g» and intrinsic lifetime 7,. The energy differ-
ence between States 1 and 2 is defined as AE = E»> — E;. When both excited states are in
thermal equilibrium, emission from both states will have the same decay time, which is
given by Equation 6.2 [32].
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29— — A
1AE
1o A
T T2 E]_ E2
0 \ \ vv

Figure 6.2: 3 level system with ground state 0 and excited states 1 and 2. Excited states 1
(here, Sm?* 4f[°Dy]) and 2 (Sm?* 4f°5d) are in thermal equilibrium and their respective
degeneracies are g; and g». Their intrinsic lifetimes are 7, and 7,. AE = E» — Ej is the
energy difference between the excited states.

& —AE
1+ e kT
T(T,AE) = (6.2)

!+ %e#

When using this system to describe Sm?*, State 1 and 2 correspond to the 4f8[°Dy] and
4f55d states, respectively. The model assumes that all transitions to the ground state are
radiative and thermal population of other levels such as the close lying 4f°[°D;] state
is neglected. Equation 6.2 has been succesfully used to model the temperature depen-
dence of the decay time of Sm?* emission in many compounds of the MX, (M = Ca, Sr,
Ba; X = E Cl, Br) family, which often show a transition from 4% — 4f% line emission to
4f°5d — 4f°® broad band emission upon increase of temperature [32-35].

Showing 4f""!15d — 4f" broad band emission in some compounds and 4f" — 4f" line
emission in others is not exclusively a property of Sm?*, as it is also observed for Eu?*
and Pr¥*. Figure 6.3a shows a configurational coordinate diagram for Eu?*. In most com-
pounds, the 4f%5d level lies well below the 4f” [6P7/2] level and only 4f%5d — 4f7 emission
is observed. When the 4155d level lies above 28,500 cm™, such as in SrFCl and BaFCl,
4f7[5P;/,] — 4f7[8S;5] line emission can be observed [36,37]. This mostly happens at 78
K or lower temperatures, as the distance between the 4f°5d and 4f [°P;,] level is typi-
cally smaller than 500 cm™!. Some examples of compounds in which emission from the
4f7[5P;/,] level is observed at room temperature are reported in literature [38-44], most
of which belong to the AMgF3 (A = Na, K, Rb, Cs) family of compounds. It is believed that
in these compounds the 4f55d level is located more than 1000 cm™! above the 47 [5P7,5]
level because Eu?* occupies the monovalent A cation site with small crystal field split-
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ting. It has been reported that in some compounds where the 4{°5d level lies close to the
4f7[5P;,] level, the Eu®* 4f55d — 4f” emission decay time becomes longer than the typ-
ical intrinsic Eu®* decay time of 0.5 us to 1 us [45,46]. For these compounds, Equation
6.2 has been used to determine AE between the 4f°5d and 47 [6P5,] level from the 4f55d
— 4f” emission decay time [44,47,48]. This shows that the transition from broad band
emitters to line emitters in Eu?* is analogous to that of Sm?*. Of the dopants discussed
in this work, Eu®* is the one for which by far the most spectroscopic data is available.
The temperature dependence of its emission intensities and decay times have been ex-
tensively reviewed by Adachi [49].
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Figure 6.3: Configurational coordinate diagram of a) Eu** and b) Pr3*. The black
parabola are 4f° states, the red parabolas are their respective 4f*"15d states.
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For Pr* a configurational coordinate diagram is shown in figure 6.3b. The 4f'5d level
can lie above or below the 4f2['Sy] level at about 47,000 cm™!. In compounds where the
4f15d level lies below the 4f2[1S,] level, the energy gap between the 4f15d level and the
lower lying 4f2[3P;] and ['Ig] levels is too large for non-radiative relaxation processes to
be efficient and therefore 4f'5d — 4f> emisson is observed. Compounds in which the
4f'5d level lies above the 4f2['Sy] level show exclusively 4f> — 4f2 line emission [50]. In
compounds such as LiLaP40O;, and LaPQy, Pr3* only shows line emission at cryogenic
temperatures and 4f'5d — 4f> emission appears upon increase of temperature [51, 52].
In for example LaF3, YFs and SrAl;»0;9, emission from the 4f2[1S,] level can also be ob-
served at room temperature [53-55]. Emission from the 4f2['Sy] level can leave Pr3* in
the 4f2[1Ig] state [56], after which emission can subsequently take place from the 4f*[3P]
state. Because of this, many Pr** compounds that show 4f2['Sy] emission have been re-
searched for their photon cascade emission, where two photons in the visible part of
the spectrum are emitted after absorption of a single UV photon [57-59]. Compounds
in which Pr3* shows 4f!5d — 4f?> emission at room temperature have been heavily re-
searched for scintillation due to their exceptionally fast decay time of between 10 ns and
20 ns [60-62]. An overview of Pr¥*-doped compounds, their characteristics depending
on the energy of the 4f'5d level relative to the 4f2['Sy] level, and their application can be
found in the works of Srivastava [63].

In this work, data on Sm?* and Eu®*-doped compounds showing 4f*!5d — 4f" emis-
sion are compiled to show the relation between emission wavelength and decay time.
This relation is compared to a model of a three level system assuming a Boltzmann
equilibrium between the populations of the 4f"!5d and excited 4f" levels. The results
are used to explain the large variation in Sm?* 4£°5d — 4f% decay times reported in lit-
erature. The model is also used to predict the temperature dependence of this decay
time as a function of 4°5d — 4f5 emission wavelength and the outcome is compared
to the experimental data. The applicability of this model to development of new lu-
minescence thermometers is discussed and new constraints are formulated to predict
whether a Sm?*-doped compound is a potential candidate for near-infrared scintillator
applications. Lastly, an attempt has been made to predict the 4f'5d — 4> decay time of
Pr¥*-doped compounds.

6.2. Theory

When the population of the Sm?* 4f°5d and 4f%[°Dy] levels are in thermal equilibrium,
the ratio between the total number of ions in these respective states, N5q and Ny¢, can be
expressed according to a Boltzmann distribution:

N4f(tr T)AE) _ &e%

- (6.3)
Nsq(t,T,AE) gsq

Here, AE = Esq — E4, which is the energy difference between the respective 4£°5d and
4f8[5Dy] states. gsq and gy are their respective degeneracies. While N5q and Ny depend
on time due to radiative decay, the ratio between them is independent of time as excited
Sm?* ions rapidly alternate between the two excited states. As the degeneracy of the



105

excited states can vary from compound to compound and is generally unknown, it is
assumed that % = 1 in the rest of this work.

Figure 6.4 schematically shows how AE is determined in this work. The parabola rep-
resent the electronic states of Sm?* similar to the configurational coordinate diagram in
Figure 7.2, but this time only the three states taken into account within this model are
drawn. The arrows indicate the relevant energy differences within the diagram. Ej is
the energy difference between the 4f8[7Fy] and 4f[5Dy] states, which is found from the
emission wavelength of the 4f°[°Dy] — 4f°["F;] emission line A4 according to:

Ey=— (6.4)

Where £ is the Planck constant and ¢ the speed of light. Within this work, we will
use A4f = 687 nm (14550 cm™) for all compounds. Following Figure 6.4, Esq is given by
Equation 6.5:

_em .  l,. hc 1
E5d_E5d +EAS— TM+5AS (6.5)
Here, Egén is the energy of the 4f°5d — 4f% transition, which can be found from its
emission wavelength A5q. AS is the Stokes shift between absorption and emission. Most
compounds in which A5q of Sm?* is close to 687 nm are iodides or bromides. On average,
AS in these compounds is approximately 2000 cm™! [64] and will be assumed that value
in all other compounds as well.
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Figure 6.4: Configurational coordinate diagram showing how the energy difference be-
tween the 4f°5d and 4f°[°Dy] states AE = Esq — Ey¢ is calculated from the transition ener-
gies Eqr and Ecy' and the Stokes shift AS.
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Thermal equilibrium implies that phonon mediated transitions between the 4f°5d and
4f8[5Dy] levels are much faster than radiative decay to the ground state. In that case, the
excited state of a single Sm?* ion can be described as having a probability psq of being in
the 4f°5d state and py¢ of being in the 4f%[°Dy] state, according to Equations 6.6 and 6.7:

(T, AE) Nsd 1 (6.6)
psdld, = = - .
Nsq+Ngt o7 41
Ny 1
pat(T,AE) = (6.7)

= —AE
Nsa+ Nyt o571 +1

When two levels are not in thermal equilibrium, they both decay with their own in-
trinsic radiative lifetime. These are labelled 754 and 74 for the 4f°5d and 4f8[°Dy] levels,
respectively. When they are in thermal equilibrium, they both show single exponential
decay with the same decay time constant. In that case, the decay time can be found by a
weighted average of 754 and 74¢, where the weights are given by psq and pys:

1
_Psa, Par

— = (6.8)
T(T,AE) Tsq Tat

T4 is approximated to be 1 ms for all compounds. It is asssumed that 759 o A3 as
predicted by the standard theory on luminescence decay [65] and based on the available
decay time data at wavelengths longer than 750 nm it is approximated to be 3 ps at 850
nm [18,66-68]. 754 is then found by Equation 6.9:

r50=3( Jus 6.9)

850 nm

Equation 6.10 is found when combining Equations 6.6-6.8. This equation is identical
to Equation 6.2, the one found by Feofilov and Tolstoi [32], except for omission of the
terms describing the degeneracy of the states. This shows that both their model and the
one described in this work are the same.

1+ e%TE
T(T,AE) = (6.10)

_ 1 A
Ty +Toq€%

Depending on the ratio between psq and py, emission can be observed from both
excited states. The luminescence intensity ratio between the 4£°5d — 4f% and 4% — 4f%
emission intensities (Isq and I4) can be found using Equation 6.3, 74¢ and 754 and is
expressed as:

J) T AE T
Laf _ Sdeﬁz 5d Paf

(6.11)
Isq Ty T4f Psd

The same model applies for Eu?>* and Pr**, but different input parameters are required.
For Eu®*, A4¢ corresponds to the 4f”[6P7/,] — 4f7[8S7/»] transition and a value of 360 nm
(27800 cm™Y) is used [44]. The 4f” — 4f7 emission is mostly observed in oxides and fluo-
rides. AS of the 4f55d — 4f7 emission in these compounds is typically larger than in the
bromides and iodides for which the Stokes shift of the Sm?* 4f°5d — 4% emission was
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estimated. Therefore, AS was determined to be on average 3000 cm™ [64]. Just like for
Sm?*, 74 was taken to be 1 ms [44] and 754 was assumed to be 0.5 ps at 450 nm.

In the case of Pr’*, a value of A4 = 213 nm (46900 cm™) applies for the 4f2[!Sy] —
4f2[3H,4] transition [69]. Similar to Eu?*, emission from the 4f2[1Sq] is also typically ob-
served in fluorides and oxides, but AS for Pr’* is larger than for Eu®* [70], so an average
AS of 4000 cm'! is used [63,71]. The transitions from the 4f2[1SO] state of Pr3* are typi-
cally much faster than the 4f" — 4f" transitions of Eu?* and Sm?*, so the value of 7,4¢ was
taken to be 1 us [53-55]. The approximated value for 754 is 15 ns at 230 nm [65]. The
input parameters for the model of all lanthanides are summarised in Table 6.1.

Table 6.1: Input parameters for the model describing the 4f*"15d — 4f* decay times for
Sm?*, Eu?* and Pr*.

Lanthanide A4 (nm) AS(cm™) 745 (us)  7Tsq (US)

Sm2* 687 2000 1000 3(85%5%111)3 ,

2
Eu?* 360 3000 1000 0.5(45053?) ,
pr3+ 213 4000 1 0.015(554-)

6.3. Experimental Techniques

YbCl»:1%Sm?* crystals were grown from the melt of binary starting materials in a Ta am-
poule, as previously described in [67]. The growth of CsBayl5:0.5%Sm?* crystals in a sil-
ica ampoule was previously described in [18,66]. Cs4Eulg:0.5%Sm?* crystals were grown
from the melt in a Ta ampoule, as previously described in [68]. YbFBr:1%Sm?>* was syn-
thesized from YbF3, YbBr,, SmBr,, and Yb. YbF3 was prepared from Yb,O3 (Metall Rare
Earth Ltd., 6N) and concentrated HF acid (Merck, suprapur, 40%). The oxide was reacted
with HF acid in a Teflon beaker, dried on a sand bath, and treated by an Ar and HF gas
stream in a glassy carbon boat at 450 °C inside an alloy 600 apparatus for fluorination
and removal of oxygen traces. YbBrz and SmBr3; were prepared from the oxides (Sm,Os,
Fluka, 3N) via the NH4Br synthetic route [72] and sublimed under high vacuum in a sil-
ica apparatus for removal of oxygen impurities, as previously described, e.g., in [67]. The
trihalides were reduced with the respective metal (Sm, Yb, Alfa, 3N) in a Ta ampoule to
obtain the dihalides YbBr, and SmBr,. Ta ampoules were sealed by He-arc welding and
protected in silica ampoules under vacuum. Stoichiometric amounts of YbF3, YbBr»,
SmBry, and a small excess of Yb were sealed in a Ta ampoule, heated to 1080 °C, and
slowly cooled by 3 K/h to 700 °C and 6 K/h to room temperature. All handling of start-
ing materials and products was done in glove boxes or sealed sample containers under
strictly dry and oxygen-free conditions.

For photoluminescence emission spectra, the sample was excited using a 450 W Xenon
lamp in combination with a Horiba Gemini 180 monochromator. Quartz glass ampoules
containing the samples under He gas were mounted directly on the cold finger of a Ja-
nis He cryostat and placed in a sample chamber. A Lakeshore Model 331 temperature
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controller was used to change the sample temperature. Emission light from the sample
passed through an optical filter to block the excitation light before entering an optical
fibre connected to an Ocean Insight QEPro spectrometer. The resulting spectra were
corrected for the transmission of the optical fibre and sensitivity of the spectrometer.

Photoluminescence decay curves were measured using an EKSPLA NT230 OPO laser
as excitation source with a repetition rate of 100 Hz and pulse duration of 10 ns. The tem-
perature of the samples was controlled in an identical way as for the photoluminescence
emission spectra. The emission light from the sample passed through an optical filter,
after which it was detected using a SpectraPro-SP2358 monochromator and a Hama-
matsu R7600U-20 PMT. The signal from the PMT was converted to a digital signal using
a CAEN DT5724F digitizer.

6.4. Results

To illustrate the complex temperature dependence of Sm?* emission, the photolumi-
nescence emission and decay of two seemingly similar compounds are compared. The
first compound is YbCl,:1%Sm?*. Its photoluminescence emission spectra between 10
K and 300 K at an excitation wavelength of 500 nm are shown in Figure 6.5a. At 10 K,
YbCly:1%Sm?* shows 4f% — 4f° line emission on top of broad band 4f°5d — 4f% emis-
sion. Upon increasing the temperature to 100 K, the 4f5 — 4f5 lines gradually disappear.
From 100 K onwards, 4f® — 4f° lines are no longer visible and the emission spectrum
only contains the 4f°5d — 4f% broad band emission. The maximum of the 4£°5d — 4f%
emission band shows a small shift to longer wavelengths as temperature increases and
is 727 nm at 300 K. This results in a value of AE = 200 cm™, meaning the 4f°5d state lies
just above the 4f® [5D0] state.

The decay curves of the 4f°5d — 4f5 emission monitored at 720 nm are shown in Fig-
ure 6.5b. At 10 K, the emission consists of a decay component too fast for the response
time of the setup (10 ns) and a slow component with a decay time of 430 ps. A fast and
slow component with similar decay times were also observed in BaBrl:Sm>* by Sofich
et al. and in BaCl,:Sm?* by He et al. (AE = 1460 cm™ and AE = 1710 cm™!) [73,74]. He
et al. ascribed the slow component to thermal repopulation of the 4°5d state from the
4f8[5Dy] state, as both the 4£°5d — 4f5 and the 4f® — 45 had the same decay time. The
fast component is much faster than the intrinsic decay time of the Sm?%* emission, indi-
cating the decay is accelerated by out-of-equilibrium processes, as discussed below in
Section 6.5. As AE is positive, the fast decay is ascribed to 4f°5d — 4f% emission in the
out-of-equilibrium situation. Rapid thermal relaxation to the lower lying 4f5[°Dy] state
eventually leads to the Boltzmann distribution with long decay time. Upon increasing
the temperature, the intensity of the fast component decreases until it is no longer visi-
ble at 100 K, the same temperature at which the 4f® — 4f° lines disappear in the emission
spectrum in Figure 6.5a. Simultaneously, the decay time of the slow component steadily
decreases, indicating that the rate of thermal repopulation from 4f® [5D0] to 4°5d in-
creases with temperature.
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Figure 6.5: YbCl,:1%Sm?* excited at 500 nm into the 4f°5d state, a) Photoluminescence
emission spectra, b) Photoluminescence decay curves monitored at 720 nm, and c) De-
cay times of Sm?* emission versus temperature.
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Figure 6.6: CsBa,I5:0.5%Sm?* excited at 500 nm into the 4f°5d state, a) Photolumines-
cence emission spectra, b) Photoluminescence decay curves monitored at 750 nm, and

c) Decay times of Sm?* emission versus temperature.
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The decay time constants of the 4£°5d — 4f® emission as a function of temperature are
shown in Figure 6.5c. For temperatures between 10 K and 100 K, only the decay time val-
ues of the slow component are included. It shows that at 100 K, the lowest temperature
at which only 4£°5d — 4f% emission is visible in the emission spectrum, the decay time
is still shortening rapidly. A further increase in temperature to 500 K further shortens
the decay time by almost an order of magnitude after which it stabilises. Around 700 K,
another decrease in decay time associated with the onset of thermal quenching is ob-
served. These results show that when an emission spectrum at room temperature con-
tains exclusively 4f°5d — 4f% emission, the rate of thermal repopulation from the 4f8[°Dy)
state can still lengthen the decay time observed for the 4°5d — 4f5 emission. Similar
temperature dependence of the decay time was previously observed in SrCl,:Sm?* and
SrBr,:Sm?* [35].

The second example is CsBayI5:0.5%Sm?*. Figure 6.6a shows the photoluminescence
emission spectra between 10 K and 300 K excited at 500 nm. Similar to the photolumi-
nescence emission spectra of YbCl,:1%Sm?*, the 10 K emission spectrum shows 4{5 —
4f% line emission on top of broad band 4f°5d — 4f% emission. The 4f5 — 4f° line emis-
sion intensity again descreases upon increase of temperature and from 100 K onwards,
exclusively 4f°5d — 4f% emission is visible in the emission spectrum. The temperature
dependence of the emission spectra shows no large difference between YbCly:1%Sm?*
and CsBayI5:0.5%Sm?*, however the emission band maximum of As5q = 755 nm implies
with Equation 6.5 that AE = -310 cm™!, which means that the 4f°5d level now lies below
the 4f8[°Dy] level.

Figure 6.6b shows the corresponding decay curves of the 4f°5d — 4f5 emission, ex-
cited at 500 nm and monitored at 750 nm. As opposed to rapid shortening of the de-
cay time with increasing temperature that was seen in YbCl,:1%Sm, the Sm?* emission
in CsBa,l5:0.5%Sm?* gradually lengthens as temperature is increased. Apparently the
change of sign of AE can cause an extreme difference in the decay dynamics that is
not necessarily manifest in the photoluminescence emission spectra of the two samples.
Figure 6.6c shows the decay time constants of the 4£°5d — 4f% emission as a function of
temperature. The temperature at which the 4f5 — 4f5 emission lines disappear coincides
with the temperature at which the decay time starts to lengthen.

To further investigate the interplay between the 4f°5d and 4f[°Dy] levels, data on
7(300 K, AE) measured on the Sm?* 4f°5d — 4f° emission in various compounds have
been compiled in Table 6.2. A plot of 7(300 K, AE) versus Asq is shown in Figure 6.7. AE
is negative for 154 > 740 nm. In this wavelength range the data points are well described
by a /12 d trend line. At A5q < 740 nm, where AE is positive, the Ag d trend is broken and 1
starts to rapidly increase.

The calculated values of 7(300 K, AE) using Equation 6.10 are shown by the black dot-
ted line in Figure 6.7. The model follows the data well and accurately predicts that
7(300 K, AE) increases when A5q < 740 nm and also the steepness of this increase cor-
responds well to the data. It also explains why no data points were found for A5q4 < 650
nm, as this is where 7(300 K, AE) converges to the 1 ms value of 74, and then following
Equations 6.10 and 6.11 those compounds show exclusively 4f® — 4f% emission.
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Table 6.2: Room temperature decay times 7(300 K, AE) of Sm?* 4f°5d — 4f5 emission
in various compounds. 154 denotes the wavelength of the 4f°5d — 4f% emission band
maximum and AE = Esq — E4¢ in the configurational coordinate diagram.

Compound Asq (nm) AE (cm™)  7(300K,AE) (us)  ref.

BaCl, 655 1710 1700 [74]
BaCly:12.5%La 655 1710 100 [75]
KY3F;o 660 1600 230 [76]
Sm(AICly)» 660 1600 275 [31]
YbFBr 662 1550 409 This work
BaBrl 666 1460 2150 [73]
BaFI 675 1260 350 [77,78]
Sry.7Bag 3Cly 680 1150 15 [79]
SrCl, 690 940 13 [35]
CsBr 695 830 15 [80]
SrBr, 702 690 13 [35]
Sm(AlBry), 712 490 35 [31]
KSrPOy4 715 430 390 [81]
YbCl, 727 200 5.2 [67]
KCl 730 140 4.3 [20]
Srl, 740 43 1.5 [17,30,35]
CsBayI5 755 -310 2.1 [18,66]
CsYbBrg 780 -740 2.1 [67]
CsYbls 800 -1060 2.3 [67]
CsyEuBrg 820 -1360 3.5 [68]
CsyEulg 848 -1760 3.5 [68]

To further explore the different types of temperature behaviour of 7(7,AE), 4 com-
pounds with different AE are analysed in Figure 6.8. Figure 6.8a shows the configura-
tional coordinate diagram of Sm?* in 4 different compounds. The black parabola repre-
sent the 4f° states and are the same for all compounds. Parabola 1 represents the 4£°5d
state for Asq = 662 nm (AE = 1550 cm™), which corresponds to YbFBr:1%Sm?2*. Parabola
2 correspond to Asq = 727 nm (AE = 200 cm™'), which is the case for YbCly:1%Sm?*.
Parabola 3 has Asq = 755 nm (AE = -310 cm!), corresponding to CsBa;I5:0.5%Sm?*.
Lastly, parabola 4 represents the situation for Asq = 848 nm (AE = -1760 cm!), which
is the case for Cs;Eulg:0.5%Sm?*.

The experimental values of 7(T,AE) as a function of temperature for these 4
compounds are shown in Figure 6.8b. Curve 1 shows the experimental data for
YbFBr:1%Sm?*. Below 175 K, 7(T,1550 cm™) could not be accurately determined by
measuring the 4f°5d — 4f% emission as its intensity was too low. Therefore, data points
between 10 K and 150 K were determined from the 4f® — 4f5 emission decay time.
The data points at 150 K and 175 K have approximately the same value, which con-
firms that 7(7,1550 cm™!) is the same for both the 4f°5d — 4f% and 4f% — 4f% emission.
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7(T,1550 cm™!) remains almost constant until 350 K, after which it starts to gradually de-
crease. This means that up to 300 K, the emission spectrum mostly consists of 4f6 — 4f%
lines, as was also observed by Schipper and Blasse [82].
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Figure 6.7: Room temperature decay times of Sm?* 4£°5d — 4f% emission in various com-
pounds. The red dashed line indicates the energy of the 4f[°Dy] — 4f%["Fy] transition.

Curve 2 shows the experimental data for YbCly:1%Sm?* (AE = 200 cm™'), which
are the same as shown in Figure 6.5c. Opposed to YbFBr:1%Sm?*, 7(T,200 cm™!) of
YbCl,:1%Sm?* starts to decrease already from 10 K onwards and converges to around 3.5
us at 500 K. Curve 3 shows 7(7,-310 cm™) for CsBayl5:0.5%Sm?*, which are the same as
shown in Figure 6.6¢, and shows the steady increase in 7(7,—-310 cm™) from 1.2 us at 10
K to 3.2 pus at 700 K. Lastly, Curve 4 shows the experimental data for Cs4Eulp:0.5%Sm?>*.
Its value for 7(7,-1760 cm™!) slowly increases from 2.9 s to 3.4 us from 10 K to 700 K. Its
value at 10 K is higher than that of CsBayI5:0.5%Sm?* and it has a smaller temperature
dependence.

The calculated temperature behaviour of 7(T,AE) for all 4 compounds is shown in
Figure 6.8c. Curve 1 corresponds to AE = 1550 cm™ (YbFBr:1%Sm?*). 7(T,1550 cm}) is
stable at 1 ms from 0 K until almost 300 K. This value of 1 ms corresponds to 74¢ set in the
model and means thermal population from the 4f6[°Dy] to the 4f°5d state is extremely
unlikely and even when it occurs, thermal relaxation back down to the 4f8[°Dy] state will
be much faster than emission. Above 300 K, 7(7T,1550 cm™) starts to decrease as there is
enough thermal energy to excite Sm?* from the 4f°[°Dy] to the 4f°5d state. The temper-
ature at which this occurs agrees reasonably well with the experimental data in Figure
6.8b. 7(T,1550 cm™!) decreases less in the calculated data than in the experimental data.
This may be caused by the close lying 4f°[°D;] level in combination with the onset of
thermal quenching, which can for example be seen by the more rapid downturn in the
final step from 675 K to 700 K in the experimental data.
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Curve 2 corresponds to AE = 200 cm™ (YbCly:1%Sm?*). Its behaviour is similar to
Curve 1, where 7(7,200 cm™) is first 1 ms over an initial temperature range and then
rapidly decreases as enough thermal energy becomes available to excite Sm?* from the
4f8°Dy] to the 4£°5d state. However, as AE is almost 8 times smaller than for Curve 1, all
changes happen at 8 times lower temperature. This can be understood from Equation
6.10, in which the exponent in the denominator is responsible for most of the temper-
ature dependence. A AE that is 8 times smaller requires an 8 times lower temperature
for the same change in 7(T,AE). As a result, the range in which 7(T,200 cml) is stable
at 1 ms stops well below 50 K, shortly after which the 45 — 4f% lines disappear from
the emission spectrum in Figure 6.5a. The subsequent decrease in 7(7,200 cm™!) is also
8 times as steep compared to 7(7,1550 cm™). This calculated data accurately explains
that the difference between the temperature dependence of 7(T,AE) of YbFBr:1%Sm?>*
and YbCly:1%Sm?* is primarily driven by their difference in AE.

Curve 3 shows the calculated temperature behaviour for AE = -310 cm’!
(CsBa,l5:0.5%Sm?*). As AE is now negative, the 4f°5d state will be preferentially oc-
cupied at low temperatures and therefore 7(T,-310 cm™') = 754 at 0 K, almost 3 or-
ders of magnitude faster than for Curves 1 and 2. Upon increase of the temperature,
7(T,—310 cm™!) becomes longer as the 4f8[°Dy] state starts to become populated, sim-
ilar to what is observed in the experimental data on CsBaylI5:0.5%Sm?* (Figure 6.8b).
This means that lengthening of 7 (7, -310 cm™!) with increasing temperature is an intrin-
sic property of Sm?** when AE is negative and has a small magnitude. At 10 K, a value of
7(T,-310 cm™}) is around 2 us for the calculated curve, while the experimental data on
CsBa,l5:0.5%Sm?* show 1.2 ps at 10 K, meaning 754 has been estimated too high for this
compound. 7(T,-310 cm™!) increases with temperature and reaches a value of 3.2 s at
700 K, indicating the 4f5[°Dy] state becomes more populated.

Finally, Curve 4 shows the situation for AE = -1760 cm™! (Cs4Eulg:0.5%Sm2*). At 0
K, 7(T,—1760 cm™) is significantly longer than for Curve 3. This is caused by the /lg d
dependence of 754. This is also observed in the experimental data in Figure 6.8b. As
AE is almost 6 times as large as for Curve 3, the change in 7(T,—1760 cm™!) is again
spread out over a 6 times larger temperature range than 7(7,—310 cm™!). The result is
that 7(T,—1760 cm™!) seems almost independent of temperature. This is also in line with
the experimental data, where the smallest temperature dependence of 7(7,AE) of all
samples is found in Cs;Euls:0.5%Sm?".

The model has also been applied to Eu?* and Pr* and its results are shown in Figure
6.9. 7(300 K, AE) data measured on the Eu?* 4f55d — 4f’ emission have been collected.
Only data were used in which the effects of thermal quenching, concentration quench-
ing, and self-absorption were minimal. The 7(300 K, AE) values are shown in Table 6.3
and plotted against Asq in Figure 6.9, together with those of Sm?*. The calculated curves
of 7(300 K, AE) for Sm?* (Curve 1), Eu®* (Curve 2), and Pr3* (Curve 3) are also shown in
Figure 6.9, using the input parameters from Table 6.1.

For Asq > 400 nm the calculated values of 7(300 K, AE) for Eu?* are primarily described
by the A% dependence of 754 and the Eu®* data scatter nicely around it. When Asq <
400 nm, the calculated values shows an increase in 7(300 K, AE) and converge to the
value of 1 ms that corresponds to 74¢ around 350 nm. The wavelength range in which
7(300 K, AE) increases is more narrow than for Sm2*, which is solely caused by the non-
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linear conversion from an energy to wavelength scale. On an energy scale, both ranges
would have equivalent size. In the wavelength range between 350 nm and 400 nm, some
compounds show a longer 7(300 K, AE) value than the typical decay times for 754 of be-
tween 0.5 us and 1 us. These data points follow the calculcated increase in 7(300 K, AE)
well and thereby show that this model can be effectively applied to Eu?*.

For Pr¥*, the resulting relation between 7(300 K, AE) and Asq is shown by Curve 3 in
Figure 6.9. Unfortunately, no 7(300 K, AE) data could be found that confirms that the
model can be applied to Pr®* as well. Data on Pr** 4f!5d — 4f> decay times near 225 nm
are scarce, which is likely due to experimental difficulty as it requires measuring decay
times of around 10 ns with a vacuum UV excitation source. The temperature dependent
decay times of the Pr3* 4f2[1Sy] state in LaPO,4 and LiLaP, 01, were reported by Srivastava
et al. and shows similar temperature dependence as the 4°5d — 4f% emission of Sm?*
in YbCl, [51,52]. The compounds show respective emission wavelengths A5, of 228 nm
and 217 nm and fall precisely within the wavelength range where the 7(300 K, AE) in-
creases. Unfortunately, no data on the room temperature decay times were presented
and it cannot be verified that the two states are in thermal equilibrium.
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Figure 6.9: Room temperature decay times of 4f"!5d — 4f" emission of (1) Sm%*, (2)
Eu?*, and (3) Pr3* against wavelength.
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Table 6.3: Room temperature decay times 7(300 K, AE) of Eu?* 4f°5d — 4f7 emission in
various compounds. 54 denotes the wavelength of the 4f55d — 4f” emission band max-
imum and AE = Es5q — E4¢ in the configurational coordinate diagram.

Compound Azq (nm) AE (cm™)  7(300K,AE) (us)  ref.

SrAlF5 360 1500 200 [44]
LiBaAlFg 361 1420 300 [83]
SrB407; 367 970 14.5 [84]
SrFCl 387 -440 5.0 [85]
BaFCl 390 -640 7.0 [85]
SrMgP,07 390 -640 0.46 [86]
BaFBr 394 -900 0.68 [45]
SrAl;5,019 397 -1090 8 [48,87]
BaCl, 399 -1220 0.58 [85]
SrCl, 410 -1890 0.95 [85]
SrF, 416 -2240 0.55 [85]
CaF, 424 -2690 0.8 [85]
Srl, 427 -2860 0.7 [88]
CaCl, 430 -3020 0.8 [85]
CsBayls 430 -3020 0.36 [89]
Cs4Srlg 460 -4540 1.14 [90]
CsyCalg 462 -4630 1.12 [90]
BaAl,S, 473 -5140 0.4 [91]
KLuS, 520 -7050 0.48 [92]
CsCaFsg 526 -7270 1.35 [93]
SrGasSy 532 -7480 0.48 [94]
CaGaySy 562 -8480 0.61 [95]
LiSrSiO4 570 -8730 1.17 [96]
Sr3SiOs5 578 -8980 0.63 [97]
Rb3YSi, 07 622 -10200 1.41 [98]

6.5. Discussion

The described decay time model of Equation 6.10 only holds when the Sm?* 4f°5d
level and 4f°[°Dg] level are in thermal equilibrium. An example of an out-of-
equilibrium situation is encountered in Figure 6.5b, where the photoluminescence de-
cay of YbCl,:1%Sm?* shows a <10 ns fast component between 10 K and 100 K in addition
to the slow component that was visible at all temperatures. Only the origin of the slow
component is described by the decay time model expressed by Equation 6.10. The origin
of the fast component is illustrated by the left schematic of Figure 6.10. Sm?* is optically
excited into one of the higher lying 4°5d levels, corresponding to arrow A. After this, re-
laxation to the lower lying levels through arrows B and C will result in a distribution over
the 4°5d and 4f[°Dy] levels that does not necessarily match the distribution that corre-
sponds to Boltzmann statistics. Using Equation 6.7 with AE = 200 cm™! and T = 100 K,
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the Boltzmann distribution is established when p4¢ = 95% and consequently psq = 5%. It
is therefore likely that the initial distribution contains an overpopulation of Sm?* ions in
the 4f°5d state.

Nonradiative decay to the 4f8[°Dy] state via arrow D with rate k,; and radiative de-
cay to the ground state via arrow E with rate ngl will make the excited Sm?* population
converge to the Boltzmann distribution. The fast component in Figure 6.5b is then an
indication of how fast the population converges to the Boltzmann distribution and its
decay time 77 is given by Equation 6.12.

i = i + k21 (6.12)
Tf Tsd

As T5q is approximately 2 ps and 7 ¢ in Figure 6.5b is <10 ns, k; has by far the largest
contribution to this decay time, even at 10 K. k»; is typically caused by the intercon-
figurational crossing of the 4£°5d and 4f°[°Dy] states and therefore the rate is expected
to increase with temperature. As a consequence, the time it takes for the excitations to
reach a Boltzmann distribution will become even shorter at higher temperatures until
the fast component can no longer be observed.
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Figure 6.10: Schematic showing the origin of the fast component in the luminescence
decay of Sm?*. Left: Directly after excitation an excess of 4f°5d excitations causes a fast
component and Right: Situation after Boltzmann distribution between the 4f°5d and
418 [5D0] states is established.

After the fast component has disappeared, the Boltzmann distribution has been estab-
lished and the schematic on the right of Figure 6.10 applies. The electronic configuration
of the Sm?* ions is constantly switching between the 4£°5d and 4f°[°Dy] states through
arrows D and G. At any point in time, the probability to find a Sm?* ion in each of the two
states now corresponds to psq in Equation 6.6 and pyf in Equation 6.7. In this situation,
radiative decay is possible from both excited states via arrows E and E In YbCl,:1%Sm?*
at 100 K however, where p4s = 95% and psq = 5%, the emission spectrum shows almost
exclusively 4f°5d — 4f% emission. This can be understood from Equation 6.11. As Tsq is
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roughly 500 times shorter than 7,¢ for Sm?*, Sm?* ions will prefentially decay through
the 4f°5d — 4f% transition and less than 4% of the total emission intensity comes from
the 4f® — 4f% emission. At 300 K, this will even be less than 0.5%. When not specifically
looking for the presence of 4f% — 4f° lines by employing spectroscopic techniques with
high wavelength resolution and exceptional signal to noise ratio, these 45 — 4f° lines
will likely go unnoticed and only broad band 4£°5d — 4f® emission will be observed.

For luminescence thermometry, a large relative sensitivity S, is acquired when
7(T,AE) rapidly changes with temperature (see Equation 6.1). It can be seen in Figure
6.8 that the largest changes in 7(T, AE) are found when AE is positive and its magnitude
is small. It was for example recently found that doping SrB;O7 with Eu?* for lumines-
cent thermometer applications results in much higher S, values than what is achieved
with sz*-doping in SrB4O; [84]. One cause for this is that in SrB4O7, the AE between
the 417 [5P;,,] and 41%5d states of Eu?* (130 cm™! [99]) is almost 25 times smaller than AE
between the 4f[°Dy] and 4f°5d states of Sm?* (3100 cm™ [25]). This shifts the temper-
ature at which S, has its maximum value from roughly 550 K [26] to around 20 K [84],
but simultaneously increases the maximum achievable S, value by the same factor 25.
Sojka et al. reported an S, value of over 10% at 20 Kin SrB407:Eu2+ [84], compared to the
3.3% at 550 K reported for SrB;O7:Sm?* [26]. By monitoring the luminescence intensity
ratio between the the Eu®* 4f" — 4f" emission with that of Sm?*, Zheng et al. achieved S;
values of over 40% at temperatures below 20 K [100]. This shows that the high S, values
at cryogenic temperatures are a direct consequence of a small AE.

Another small contribution to the larger S, can be found in the shorter 754 of the Eu®*
4f*15d — 4f" emission compared to that of Sm?*, which is primarily due to the shorter
Asq. The total change in 7(7,AE) is approximately the difference between 74+ and 754.
This difference increases as 754 becomes smaller. A larger change in 7(7,AE) in turn
results in higher values of S,, which means that Eu?* should give larger values for S,
than Sm?* when they have the same AE.

For scintillators there is a strong preference for materials with a short 7(300 K, AE).
Wolszczak et al. formulated a criterion for using Sm?* as a dopant for scintillation saying
that it must exclusively show 4f°5d — 4f% emission, resulting in a restriction of As5q >
698 nm [101]. From Figure 6.7 it can be seen that this criterion should be formulated
more strictly. The model presented in this work predicts that around Asq = 700 nm, 7 is
already over an order of magnitude longer than it is at its minimum value around 750
nm. A better criterion would therefore be that 154 should be no shorter than 730 nm.
Going to longer wavelengths than 750 nm, the decay time lengthens again due to the
Ag 4 dependence. This lengthening is however much less severe and should notimpose a
restriction on what Asq can be used. Looking at Table 6.2, it can be seen that the criterion
of Asq4 > 730 nm is often achieved in iodides (large nephelauxetic effect) or compounds
in which Sm?* sits on a site with octahedral symmetry (large crystal field splitting).

Asq > 730 nm implies that ideally AE is negative for scintillators. For negative AE,
the 4f% — 4f% emission is often completely absent at all temperatures. An increase in
temperature promotes Sm>* to the slowly decaying 4f°[°Dy] level and thereby lengthens
7(T,AE). This effect is most prominent when the magnitude of AE is small, as can be
seen by the differences in curves 3 and 4 in Figure 6.8. While lengthening of 7(T,AE) is an
intrinsic property of Sm?* in compounds like CsBa,Is, it strongly resembles the effect of




120 CHAPTER 6

self-absorption. When Sm?* emits a photon in the wavelength range where other Sm?*
ions can reabsorb it, there is a probability that the photon is reabsorbed before leav-
ing the material. It then again takes time for the newly excited Sm?* to emit a photon,
lengthening the decay time and increasing the probability of luminescence quenching.
This effect is detrimental for applications in which large crystals are required, as a pho-
ton travelling through the crystal encounters more Sm?* ions before exiting the crystal,
increasing the probability of self-absorption. Lengthening of the decay time with in-
creasing temperature is often ascribed to self-absorption, as absorption and emission
bands broaden and the overlap between them grows, increasing the probability that a
photon is re-absorbed. With the knowledge that the lengtening of 7(T, AE) with increas-
ing temperature is an intrinsic property of Sm?*, it is more reliable to probe the prob-
ability of self-absorption comparing samples of different sizes or Sm?* concentrations,
rather than relying on temperature dependent data.

Even though 7(300 K, AE) values are suitable for scintillation for A5q > 730 nm, some
additional restrictions on 154 might be imposed by the choice of photodetector. Silicon
based photodetectors typically show optimal performance between 400 nm and 800 nm,
where almost all undetected photons are reflected from the detector. These photons can
be recovered by wrapping the scintillor and detector combination in reflective material,
giving the photons a second chance to be detected [102]. At wavelengths longer than 800
nm, silicon starts to become transparent and transmission losses occur. Even detectors
optimised for near-infrared detection show a sharp drop in quantum efficiency between
900 nm and 950 nm. When a significant part of the Sm?* emission spectrum lies beyond
950 nm, the number of detected photons decreases, which worsens the energy resolu-
tion. The longest wavelength emitting scintillator in Table 6.2 is Cs;Euls:Sm?* with Asq
= 848 nm [68]. The Sm?* 4f°5d — 4f% emission in this compound shows a tail extend-
ing beyond 1000 nm, meaning losses already occur when coupling it to a silicon based
photodetector. Losses are expected to be minimal for compounds with 154 < 800 nm.
This means that the ideal 154 for near-infrared scintillators with silicon based photode-
tecetor read out sits in a narrow window from 730 nm to 800 nm. It is worth pointing out
that the currently best performing NIR scintillator CsBa,l5:2%Eu?*,1%Sm?* with its Asq
of 755 nm lies within this window and even close to the minimum value of 7(300 K, AE).

6.6. Conclusions

The effect of a Boltzmann distribution establishing between population of the Sm?*
455d and 4f® [5D0] levels on 4f55d — 4f® decay time has been modelled and compared
with data from literature. It is found that when the maximum of the 4f°5d — 4f5 emission
wavelength is shorter than 730 nm, the probability to find an excited Sm?* in the 45 [°Dy)
state becomes large enough that it lengthens the decay time of the 4f°5d — 4f% emission.
This effect becomes more pronounced at shorter 4f°5d — 45 emission wavelengths. Ex-
perimental evidence is also provided which shows that the model can be applied to the
4f55d and 4f” [°P;,,] levels of Eu?*. The 4f55d — 4f7 decay time becomes longer when its
emission wavelength is shorter than 400 nm. For Pr¥*, it is predicted that the 4f'5d — 4f?
decay time becomes longer below 220 nm.

The model is used to explain large variations in the temperature dependence of the
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Sm?* 4f°5d — 4% emission decay time. When the 4f°5d level lies above the 4f5[°Dy] level,
the 4f5[°Dy] level is primarily populated at low temperatures. Luminescence decay be-
comes faster upon increase of temperature as the 4£°5d level is thermally populated. The
total change in decay time can be as large as 3 orders of magnitude. When the 4f°5d level
lies below the 4f5[°Dy] level, the luminescence decay becomes slower upon increase of
temperature. In both scenarios, the rate at which the decay time changes with temper-
ature scales approximately with the inverse of the energy difference between the 4f°5d
and 4f6[5D0] levels, meaning faster changes are observed when the two levels lie close
together. This information can be used for the development of luminescent thermome-
ters.

For near-infrared scintillators, it has been determined that the decay time becomes
too long when the 4f°5d — 4f5 emission wavelengths is shorter than 730 nm. When
the emission wavelength becomes longer than 800 nm, unrecoverable losses will occur
in silicon based photodetectors. Therefore the optimal wavelength window for Sm?*-
doped near-infared scintillators is between 730 nm and 800 nm.
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Fundamental light yield limits of
lanthanide doped scintillators for high
resolution y-ray spectroscopy

The development of scintillation detectors with sub 2% energy resolution runs into the
fundamental limitation of Poisson statistics. Significant improvement of the energy res-
olution therefore requires an increase in the number of detected scintillation photons.
This can be achieved by developing higher light yield scintillators, which requires the
use of compounds with smaller band gap than are currently being used. For compounds
doped with Eu?*, Sm?*, or Ce3*, this work presents an assessment of how small these
band gaps can become. A distinction is made between what band gaps can be reached
with halide and chalcogenides compounds. Furthermore, the development of intrinsi-
cally activated scintillators is discussed. As most of the discussed compounds emit at
wavelengths longer than 500 nm, it is suggested that scintillation detectors with signifi-
cantly better energy resolution than 2% need to use silicon based photodetectors instead
of photomultiplier tubes.
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7.1. Introduction

For high resolution y-ray spectroscopy, high purity germanium (HPGe) detectors offer
an energy resolution far superior to any scintillation detector. They can reach an energy
resolution of 0.3% at 662 keV [1] compared to the 6% of a Nal:TI* scintillation detec-
tor [2]. However, their applicability is often hindered by their many drawbacks. They are
expensive [3,4], need to be kept at cryogenic temperatures all the time [5], have a lower
stopping power than scintillation detectors, and are prone to radiation damage [6, 7].
Scintillation detectors are much cheaper and do not suffer from all the other impracti-
calities, but the severely worse energy resolution makes them unfit for many applications
where their energy resolution is insufficient.

The development of high energy resolution scintillators such as LaBrz:Ce3* has en-
abled the use of scintillation detectors for many applications where both Nal:TI* and
HPGe would be unfit. For example, the energy resolution of LaBr3:Ce3* detectors is good
enough to resolve the close lying energy peaks such as '34Cs (605 keV) and '*"Cs (662
keV), or %*Eu (1,274 keV) and %°Co (1,333 keV), which has been valuable for monitor-
ing of radioisotopes at the Fukushima Dai-ichi nuclear powerplant [8, 9]. It is expected
that further improvement of the energy resolution of scintillation detectors will allow for
the use of y-ray spectroscopy in many more scenarios where this technique is currently
unavailable.

The energy resolution R of a scintillation detector can be expressed according to Equa-
tion 7.1.

2.352
2 2 2
R?= _Ndp + Ry, + R, (7.1

Here, Ngp is the number of detected photons during a scintillation event. The first term
corresponds to the contribution of Poisson statistics in photon detection to the energy
resolution (R?,,). The second term, Rﬁp, corresponds to how much the nonproportion-
ality of the scintillator’s response to different y-ray energies contributes to the energy
resolution. Lastly, Rget encapsulates all other noise contributions, such as crystal inho-
mogeneity and detector noise. Alekhin et al. reported the current best energy resolution
of 2.04% at 662 keV, which was attained with LaBrs:Ce3*,Sr>* [10]. It improved on the
energy resolution attained with standard LaBr3:Ce®* (2.8% [11]) mainly by improving
the scintillators proportionality; decreasing Ryp. 24,000 photons were detected during a
scintillation pulse that fell within the 2.04% energy resolution photopeak, meaning Rat
=1.52%. Using Equation 7.1, it is then found that all other terms only contribute 1.36%
to the energy resolution. The energy resolution is therefore mainly limited by Ngp. It can
thus be concluded that the only way to develop a scintillation detector with significantly
better energy resolution than 2.0% is to increase the number of detected scintillation
photons.

There are two methods to increase the number of detected scintillation photons. The
first method is to increase the efficiency with which scintillation photons are detected.
Scintillation photons are usually detected using a photomultiplier tube (PMT). PMTs
however have a limited quantum efficiency (QE) of typically no more than 40%, which
is defined as the probability a photon is detected when it hits the entrance window of
the PMT. The QE curve of a Hamamatsu R6231-100 PMT, the same type as was used



129

to attain the 2.04% energy resolution with LaBrs:Ce®*,Sr?*, is shown in Figure 7.1. The
optimal QE of around 35% is at wavelengths between 320 nm and 420 nm. Typically
the scintillator is optically coupled to the PMT entrance window and the combination
is wrapped in reflective material. The optical coupling allows scintillation photons to
be trapped in the PMT entrance window due to total internal reflection. The reflective
material gives scintillation photons that are initially reflected off the PMT entrance win-
dow a second chance at being detected. Both strategies contribute to increasing the
total photon detection efficiency (PDE) of the detector system [12]. When recording the
record 2.04% energy resolution pulse height spectrum with LaBrs:Ce3*,Sr?*, the PDE was
just under 50%, which means still more than half of the scintillation photons remained
undetected [10]. Rsa¢ can therefore be reduced from 1.52% to 1.05% by using a detector
system with a PDE of 100%.

100
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Figure 7.1: Quantum efficiency curves of a Hamamatsu R6231-100 super bialkali PMT
and Advanced Photonix 630-70-72-510 APD. The PMT has an optimal detection effi-
ciency between 320 nm and 420 nm, the APD has an optimal detection efficiency be-
tween 400 nm and 800 nm.

Some detectors that typically have much higher QE than a PMT are the silicon based
photodetectors. Figure 7.1 also shows the QE of an avalanche photodiode (APD), again
the same type as was used by Alekhin et al. to assess the scintillation properties of
LaBrs:Ce3*,Sr?*. Its QE reaches over 80% around 400 nm and is much higher than that
of the PMT over the entire wavelength range. Between 400 nm and 800 nm, the detec-
tion losses of an APD are almost purely from reflected photons. Therefore, by using the
same method of wrapping the scintillator and detector in a highly reflective material, a
PDE of nearly 100% can be attained in this wavelength range [12]. APDs however have
several large drawbacks. Absorption of low energy X-rays in the APD generates elec-
tronic pulses stronger than from the scintillation pulse of an X-ray first absorbed in the




130 CHAPTER 7

scintillator. They also have much lower gain and larger noise contribution than a PMT,
and this gain is even strongly temperature dependent. Therefore, these devices need to
be temperature stabilised to prevent gain drift. A more practical detector that does not
require temperature stabilisation is the silicon photomultiplier (SiPM). SiPMs can now
reach excellent QE values of over 60% [13, 14], also outperforming PMTs. The field of sil-
icon based photomultipliers is rapidly developing and further improvements in the QE
of devices can be expected in the near future [15].

The other method to increase the number of detected photons is to develop scintilla-
tors with higher light yields. The maximum achievable light yield of a scintillator Yj,ax is
inversely proportional to its band gap Eg in eV according to Equation 7.2.

Ymax(ph/MeV) = 10° (7.2)
max (P PEq

Here, S is a constant with a value typically between 2 and 3 [16]. A value of 8 =2.51is
used for the rest of this work. Based on the 5.7 eV band gap of LaBrs:Ce3* [17], its Ymax
is calculated to be 70,000 ph/MeV. A light yield of around 75,000 ph/MeYV is often re-
ported [18-20], which means that the light yield of LaBr3:Ce®* is already at its theoretical
maximum. Higher light yields can therefore not be attained by further optimisation of
crystal growth. Other compounds with which energy resolutions below 3% have been
attained often also already show a light yield close to their theoretical maximum. Two
examples are Srl,:Eu®*, CsBayls:Eu®*. These compounds have a band gap of 5.5 eV [21]
and 5.4 eV [22], respectively. Light yields of 80,000 ph/MeV or higher have been reported
for both compounds [22-27]. It can therefore be concluded that the only way to attain a
higher light yield is to develop scintillators with a smaller band gap.

The Ymax value of a scintillator is directly related to its band gap and is not directly
linked to the type of activator. However, it is required that the activator shows emis-
sion in the host compound. For the 4f""15d — 4f" transitions there are two main criteria
that must be met for an activator to show emission. The first is that the emitting 4f"!5d
level lies at least approximately 0.5 eV below the conduction band minimum in order
to avoid thermal quenching of emission at room temperature. The second criterium is
that the emission spectrum of the dopant does not overlap with the absorption of the
host compound, as otherwise the emitted photons will be reabsorbed by band gap ab-
sorption. Dorenbos estimated the fundamental light yield limit of Ce3*, Pr®*, and Eu?*-
doped scintillators using this second criterium [28]. A correlation between the 4154 —
4f" transition energy Eqf and the band gap Eg was observed. It was demonstrated that the
second criterium is violated when the band gap becomes too small. The point at which
this violation occurs was used as an indication for the smallest band gap of compounds
in which Ce®*, Pr3*, and Eu?* can still emit.

Due to the correlation between Egyr and Ey, it is expected that the smallest band gap
Ce®* and Eu®*-doped scintillators no longer emit in the optimal wavelength range for
PMTs. This makes such compounds more compatible for read out with silicon based
photodetectors. A transition to silicon based photodetectors makes the development of
near-infrared (NIR) emitting scintillators become interesting. One of the most promising
NIR emitting activators for scintillator applications is Sm?*, for which the fundamental
light yield limits have not yet been assessed.
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Figure 7.2 compares the electronic states of (a) Ce** doped in LaBrs, (b) Eu?* doped in
CsBayls, and (c) Sm?* doped in CsBa,ls. Ce** shows 2 emission bands, corresponding
to the transitions from the 5d state to the 4f[2F5/2] and 4f[2F7/2] states. The 4f%5d —
4f transition of Eu** only has one final state, so Eu?>* shows a single emission band.
The ground state being the only final state combined with the typically smaller Stokes
shift of divalent lanthanides compared to trivalent lanthanides [29] gives rise to a high
probability of self-absorption. This typically lengthens the decay time and worsens the
energy resolution of large Eu**-doped scintillators with high Eu?* concentration [30]. A
problem that is less prominent in Ce**-doped scintillators.

Sm?* has the 4f5["Fy] ground state configuration. Directly above the ground state lie
the other 4f5["F;] levels (J = 1-6). The next excited state with the 4f% configuration has
the °Dy term. In many compounds Sm?* shows 4f5 — 4f° line emission from this state
with a decay time of around 1 ms. In compounds where the 4f°5d state of Sm?* lies close
to the 4f5[°Dy] state, Sm?* can also show 4f°5d — 4f5 broad band emission. As the 4f°5d
— 4f% emission is much faster than the 4% — 45 emission, it is required that Sm?* shows
4f°5d — 4f% emission when used as an activator in scintillators. Due to the requirement
of the 4£°5d state lying below the 4{5[°Dy] state, Sm?*-doped scintillators will always emit
in the NIR. Sm>*-doped scintillators are therefore not suitable for read out with a PMT,
but as long as most of the emission spectrum lies at wavelengths shorter than 800 nm, it
can be efficiently read out using a silicon based photodetector.

The decay time of the Sm?* 4f°5d — 4f% emission is typically around 2 ps [31]. The
shortest decay time observed so far is found in Srly, corresponding to 1.5 ps at an emis-
sion wavelength of 740 nm [32-34]. This is still slow compared to the decay time of other
activators that are typically used for scintillator applications. The 4f*"15d — 4f" emission
of Ce3* and Pr3*-d0ped scintillators has a decay time in the order of tens of ns [28, 35],
about 100 times faster than Sm?*. Even the commercial Nal: TI* has a decay time of 250
ns [36], about 10 times faster than Sm?*. The decay time of Sm?* can only compete with
Eu?*, which intrinsically lies between 0.5 us and 1 us [37]. While the intrinsic decay time
of Eu** emission is shorter than that of Sm?*, the large probability of self-absorption can
sometimes lengthen the Eu?* beyond that of Sm?2* [34,38].

In this work, the smallest possible band gap of compounds in which lanthanide
dopants still emit is determined, similar to the works of Dorenbos [28]. In addition to
Ce®* and Eu?*, for which a larger data set than in [28] is provided, Sm?* is also discussed
as an alternative activator. Besides quenching by ionisation to the conduction band,
interconfigurational crossover to the ground state is taken into consideration. Further-
more, the data are separated for different classes of compounds, e.g., lanthanide doped
halides or lanthanide doped chalcogenides. Self-activated compounds, in which lan-
thanides do not show 4f*15d — 4f" emission, are also included in the analysis. From
these band gap values, the theoretical light yield limit and their expected emission wave-
length are determined for each class of compounds. It is then determined whether Rgat
can be improved and a strategy towards developing higher resolution scintillators is for-
mulated per class of compound.
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7.2. Lightyield of lanthanide doped halides

Over the years, an extended still largely unpublished database on lanthanide spec-
troscopy has been collected by P. Dorenbos that provides the E4t and Eg values for lan-
thanides doped in many hundreds of different inorganic compounds. Figure 7.3a shows
Egf versus Eg for Eu?*. Line 1 corresponds to Eg; = Eg and line 2 corresponds to the line
where Egf = Eg — 0.5 eV, the requirement that ensures no Eu?* emission is reabsorbed by
the host compound. According to expectation, all datapoints fulfil this requirement and
lie below line 2. Line 3 is a linear fit to the data. The E; value at which line 2 and line 3 in-
tersect corresponds to the smallest possible band gap of compounds in which Eu?* can
still show luminescence. This happens at a value of Eg = 2.5 eV. Using Equation 7.2, this
gives a Yinay value of Eu?*-doped scintillators of 160,000 ph/MeV. This is approximately
two times higher than what is currently achieved with compounds such as Srl,:Eu?* and
CsBayls:Eu?*.

In Figure 7.3b, Eq¢ versus Eg is shown for Sm?*. There is not enough data available for
Sm?* to make a reliable fit. The Sm?* emission wavelength can however be predicted
from the Eu?* emission wavelength in the same host compound. Line 3 has therefore
been constructed by translating line 3 of Eu** in Figure 7.3a down by 1.22 eV [39]. By
doing this, the datapoints for the iodide compounds group together just above line 3
between Eg values of 5 eV and 7 eV, similar like they do for Eu?* in Figure 7.3a.

For Sm?* there is an additional requirement that must be met for it to show emission
at room temperature. When the energy of the 4°5d state becomes too low, the energy
barrier for thermal quenching to the 4f5["F;] multiplet becomes small enough that it can
occur at room temperature. The state with the highest energy in this multiplet, 4{["Fg],
lies approximately 0.5 eV above the ground state [40]. Taking into account the Stokes
shift and requiring a sufficiently large gap between the 4f%["Fg] and 4f°5d states to ensure
a high enough activation energy to the interconfigurational crossing point, it is estimated
that Sm?* will quench when Eg; gets below 1 eV. This is represented by line 4, where it
is expected that only room temperature Sm?* emission is found in datapoints that lie
above this line. This mechanism applies specifically to Sm?* emission and does not play
arole in the quenching of Eu?* emission.

One datapoint is found below line 4, corresponding to SrS:Sm?*. It is indeed reported
that the Sm?* emission in SrS is quenched at room temperature [41] while the Eu?*
emission is not [42]. Knowing that the 4f*"!5d levels of Eu?* and Sm?* always have ap-
proximately the same energy gap to the conduction band minimum [43], it is clear that
quenching of the Sm?* emission does not happen through thermal ionisation to the con-
duction band. A configurational coordinate diagram of the Eu?* and Sm?* energy levels
in SrS is shown in Figure 7.4. For Eu?*, the activation energy required for quenching
through the interconfigurational crossing point is multiple eV, which is only accessible
far above room temperature. For Sm?* however, it is in the order of 100 meV, which cor-
responds to a quenching temperature well below room temperature [44], in accordance
with the experimental observation. This confirms that at such low Eg¢ values, quenching
of the Sm?* emission indeed occurs due to the proximity of the 4f°5d state to the 4f5["F;]
multiplet.
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The consequence of this quenching mechanism is that the smallest band gap of com-
pounds in which Sm?* still shows luminescence does not correspond to the Eg value at
which line 3 intersects line 2 in Figure 7.3b. Instead, it corresponds to the Eg value at
which line 3 intersects line 4, which happens at a higher E value of 4.1 eV. This band gap
gives a Yax of 98,000 ph/MeV. Because of this, Eu?* can show emission in compounds
of smaller band gap than Sm?*. Consequently, higher light yields can be attained with
Eu?*-doped scintillators than with Sm?*-doped scintillators.

Figure 7.3c shows Egqf versus Eg for Ce3*. While for Eg values around 9 eV, Egs for Ce*
is almost 0.5 eV larger than for Eu®*, it decreases more rapidly. Line 3 therefore crosses
line 2 at approximately the same Eg value of 2.5 eV. For this reason, the Ypax value of
Ce3*-doped scintillators is 160,000 ph/MeV, similar to that of Eu?*-doped scintillators.

Research to high light yield scintillators has largely limited itself to halide compounds.
The reason for this is that it is relatively easy to synthesise large single crystals from a
melt for many of these compounds. The smallest band gaps among halides are found in
iodide compounds. The iodides are denoted with "x" in Figure 7.3. Among the Eu?* and
Sm?*-doped iodides (Figure 7.3a and 7.3b), the smallest band gaps are about 5 eV. For
Ce3* (Fig. 7.3c), the smallest band gaps that are found are about 4 eV.

To understand why there is no Eu** and Ce3* emission reported for iodides with
smaller band gaps, the diagram in Figure 7.5a is constructed. It shows the position of the
valence band maximum, conduction band minimum, and lanthanide energy levels on
a vacuum referred binding energy (VRBE) scale. The energies do not correspond to any
real compounds, but to a theoretical ideal iodide compound that has the smallest pos-
sible band gap and still shows 4f*15d — 4f" emission of the lanthanide activators. The
VRBE of the bands and energy levels are estimated based on spectroscopic data from the
aforementioned database.




136 CHAPTER 7

(a) (b) v
A
14 amsd  arsd *
¥ S
Eu2+
, 5d 41554 cte“
’>'\ 7F}— 5d
Sj’ 34 Sm2+
o
o
>
-4 1 Euz+ 2
Fir2 as
2Fsp Ce
e ] 7 7. 7 777777 7777 3
5
3VBM
-6 3

Figure 7.5: a) VRBE diagram illustrating the iodide compound with the smallest possible
band gap in which Eu?*, Sm?* and Ce>"* still show emission. The valence band maximum
cannot reach above -4.8 eV in iodides and the energy difference between the 4f"-15d
state and conduction band minimum must be atleast 0.5 eV. b) The range in VRBE of the
valence band maxima (VBM), and Eu?* and Ce®* 4f*!5d levels in iodides.

The valence band maximum (VBM) of iodide compounds in the database was esti-
mated according to the methods described in [45] and their values are shown in Figure
7.5b. The valence band maximum rarely exceeds a VRBE of -5 eV [45-47], the highest
value of -4.8 eV was taken as the value for which the smallest possible band gaps can
be achieved. For emission to be stable at room temperature, the emitting 4{"15d level
must lie at least 0.5 eV below the conduction band minimum [44]. The VRBE of the Eu**
and Ce3* 4f*15d levels in iodide compounds are estimated according to [48] and also
shown in Figure 7.5b. For Eu?*, the lowest VRBE of -1.1 eV is found in CsMgl3. The small
Mg?* site causes the crystal field splitting strength to be large for an iodide compound,
resulting in a low VRBE. It is therefore unlikely that a compounds with much lower Eu?*
4f5d VRBE will be found and therefore this is taken as lowest possible value. For Ce3*,
the lowest 5d VRBE of -1.6 eV is found in Lal3 and similarly this is taken as the lowest
possible value. This places the lowest allowable conduction band minimum around -0.6
eV and -1.1 eV for Eu?* and Ce3*, respectively. As the Sm?* 4f°5d level always lies at ap-
proximately the same energy as the 4f%5d level of Eu?* [43], the lowest conduction band
minimum for Sm?* also has a VRBE of -0.6 eV.

Now the situation is created where neither the valence band maximum can shift to
higher energies nor the conduction band minimum can shift the lower energies. It can
thus be concluded that Eu?* and Sm?* will not show emission in iodides with a band
gap smaller than 4.2 eV, and that Ce3* will not show emission in iodides witha band
gap smaller than 3.7 eV. The latter being in accordance with the Ce3* emission being
quenched at room temperature in Lals, which has a band gap of 3.3 eV [49].
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A band gap of 4.2 eV is still larger than the band gap below which thermal quench-
ing of Sm?* through relaxation from the 4f°5d level to the 4f5["F;] multiplet is expected.
Therefore, when limiting the search to iodide compounds, Eu** and Sm?*-doped scin-
tillators can reach an equal Y;,ax of 95,000 ph/MeV. Unfortunately, this means that Eu?*-
doped halide scintillators already operate near their theoretical maximum light yield and
improvements are expected to be severely limited. For these compounds, further de-
velopment of their Sm?>* counterparts is still a fruitful strategy to combat the inherent
self-absorption problems of Eu?*, as it can be expected that similar light yields can be
attained using Sm?* as an activator. For Ce®**-doped halide scintillators, Yax is about
108,000 ph/MeV. An example of a compound that gets close to this theoretical limit is
Lul3:Ce3*, with a band gap of 4.4 eV [50] and light yield around 100,000 ph/MeV [51,52].
In theory, Ce**-doped iodide scintillators can thus reach higher light yields than those
doped with Eu?* or Sm?*. Consequently, there is more room for improvement for Ce3*-
doped iodides beyond the current standard of LaBrs:Ce3*.

Sm?* shows emission in compounds containing Eu?>* or Yb%* as host cation [38, 53].
This offers a unique opportunity to develop higher light yield Sm?*-doped halide scintil-
lators. To illustrate this, a VRBE diagram of YbI, is shown in Figure 7.6. YbI, is isostruc-
tural to Cal, [54] and both Yb%* and Ca®* have nearly identical ionic radius [55]. The
band gap of Ybl, cannot be measured spectroscopically due to the strong Yb?* 4f!4 —
4f'35d absorption bands. For simplicity, the conduction band minimum and valence
band maximum are therefore assumed to have the same VRBE for both compounds. The
VRBE of the 4f" ground states and valence band maximum are estimated. The band gap
of Cal, is 5.3 eV [56], giving a Yjhax value of 77,000 ph/MeV.

When present in high concentrations, the Yb?* 4f'4 ground state forms a narrow band
of occupied states that lies within the band gap. This is denoted by the grey horizontal
line through the Yb?* 4f'# ground state in Figure 7.6. The optical band gap of such com-
pounds therefore corresponds to the Yb?* 4f'4 — 4f135d transition [57], which is 3.0 eV in
YbI, [58]. In undoped compounds of this type, the emission of Eu** or Yb?* is typically
weak due to concentration quenching [38,53,59-61]. However, when doped with Sm?2t,
the concentration quenching of the Eu?* or Yb?* emission helps with the migration of
excitations to Sm?*. Once an excitation arrives on Sm?*, it relaxes to the emitting 4f°5d
state, preventing back transfer to Eu?>* or Yb?*. The Sm?* emission lies at significantly
longer wavelength than the optical band gap and can therefore escape the scintillator.

During a scintillation event in conventional scintillation materials, electrons are pro-
moted from the valence band to the conduction band. In the Eu?* and Yb?*-based com-
pounds, electrons can also be promoted from the 4f" ground state of Eu* or Yb®* to the
conduction band. As the energy gap between the 4f" ground state and the conduction
band is smaller than from the valence band to the conduction band, more electron-hole
pairs can be created in this way. The largest effect is expected in a compound containing
the largest amount of 4f” electrons compared to valence band electrons, which is YbI,.
When naively assuming that any of the 14 4f electrons from Yb?* have equal probability
to cross the optical band gap as any of the 12 5p electrons from I" have to be promoted
to the conduction band, the average energy it takes to promote any electron to the con-
duction band is 4.1 eV. This yields a Yjax value of 98,000 ph/MeV, a 25% increase over
that of Cal,.




138 CHAPTER 7

Ybl, U=6.25
1 = = =
\E = = N =
o] N— — == N= = -
O e N —
1] R == - - -
= —— \_ 3 3
‘k-—-‘/\ o )
- [s2] O|
S 2 \§ M
& "
W -3
[an]
2 Va
> -4
54
64
74
La Ce Pr Nd Pm Sm Eu Gd Tb DP/ Ho Er Tm Yb Lu
_8 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

number of electrons n in the 4f shell of Ln®*

Figure 7.6: VRBE diagram of Ybl,. The horizontal lines around -3.5 eV and -0.5 eV corre-
spond to the Yb2+ 4f'* ground state and 4f'35d excited state, respectively. The transition
between these states forms the optical band gap of this compound. The near-infrared
Sm?* emission is not absorbed by the host compound.

7.3. Lightyield of smaller band gap compounds

It has become clear that current lanthanide doped halide scintillators already operate
near their maximum achievable light yield. The limiting factor in their light yield is the
VRBE of the valence band maximum that cannot be much higher than -5 eV in iodides,
while decrease of the conduction band minimum quenches the 4f*"15d — 4f" emission
of the lanthanides. Based on this, there appear to be two methods to surpass this limit
and develop a scintillator with even smaller band gap. The first is to decrease the band
gap by substituting cations for ones that lower the conduction band minimum. The sec-
ond is decreasing the band gap by moving away from halides and substituting the anions
for ones that allow for 4f""!5d — 4f" emission in smaller band gap compounds. Attempts
at both strategies are found in literature and have their own merits and obstacles.

One recent example of small band gap compounds is the development of Hf**-based
halides such as Cs;HfClg and Cs;Hflg. These compounds have a band gap of 5.8 eV [62]
and 2.6 eV [63], respectively. The emission wavelength changes with anion type and
CsyHfClg emits around 400 nm [64], while CsyHflg emits around 700 nm [65]. This indi-
cates that the emission wavelength is related to the size of the band gap. The emission
in these compounds typically has a decay time in the pus range [64,66,67]. One benefit of
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this emission mechanism is the large Stokes shift of nearly 1 eV [63,68,69]. This allows for
efficient luminescence in a self-activated compound due to the absence of concentra-
tion quenching and simultaneously preventing any problems with self-absorption [70].
When the aim is to keep these compounds compatible with silicon based photodetec-
tors, it is important that most of the emission spectrum remains at shorter wavelength
than 800 nm. With a Stokes shift of 1 eV, the minimal band gap is about 2.5 eV, meaning
Cs,Hflg is already close to the ideal band gap for these type of compounds. With such a
small band gap, Ymax can reach 160,000 ph/MeV. In practice, the light yield of this com-
pound was estimated to be 64,000 ph/MeV and an energy resolution of 4.2% has been
achieved by read out with an APD [66].

A change in band gap from 4 - 5 eV to 2.5 eV that is realised by changing the host
cations implies that the VRBE of the conduction band minimum shifts to lower energy by
about 2 eV. The VRBE of 4f*"15d levels of lanthanide dopants vary typically only around
1 eV between different compounds [48]. Therefore, the energy gap between the 4f*'5d
levels and the conduction band minimum is expected to decrease. The positions of the
valence band maximum and conduction band minimum of Cs; Hflg are shown in Figure
7.7, together with those of LaBr; and Srl, for comparison, which are taken from [45].
Due to lack of available spectroscopic data, the valence band maximum is assumed to
lie at -5 eV, the typical value for iodides. The 2.6 eV band gap then places the conduction
band minimum at -2.4 eV, which corresponds reasonable well with the conduction band
minimum of other hafnate compounds [48, 71]. As the VRBE of Eu?* and Ce®* 4f™15d
levels are expected to lie above -2 eV, it explains why no 4f"!5d — 4f* emission was
observed when doping Cs, Hfls with these lanthanides [65].
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Figure 7.7: VRBE of the Ce®* and Eu?* energy levels with respect to the valence band
maximum and conduction band minimum in various compounds.

Another recent example is the development of Cu*-based halide scintillators, such as
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Cs3Cuyls [72] and CsCuyl3 [73]. These compounds have a band gap of 3.8 eV and 3.5 eV,
respectively [74]. Similar to the Hf**-based halides, they have a Stokes shift of approxi-
mately 1 eV, making self-absorption and concentration quenching losses minimal. The
decay time of their emission is approximately 1 us. The benefit of these compounds is
that they are virtually non-hygroscopic, but like many other self-activated compounds,
thermal quenching of the luminescence often occurs at a relatively low temperature.
The emission of Cs3Cuyls starts to quench around 290 K [75], making it still an effi-
cient emitter at room temperature. Light yields of around 30,000 ph/MeV have been
reported [72, 76], and an energy resolution of 3.4% has been attained [72]. It has been
shown that the light yield further improves upon doping with TI* [76, 77]. For CsCuyls,
the emission starts to quench already at 200 K [73]. Despite the 50% light loss due to
thermal quenching, a 4.8% energy resolution was attained by coupling CsCuyI3 to an
APD [74]. It was estimated that the light yield is around 60,000 ph/MeV at 200 K.

The last class of self-activated scintillators in which there is currently a high research
activity are the Pb?*-based halide compounds. Among these are compounds such as
CsPbBr3 and the many organic-inorganic hybrid compounds, where the monovalent
Cs* ions are replaced by organic molecules [78]. The band gap of these compounds is
extremely variable and strongly depends on the type of anion it contains. Band gaps
smaller than 2.5 eV can easily be attained in iodides [79]. Typically, these compounds
show very fast near band gap emission or broad band emission that is related to self-
trapped excitons [80]. Unfortunately, the small Stokes shift of the near band gap emis-
sion has a high self-absorption probability [81-84]. For y-ray spectroscopy, it is therefore
important to look for compounds that emit primarily through self-trapped excitons, the
Stokes shift of which is again often around 1 eV [79, 80, 83]. This means that just like for
the Hf** and Cu*-based compounds, the optimal band gap is about 2.5 eV.

Besides the self-activated compounds, Figure 7.3a and c show that there also exist
many compounds with smaller band gaps than iodides that still show 4f*'5d — 4f"
emission for Eu>* and Ce*. Most of these compounds belong to the chalcogenides,
which are denoted by "+" in the figure. It was determined that the smallest possible
band gap lies around 2.5 eV for both activators, which coincidentally corresponds to the
optimal band gap for intrinsically activated scintillators.

Out of the chalcogenides, most research has been performed on sulfides. Unfortu-
nately, most of this research is not performed on single crystals. Rare-earth sulfides can
often crystalise in many stoichiometries, which tends to introduce sulfide vacancies [85].
They have melting points sometimes in excess of 2000 °C [86-88]. The binary rare earth
sulfides can exist in many phases [89] and ternary rare earth sulfides often melt incon-
gruently [86]. All these things combined make it difficult to grow large single crystals
from a melt using techniques such as the Bridgman or Czochralski method. For this rea-
son, often chemical vapour transport [90] or flux method [91] are used for synthesis of
single crystals. Both methods cause random nucleation in the reaction vessel, limiting
the size of crystals grown by these techniques to typically about 1 mm?, which is too
small for almost all applications.
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Among compounds that are grown through chemical vapour transport are e-
Lu,S;:Ce3* [92] and B-LazSs3 [93]. Both show Ce®* emission at room temperature. The
scintillation performance of sub-mm sized E-LUZ83:C63+ crystals was assessed [92]. With
a band gap of 4 eV, Y.« is equal to 100,000 ph/MeV. In practice, the light yield was es-
timated to be around 28,000 ph/MeV. The most researched family of compounds grown
with the flux methods is ALnS, (A =K, Rb; Ln =La, Gd, Lu, Y), which has been extensively
reviewed by Jary et al. [91]. Eu?* and Ce®* show emission at room temperature in many
of these compounds. The light yield of KLuS,:Eu?* and KLuS,:Ce3* was estimated to be
36,000 ph/MeV and 24,000 ph/MeV, respectively.

Growing large single crystals is however not a strict requirement for scintillators. A
prime example of this is development of Ce3*-doped garnet transparent ceramics which
sometimes even show better scintillation properties than their monocrystalline coun-
terparts [94-96]. Transparent ceramics of rare-earth sulfides with a cubic crystal struc-
ture have been extensively studied for use as infrared window material for wavelengths
between 8 um to 14 um [97]. Typically, sulfides with the Th3P, structure are selected,
among which are y-La,S3 [98] and CaLa,S, [85]. The Ce®** 5d — 4f[*Fs,»] emission is
reported to lie at 582 nm in Cal.a»S4 and was observed at room temperature [99]. With
a band gap of 3.2 eV, it has one of the smallest band gaps of the compounds shown in
Figure 7.3c and, yielding a Y, value of 125,000 ph/MeV.

The VRBE scheme of CaLa, S, is also included in Figure 7.7. The 4f" ground states ener-
gies of Eu?* and Ce®* are estimated according to [43,100]. The energy of the 4{°-15d states
are based on spectroscopic data from absorption spectra [99]. The energy at the top of
the valence band is roughly estimated from the Pr®* charge transfer band in KLuS, [91].
The resulting conduction band minimum falls between the Eu?* and Ce®* 4f*15d states,
which is in line with the observation of room temperature Ce>* emission and absence of
Eu?* emission [99]. As can be seen from the long Ce3* emission wavelength, the VRBE of
the Ce3* 5d state lies close to -2 eV, giving room for a much lower conduction band min-
imum compared to for example LaBrs. Simultaneously, the valence band maximum in
sulfides can reach above -5 eV. It is the combination of these two effects that is required
to attain Ce®* emission in compounds with a much smaller band gap than is observed
in iodides.

7.4. Improving the energy resolution

The primary goal of finding scintillator materials with higher light yield than LaBr3 is
to detect more photons during a scintillation event and thereby reducing the first term
(Rstat) in Equation 7.1. This does not mean that a better energy resolution will be
achieved, but merely that Ry is no longer the limiting factor. It is therefore instruc-
tive to compare R, for different Yy, values and detection efficiency for each class of
compounds. The comparison is shown in Table 7.1. It is chosen to compare the size of
Rgq for detector systems with a PDE of 50% and 100%, as this illustrates the gain in Rgat
that can be made starting from the current record holding energy resolution measured
by Alekhin et al. [10].
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Table 7.1: The maximum achievable light yield Yiax, the Rgi¢ values for a 662 keV y-ray
scintillation pulse in a detector with 50% and 100% PDE, and the expected range of the
emission spectrum Aep, for the smallest band gap scintillators of each compound class.

Compound class Ymax (ph/MeV) | Rsat50% (%) | Rstat100% (%) | Adem (Nm)
LaBr3:Ce3*,Sr%* 70,000 1.54 1.09 340 - 410
Eu?*-doped halides 95,000 1.33 0.94 400 - 500
Sm2+-d0ped halides 98,000 1.30 0.92 700 - 900
Ce3*-doped halides 108,000 1.24 0.88 450 - 700
Eg=25eV 160,000 1.02 0.72 500 - 900

The Rgq; value of LaBrs:Ce®t,Sr?* at a PDE of 50% approximates the 2.04% energy res-
olution measurement of Alekhin et al. [10]. When 24,000 scintillation photons were de-
tected, Rgqt corresponds to 1.52%, close to the 1.54% that is calculated from the Yax
value in Table 7.1. By increasing the PDE from 50% to 100%, Rsic will decrease by a
factor v/2, resulting in an Ry, value of 1.09%. Alekhin et al. also reported the energy res-
olution attained when using a temperature stabilised APD as photodetector. As most of
the emission wavelength of LaBrs:Ce®t,Sr?* lies at wavelengths shorter than 400 nm, the
PDE was approximately 85% instead of the 100% attainable at wavelengths longer than
400 nm [12]. This increase in detection efficiency lowered Rgi¢ to 1.18%. Despite the
decrease in Ry, the energy resolution remained 2.0%. From this can be concluded that
the APD introduces more noise and larger Rge¢ in the measurement than a PMT, but that
at least the same energy resolution can be attained, even when the emission wavelength
is not optimal for detection with an APD.

Ymax of the Eu®*-doped halides is 95,000 ph/MeV, 35% higher than that of
LaBr3:Ce®*,Sr?*. These light yields have also been attained in for example Srl,:Eu®*
and CsBayls:Eu?*. Despite the higher light yield than LaBrs:Ce3*,Sr?*, the best energy
resolution attained with Eu2+-d0ped halides is 2.3%, measured with CsBa,I5:Eu?* [22].
Pulse height spectra have shown that the number of photons detected with Eu?*-doped
halides can significantly exceed that of LaBr3:Ce>* [23]. From this can be concluded that
the energy resolution attained with Eu2+-doped halides is not yet limited by Rgy¢. It was
found that the proportionality of CsBa,I5:Eu®* is worse than that of LaBrs:Ce®*,Sr?* for
low y-ray energies [22]. It then follows that the best strategy towards better energy reso-
lution with Eu?*-doped halides is improving their proportionality, either by finding more
proportional compounds or co-doping of existing compounds. Unfortunately, Eu?*-
doped halides inherently suffer from self-absorption. This lengthens the decay time and
worsens the energy resolution for large crystals, and is therefore an additional problem
that should be addressed. If further improvement in Ry, are at some point required,
it can only be attained by switching to photodetectors with a higher QE than a PMT,
such as silicon based photodetectors. As the Eu?* 4f55d — 4f” emission typically lies at
wavelengths longer than 400 nm, it falls within the optimal wavelength range for these
detectors.

As was shown in Figure 7.5a, the maximum attainable light yield in halide compounds
is in principle the same for Sm?* doping as for Eu?*. However, Sm?* can emit in halides
with a high concentration of Eu?* and Yb?* cations, potentially resulting in slightly
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higher light yields. The best energy resolution attained with a Sm?*-doped scintillator
is 3.2%, which was achieved with CsBa,I5:Eu?*,Sm?* and read out with an APD [101]. Its
light yield was determined to be 45,000 ph/MeV, approximately half that of CsBayI5:Eu?*.
When a Sm?*-doped scintillator with light yield around 100,000 ph/MeV is found, Reat
becomes about 0.2% lower than for LaBrs:Ce®*,Sr?*. While Sm?*-doped scintillators are
not suitable to be coupled to a PMT, their emission is more efficiently detected with a sil-
icon based photodetector than the emission of LaBrs:Ce3*,Sr?*. In principle, this should
make it possible to attain an energy resolution below 2% using Sm?*-doped scintillators.

The real advantage of Sm?* as an activator however is the much lower probability of
self-absorption of its emission compared to Eu?*. Therefore, the energy resolution is
not expected to degrade as much when large Sm?*-doped scintillation crystals are used.
Developing Sm?*-doped halides with similar light yield and proportionality as current
Eu?*-doped halides might therefore be a good strategy to attain better energy resolution
while avoiding the inherent problems the Eu?*-doped halides face.

Figure 7.5 also showed that Ce3* can emit in halide compounds with a band gap of
around 3.7 eV, which is 0.5 eV smaller band gap than for Eu?* and Sm?*. Therefore, Yimax
is 108,000 ph/MeV, almost 15% larger than that of Eu?>*-doped halides. Similar to Sm?*,
the use of Ce®*-doped halides has the additional advantage of a low self-absorption
probability. Additionally, the Ce3* decay time is almost two orders of magnitude faster
than that of Eu** and Sm?*. Following the correlation between band gap and emission
wavelength shown in Figure 7.3, it is expected that the Ce®* emission shifts to longer
wavelengths in compounds approaching a 3.7 eV band gap. For example, the Lulz:Ce®*
emission spectrum extends beyond 600 nm [51]. Other high light yield Ce®*-doped io-
dides, such as Y132C83+ and GdIg,:Ce3+ emit at even longer wavelengths [52]. As shown
by Figure 7.1, this falls within the wavelength range where there QE of a PMT is very low.
Because of this, silicon based photodetectors will also be required to optimally exploit
the high light yield of these compounds.

Lastly, there are the compounds that can reach a 2.5 eV band gap. Among these are the
intrinsically activated scintillators based on for example Hf**, Cu* or Pb?* cations, and
the Eu** and Ce3*-doped sulfides. Potentially these compounds can reach light yields
up to 160,000 ph/MeV and combined with a PDE of 100%, Rt can be more than halved
to 0.72%. However, there has not yet been a demonstration of one of these compounds
actually exceeding the light of lanthanide doped halides. Even if an unexpectedly bright
scintillator is found, it is questionable how meaningful such a low Ry really is. It is
likely that the other contributions in Equation 7.1 will still limit the energy resolution
to values above 2%, especially in light of the difficulty to synthesise some of these com-
pounds. A band gap of 2.5 eV corresponds to a wavelength of approximately 500 nm and
a large Stokes shift is required. Because of this, it can be said with certainty that these
compounds will also not be suitable for read out with a PMT, and again silicon based
photodetectors will be required for efficient read out.
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7.5. Conclusions

The highest achievable light yield for different classes of compounds was assessed. The
smallest band gaps of halide compounds in which Eu?* and Sm?* can emit is around 4.2
eV, for Ce®* it is around 3.7 eV. This corresponds to light yield maxima of 95,000 ph/MeV
and 108,000 ph/MeV, respectively. It was found that Eu?*-doped halides have already
reached close to their maximum light yield and further improvements in energy resolu-
tion are only expected from improved proportionality or reduced self-absorption. Virtu-
ally all Eu?*-doped halides emit at wavelengths shorter than 500 nm and are suitable for
read out with a PMT. Sm?*-doped halides can reach the same light yield as Eu®*-doped
halides, but emit in the near-infrared and therefore require silicon based photodetectors
for efficient detection of the scintillation light, which can efficiently detect wavelengths
up to 800 nm. Sm?*-doped scintillators are judged to be a promising low self-absorption
alternative to their Eu?*-doped counterparts. While Ce®**-doped halides can still signif-
icantly improve their light yield from the 70,000 ph/MeV of LaBr3:Ce®*, the emission
spectrum of these compounds is however expected to largely fall at wavelengths longer
than 500 nm, making them no longer suitable for efficient read out with a PMT.

Both Eu?* and Ce3* can emit in even smaller band gap compounds than the 4.2 eV
and 3.7 eV of their respective halides, such as for example in sulfides. Both activators
can still emit in compounds with a band gap of around 2.5 eV. This does not work for
Sm?*, as its 4°5d — 4f° emission will quench to the “F; multiplet. Scintillators with a
band gap close to 2.5 eV can also be realised using self-activated halides. The band gap
in these compounds is reduced by lowering of the conduction band minimum, which
quenches lanthanide 4f""15d — 4f" emission. For these compounds, a large Stokes shift
is required to avoid self-absorption, meaning their emission wavelength will lie around
700 nm. Therefore, the smallest band gap compounds in all discussed classes of com-
pounds, with exception of the Eu?*-doped halides, are expected to emit at wavelengths
that are too long for read out with a PMT. This stresses the importance of developing
scintillation detectors in which the scintillator is read out using silicon based photode-
tectors.
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Summary

The energy resolution of the highest resolution scintillation detectors is currently limited
by Poisson statistics in the number of detected photons, meaning further improvement
is only possible when more photons are detected [1]. Conventionally, scintillators are de-
signed for read out with photomultiplier tubes (PMT). The photon detection efficiency
that can be reached with PMTs hardly ever exceeds 50% [2], meaning about half of the
photons remains undetected. Silicon based photodetectors, such as avalanche photo-
diodes (APD) or silicon photomultipliers (SiPM), have higher detection efficiencies than
a PMT. The use of such detectors improves the photon statistics and makes it possible
to attain a better energy resolution than currently available. To attain optimal detection
efficiency, the emission wavelength of a scintillator needs to be matched to the peak sen-
sitivity of the photodetector. For PMTs, this peak sensitivity almost always lies in the UV
to blue part of the electromagnetic spectrum. For this reason, some of the best energy
resolutions are attained with scintillators such as LaBrz:Ce3* and Srl,:Eu?*, which emit
at 380 nm [3] and 435 nm [4], respectively.

Silicon based photodetectors are usually inefficient at wavelengths shorter than 400
nm, but are ideal for detecting wavelengths between 400 nm and 800 nm. Many Ce®*-
doped halide scintillators emit at wavelengths shorter than 400 nm, resulting in a loss
of light. The emission wavelength of Eu**-doped halide scintillators often lies at wave-
lengths longer than 400 nm, but almost all these compounds suffer from a high proba-
bility of self-absorption. Being able to efficiently detect wavelengths up to 800 nm makes
Sm?* an interesting alternative activator, a lanthanide which emits in the near-infrared
(NIR) part of the electromagnetic spectrum. Awater et al. demonstrated that co-doping
Srl,:5%Eu?* with as little as 0.5% Sm?* replaces virtually all Eu?>* emission by NIR Sm?*
emission. This drastically reduces the probability of self-absorption [5]. Wolszczak et
al. attained an energy resolution of 3.2% by employing the same strategy and mount-
ing CsBa,l5:2%Eu’*,1%Sm?* on a temperature stabilised APD [6]. These results make
further research into Sm?* as an activator for scintillators interesting. As Sm>*-doped
scintillators are still largely unexplored, the research goal of this dissertation is to formu-
late design criteria for such scintillators.

The good results attained with Eu>* and Sm?* co-doping called for further research
into what other lanthanides could be used to sensitise Sm?*. Chapter 2 starts this off in
an attempt to sensitise Sm?* with Yb?*, by co-doping them in the same CsBa,I5 host.
When Yb?* is used as an activator, it often shows both spin-allowed and spin-forbidden
4f'35d — 4f'* emission, with respective decay times in the us and ms range. The spin-
forbidden emission is much too slow for scintillator applications. When using Yb?* as
a sensitiser for Sm%* and both are present in low concentrations (not more than several
%), it was found that energy transfer from Yb?* to Sm?* happens through dipole-dipole
interactions. These dipole-dipole interactions involve the same spin-allowed and spin-
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forbidden transitions as the Yb?* 4f135d — 4f!4 emission. The result is that part of the
excitations from Yb?* is transferred to Sm?* on a ms timescale, which hinders its use as
as sensitiser for scintillator applications. In Chapter 3, it is demonstrated that this slow
energy transfer can be solved for very high Yb?* concentrations. For this, the compounds
YbCly:1%Sm?*, CsYbBr3:1%Sm?* and CsYbls:1%Sm?* were studied. It was found that the
network of close lying Yb?* ions rapidly exchange excitations and transfer them to Sm**
on a sub ns timescale.

The rapid transfer of excitations among Yb?* or Eu?* in materials containing a high
concentration of these ions typically causes concentration quenching. However, com-
pounds in the CssMXg:Fu?* (M = Ca, Sr; X =Br, I) family show good scintillation prop-
erties up to dopant concentrations of 100% and their light yield decreases only slightly
upon increasing the dopant concentration from 10% to 100% [7, 8]. The lack of concen-
tration quenching is largely attributed to the large (9 A) interatomic distances between
the Eu®* ions. In Chapter 4, Cs;EuXs (X = Br, I) was doped with Sm?*. It could be found
that Eu?*-Eu®* energy transfer still takes place at such large interatomic distances, but
happens at a timescale similar to Eu?* radiative decay. Due to the high Eu?>* concentra-
tion in these compounds, the Eu?* emission has a high probability of being reabsorbed.
This high self-absorption probability makes the scintillation properties of crystals dete-
riorate with increasing crystal size. With a concentration of 2% Sm?*, almost all Eu?*
was replaced by Sm?* emission and virtually no self-absorption was observed anymore
and the energy resolution improved from 11% to 7.5%. It could therefore be shown that
Sm?* (co-)doping is an effective solution to the self-absorption problems of Eu?*-doped
scintillators.

The use of Eu?* as a sensitiser for Sm?* allows the knowledge of Eu?*-doped scintil-
lators to be applied to the development of Sm?*-doped scintillators. If trivalent lan-
thanides can also be used as scintillation sensitisers, many more potential host mate-
rials and dopant combinations would become available. Therefore, Chapter 5 explores
the use of Ce3* and Pr3* as scintillation sensitisers for Sm2*. LaBrs is chosen as a host
as both Ce®* and Pr** dopants have already been shown to yield exceptional scintilla-
tion characteristics in this compound. Unfortunately, it was found that the emission of
Sm?* is thermally quenched at room temperature. Additionally, energy transfer from
the LaBr3 host to Sm?* is inefficient, resulting in a light yield of only 7,000 ph/MeV for
LaBr3:1%Sm?* at 175 K. Co-doping with 5% Ce®* introduces a new route of energy trans-
fer from the LaBr; host to Sm?*, where Ce®* gets excited from the host and transfers this
excitation to Sm?*. This increases the light yield to 25,000 ph/MeV, but at the cost of de-
creasing the quenching temperature of the Sm?* emission even further. Furthermore it
is found that Pr3* quenches the emission of Sm?* even stronger than Ce3* does. So while
evidence is found that co-doping with sensitisers can be an effective strategy to increase
the light yield of Sm?*-doped scintillators, the use of Ce** and Pr3* as sensitisers does
not seem practical as they tend to quench the Sm?* emission.

To match a scintillator to a photodetector, the scintillator’s emission wavelength is of
key importance. Additionally, the decay time of the emission must be as short as possi-
ble as long decay times limit the count rate of a scintillation detector. To make the search
for the ideal Sm?*-doped scintillator more efficient, Chapter 6 discusses the relation be-
tween Sm?* 4f°5d — 4f% emission wavelength and its decay time. It is found that the
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close lying 4f55d and 4f°[°Dy] states are in thermal equilibrium. In compounds where
the 4f25d level lies at higher energy than the 4{5[°Dy] level, it is found that Sm?* often
still shows almost exclusively 4°5d — 4f® emission. Since in these compounds Sm?*
spends the majority of its time in the 4f5[5Dy] state, its decay time becomes significantly
longer. To avoid excessive lengthening, it is determined that the 4f°5d — 4% emission
must lie at 730 nm or longer wavelength. However, for efficient detection with silicon
based photodetectors, it is crucial that the majority of the emission lies at wavelengths
shorter than 800 nm. The ideal wavelength range for the Sm?* 4°5d — 4f% emission is
therefore identified to lie between 730 nm and 800 nm.

Finally, it is assessed what energy resolution can ultimately be achieved with Sm?*-
doped scintillators. For this, Chapter 7 compares the fundamental light yield limits of
Sm?*-doped scintillators with other scintillator categories. The comparison is made with
Eu?* and Ce®*-doped halides and sulfides, and intrinsically activated compounds. It is
found that Sm?* luminescence is quenched in compounds with a band gap smaller than
approximately 4.1 eV, while Eu?>* and Ce* can still emit in compounds with a band gap of
about 2.5 eV. When limiting the search to halide compounds, it was shown that lumines-
cence of Sm?* and Eu?* is quenched when the band gap is smaller than 4.2 eV, for Ce3*
this occurs at a band gap of 3.7 eV. This means that the maximum attainable light yield
with halide scintillators is the same for Sm?* and Eu?*-doping. In these compounds, the
main benefit of using Sm?* instead of Eu?* is to solve the inherent self-absorption prob-
lems that Eu?*-doped scintillators face. Light yields significantly higher than 100,000
ph/MeV cannot be found in lanthanide doped halides. Such high light yields will only be
found in intrinsically activated halides or lanthanide doped chalcogenides. The highest
light yield scintillators of all types discussed in Chapter 7 (with exception of the Eu?*-
doped halides) are most suited for read out with silicon based photodetectors, as their
emission wavelengths are expected to be too long for efficient detection with PMTs.
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Samenvatting

De energieresolutie van de hoogste resolutie scintillatiedetectoren wordt momenteel ge-
limiteerd door Poisson statistiek in het aantal gedetecteerde fotonen. Dat betekent dat
verbetering enkel mogelijk is wanneer meer fotonen worden gedetecteerd [1]. Scintilla-
toren worden van oudsher ontwikkeld om uitgelezen te worden door middel van een fo-
tomultiplicatorbuis {Engels: photomultiplier tube} (PMT). De fotondetectie-efficiéntie
die met PMTs kan worden bereikt is zelden hoger dan 50% [2], waardoor een groot aan-
tal fotonen ongedetecteerd blijft. Silicium gebaseerde fotodetectoren zoals lawinefoto-
diode {Engels: avalanche photodiodes} (APD) of silicium fotomultiplicatoren {Engels:
silicon photomultipliers} (SiPM) hebben een hogere detectie-efficiéntie dan een PMT.
Het gebruik van zulke detectoren verbetert de fotonstatistiek en maakt het mogelijk de
energieresolutie te verbeteren. Om de detectie-efficiéntie te optimaliseren is het nodig
de emissiegolflengte van een scintillator af te stemmen met de golflengte waarop de fo-
todetector het meest gevoelig is. Voor PMT'’s ligt de maximale gevoeligheid bijna altijd in
het UV of blauwe deel van het electromagnetische spectrum. Om die reden worden de
beste energieresoluties bereikt met scintillatoren zoals LaBI'3ZC63+ en Srl,:Eu?*, die licht
uitzenden bij respectievelijk 380 nm [3] en 435 nm [4].

Silicium gebaseerde fotodetectoren zijn typisch inefficiént bij golflengten korter dan
400 nm, maar zijn ideaal voor het detecteren van golflengten tussen de 400 nm en 800
nm. Veel Ce3*-gedoteerde halide scintillatoren zenden licht uit bij golflengten korter dan
400 nm, wat resulteert in het verlies van licht. De emissiegolflengte van Eu?*-gedoteerde
halide scintillatoren ligt vaak wel bij golflengten langer dan 400 nm, maar bijna al deze
verbindingen hebben last van een hoge kans op zelfabsorptie. De mogelijkheid golfleng-
ten tot 800 nm efficiént te detecteren maakt Sm?* een interessant alternatief als activator,
een lanthanide die in het nabij-infrarode {Engels: near-infrared} (NIR) deel van het elec-
tromagnetisch spectrum uitzendt. Awater et al. hebben aangetoond dat het co-doteren
van Srl,:5%Eu?" met slechts 0.5% Sm?* ervoor zorgt dat bijna alle Eu?>* emissie wordt
vervangen door NIR Sm?* emissie. De kans op zelfabsorptie neemt daarmee drastisch
af [5]. Wolszczak et al. hebben een energieresolutie van 3.2% bereikt door gebruik te ma-
ken van deze strategie en CsBayI5:2%Eu?*,1%Sm?* op een temperatuurgestabiliseerde
APD te bevestigen [6]. Deze resultaten maken het interessant om het gebruik van Sm?%*
als een activator voor scintillatie verder te onderzoeken. Er is nog weinig bekend over
Sm?*-gedoteerde scintillatoren, daarom is het doel van dit proefschrift het formuleren
van de ontwerpcriteria van zulke scintillatoren.

De goede resultaten van Eu?* en Sm?* co-dotering riepen op tot verder onderzoek naar
welke andere lanthanides kunnen worden gebruikt voor het sensibiliseren van Sm?*.
Hoofdstuk 2 begint hieraan met een poging Sm?* te sensibiliseren met Yb?*, door ze
beide in hetzelfde CsBayI5 gastrooster te co-doteren. Wanneer Yb?+ als activator wordt
gebruikt zendt het zowel spin-toegestane als spin-verboden 4f35d — 4f!* emissie uit,
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met respectievelijke vervaltijden in het pus en ms bereik. De spin-verboden emissie is
veel te traag voor scintillatietoepassingen. Wanneer Yb?* wordt gebruikt als sensibili-
sator voor Sm?* en de concentratie van beide lanthanides laag is (niet meer dan enkele
%), werd er gevonden dat de energieoverdracht van Yb?* naar Sm?* plaatsvindt door
middel van dipool-dipool interacties. Deze dipool-dipool interacties bevatten dezelfde
spin-toegestane en spin-verboden transities als de Yb>* 4f'35d — 4f'* emissie. Hier-
door wordt een deel van de excitaties van Yb?* op een ms tijdschaal naar Sm?* over-
gedragen, wat Yb?* ongeschikt maar als sensibilisator voor scintillatietoepassingen. In
Hoofdstuk 3 wordt aangetoond dat dit probleem kan worden verholpen door gebruik te
maken van zeer hoge Yb?* concentraties. Hiervoor zijn de verbindingen YbCly:1%Sm?*,
CsYbBrs3:1%Sm?* en CsYbls:1%Sm?* bestudeerd. Er werd gevonden dat het netwerk van
naburige Yb?* ionen snel excitaties met elkaar uitwisselen en ze zo op een sub-ns tijd-
schaal naar Sm?* transporteren.

De snelle overdracht van excitaties tussen Yb?* of Eu?* in materialen die een hoge
concentratie van deze ionen bevatten zorgt typisch voor concentratiedoving. Verbin-
dingen in de CssMXg:Eu?* (M = Ca, Sr; X = Br, I) familie hebben echter goede scintillatie-
eigenschappen voor doteringconcentraties tot en met 100% en hun lichtopbrengst neem
slechts een klein beetje af tijdens het verhogen van de doteringconcentratie van 10%
naar 100% [7, 8]. De afwezigheid van concentratiedoving is grotendeels te wijten aan
de grote (9 A) interatomische afstanden tussen de Eu?* ionen. Door CsqEuXg (X = Br,
I) te doteren met Sm?* wordt in Hoofdstuk 4 vastgesteld dat er nog steeds Eu®*-Eu?*
energieoverdracht optreedt bij zulke grote interatomische afstanden, maar dat de tijd-
schaal waarop het plaatsvindt ongeveer gelijk is aan die van het radiatief verval val van
Eu?*. Door de hoge Eu?* concentratie in deze verbindingen heeft de Eu?* emissie een
hoge kans om opnieuw in het kristal geabsorbeerd te worden. Deze hoge kans op zelf-
absorptie verslechtert de scintillatie-eigenschappen van grotere kristallen. Door het do-
teren met 2% Sm?* is bijna alle emissie van Eu?* vervangen door dat van Sm?* en de
aanwezigheid van zelfabsorptie kon vrijwel niet meer worden waargenomen. De ener-
gieresolutie verbeterde tevens van 11% naar 7.5%. Daarmee kon worden aangetoond
dat Sm?* (co-)dotering een effectieve manier is om de problemen van zelfabsorptie van
Eu?*-gedoteerde scinatilloren op te lossen.

Het gebruik van Eu?* als sensibilisator voor Sm?* zorgt ervoor dat de kennis over
Eu?*-gedoteerde scintillatoren kan worden toegepast op de ontwikkeling van Sm?*-
gedoteerde scintillatoren. Als trivalente lanthaniden ook kunnen worden gebruikt als
scintillatiesensibilasator, zouden veel meer gastrooster- en doteringcombinaties be-
schikbaar komen. Daarom verkent Hoofdstuk 5 het gebruik van Ce®* en Pr®* als scintil-
latiesensibilisator voor Sm?*. LaBrs3 is gekozen als gastrooster omdat zowel Ce3* als Pr3*-
dotering exceptioneel goede scintillatie-eigenschappen oplevert in deze verbinding. He-
laas werd er gevonden dat de Sm?* thermisch is gedoofd bij kamertemperatuur. Daarbij
komt dat het LaBrs gastroosters erg inefficiént excitaties overdraagt aan Sm?*, waardoor
de lichtopbrengst van LaBrs:1%Sm?* slechts 7,000 ph/MeV bedraagt bij een tempera-
tuur van 175 K. Co-dotering met 5% Ce3* introduceert een nieuwe route van energie-
overdracht van het LaBrs gastrooster naar Sm?*, waarin Ce®* eerst de excitatie van het
gastrooster overneemt en daarna overdraagt aan Sm?*. Dit verhoogt de lichtopbrengst
naar 25,000 ph/MeV, maar dat gaat ten koste van de dovingstemperatuur die hierdoor
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verder daalt. Daarnaast werd er gevonden dat Pr3* de Sm?* emissie nog sterker dooft
dan Ce®*. Dus terwijl er bewijs is gevonden dat co-doteren met sensibilisatoren een ef-
fectieve strategie kan zijn om de lichtopbrengst van Sm?*-gedoteerde scintillatoren te
verhogen, lijkt het gebruik van Ce3* en Pr’* als sensibilisator niet handig omdat ze de
Sm?* emissie doven.

Het is cruciaal om de emissiegolflengte van een scintillator en de maximale detectie-
efficiéntie van een fotodetector op elkaar af te stemmen. Tevens moet de vervaltijd van
de emissie zo kort mogelijk zijn, omdat een lange vervaltijd de telsnelheid van een sci-
ntillatiedetector limiteert. Om de zoektocht naar de ideale Sm?*-gedoteerde scintillator
efficiénter te maken wordt in Hoofdstuk 6 de relatie tussen de Sm?* 4f°5d — 4f5 emis-
siegolflengte en haar vervaltijd bediscussieerd. Er is gevonden dat de nabijgelegen 4f°5d
en 4f5[°Dy] toestanden in thermisch evenwicht zijn. In verbindingen waar de 4f°5d toe-
stand bij hogere energie ligt dan de 4f[°Dy] toestand werd gevonden dat Sm?* vaak als-
nog bijna alleen 4f°5d — 4f% emissie uitzendt. Omdat Sm?* in deze verbindingen zich
een groot deel van de tijd in de 4f[°Dy] toestand bevindt wordt de vervaltijd signifcant
langer. Om overmatige verlenging van de vervaltijd te voorkomen is er bepaald dat de
4f55d — 4f° emissiegolflengte langer moet zijn dan 730 nm. Echter is het voor detec-
tie met silicium gebaseerde fotodetectoren belangrijk dat het merendeel van de emissie
niet bij een golflengte langer dan 800 nm ligt. Hieruit kon worden geconcludeerd dat de
ideale golflengte voor de 4f°5d — 4f5 emissie tussen de 730 nm en 800 nm ligt.

Als laatste is er bepaald watvoor energieresolutie potentieel kan worden gehaald met
Sm?*-gedoteerde scintillatoren. Hiervoor vergelijkt Hoofstuk 7 de fundamentale limie-
ten in lichtopbrengst van Sm?*-gedoteerde scintillatoren met andere categorieén scin-
tillatoren. De vergelijking wordt gemaakt met Eu?* en Ce®*-gedoteerde haliden en sul-
fiden, en intrinsiek geactiveerde verbindingen. Er is gevonden dat Sm?* luminescentie
wordt gedoofd in verbindingen met een bandkloof kleiner dan ongeveer 4.1 eV, terwijl
Eu?* en Ce** nog kunnen emiteren in verbindingen met een bandkloof nabij 2.5 eV. Wan-
neer slechts naar halide verbindingen wordt gekeken blijkt dat zowel Sm?* als Eu®* lu-
minescentie wordt gedoofd zodra de bandkloof kleiner wordt dan 4.2 eV, terwijl dit voor
Ce3* pas bij 3.7 eV plaatsvindt. Dit betekent dat de maximaal haalbare lichtopbrengst
van halide scintillatoren hetzelfde is voor Sm?* als voor Eu?*-dotering. In deze verbin-
dingen is de grootste reden voor het gebruik van Sm?* in plaats van Eu?* het oplossen
van de inherente zelfabsorptie problemen van Eu?*-gedoteerde scintillatoren. Lichtop-
brengsten veel hoger dan 100,000 ph/MeV kunnen niet worden bereikt met lanthanide
gedoteerde halides. Zulke hoge lichtopbrengsten kunnen slechts worden gevonden in
intrinsiek geactiveerde haliden of lanthanide gedoteerde chalcogeniden. De scintilla-
toren met de hoogste lichtopbrengst van alle scintillator categorieén die in Hoofdstuk
7 (met uitzondering van de Eu?*-gedoteerde haliden) worden besproken zijn voorna-
melijk geschikt voor het uitlezen met silicium gebaseerde fotodetectoren, gezien wordt
verwacht dat hun emissiegolflengte te lang is voor efficiénte detectie met een PMT.
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